
RESUMEN

Distrofización del lago Suchar IV (NE Polonia): Un camino alternativo del desarrollo de un lago

Se estudiaron la dinámica a largo plazo del desarrollo del lago y el papel de la cuenca de captación y el cambio climático en 
el proceso de distrofia. Se realizó un análisis paleolimnológico de los sedimentos del lago Suchar IV, NE Polonia (core de 880 
cm de largo). La reconstrucción paleoecológica se basó en el análisis del polen, los cladóceros subfósiles, las diatomeas, los 
macrofósiles y el análisis químico. La cronología de los sedimentos se basó en los resultados de la datación de 14C y el análisis 
palinológico. Los datos obtenidos mostraron que la sedimentación lacustre en el lago Suchar IV comenzó en el período Glacial 
tardío y continúa hasta ahora. La sucesión de plantas indica que los procesos de sedimentación comenzaron hace 15 000 cal 
años AP en el periodo Dryas primitivo. Se observaron cambios importantes en el espectro del polen de las plantas acuáticas a 
partir del período Atlántico Medio. En ese momento, las comunidades de Nymphaea y la mayoría de las especies de algas 
verdes desaparecieron del lago, lo que indica una transformación ecológica significativa en el medio acuático. Esta transfor-
mación también se manifiesta en las comunidades de cladóceros subfósiles y en las diatomeas. La comunidad de cladóceros 
en los sedimentos del lago Suchar IV estuvo representada por 37 especies, en su mayoría litorales. A partir del tiempo de 
transición (7200-5600 años cal BP), las comunidades de cladóceros estuvieron dominadas por taxones tolerantes a la acidifi-
cación como Alonella excisa, Acroperus harpae, Alona affinis y Alonella nana. Se identificaron un total de 193 taxones de 
diatomeas (especies y variedades) en el sedimento, incluyendo 172 pertenecientes a Pennales y 21 a Centrales. En general, la 
comunidad de diatomeas estaba dominada por especies alcalófilas, en promedio el 45 % de la composición de las especies. En 
términos de preferencias tróficas, el grupo más abundante de diatomeas estaba representado por taxones oligotrafénticos, 
meso-eutrafénticos y eutrafénticos. No se encontraron diatomeas durante 6000 años cal BP desde la etapa de transición. La 
geoquímica de los sedimentos y los macrofósiles también indican el desarrollo limnológico y las tendencias climáticas.
Los resultados paleolimnológicos obtenidos indican que el lago Suchar IV ha sufrido una transformación ecológica de un ecosis-
tema armónico a uno disarmónico. Durante el Glaciar Tardío y el Holoceno temprano, el lago Suchar IV era un lago armónico 
típico que se transformó en un estado distrófico al final del período Atlántico. Los sedimentos del lago Suchar IV también 
muestran una secuencia muy interesante de cambios tróficos, desde condiciones oligotróficas a mesotróficas y distróficas.
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ABSTRACT

Dystrophication of lake Suchar IV (NE Poland): an alternative way of lake development

The long-term dynamics of a lake development and the role of the catchment and climate change in the dystrophication 
process were studied. Lacustrine sediments from Lake Suchar IV, NE Poland (880 cm long core), were selected for paleolim-
nological studies. The paleoecological reconstruction was based on pollen, subfossil cladocerans, diatoms, macrofossils and 
chemical analyses. Sediment chronology was based on the results of 14C dating and palynological analysis. The obtained data 
showed that the lacustrine sedimentation at Lake Suchar IV began in the Late Glacial and continues to this day. The plant 
succession indicates that sedimentation processes started as early as the Oldest Dryas ~ over 15 000 cal yr BP ago. Important 
changes in the pollen spectrum of aquatic plants were noted from the mid-Atlantic period. At that time, communities of 
Nymphaea and most species of green algae disappeared from the lake, which indicates a significant ecological transformation 
in the aquatic environment. This transformation is also manifested in the subfossil Cladocera and diatom communities. The 
Cladocera community in the sediments of Lake Suchar IV was represented by 37 species, mostly littoral ones. From the transi-
tion time (7200–5600 cal yr BP), Cladocera communities were dominated by taxa tolerant of acidification such as Alonella 
excisa, Acroperus harpae, Alona affinis and Alonella nana. A total of 193 diatom taxa (species and varieties) were identified 
in the sediment, including 172 belonging to Pennales and 21 to Centrales. In general, the diatom community was dominated 
by alkaliphilous – on average 45 % of the species composition. In terms of trophic preferences, the largest group of diatoms 
was represented by oligotraphentic, meso-eutraphentic and eutraphentic taxa. No diatoms were present during about 6000 cal 
yr BP from the transition stage. Sediment geochemistry and macrofossils also indicate the limnological development and 
climate trends. 
The obtained paleolimnological results indicate that Lake Suchar IV has undergone an ecological transformation from a 
harmonic to disharmonious ecosystem. During the Late Glacial and the early Holocene, Lake Suchar IV was a typical harmonic 
lake that transformed into a dystrophic state at the end of the Atlantic period. Sediments of Lake Suchar IV also show a very 
interesting sequence of trophic changes, from oligotrophic to mesotrophic and to dystrophic conditions.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).

RESUMEN

Distrofización del lago Suchar IV (NE Polonia): Un camino alternativo del desarrollo de un lago

Se estudiaron la dinámica a largo plazo del desarrollo del lago y el papel de la cuenca de captación y el cambio climático en 
el proceso de distrofia. Se realizó un análisis paleolimnológico de los sedimentos del lago Suchar IV, NE Polonia (core de 880 
cm de largo). La reconstrucción paleoecológica se basó en el análisis del polen, los cladóceros subfósiles, las diatomeas, los 
macrofósiles y el análisis químico. La cronología de los sedimentos se basó en los resultados de la datación de 14C y el análisis 
palinológico. Los datos obtenidos mostraron que la sedimentación lacustre en el lago Suchar IV comenzó en el período Glacial 
tardío y continúa hasta ahora. La sucesión de plantas indica que los procesos de sedimentación comenzaron hace 15 000 cal 
años AP en el periodo Dryas primitivo. Se observaron cambios importantes en el espectro del polen de las plantas acuáticas a 
partir del período Atlántico Medio. En ese momento, las comunidades de Nymphaea y la mayoría de las especies de algas 
verdes desaparecieron del lago, lo que indica una transformación ecológica significativa en el medio acuático. Esta transfor-
mación también se manifiesta en las comunidades de cladóceros subfósiles y en las diatomeas. La comunidad de cladóceros 
en los sedimentos del lago Suchar IV estuvo representada por 37 especies, en su mayoría litorales. A partir del tiempo de 
transición (7200-5600 años cal BP), las comunidades de cladóceros estuvieron dominadas por taxones tolerantes a la acidifi-
cación como Alonella excisa, Acroperus harpae, Alona affinis y Alonella nana. Se identificaron un total de 193 taxones de 
diatomeas (especies y variedades) en el sedimento, incluyendo 172 pertenecientes a Pennales y 21 a Centrales. En general, la 
comunidad de diatomeas estaba dominada por especies alcalófilas, en promedio el 45 % de la composición de las especies. En 
términos de preferencias tróficas, el grupo más abundante de diatomeas estaba representado por taxones oligotrafénticos, 
meso-eutrafénticos y eutrafénticos. No se encontraron diatomeas durante 6000 años cal BP desde la etapa de transición. La 
geoquímica de los sedimentos y los macrofósiles también indican el desarrollo limnológico y las tendencias climáticas.
Los resultados paleolimnológicos obtenidos indican que el lago Suchar IV ha sufrido una transformación ecológica de un ecosis-
tema armónico a uno disarmónico. Durante el Glaciar Tardío y el Holoceno temprano, el lago Suchar IV era un lago armónico 
típico que se transformó en un estado distrófico al final del período Atlántico. Los sedimentos del lago Suchar IV también 
muestran una secuencia muy interesante de cambios tróficos, desde condiciones oligotróficas a mesotróficas y distróficas.

Palabras clave: Suchar IV, historia lacustre, distrofia, estado armónico y disarmónico, estudios paleolimnológicos, Parque 
Nacional Wigry, NE Polonia
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ABSTRACT

Dystrophication of lake Suchar IV (NE Poland): an alternative way of lake development

The long-term dynamics of a lake development and the role of the catchment and climate change in the dystrophication 
process were studied. Lacustrine sediments from Lake Suchar IV, NE Poland (880 cm long core), were selected for paleolim-
nological studies. The paleoecological reconstruction was based on pollen, subfossil cladocerans, diatoms, macrofossils and 
chemical analyses. Sediment chronology was based on the results of 14C dating and palynological analysis. The obtained data 
showed that the lacustrine sedimentation at Lake Suchar IV began in the Late Glacial and continues to this day. The plant 
succession indicates that sedimentation processes started as early as the Oldest Dryas ~ over 15 000 cal yr BP ago. Important 
changes in the pollen spectrum of aquatic plants were noted from the mid-Atlantic period. At that time, communities of 
Nymphaea and most species of green algae disappeared from the lake, which indicates a significant ecological transformation 
in the aquatic environment. This transformation is also manifested in the subfossil Cladocera and diatom communities. The 
Cladocera community in the sediments of Lake Suchar IV was represented by 37 species, mostly littoral ones. From the transi-
tion time (7200–5600 cal yr BP), Cladocera communities were dominated by taxa tolerant of acidification such as Alonella 
excisa, Acroperus harpae, Alona affinis and Alonella nana. A total of 193 diatom taxa (species and varieties) were identified 
in the sediment, including 172 belonging to Pennales and 21 to Centrales. In general, the diatom community was dominated 
by alkaliphilous – on average 45 % of the species composition. In terms of trophic preferences, the largest group of diatoms 
was represented by oligotraphentic, meso-eutraphentic and eutraphentic taxa. No diatoms were present during about 6000 cal 
yr BP from the transition stage. Sediment geochemistry and macrofossils also indicate the limnological development and 
climate trends. 
The obtained paleolimnological results indicate that Lake Suchar IV has undergone an ecological transformation from a 
harmonic to disharmonious ecosystem. During the Late Glacial and the early Holocene, Lake Suchar IV was a typical harmonic 
lake that transformed into a dystrophic state at the end of the Atlantic period. Sediments of Lake Suchar IV also show a very 
interesting sequence of trophic changes, from oligotrophic to mesotrophic and to dystrophic conditions.

Key words: Suchar IV, Lake history, Dystrophy, Harmonic/disharmonic state, Paleolimnology studies, Wigry National Park, 
NE Poland
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tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).

Figure 1.  Location map of Lake Suchar IV: (a) location in Poland; (b) location of Lake Suchar IV in Suwalki region, green colour on 
the map indicated area of Wigry National Park; (c) photography of Lake Suchar IV surrounded by Pinus forest (photo by www.sudawcy.
blogspot.com). Mapa de la localización del Lago Suchar IV: (a) localización en Polonia; (b) Localización del lago Suchar IV en la 
región de Suwalki; el color verde en el mapa indica el Parque Nacional Wigry; (c) fotografía del lago Suchar IV rodeado por un 
bosque de Pinus (fotografía por www.sudawcy.blogspot.com).

RESUMEN

Distrofización del lago Suchar IV (NE Polonia): Un camino alternativo del desarrollo de un lago

Se estudiaron la dinámica a largo plazo del desarrollo del lago y el papel de la cuenca de captación y el cambio climático en 
el proceso de distrofia. Se realizó un análisis paleolimnológico de los sedimentos del lago Suchar IV, NE Polonia (core de 880 
cm de largo). La reconstrucción paleoecológica se basó en el análisis del polen, los cladóceros subfósiles, las diatomeas, los 
macrofósiles y el análisis químico. La cronología de los sedimentos se basó en los resultados de la datación de 14C y el análisis 
palinológico. Los datos obtenidos mostraron que la sedimentación lacustre en el lago Suchar IV comenzó en el período Glacial 
tardío y continúa hasta ahora. La sucesión de plantas indica que los procesos de sedimentación comenzaron hace 15 000 cal 
años AP en el periodo Dryas primitivo. Se observaron cambios importantes en el espectro del polen de las plantas acuáticas a 
partir del período Atlántico Medio. En ese momento, las comunidades de Nymphaea y la mayoría de las especies de algas 
verdes desaparecieron del lago, lo que indica una transformación ecológica significativa en el medio acuático. Esta transfor-
mación también se manifiesta en las comunidades de cladóceros subfósiles y en las diatomeas. La comunidad de cladóceros 
en los sedimentos del lago Suchar IV estuvo representada por 37 especies, en su mayoría litorales. A partir del tiempo de 
transición (7200-5600 años cal BP), las comunidades de cladóceros estuvieron dominadas por taxones tolerantes a la acidifi-
cación como Alonella excisa, Acroperus harpae, Alona affinis y Alonella nana. Se identificaron un total de 193 taxones de 
diatomeas (especies y variedades) en el sedimento, incluyendo 172 pertenecientes a Pennales y 21 a Centrales. En general, la 
comunidad de diatomeas estaba dominada por especies alcalófilas, en promedio el 45 % de la composición de las especies. En 
términos de preferencias tróficas, el grupo más abundante de diatomeas estaba representado por taxones oligotrafénticos, 
meso-eutrafénticos y eutrafénticos. No se encontraron diatomeas durante 6000 años cal BP desde la etapa de transición. La 
geoquímica de los sedimentos y los macrofósiles también indican el desarrollo limnológico y las tendencias climáticas.
Los resultados paleolimnológicos obtenidos indican que el lago Suchar IV ha sufrido una transformación ecológica de un ecosis-
tema armónico a uno disarmónico. Durante el Glaciar Tardío y el Holoceno temprano, el lago Suchar IV era un lago armónico 
típico que se transformó en un estado distrófico al final del período Atlántico. Los sedimentos del lago Suchar IV también 
muestran una secuencia muy interesante de cambios tróficos, desde condiciones oligotróficas a mesotróficas y distróficas.

Palabras clave: Suchar IV, historia lacustre, distrofia, estado armónico y disarmónico, estudios paleolimnológicos, Parque 
Nacional Wigry, NE Polonia
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ABSTRACT

Dystrophication of lake Suchar IV (NE Poland): an alternative way of lake development

The long-term dynamics of a lake development and the role of the catchment and climate change in the dystrophication 
process were studied. Lacustrine sediments from Lake Suchar IV, NE Poland (880 cm long core), were selected for paleolim-
nological studies. The paleoecological reconstruction was based on pollen, subfossil cladocerans, diatoms, macrofossils and 
chemical analyses. Sediment chronology was based on the results of 14C dating and palynological analysis. The obtained data 
showed that the lacustrine sedimentation at Lake Suchar IV began in the Late Glacial and continues to this day. The plant 
succession indicates that sedimentation processes started as early as the Oldest Dryas ~ over 15 000 cal yr BP ago. Important 
changes in the pollen spectrum of aquatic plants were noted from the mid-Atlantic period. At that time, communities of 
Nymphaea and most species of green algae disappeared from the lake, which indicates a significant ecological transformation 
in the aquatic environment. This transformation is also manifested in the subfossil Cladocera and diatom communities. The 
Cladocera community in the sediments of Lake Suchar IV was represented by 37 species, mostly littoral ones. From the transi-
tion time (7200–5600 cal yr BP), Cladocera communities were dominated by taxa tolerant of acidification such as Alonella 
excisa, Acroperus harpae, Alona affinis and Alonella nana. A total of 193 diatom taxa (species and varieties) were identified 
in the sediment, including 172 belonging to Pennales and 21 to Centrales. In general, the diatom community was dominated 
by alkaliphilous – on average 45 % of the species composition. In terms of trophic preferences, the largest group of diatoms 
was represented by oligotraphentic, meso-eutraphentic and eutraphentic taxa. No diatoms were present during about 6000 cal 
yr BP from the transition stage. Sediment geochemistry and macrofossils also indicate the limnological development and 
climate trends. 
The obtained paleolimnological results indicate that Lake Suchar IV has undergone an ecological transformation from a 
harmonic to disharmonious ecosystem. During the Late Glacial and the early Holocene, Lake Suchar IV was a typical harmonic 
lake that transformed into a dystrophic state at the end of the Atlantic period. Sediments of Lake Suchar IV also show a very 
interesting sequence of trophic changes, from oligotrophic to mesotrophic and to dystrophic conditions.

Key words: Suchar IV, Lake history, Dystrophy, Harmonic/disharmonic state, Paleolimnology studies, Wigry National Park, 
NE Poland
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rmonic development was preceded by a 
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Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).

samples
number

   depth
(cm bls)

type of
dating

laboratory
number

14C yr BP age cal yr BP

1 860-865 conv. MKL-1190 3250 ± 80 3493 ± 85

2 947.5-952.5 conv. MKL-1191 3405 ± 70 3772 ± 98

3 1145-1050 conv. MKL-1192 4750 ± 70 5767 ± 99

4 1160-1165 conv. MKL-1193 5370 ± 85 6046 ± 109

5 1275-1280 conv. MKL-1194 7920 ± 70 8795 ± 134

6 1335-1340 conv. MKL-1196 8890 ± 90 9976 ± 161

7 1380-1385 conv. MKL-1197 8980 ± 110 10065 ± 154

8 1425-1430 conv. MKL-1201 9480 ± 100 10826 ± 199

9 1470-1475 conv. MKL-1202 10820 ± 110 12213 ± 108

10 1535 AMS Poz-46264 12150 ± 80 13526 ± 245

11 1545 AMS Poz-46268 12150 ± 60 13788 ± 236

12 1560 AMS Poz-46265 11880 ± 70 13998 ± 150

13 1620 AMS Poz-46267 12580 ± 70 14928 ± 301

Table 1.   14C dates from Lake Suchar IV sediments, bls - below lake surface. Age years cal BP determined by program online CalPal 
(http://www.calpal-online.de). Fechas 14C procedentes de los sedimentos del lago Sucher IV, bls – por debajo de la superficie del 
lago. Edad en años cal BP determinados con el programa CalPal (http://www.calpal-online.de).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).

Figure 2.  Age-depth model based on the 14C dating of Lake 
Suchar IV sediments, showing sediment accumulation from Late 
Glacial to current times. Black dots (from 1 to 13) on diagram 
indicates 14C date (see Table 1). Dashed lines represent age-depth 
model based only on 14C dates and solid lines represent age-depth 
model based on 14C dates and chronostratigraphical (pollen) 
borders according to Mangerud et al. (1974) and Walanus & 
Nalepka (2010). Right column is shows schematic lithology of 
sediment profile of Lake Suchar IV. Modelo de edad-profundidad 
de los sedimentos del lago Suchar IV basado en la datación 14C, 
indicando la acumulación de sedimentos desde el Glacial tardío 
hasta la actualidad. Los puntos negros (desde 1 hasta 13) en el 
diagrama, indican la fecha 14C (ver tabla 1). La línea discontinua 
representa el modelo edad-profundidad basado únicamente en 
fechas 14C, y la línea continua representa el modelo edad-profun-
didad basado en fechas 14C y fronteras cronoestratigráficas de 
acuerdo con Mangerud et al. (1974) y Walanus & Nalepka (2010). 
La columna derecha muestra la litología esquemática del perfil de 
sedimento del lago Suchar IV.
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
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tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
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mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
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7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).

Figure 7.  Chemical composition of the sediments of Lake Suchar IV: TN- total nitrogen, TS – total sulphur, TOC- total organic carbon 
and TIC –total inorganic carbon. Composición química de los sedimentos del lago Suchar IV: TN - nitrógeno total, TS - sulfuro total, 
TOC carbono orgánico total y TIC – carbono inorgánico total.
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).



Limnetica, 38(1): 391-416 (2019)

405Dystrophication process at Suchar IV

analysis of 7,500 widely distributed lakes. 
Limnology and Oceanography, 52: 
1208–1219. DOI: 10.4319/lo.2007.52.3.1208

SZEROCZYŃSKA, K. & SARMAJA-KORJO-
NEN, K. 2008. Atlas of subfossil Cladocera 
from Central and Northern Europe. Friends of 
the Lower Vistula Society. Gruczno.

VAN DAM, H. A. MERTENS & J. SINKEL-
DAM. 1994. A coded checklist and ecological 
indicator values of freshwater diatoms from 
The Netherlands. Netherland Journal of 
Aquatic Ecology, 28: 117–133.

VELICHKEVICH, F. U. & E. ZASTAWNIAK. 
2006. Atlas of the Pleistocene vascular plant 
macrofossils of Central and Eastern Europe 
Part 1 - Pteridophytes and monocotylendons. 
Polish Academy of Sciences, W. Szafer Insti-
tute of Botany. Kraków.

VELICHKEVICH, F. U. & E. ZASTAWNIAK. 
2008. Atlas of the Pleistocene vascular plant 
macrofossils of Central and Eastern Europe 
Part 2: Herbaceous dicotyledons. Polish 
Academy of Sciences, W. Szafer Institute of 
Botany. Kraków.

WALANUS, A. & D. NALEPKA. 2010. Cali-
bration of Mangerud's Boundaries. Radio-
carbon, 52: 1639-1644. DOI: 10.1017/

S0033822200056368
WEYHENMEYER, G. A. & J. KARLSSON. 

2009. Nonlinear response of dissolved organ-
ic carbon concentrations in boreal lakes to 
increasing temperatures. Limnology and 
Oceanography, 54: 2513-2519. 

ZAWISKA, I., E. ZAWISZA, M. WOSZCZYK, 
K. SZEROCZYŃSKA, W. SPYCHALSKI & 
A. CORREA-METRIO. 2013. Cladocera and 
geochemical evidence from sediment cores 
show trophic changes in Polish dystrophic 
lakes. Hydrobiologia, 715:181–193. DOI: 
10.1007/s10750-013-1482-0 

ZAWISZA, E. & K. SZEROCZYŃSKA. 2007. 
The development history of Wigry Lake as 
shown by subfossil Cladocera. Geochronome-
tria, 27: 67-74. 

ZAWISZA, E., I. ZAWISKA & A. CORREA 
METRIO. 2016. Cladocera Community Com-
position as a Function of Physicochemical and 
Morphological Parameters of Dystrophic 
Lakes in NE Poland. Wetlands, 36:1131–1142. 
DOI: 10.1007/s13157-016-0832-x

ŻUREK, S. 1994 The relation between peat 
formation process and the Polish lowland 
landscape. Quaternary studies in Poland, 12: 
73-82.

peat macros. In: Encyclopedia of Quaternary 
Science. Vol 3. Elias, S. A. (ed.). Elsevier, 
Amsterdam.

MIROSŁAW-GRABOWSKA J., E. ZAWISZA, 
A. JASKÓŁKA & M. OBREMSKA. 2015. 
Natural transformation of the Romoty paleo-
lake (NE Poland) during the Late Glacial and 
Holocene based on isotopic, pollen, cladocer-
an and geochemical data. Quaternary Interna-
tional: 386:171-185.

MOORE P. D., J. A. WEBB & M. E. COL-
LINSON. 1991. Pollen analysis, Blackweel 
Scientific Publications, Oxford. 

OTT F., M. KRAMKOWSKI, S. WULF, B. 
PLESSEN, J. SERB, R. TJALLINGII, M. 
SCHWAB, M. SŁOWIŃSKI, D. BRY-
KAŁA, S. TYSZKOWSKI, V. PUTYR-
SKAYA, O. APPELT, M. BŁASZKIEWICZ 
& A. BRAUER. 2017. Site-specific sediment 
responses to climate change during the last 
140 years in three varved lakes in Northern 
Poland', The Holocene .  DOI: 10.1177/
0959683617729448

PORCAL, P., J. F. KOPRIVNJAK, L. A. 
MOLOT & P. J. DILLON. 2009. Humic 
substances – Part 7: The biogeochemistry of 
dissolved organic carbon and its interactions 
with climate change. Environmental Science 
and Pollution Research, 16: 714-26. DOI: 
10.1007/s11356-009-0176-7

RALSKA-JASIEWICOWA, M., T. GOSLAR, T. 
MADEYSKA & L. STARKEL. 1998. Lake 
Gościąż,, central Poland a monographic 
study. Publish by W. Szafer Institute of 
Botany Polish Academy of Science.

RANTALA, M. V., LUOTO T. P. & L. 
NEVALAINEN. 2015. Late Holocene chang-
es in the humic state of a boreal lake and their 
associations with organic matter transport and 
climate dynamics. Biogeochemistry, 123: 
63-82. 

REILLE, M. 1992. Recent contributions to the 
climatology of the last glacial-interglacial 
cycle based on French pollen sequences. Qua-
ternary Science Reviews,11(4): 439-448. 
DOI: 10.1016/0277-3791(92)90026-5

REIMER, P. J., E. BARD, A. BAYLISS, J. W. 
BECK, P. G. BLACKWELL, C. B. 
RAMSEY, C. E. BUCK, H. CHENG, R. L. 

EDWARDS & M. FRIEDRICH. 2013. 
IntCal13 and Marine13 radiocarbon age 
calibration curves 0-50,000 years cal BP. 
Radiocarbon, 55:1869-1887.

ROSEN, P. 2005. Total organic carbon (TOC) of 
lake water during the Holocene inferred from 
lake sediments and near-infrared spectroscopy 
(NIRS) in eight lakes from northern Sweden. 
Biogeochemistry, 76: 503-516. DOI: 10.1007/
s10533-005-8829-1

ROSEN, P. CUNNINGHAM, L. VONK J. & J. 
KARLSSON. 2009. Effects of climate on 
organic carbon and the ratio of planktonic to 
benthic primary producers in a subarctic lake 
during the past 45 years. Limnology and 
Oceanography, 54(5): 1723-1732. DOI: 
10.4319/lo.2009.54.5.1723

SAYER, C. D., DAVIDSON T. A., JONES J. I. 
& P. G. LANGDON. 2010. Combining 
contemporary ecology and paleolimnology to 
understand shallow lake ecosystem change. 
Freshwater Biology, 55: 487-499. 

SEPPÄ, H. & J. WECKSTRÖM. 1999. Holocene 
vegetational and limnological changes in the 
Fennoscandian tree-line area as documented 
by pollen and diatom records from Lake 
Tsuolbmajavri, Finland. Ecoscience, 
6:621-635.

SMOL, J. P. 1992. Paleolimnology: an important 
tool for effective ecosystem management. 
Journal of Aquatic Ecosystem Health, 1(1): 
49–58. DOI: 10.1007/BF00044408

SMOL, J. P. 2002. Pollution of Lakes and Rivers. 
A Paleoenvironmental Perspective. Arnold. 
London/Oxford University Press. New York.

SŁOWIŃSKI M., K. MARCISZ, M. PŁÓCIEN-
NIK, M. OBREMSKA, D. PAWŁOWSKI, D. 
OKUPNY, S. SŁOWIŃSKA, R. BORÓW-
KA, P. KITTEL, J. FORYSIAK, D.J. MICH-
CZYŃSKA & M. LAMENTOWICZ. 2016. 
Drought as a stress driver of ecological chang-
es in peatland - A palaeoecological study of 
peatland development between 3500 BCE and 
200 BCE in central Poland, Palaeogeography, 
Palaeoclimatology, Palaeoecology, 461: 
272-91.

SOBEK, S., L. TRANVIK, Y. PRAIRIE, P. 
KORTELAINEN & J. COLE. 2007. Patterns 
and regulation of dissolved organic carbon: An 

KOROSI, J. B. & J. P. SMOL. 2012. Contrasts 
between dystrophic and clearwater lakes in 
the long-term effects of acidification on 
cladoceran assemblages. Freshwater Biology, 
57: 2449-2464. 

KORSMAN, T., I. RENBERG, & N. ANDER-
SON. 1994. A palaeolimnological test of the 
influence of Norway spruce (Picea abies) 
immigration on lake-water acidity. The 
Holocene, 4(2): 132-140. DOI: 10.1177/
095968369400400203

KOWALEWSKI, G. 2014. Alogeniczne i auto-
geniczne skladowe zarastania jezior: hipoteza 
wahan poziomu wody. Studia Limnologica et 
Telmatologica, Monographiae I: 186

KRAMMER, K. 2002. Diatoms of the European 
Inland Waters and Comparable Habitats. In: 
Diatoms of Europe: Cymbella. H. Lange-Ber-
talot (ed.), A.R.G. Gantner Verlag K.G.

KRAMMER, K., & H. LANGE-BERTALOT. 
1986. Bacillariophyceae 1, Naviculaceae. In: 
Süsswasserflora von Mitteleuropa 2 T. 1. H. 
Ettl, J. Gerloff, H. Heyning, & D. Mollenhau-
er (eds.), Fisher, Stuttgardt.

KRAMMER, K. & H. LANGE-BERTALOT. 
1988. Bacillariophyceae 2, Ephitemiaceae, 
Bacillariaceae, Surirellaceae. In: Süsswasser-
flora von Mitteleuropa 2 T. 2. H. Ettl, J. 
Gerloff, H. Heyning & D. Mollenhauer (eds.), 
Fisher, Stuttgardt.

KRAMMER, K., H. LANGE-BERTALOT. 
1991a. Bacillariophyceae 3, Centrales, Fragi-
lariaceae, Eunotiaceae. In: Süsswasserflora 
von Mitteleuropa 2. T. 3. H. Ettl, J. Gerloff, H. 
Heyning & D. Mollenhauer (eds.), Fisher, 
Stuttgardt. 

KRAMMER, K. & H. LANGE-BERTALOT. 
1991b. Bacillariophyceae 4, Achnanthaceae. 
In: Süsswasserflora von Mitteleuropa 2. T. 4. 
H. Ettl, G. Gärtner, G. Gerloff, H. Heyning & 
D. Mollenhauer (eds.), Fisher, Stuttgardt.

KULBERG, A., BISHOP K. H., HARGEBY A. 
& R. C. PETERSEN. 1993. The ecological 
significance of dissolved organic carbon in 
acidified waters. Ambio, 22: 331-337. 

KUPRYJANOWICZ, M. 2007. Postglacial 
Development of Vegetation in the Vicinity of 
the Wigry lake. Geochronometria 27: 53-66. 
DOI: 10.2478/v10003-007-0018-x

LEGENDRE, P. & L. LEGENDRE. 2012. 
Numerical Ecology. Elsevier Scientific, 
Oxford.

LANGE-BERTALOT, H. 1999. Annotated 
Diatom Micrographs, Taxonomy. In: Icono-
graphia Diatomologica. T. 8. Koeltz Scientif-
ic Books.

LANGE-BERTALOT, H. & D. METZELTIN. 
1996. Indicators of Oligotrophy. 800 taxa 
representative of three ecologically distinct 
lake types. In: Iconogrphia Diatomologica: 
Annotated Diatom Micrographs, T. 2. Koeltz 
Scientific Books.

LANGE-BERTALOT, H. & S. I. GENKAL. 
1999. Diatoms from Siberia I. Island in the 
Arctic Ocean (Yugorsky Shar Strait). In: 
Iconographia Diatomologica: Annotated 
Diatom Micrographs, T. 6. Koeltz Scientific 
Books.

LECOINTE, C., M. COSTE & J. PRYGIEL. 
1993. “Omnidia”: software for taxonomy, 
calculation of diatom indices and inventories 
management. Hydrobiologia, 269: 509. DOI: 
10.1007/BF00028048

LUOTO, T. P. 2013. Dystrophy in determining 
midge community composition in boreal 
lakes. Ecoscience, 20: 391-398. DOI: 
10.2980/20-4-3655

LUOTO, T. P., L. NEVALAINEN, T. KAUPPI-
LA, M. TAMMELIN & K. SARMAJA-KOR-
JONEN. 2012. Diatom-inferred total phos-
phorus from dystrophic Lake Arapisto, 
Finland, in relation to Holocene paleoclimate. 
Quaternary Research, 78(2): 248-255. DOI: 
10.1016/j.yqres.2012.05.009

MANGERUD, J., S. T. ANDERSEN, B. E. BER-
GLUND,. & J. J. DONNER. 1974. Quater-
nary stratigraphy of Norden, a proposal for 
terminology and classification. The Boreas 
Collegium, 3(3): 75–128. DOI: 10.1111/j.1502-
3885.1974.tb00669.x

MAREK, S. 1992. Transformation of lakes in 
mires. Acta Societatis Botanicorum Poloniae, 
61(1): 103-113. DOI: 10.5586/asbp.1992.008

MARKS, L. 2002. Last Glacial maximum in 
Poland. Quaternary Science Review, 
21:103-110.

MAUQUOY, D. & B. VAN GEEL. 2007. Plant 
macrofossil methods and studies, Mire and 

tropic status based on a multiproxy study of a 
humic lake. The Holocene, 25: 495-507. DOI: 
10.1177/0959683614561881

FAEGRI, K. & J. IVERSEN. 1989. Textbook of 
pollen analysis. Journal of Quaternary 
Science, 5: 254-255. DOI: 10.1002/jqs.
3390050310

FLÖSSNER, D. 2000. Die Haplopoda und 
Cladocera (ohne Bosminidae) Mitteleuropas. 
Backhuys Publishers, Leiden

FIŁOC, M., M. KUPRYJANOWICZ, K. SZE-
ROCZYŃSKA, M. SUCHORA & M. RZO-
DKIEWICZ. 2017. Environmental changes 
related to the 8.2-ka event and other climate 
fluctuations during the Middle Holocene: 
Evidence from two dystrophic lakes in NE 
Poland. The Holocene 27: 1550-1566.

FREY, D. G., 1986. Cladocera analysis. In: 
Handbook of Holocene palaeoecology and 
palaeohydrology. B.E. Berglund (ed.): 
667–692. John Wiley & Sons, London. 

GAŁKA M., K. TOBOLSKI, E. ZAWISZA & T. 
GOSLAR. 2014. Postglacial history of vege-
tation, human activity, and lake-level changes 
at Lake Linówek in northeast Poland, based 
on multiproxy data. Vegetation History and 
Archaeobotany, 23: 123-152. 

GÓRNIAK, A. 1996. Substancje humusowe i ich 
rola w funkcjonowaniu ekosystemów 
słodkowodnych. Dissertationes Universitatis 
Varsoviensis, Bialystok.

GÓRNIAK, A. 2006. Jeziora Wigierskiego Parku 
Narodowego. Aktualna jakość i trofia wód. 
Wydawnictwo Uniwersytetu w Bialymstoku 

GRABOWSKA-BAJKIEWICZ, E. 1997. Char-
akterystyka fizycznogeograficzna zlewni 
eksperymentalnej Wigierskiej Stacji Bazowej. 
In: Zintegrowany Monitoring Środowiska 
Przyrodniczego. Stacja Bazowa Wigry 
(Wigierski Park Narodowy). L. Krzysztofiak 
(ed.). Biblioteka Monitoringu Srodowiska, 
Suwalki.

GRIMM E. C. 1987. CONISS: a fortran 77 
program for stratigraphically constrained 
cluster analysis by the method of incremental 
sum of squares. Computers & Geosciences, 
13: 13-35.

GRIMM, E. 1991–2011. Tilia Graph Version 
1.7.16. Computer Software. Springfield, IL: 

Research and Collection Centre, Illinois State 
Museum.

GUIRY, M. D. & G. M. GUIRY. 2016. Algae 
Base. World-wide electronic publication. 
National University of Ireland, Galway, 
(http://www.algaebase.org).

HANSEN, K. 1959. The terms gyttja and dy. 
Hydrobiology, 13: 309-315.

HANSEN, K. 1962. The dystrophic lake type. 
Hydrobiology, 19: 183-191. 

HANNON G. E. & M. J. GAILLARD. 1997. 'The 
plant-macrofossil record of past lake-level 
changes', Journal of Paleolimnology, 18: 
15-28.

HAVENS, K. E. 1991. Summer zooplankton 
dynamics in the limnetic and littoral zones of 
a humic acid lake. Hydrobiologia, 215: 21-29. 

HESSEN, D. O. 1992. Dissolved organic carbon 
in a humic lake effects on bacterial production 
and respiration. Hydrobiologia, 229(1): 
115-123. DOI: 10.1007/BF00006995

HOFFMANN, G. M., WERUM, M. & H. 
LANGE-BERTALOT. 2011. Diatomen im 
Süßwasser-Benthos von Mitteleuropa. Bestim-
mungsflora Kieselagen für die ökologishe 
Praxis. Über 700 der häufigsten Arten un ihre 
Ökologie. A.R.G. Ganter Verlag K.G., Ruggell.

JUGGINS, S. 2007. User guide C2 Software for 
ecological and palaeoecological data analy-
sis and visualisation User guide Version 1.5. 
University of Newcastle, Newcastle 

KAJAK, Z. 1998. Hydrobiologia – Limnologia. 
Ekosystemy wód sródladowych, PWN, 
Warszawa.

KARPIŃSKA-KOŁACZEK, M. R. STACHO-
WICZ-RYBKA, A. OBIDOWICZ, M. 
WOSZCZYK & P. KOŁACZEK. 2016. A 
lake-bog succession vs. climate changes from 
13 300 to 5900 cal. BP in NE Poland in the 
light of palaeobotanical and geochemical 
proxies. Review of Palaeobotany and Paly-
nology, 233: 199–215

KERNAN, M., R. BATTARBEE & B. MOSS. 
2009. Changing climate and changing fresh-
waters: A European perspective. Blackwell, 
London, UK.

KONDRACKI, J. 1994. Geografia Polski. 
Mezoregiony fizycznogeograficzne. PWN, 
Warszawa. 

species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
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(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).

Figure 8.  a) Principal component analysis (PCA) biplot of biological components (green algae, cladocerans, pollen) in the sediment 
core of Lake Suchar IV; b) PCA axis 1 and axis 2 scores for samples following either their algae, cladoceran and pollen assemblages 
(percentages) in the sediment core of Lake Suchar IV. a) Análisis de componentes principales, PCA biplot, de los componentes 
biológicos (algas verdes, cladóceros y polen) en los sedimentos del core del lago Suchar IV; b) valores del eje 1 y eje 2 del PCA para 
muestras que siguen cualquier asociación (porcentaje) de algas, cladóceros y polen en los sedimentos del core del lago Suchar IV.
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
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Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).

Figure 9.  A Comparison of selected sequences of: pollen, Cladocera, diatoms, macrofossils and geochemistry, in the sediment core 
from Lake Suchar IV. Una comparación de secuencias seleccionadas de: polen, Cladócera, diatomeas, macrofósiles y geoquímica, en 
los sedimentos del core del lago Sucher IV.
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).



Limnetica, 38(1): 391-416 (2019)

411Dystrophication process at Suchar IV

analysis of 7,500 widely distributed lakes. 
Limnology and Oceanography, 52: 
1208–1219. DOI: 10.4319/lo.2007.52.3.1208

SZEROCZYŃSKA, K. & SARMAJA-KORJO-
NEN, K. 2008. Atlas of subfossil Cladocera 
from Central and Northern Europe. Friends of 
the Lower Vistula Society. Gruczno.

VAN DAM, H. A. MERTENS & J. SINKEL-
DAM. 1994. A coded checklist and ecological 
indicator values of freshwater diatoms from 
The Netherlands. Netherland Journal of 
Aquatic Ecology, 28: 117–133.

VELICHKEVICH, F. U. & E. ZASTAWNIAK. 
2006. Atlas of the Pleistocene vascular plant 
macrofossils of Central and Eastern Europe 
Part 1 - Pteridophytes and monocotylendons. 
Polish Academy of Sciences, W. Szafer Insti-
tute of Botany. Kraków.

VELICHKEVICH, F. U. & E. ZASTAWNIAK. 
2008. Atlas of the Pleistocene vascular plant 
macrofossils of Central and Eastern Europe 
Part 2: Herbaceous dicotyledons. Polish 
Academy of Sciences, W. Szafer Institute of 
Botany. Kraków.

WALANUS, A. & D. NALEPKA. 2010. Cali-
bration of Mangerud's Boundaries. Radio-
carbon, 52: 1639-1644. DOI: 10.1017/

S0033822200056368
WEYHENMEYER, G. A. & J. KARLSSON. 

2009. Nonlinear response of dissolved organ-
ic carbon concentrations in boreal lakes to 
increasing temperatures. Limnology and 
Oceanography, 54: 2513-2519. 

ZAWISKA, I., E. ZAWISZA, M. WOSZCZYK, 
K. SZEROCZYŃSKA, W. SPYCHALSKI & 
A. CORREA-METRIO. 2013. Cladocera and 
geochemical evidence from sediment cores 
show trophic changes in Polish dystrophic 
lakes. Hydrobiologia, 715:181–193. DOI: 
10.1007/s10750-013-1482-0 

ZAWISZA, E. & K. SZEROCZYŃSKA. 2007. 
The development history of Wigry Lake as 
shown by subfossil Cladocera. Geochronome-
tria, 27: 67-74. 

ZAWISZA, E., I. ZAWISKA & A. CORREA 
METRIO. 2016. Cladocera Community Com-
position as a Function of Physicochemical and 
Morphological Parameters of Dystrophic 
Lakes in NE Poland. Wetlands, 36:1131–1142. 
DOI: 10.1007/s13157-016-0832-x

ŻUREK, S. 1994 The relation between peat 
formation process and the Polish lowland 
landscape. Quaternary studies in Poland, 12: 
73-82.

peat macros. In: Encyclopedia of Quaternary 
Science. Vol 3. Elias, S. A. (ed.). Elsevier, 
Amsterdam.

MIROSŁAW-GRABOWSKA J., E. ZAWISZA, 
A. JASKÓŁKA & M. OBREMSKA. 2015. 
Natural transformation of the Romoty paleo-
lake (NE Poland) during the Late Glacial and 
Holocene based on isotopic, pollen, cladocer-
an and geochemical data. Quaternary Interna-
tional: 386:171-185.

MOORE P. D., J. A. WEBB & M. E. COL-
LINSON. 1991. Pollen analysis, Blackweel 
Scientific Publications, Oxford. 

OTT F., M. KRAMKOWSKI, S. WULF, B. 
PLESSEN, J. SERB, R. TJALLINGII, M. 
SCHWAB, M. SŁOWIŃSKI, D. BRY-
KAŁA, S. TYSZKOWSKI, V. PUTYR-
SKAYA, O. APPELT, M. BŁASZKIEWICZ 
& A. BRAUER. 2017. Site-specific sediment 
responses to climate change during the last 
140 years in three varved lakes in Northern 
Poland', The Holocene .  DOI: 10.1177/
0959683617729448

PORCAL, P., J. F. KOPRIVNJAK, L. A. 
MOLOT & P. J. DILLON. 2009. Humic 
substances – Part 7: The biogeochemistry of 
dissolved organic carbon and its interactions 
with climate change. Environmental Science 
and Pollution Research, 16: 714-26. DOI: 
10.1007/s11356-009-0176-7

RALSKA-JASIEWICOWA, M., T. GOSLAR, T. 
MADEYSKA & L. STARKEL. 1998. Lake 
Gościąż,, central Poland a monographic 
study. Publish by W. Szafer Institute of 
Botany Polish Academy of Science.

RANTALA, M. V., LUOTO T. P. & L. 
NEVALAINEN. 2015. Late Holocene chang-
es in the humic state of a boreal lake and their 
associations with organic matter transport and 
climate dynamics. Biogeochemistry, 123: 
63-82. 

REILLE, M. 1992. Recent contributions to the 
climatology of the last glacial-interglacial 
cycle based on French pollen sequences. Qua-
ternary Science Reviews,11(4): 439-448. 
DOI: 10.1016/0277-3791(92)90026-5

REIMER, P. J., E. BARD, A. BAYLISS, J. W. 
BECK, P. G. BLACKWELL, C. B. 
RAMSEY, C. E. BUCK, H. CHENG, R. L. 

EDWARDS & M. FRIEDRICH. 2013. 
IntCal13 and Marine13 radiocarbon age 
calibration curves 0-50,000 years cal BP. 
Radiocarbon, 55:1869-1887.

ROSEN, P. 2005. Total organic carbon (TOC) of 
lake water during the Holocene inferred from 
lake sediments and near-infrared spectroscopy 
(NIRS) in eight lakes from northern Sweden. 
Biogeochemistry, 76: 503-516. DOI: 10.1007/
s10533-005-8829-1

ROSEN, P. CUNNINGHAM, L. VONK J. & J. 
KARLSSON. 2009. Effects of climate on 
organic carbon and the ratio of planktonic to 
benthic primary producers in a subarctic lake 
during the past 45 years. Limnology and 
Oceanography, 54(5): 1723-1732. DOI: 
10.4319/lo.2009.54.5.1723

SAYER, C. D., DAVIDSON T. A., JONES J. I. 
& P. G. LANGDON. 2010. Combining 
contemporary ecology and paleolimnology to 
understand shallow lake ecosystem change. 
Freshwater Biology, 55: 487-499. 

SEPPÄ, H. & J. WECKSTRÖM. 1999. Holocene 
vegetational and limnological changes in the 
Fennoscandian tree-line area as documented 
by pollen and diatom records from Lake 
Tsuolbmajavri, Finland. Ecoscience, 
6:621-635.

SMOL, J. P. 1992. Paleolimnology: an important 
tool for effective ecosystem management. 
Journal of Aquatic Ecosystem Health, 1(1): 
49–58. DOI: 10.1007/BF00044408

SMOL, J. P. 2002. Pollution of Lakes and Rivers. 
A Paleoenvironmental Perspective. Arnold. 
London/Oxford University Press. New York.

SŁOWIŃSKI M., K. MARCISZ, M. PŁÓCIEN-
NIK, M. OBREMSKA, D. PAWŁOWSKI, D. 
OKUPNY, S. SŁOWIŃSKA, R. BORÓW-
KA, P. KITTEL, J. FORYSIAK, D.J. MICH-
CZYŃSKA & M. LAMENTOWICZ. 2016. 
Drought as a stress driver of ecological chang-
es in peatland - A palaeoecological study of 
peatland development between 3500 BCE and 
200 BCE in central Poland, Palaeogeography, 
Palaeoclimatology, Palaeoecology, 461: 
272-91.

SOBEK, S., L. TRANVIK, Y. PRAIRIE, P. 
KORTELAINEN & J. COLE. 2007. Patterns 
and regulation of dissolved organic carbon: An 

KOROSI, J. B. & J. P. SMOL. 2012. Contrasts 
between dystrophic and clearwater lakes in 
the long-term effects of acidification on 
cladoceran assemblages. Freshwater Biology, 
57: 2449-2464. 

KORSMAN, T., I. RENBERG, & N. ANDER-
SON. 1994. A palaeolimnological test of the 
influence of Norway spruce (Picea abies) 
immigration on lake-water acidity. The 
Holocene, 4(2): 132-140. DOI: 10.1177/
095968369400400203

KOWALEWSKI, G. 2014. Alogeniczne i auto-
geniczne skladowe zarastania jezior: hipoteza 
wahan poziomu wody. Studia Limnologica et 
Telmatologica, Monographiae I: 186

KRAMMER, K. 2002. Diatoms of the European 
Inland Waters and Comparable Habitats. In: 
Diatoms of Europe: Cymbella. H. Lange-Ber-
talot (ed.), A.R.G. Gantner Verlag K.G.

KRAMMER, K., & H. LANGE-BERTALOT. 
1986. Bacillariophyceae 1, Naviculaceae. In: 
Süsswasserflora von Mitteleuropa 2 T. 1. H. 
Ettl, J. Gerloff, H. Heyning, & D. Mollenhau-
er (eds.), Fisher, Stuttgardt.

KRAMMER, K. & H. LANGE-BERTALOT. 
1988. Bacillariophyceae 2, Ephitemiaceae, 
Bacillariaceae, Surirellaceae. In: Süsswasser-
flora von Mitteleuropa 2 T. 2. H. Ettl, J. 
Gerloff, H. Heyning & D. Mollenhauer (eds.), 
Fisher, Stuttgardt.

KRAMMER, K., H. LANGE-BERTALOT. 
1991a. Bacillariophyceae 3, Centrales, Fragi-
lariaceae, Eunotiaceae. In: Süsswasserflora 
von Mitteleuropa 2. T. 3. H. Ettl, J. Gerloff, H. 
Heyning & D. Mollenhauer (eds.), Fisher, 
Stuttgardt. 

KRAMMER, K. & H. LANGE-BERTALOT. 
1991b. Bacillariophyceae 4, Achnanthaceae. 
In: Süsswasserflora von Mitteleuropa 2. T. 4. 
H. Ettl, G. Gärtner, G. Gerloff, H. Heyning & 
D. Mollenhauer (eds.), Fisher, Stuttgardt.

KULBERG, A., BISHOP K. H., HARGEBY A. 
& R. C. PETERSEN. 1993. The ecological 
significance of dissolved organic carbon in 
acidified waters. Ambio, 22: 331-337. 

KUPRYJANOWICZ, M. 2007. Postglacial 
Development of Vegetation in the Vicinity of 
the Wigry lake. Geochronometria 27: 53-66. 
DOI: 10.2478/v10003-007-0018-x

LEGENDRE, P. & L. LEGENDRE. 2012. 
Numerical Ecology. Elsevier Scientific, 
Oxford.

LANGE-BERTALOT, H. 1999. Annotated 
Diatom Micrographs, Taxonomy. In: Icono-
graphia Diatomologica. T. 8. Koeltz Scientif-
ic Books.

LANGE-BERTALOT, H. & D. METZELTIN. 
1996. Indicators of Oligotrophy. 800 taxa 
representative of three ecologically distinct 
lake types. In: Iconogrphia Diatomologica: 
Annotated Diatom Micrographs, T. 2. Koeltz 
Scientific Books.

LANGE-BERTALOT, H. & S. I. GENKAL. 
1999. Diatoms from Siberia I. Island in the 
Arctic Ocean (Yugorsky Shar Strait). In: 
Iconographia Diatomologica: Annotated 
Diatom Micrographs, T. 6. Koeltz Scientific 
Books.

LECOINTE, C., M. COSTE & J. PRYGIEL. 
1993. “Omnidia”: software for taxonomy, 
calculation of diatom indices and inventories 
management. Hydrobiologia, 269: 509. DOI: 
10.1007/BF00028048

LUOTO, T. P. 2013. Dystrophy in determining 
midge community composition in boreal 
lakes. Ecoscience, 20: 391-398. DOI: 
10.2980/20-4-3655

LUOTO, T. P., L. NEVALAINEN, T. KAUPPI-
LA, M. TAMMELIN & K. SARMAJA-KOR-
JONEN. 2012. Diatom-inferred total phos-
phorus from dystrophic Lake Arapisto, 
Finland, in relation to Holocene paleoclimate. 
Quaternary Research, 78(2): 248-255. DOI: 
10.1016/j.yqres.2012.05.009

MANGERUD, J., S. T. ANDERSEN, B. E. BER-
GLUND,. & J. J. DONNER. 1974. Quater-
nary stratigraphy of Norden, a proposal for 
terminology and classification. The Boreas 
Collegium, 3(3): 75–128. DOI: 10.1111/j.1502-
3885.1974.tb00669.x

MAREK, S. 1992. Transformation of lakes in 
mires. Acta Societatis Botanicorum Poloniae, 
61(1): 103-113. DOI: 10.5586/asbp.1992.008

MARKS, L. 2002. Last Glacial maximum in 
Poland. Quaternary Science Review, 
21:103-110.

MAUQUOY, D. & B. VAN GEEL. 2007. Plant 
macrofossil methods and studies, Mire and 

tropic status based on a multiproxy study of a 
humic lake. The Holocene, 25: 495-507. DOI: 
10.1177/0959683614561881

FAEGRI, K. & J. IVERSEN. 1989. Textbook of 
pollen analysis. Journal of Quaternary 
Science, 5: 254-255. DOI: 10.1002/jqs.
3390050310

FLÖSSNER, D. 2000. Die Haplopoda und 
Cladocera (ohne Bosminidae) Mitteleuropas. 
Backhuys Publishers, Leiden

FIŁOC, M., M. KUPRYJANOWICZ, K. SZE-
ROCZYŃSKA, M. SUCHORA & M. RZO-
DKIEWICZ. 2017. Environmental changes 
related to the 8.2-ka event and other climate 
fluctuations during the Middle Holocene: 
Evidence from two dystrophic lakes in NE 
Poland. The Holocene 27: 1550-1566.

FREY, D. G., 1986. Cladocera analysis. In: 
Handbook of Holocene palaeoecology and 
palaeohydrology. B.E. Berglund (ed.): 
667–692. John Wiley & Sons, London. 

GAŁKA M., K. TOBOLSKI, E. ZAWISZA & T. 
GOSLAR. 2014. Postglacial history of vege-
tation, human activity, and lake-level changes 
at Lake Linówek in northeast Poland, based 
on multiproxy data. Vegetation History and 
Archaeobotany, 23: 123-152. 

GÓRNIAK, A. 1996. Substancje humusowe i ich 
rola w funkcjonowaniu ekosystemów 
słodkowodnych. Dissertationes Universitatis 
Varsoviensis, Bialystok.

GÓRNIAK, A. 2006. Jeziora Wigierskiego Parku 
Narodowego. Aktualna jakość i trofia wód. 
Wydawnictwo Uniwersytetu w Bialymstoku 

GRABOWSKA-BAJKIEWICZ, E. 1997. Char-
akterystyka fizycznogeograficzna zlewni 
eksperymentalnej Wigierskiej Stacji Bazowej. 
In: Zintegrowany Monitoring Środowiska 
Przyrodniczego. Stacja Bazowa Wigry 
(Wigierski Park Narodowy). L. Krzysztofiak 
(ed.). Biblioteka Monitoringu Srodowiska, 
Suwalki.

GRIMM E. C. 1987. CONISS: a fortran 77 
program for stratigraphically constrained 
cluster analysis by the method of incremental 
sum of squares. Computers & Geosciences, 
13: 13-35.

GRIMM, E. 1991–2011. Tilia Graph Version 
1.7.16. Computer Software. Springfield, IL: 

Research and Collection Centre, Illinois State 
Museum.

GUIRY, M. D. & G. M. GUIRY. 2016. Algae 
Base. World-wide electronic publication. 
National University of Ireland, Galway, 
(http://www.algaebase.org).

HANSEN, K. 1959. The terms gyttja and dy. 
Hydrobiology, 13: 309-315.

HANSEN, K. 1962. The dystrophic lake type. 
Hydrobiology, 19: 183-191. 

HANNON G. E. & M. J. GAILLARD. 1997. 'The 
plant-macrofossil record of past lake-level 
changes', Journal of Paleolimnology, 18: 
15-28.

HAVENS, K. E. 1991. Summer zooplankton 
dynamics in the limnetic and littoral zones of 
a humic acid lake. Hydrobiologia, 215: 21-29. 

HESSEN, D. O. 1992. Dissolved organic carbon 
in a humic lake effects on bacterial production 
and respiration. Hydrobiologia, 229(1): 
115-123. DOI: 10.1007/BF00006995

HOFFMANN, G. M., WERUM, M. & H. 
LANGE-BERTALOT. 2011. Diatomen im 
Süßwasser-Benthos von Mitteleuropa. Bestim-
mungsflora Kieselagen für die ökologishe 
Praxis. Über 700 der häufigsten Arten un ihre 
Ökologie. A.R.G. Ganter Verlag K.G., Ruggell.

JUGGINS, S. 2007. User guide C2 Software for 
ecological and palaeoecological data analy-
sis and visualisation User guide Version 1.5. 
University of Newcastle, Newcastle 

KAJAK, Z. 1998. Hydrobiologia – Limnologia. 
Ekosystemy wód sródladowych, PWN, 
Warszawa.

KARPIŃSKA-KOŁACZEK, M. R. STACHO-
WICZ-RYBKA, A. OBIDOWICZ, M. 
WOSZCZYK & P. KOŁACZEK. 2016. A 
lake-bog succession vs. climate changes from 
13 300 to 5900 cal. BP in NE Poland in the 
light of palaeobotanical and geochemical 
proxies. Review of Palaeobotany and Paly-
nology, 233: 199–215

KERNAN, M., R. BATTARBEE & B. MOSS. 
2009. Changing climate and changing fresh-
waters: A European perspective. Blackwell, 
London, UK.

KONDRACKI, J. 1994. Geografia Polski. 
Mezoregiony fizycznogeograficzne. PWN, 
Warszawa. 

species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
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water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
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6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
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to fluctuations because of regional climatic and 
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body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
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CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
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the Late Glacial to the present day.
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drainage basin.
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water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
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the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al. 
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11 500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA 
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A 
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV 
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t. 
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al. 
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2 
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax 
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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species, indicative of low water pH and the 
trophic status at the level of dystrophy.

7. The transition between the harmonic and disha-
rmonic development was preceded by a 
transitional period that was characterized by 
considerable fluctuations, especially in the 
phyto- and zooplankton structure.
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deposited in the first half of the Subboreal period 
contained approximately 10 % TIC, indicating a 
significant inflow of allochthonous material from 
the catchment (Alhonen, 1987). Climate condi-
tions and the continued development of Sphag-
num intensified the initiated change in phyto- and 
zooplankton succession. The conditions in the 
lake were becoming polyhumic. A similar picture 
of changes and humic conditions in boreal (Polish 
and Finnish) lakes was recorded by Drzymulska et 
al. (2015), Luoto et al. (2013) and Rantala et al.
(2015). The intensive development of Sphagnum 
mat on the shore and Botryococcus brought about 
a consistent systematic change in the structure of 
Lake Suchar IV. The invasion by Sphagnum creat-
ed surface platforms in the form of floating mats 
which affected the regular development of the 
lake, especially in the open water zone. From 
about 3000 to ca 500 cal yr BP, only the littoral 
zone was inhabited by oligo and/or acid-tolerant 
species of phytoplankton (pioneer diatoms: 
Lindavia comensis, Cyclotella planktonica, 
Puncticulata radiosa) and zooplankton (Alonidae 
e.g. Alona guttata, Alonella exigua; Acroperus 
harpae). The development of Botryococcus and 
the inflow of humus from the catchment caused a 
significant reduction in the penetration of light in 
the water column, and thus inhibited the develop-
ment of life in the planktonic zone. The youngest 
sediments in Lake Suchar IV showed another 
change in the lake ecosystem. The smaller content 
of Sphagnum and the appearance of Nymphaea, as 
well as the presence of Plumatella specimens is 
indicative of declining dystrophic conditions. This 
situation is also reflected in the reduced content of 
littoral specimens and the arrival of Cladocera and 
diatom species living in the open water zone. 
Palynological analysis showed the presence of 
human indicators. It appears that the observed 
changes in the youngest sediments are most likely 
induced by human impact. 

Our results demonstrate that dystrophy is a 
fairly unstable (disharmonic) state and is subject 
to fluctuations because of regional climatic and 
anthropogenic changes. The encroachment of 
vegetation on the water bodies may proceed from 
the shores toward the central part of a reservoir or 
from the water surface toward the bottom (forma-
tion of Sphagnum mats). The process is primarily 

determined by the type of catchment, i.e. catch-
ment vegetation and the availability and the type 
of allochthonous material. The catchment area 
around Lake Suchar IV was dominated by forest 
of Pinus, so the supply of nutrients into the water 
body was insignificant. Researchers studying the 
history of Scandinavian boreal lakes also found 
large fluctuations during the transformations of 
oligotrophic lakes into dystrophic ones (Alhonen, 
1987; Korsman et al., 1994; Rantala et al., 2015). 
They showed that the main cause of dystrophica-
tion of lakes were climate changes as a result of 
which humic acids were washed away from the 
drainage basin.

CONCLUSIONS

1. The results of the interdisciplinary sediment 
study introduced here showed that Lake 
Suchar IV has continuously developed from 
the Late Glacial to the present day.

2. The lake acquired its modern dystrophic nature 
at the beginning of the second half of the 
Atlantic period and was preceded by an unsta-
ble period of transition.

3. Given the biological and chemical composi-
tion and lithology of sediments, the develop-
ment of the lake and its trophic state was 
affected mainly by regional factors such as 
climate and the conditions and quality of the 
drainage basin.

4. The harmonic development (oligo-, α-meso-, 
β-mesotrophic) was disturbed by an excessive 
influx of humic substances at the end of 
Atlantic period, the growth of Sphagnum and 
Botryococcus (especially in Subatlantic 
period), which resulted in the reduced light 
availability, thus changing the species compo-
sition of flora and fauna as well as pH of 
water, and consequently changing the trophic 
state into the dystrophic one.

5. The harmonic development of the lake and the 
increasing trophic conditions reflected regio-
nal climate changes. Warmer and colder 
periods were manifested through the species 
composition and frequency of phyto- and 
zooplankton.

6. During the disharmonic development period, 
the lake was dominated by acidophilous 

represented by meso-eutraphentic and eutraphen-
tic species such as Staurosira construens, Navic-
ula radiosa, Pinnularia gibba and Stauroneis 
phoenicenteron. The harmonic development of 
the lake continued, with a species composition of 
cladocerans and green algae similar to that deter-
mined in the Late Glacial, although taxon abun-
dances were much higher (Figs. 3 and 4). At the 
beginning of the Holocene, Nitella and Chara 
disappeared from the lake, indicating that waters 
of the lake changes of water trophy transparency 
or water depth (Hannon & Gillard, 1997). The 
harmonic development of the lake, from the 
oligotrophic state through α-mesotrophy to 
β-mesotrophy continued until the mid-Holocene 
Climate Optimum (Atlantic), when abundances 
of both phyto- and zooplankton specimens 
reached the highest values. A gradual reduction in 
the phyto- and zooplankton species in Lake 
Suchar IV occurred in the second half of the 
Atlantic period (Figs. 3 and 4). The observed 
sequence of changes during the Late Glacial 
period and the first half of the Holocene in Lake 
Suchar IV is typical of shallow lakes in Poland. 
During the climate optimum, these lakes were 
usually meso- and eutrophic, and were often 
transformed into land or peat bogs (Żurek, 1994; 
Kowalewski, 2014). Significant changes in the 
aquatic ecosystem of Lake Suchar IV occurred 
also at the end of the Atlantic period, when the 
development of the lake changed from harmonic 
into disharmonic. The occurrence of acidophilous 
diatoms, Sphagnum moss (Fig. 3) and the gradual 
increase in the frequency of Alona guttata and 
Alonella excisa were indicative of the changing 
water pH and a harbinger of significant ecologi-
cal changes. These changes are reflected in the 
progressive increasing of PCA 1 scores and 
decreasing PCA 2 scores (Fig. 8).

Transitional stage (7200–5600 cal yr BP)

Major changes occurred in the lake during this 
period (Fig. 9), while the vegetation and climate 
remained relatively stable (Fig. 3). Species such 
as Nymphaea alba, Chara, Typha, algae (Scened-
esmus, Tetraedron) and Pediastrum completely 
disappeared from the lake. The species composi-
tion of phyto- and zooplankton changed signifi-

cantly. Frequency of Cladocera specimens was 
very low and planktonic species were replaced by 
littoral ones (Fig. 4). The littoral species were 
dominated by acid-tolerant Alonella excisa and 
species occurring among vegetation (Alona affin-
is, Sida crystallina). At that time diatoms totally 
disappeared. The periphytic fauna (creeping on 
surface), i.e. Cristatella mucedo also completely 
disappeared during that period. The content of 
Bryales was minor, while the interesting fact is 
that Scheuchzeria palustris occurred only during 
the transition state. Probably, this species was 
involved in the creation of mire on the lake shore, 
which characterize wet conditions (Słowiński et 
al., 2016). The sediments deposited during the 
transition state are characterized by an increased 
content of TN, while TIC and TOC fluctuated 
significantly. The TOC/N ratio increased to a 
value of 16. This indicates a change in the trophic 
conditions of the lake toward dystrophy (Rosen, 
2005; Rantala et al., 2015). It is likely that the 
lake in the transition period (7200–5600 cal yr 
BP) was relatively shallow, and its waters were 
characterized by lower pH, reduced transparency 
and a low content of nutrients. These changes 
were reflected by increasing trends in the scores 
of the two first PCA axes (Fig. 8).

Disharmonic (Dystrophy) stage (5600 cal yr BP 
to present)

The end of the Atlantic and the beginning of the 
Subboreal periods was marked by major climatic 
changes (cooler weather and increased moisture 
content) that were clearly reflected in the 
sediments of Lake Suchar IV. At the beginning of 
the Subboreal period, the water level of lake 
Suchar IV likely increased, enabling the re-coloni-
zation of the lake by planktonic cladocerans from 
the family of Bosminidae. The littoral zone of the 
lake was inhabited by Cladocera species living in 
associations with aquatic vegetation and tolerant 
of reduced water pH (mainly Alonidae, Acroperus 
harpae, and Graptoleberis testudinaria) (Fig. 4). 
Zooplankton reached the maximum development 
at that time, and fluctuations in the TOC/N ratio (8 
- 20) indicate that both allochthonous and autoch-
thonous materials were important sources of 
material to the lake (Figs. 7 and 9). The sediments 

acterized by algae and cladocerans typical of α to 
β-mesotrophic environments. This phase coin-
cides with the development of a more thermophil-
ous system at local and regional scales. From 
7200 to 5600 cal yr BP, sample scores in both 
axes increased rapidly, although remained mostly 
within quadrant IV of the ordination. The rapid 
pace at which these changes took place suggest a 
transitional state of the lake that led to positive 
scores in both axes (PCA quadrant I, Fig. 8) from 
~5600 cal yr BP and present. This quadrant was 
dominated by algae and cladoceran species 
typical of dystrophic environments in regional 
forests appeared Picea, and a water body with 
abundant floating mats of Sphagnum. Overall, the 
PCA suggests a sequence from oligotrophic to α- 
to β-mesotrophic to dystrophic. The initial chang-
es from oligotrophic to mesotrophic is considered 
a harmonic sequence, whereas the dystrophic 
zone is considered disharmonic. Although there 
was an evident change in the local and regional 
conditions at the Pleistocene-Holocene transition, 
our interest is focused on the dystrophication 
process, and therefore our discussion is structured 
in three phases articulated around the transition 
that took place between 7200 and 5600 yr cal BP.

Harmonic stage (from the initial time to 7200 
cal yr BP)

From the Oldest Dryas to ~7200 cal yr BP (i.e. till 
the mid-Atlantic period), Lake Suchar IV was 
apparently characterized by a harmonic develop-
ment (Fig. 9). Sediments deposited during the 
Late Glacial significantly varied in terms of 
lithology (sand, calcareous gyttja) and the content 
of TIC and TOC, indicating relatively frequent 
fluctuations related to climate change (Ral-
ska-Jasiewiczowa et al., 1998). High concentra-
tion of TIC during the Late Glacial suggest that 
the sediments were mostly allochthonous. In 
slightly warmer periods (the Bølling and the 
Allerød), the content of TOC was higher, while 
during the colder periods (the Oldest, Old and 
Younger Dryas) –TIC and TS contents increased. 
The species composition of flora and fauna 
deposited during colder periods indicates that the 
lake was shallow at that time and its waters were 
oligotrophic. Chrysophyceae cysts, charophytes 

and diatoms occurred at that time, especially 
alkaliphilous species (Pseudostaurosira brevistri-
ata and Stauroneis construens). The cladocerans 
were represented both by littoral and planktonic 
species. In warmer periods (the Bølling and the 
Allerød), the content of oligo/mesotrophic taxa 
(e.g. Daphniidae, Chydorus sphaericus, Pleurox-
us), in the plankton slightly increased. Aquatic 
vegetation was represented mainly by Potamoge-
ton and reed beds in the shoreline zone of the 
lake. During the Late Glacial, the most favorable 
temperature and edaphic conditions for the devel-
opment of plankton prevailed in the lake during 
the late Allerød when the zooplankton frequency 
reached the maximum value (Total Cladocera 
sum; Fig. 4). In the PCA, these conditions are 
reflected by low and relatively stable scores of 
Axis 1, and declining and highly variable scores 
in Axes 2 (Fig. 8). A similar sequence of changes 
was determined by Drzymulska et al. (2014) in 
Suchar Wielki located in Wigry National Park. In 
general, the recorded sequence of changes in 
sediments of Suchar IV in the Late Glacial period 
is typical of oligotrophic lakes of N Poland, 
formed after the ice sheet melting (Zawisza & 
Szeroczyńska, 2007; Filoc et al., 2017). As 
evidenced by other studies from the late post-gla-
cial areas of N Poland (e.g. Ralska-Jasiewiczowa 
et al., 1998; Zawisza & Szeroczyńska, 2007), 
small water bodies formed in depressions after 
melting of dead-ice blocks were initially 
oligotrophic and gradually evolved following the 
climate fluctuations toward mesotrophy repre-
senting the harmonic development.

The beginning of the Holocene is reflected in 
the significant change of arboreal pollen spectra. 
The open plant communities with the juniper 
shrubs and light demanding species (e.g. Helian-
themum, Artemisia) began to replace by forest 
communities. At first with Betula, than Pinus and 
new spreading deciduous trees (Corylus, Ulmus, 
Alnus). In the area around the lake developed the 
local communities of Thelypteris palustris that 
caused a significant inflow of nitrogen (TN) and 
organic carbon (TOC) into the lake. This vegeta-
tion cover change is clearly reflected in the lowest 
scores of PCA 2 axis. Such changes probably 
resulted in the gradual increase in the trophic 
status of the lake. Diatoms were increasingly 

and changes in its chemical composition (TN, TS, 
TIC, TOC, TC/N), demonstrate that the history of 
Lake Suchar IV has been intimately linked to 
regional environmental conditions. The inflow of 
biogenic and humic substances from the catch-
ment determined both the type of sediments and 
the trophic conditions of the water body. Substan-
tial changes in the proportions of major plant 
types and species composition of cladocerans and 
diatoms suggest a successional pattern that reflect 
the changes in the lake. Both phyto- and 
zooplankton responded not only to changes in 
water temperature and trophic state (oligotrophy
→ α-mesotrophy →β-mesotrophy →dystrophy) 
(Fig. 9) associated with the deglaciation, but also 
to the degree of humification of the water body 
(pH and color of water). Today, the high content 
of humic substances in the water of Lake Suchar 
IV results in water with a dark brown coloration 
that reduces the penetration of sunlight into deeper 
water layers (0.65 m Secchi disk). According to 
the fossil evidence, the lake acquired this attribute 

at ~5600 cal BP. The changes of Lake Suchar IV 
could be broadly summarized in three stages 
marked by significant changes of fauna and flora. 
From the bottom of the record up to 7200 cal yr 
BP the evidence reflects a harmonic development 
of the lake. Significant ecological changes 
occurred in Lake Suchar IV during the second part 
of the Atlantic period (7200–5600 cal yr BP) that 
transformed the lake into the modern disharmonic 
(dystrophic) state (5600 cal yr BP to present). 

PCA sample scores show changes in the lake 
and the regional system that describe the 
sequence of dystrophication. Samples from the 
bottom of the sequence up to 11 500 cal yr BP 
resulted ordinated obtained negative and positive 
scores in PCA 1 and 2 axes, respectively (PCA 
quadrant II, Fig. 8). This quadrant was occupied 
by vegetation taxa typical of the deglaciation and 
pioneer cladocerans species typical of oligotroph-
ic lakes. From 11500 to 7200 cal yr BP, samples 
were ordinated in quadrant III of the PCA (nega-
tive scores for both axes, Fig. 8), which was char-

000 cal yr BP; 1655÷1565 cm)
Sediments are predominantly mineral with 

very low TOC and considerable carbonate 
content (2–3 % TIC). Low TOC/N indicates 
autochthonous organic matter.

GZ II (ca. 14 000–12 900 cal yr BP 
1565÷1520 cm)

Sediments are distinguished by the high TIC 
(up to ca. 6 %) and TS (up to 6.5 %). TOC and 
TOC/N are increasing toward the top of the zone. 
Increasing TOC/N (up to 12) indicates the 
increasing contribution from terrestrial (soil-de-
rived, macrophytes) organic matter.

GZ III (ca. 12 900–11 700 cal yr BP; 
1520÷1485 cm)

Sediments are characterized by low TOC and 
TIC, but increasing toward the upper layer. TS 
content is low < 1 %. The reduced TOC/N ratio 
indicates the predominance of phytoplankton-de-
rived organic matter.

GZ IV (ca. 11 700–9900 cal yr BP; 
1485÷1420 cm)

Sediments are characterized by steeply 
increasing TOC and decreasing TS. TIC is deplet-
ed, except for the bottommost section of the zone. 
TOC/N gradually increases to ca. 15.

GZ V (ca. 9900–7200 cal yr BP; 1420÷1245 
cm)

TOC decreases sharply and TIC is completely 
absent. TS shows enrichment between 
9500–8200 cal yr BP. TOC/N is high and increas-
es throughout the zone, except for the top section.

GZ VI (ca. 7200–5700 cal yr BP; 1245÷1145 
cm)

TOC shows maximum values throughout the 
core and increases sharply at the base of the zone. 
TOC/N is high and TIC is absent.

GZ VII (ca. 5700–3800 cal yr BP; 
1145÷1015 cm)

TOC/N shows a decline from ca. 16 to ca. 8. 
This coincides with a slight increase in TIC to ca. 
1 %. TS is low (< 1 %). TOC is high (ca. 50 %).

GZ VIII (ca. 3800–1000 cal yr BP;1015÷840 
cm)

The zone is characterized by high and invari-
ant TOC (ca. 50 %). TIC is absent, TS is low and 
TOC/N shows the highest values throughout the 
core (14–20).

GZ IX (ca.1000–100 cal yr BP; 840÷800 cm)

TOC and TOC/N decrease. TIC is absent and 
TS is low.

Principal components analysis

The dataset used for the ordination contained a 
total of 154 taxa that yielded a log-transformed 
variance of 31.41 units. PCA 1 and 2 axes 
explained 33.3 and 15.5 % of the total variance, 
respectively, and resulted significant according to 
the broken-stick model. Extreme scores in the 
correlation biplot were obtained by algae and 
cladocerans (Fig. 8), reflecting the higher varia-
bility inherently linked with indicators derived 
from short-lived organisms. PCA 1 axis sample 
scores were around -1.0 between the bottom of 
the record and ~11 500 cal yr BP (Fig. 8). From 
~10 500 to 5500 cal yr BP, PCA 1 axis sample 
scores progressively raised to reach scores of 
~0.8, which in turn prevailed up to present. PCA
2 axis sample scores progressively fell from ~2.0 
at the bottom of the sequence to ~1.5 at ~7500, 
when they started increasing up to ~0.3 at ~5500 
cal yr BP. From ~5500 to present, Axis 2 sample 
scores remained relatively stable around 0.3.

DISCUSSION

With a basal age that goes back to the Oldest 
Dryas, the sedimentary sequence of Lake Suchar 
IV enabled us to reconstruct climatic and ecologi-
cal changes occurred in the lake and its catchment 
through the last ~15 000 years. Paleolimnological 
studies enabled us detailed tracing of transforma-
tion processes from the harmonic into disharmon-
ic (dystrophic) state, a change pattern that has 
been the focus of limnological and paleolimno-
logical studies (e.g. Sayer et al., 2010; Smol, 
1992). Although the concept and the state of 
dystrophy remain ambiguous and controversial 
(e.g. Alhonen, 1987; Havens, 1991; Marek, 1992; 
Carpenter & Pace, 1997), most researchers under-
stand dystrophic lakes as low-primary-production 
oligotrophic water bodies. The high contents of 
organic carbon and humic acids in these lakes 
make the water acid and dark brown (Alhonen, 
1987; Marek, 1992; Górniak, 2006).

The lithological variability of the sedimentary 
sequence (gyttja, calcareous gyttja, dy/sapropel) 

roneis phoenicenteron). Increase in acidophilous 
taxa; large number of circumneutral species. 
Dominance of oligo-mesotraphentic taxa; large 
numbers of mesotraphentic, meso-eutraphentic 
and eutraphentic taxa. High contribution of 
diatoms/Chrysopohyceae cysts: 0.6–6.4.

Macrofossil

In the studied sediment, were identified macro-
fossil remains of 48 taxa and were dominated 
mostly by water plant species (submerged and 
floating plants) and wetlands species connected 
with overgrowing mats. Results allowed to distin-
guish six macrofossil assemblage zones (MAZ) 
which are shown by an absolute frequency com-
position diagram (Fig. 6).

MAZ I (the oldest samples ~15 000- 14 400 
cal yr BP; 1640÷1585 cm)

Algae from the family Characeae (Chara sp. 
and Nitella sp.) dominated in the open water 
zone. Ceratophyllum demersum, Potamogeton 
pusillus, Ranunculus sect. Batrachium occurred 
in the littoral zone. Reed beds occurred in the 
shore zone and they were dominated by Juncus 
sp. and Bryales sp. The vegetation development 
was accompanied by increased abundance of the 
bryozoans: Plumatella type and Cristetella 
mucedo. Salix polris, Hippophae rhamnoides, 
Betula nana, Dryas octopetala grew in the near-
est vicinity of the lake.

MAZ II (ca. 14 400–11 500 cal yr BP; 
1585÷1480 cm

Nitella sp. and Chara sp. co-occurred in the 
form of underwater meadows. Nitella sp. disap-
peared in the middle of this period, along with 
species from the Potamogeton genus. The 
relative abundance of the Plumatella type and 
Cristetella mucedo increased. The arrival of pine 
and birch was followed by the withdrawal of 
Juncus sp., Salix polris, Selaginella selaginoides, 
Hippophae rhamnoides, Betula nana, Dryas 
octopetala. The amount of charcoal and the abun-
dance of Cenococcum geophilum increased. 
Populus tremula, Rorippa palustris occurred and 
Nymphaeaceae in the planktonic zone.

MAZ III (ca. 11 500-9300 cal yr BP; 
1480÷1390 cm)

The decline or lack of some aquatic species 

(e.g.Chara sp) was accompanied by a decline of 
Plumatella sp. and Cristatella mucedo. The 
littoral zone was dominated by Thelypteris sp. 
The percentage of birch decreased, Typha sp. and 
Phragmites australis occurred.

MAZ IVa (ca. 9300-7100 cal yr BP; 
1390÷1240 cm)

Dominance of Nymphaeaceae (Nymphaea 
alba). Chara sp. occurred again in the second part 
of this phase and was accompanied by Plumatella 
sp. Cristetella mucedo disappeared at the end of 
this zone. The amount of wood charcoal increased.

MAZ IVb (ca. 7100-5700 cal yr BP; 
1240÷1135cm)

The increased content of Nymphaeaceae was 
accompanied by disappearance of Chara sp. and 
Cristetella mucedo. The percentage of pine 
increased. The amount of charcoal and the 
content of Bryales sp. macrofossils decreased.

MAZ V (ca. 5700-1000 cal yr BP; 1135÷840 
cm)

Floating mats of Sphagnum developed in the 
littoral zone, which was accompanied by the 
disappearance of Bryales sp. and Nymphaeaceae.

MAZ VI (ca. 1000-100 cal yr BP; 840÷800 
cm)

The decline of Sphagnum and the return of 
Nymphaeaceae in the near-shore zone. The 
increased abundance of Plumatella sp.

Geochemistry

Nine geochemical zones (GZ) were identified on 
the basis of changes in TS, TN, TOC, TIC and 
TOC/N. The highest content of nitrogen was 
identified in the second half of the Holocene – 
from the transition state (ca. 7200 cal yr BP), 
accompanied by the maximum content of Total 
Organic Carbon (TOC). The highest content of 
sulfur was recorded during the Allerød (GZ II), 
along with the maximum content of Total 
Inorganic Carbon (TIC). Since the transition 
time, the content of sulfur remained below 1 %. A
high content of TIC (up to 10 %) was also found 
in the early Subboreal period (GZ VII) (Fig. 7). 
Based on the observed changes in TOC, TIC and 
TN and TS, nine Geochemical zones (GZ) were 
distinguished:

GZ I (The oldest samples before 15 000 – 14 

The number of Cladocera individuals (4300) 
and the number of species (16) decreased. The 
percentage of littoral species (~98 %) significant-
ly increased; Acroperus harpae, Alona affinis, 
Alona rectangula, Alonella nana and Alonella 
excisa dominated. Chydorus sphaericus com-
pletely disappeared. Among planktonic species, 
only the Daphnia longispina group was present 
but with very low percentage – on average 2 %.

CAZ V (ca. 5600–750 cal yr BP; 1135÷830 
cm)

The number of Cladocera individuals signifi-
cantly increased (average 11 800). Littoral taxa 
dominated, especially species associated with 
macrophytes: Acroperus harpae (41 %), Grap-
toleberis testudinaria (15 %) and acidophilous 
Alonella excisa (14 %). Planktonic species 
occurred again (average 5 %): Bosmina (E.) core-
goni and Bosmina (E.) longispina.

CAZ VI (ca. 750–100 cal yr BP; 830÷800 
cm)

The number of Cladocera individuals 
decreased (average 4800). The importance of 
planktonic species slightly increased: Bosmini-
dae and Daphniidae (mean 10 %). Acroperus 
harpae, Alonella nana dominated in the littoral.

Diatoms 

A total of 193 diatom taxa (species and varieties) 
were identified. The sequence was divided into 3 
diatom assemblage zones (DAZ), two of which 
were subsequently divided into subzones (DASZ) 
(Fig. 5). The diatom zones were defined using 
CONISS – the cluster analysis software (Grimm 
1991/2011). 

DASZ 1a (The oldest samples from origin till 
13 700 cal yr BP; 1655÷1540cm)

Absolute dominance of benthic diatoms 
(Fragilaria lapponica, Pseudostaurosira brevis-
triata, Staurosira construens, Staurosirella 
pinnata). Dominance of alkaliphilous species; 
high proportion of oligotraphentic and eutraphen-
tic species. Increase in contribution of 
diatoms/Chrysophyceae cysts (D/Ch) indicator 
from 0.4 to 7.8.

DASZ 1b (ca. 13 700–12 900 cal yr B; 
1540÷1520 cm)

Abundance of planktonic species increased 

and then declined (Lindavia comensis, Cyclotella 
ocellata and Puncticulata radiosa). Dominance 
of circumneutral species; high proportion of 
oligotraphentic taxa. The content of D/Ch indica-
tor increased up to 14.

DASZ 1c (ca. 12 900–11 500 cal yr BP; 
1520÷1480 cm)

Decline of planktonic taxa; increase in benthic 
species, mainly Fragilaria lapponica, Pseu-
dostaurosira brevistriata, Staurosira construens, 
Staurosirella pinnata. Dominance of pH 
alkaliphilous. Dominance of meso-eutraphentic 
taxa; high values of eutraphentic taxa. Decrease 
in D/Ch indicator (average 1.6).

DASZ 1d (ca. 11 500–10 000 cal yr BP; 
1480÷1430 cm)

Dominance of benthic diatoms, mainly Stau-
rosira construens, Navicula cryptocephala, 
Navicula radiosa. Dominance of pH circumneu-
tral, followed by alkaliphilous taxa. High values 
of meso-eutraphentic, eutraphentic and mesotrap-
hentic taxa. First and large increase of Chrysophy-
ceae cysts. D/Ch indicator values decrease to 0.3.

DASZ 2a (ca. 10 000–8800 cal yr BP; 
1430÷1360 cm)

Decline of benthic taxa; increase in planktonic 
species (Lindavia comensis, Cyclotella ocellata, 
C. meneghiniana and Puncticulata radiosa). 
Dominance of pH alkaliphilous; low proportion 
of circumneutral diatoms. High contribution of 
taxa with a wide range of tolerance (oligo- to 
eutraphentic). The largest increase in the number 
of Chrysophyceae cysts. The D/Ch indicator was 
rather low.

DASZ 2b (ca. 8800–7100 cal yr BP; 
1360÷1240 cm)

Decline of planktonic taxa; increase in the 
number of benthic species, mainly Staurosira 
construens, Navicula radiosa, Pinnularia gibba, 
Stauroneis phoenicenteron. Dominance of 
circumneutral taxa and alkaliphilous; increase in 
acidophilous taxa. High values of mesotraphen-
tic, meso-eutraphentic and eutraphentic taxa.

Lack of diatoms (ca. 7100–1100 cal yr BP; 
1240÷845 cm)

DAZ 3 (ca. 1100–100 cal yr BP; 840÷800 cm)
Dominance of planktonic and then benthic 

species (Pinnularia subcapitata var elongata, 
Pinnularia gibba, Tabellaria flocculosa, Stau-

ning of Corylus and Ulmus continuous curves. 
The upper limit marked by an increase in Corylus 
above 5 %. Decline of all green algae.

LPAZ SIV-6 Corylus (ca. 10 600–9200 cal yr 
BP; 1455÷1385 cm)

Pinus and Betula below 50 %. Rapid growth of 
Corylus (max 26 %). NAP below 3 %. Poaceae 
about 7 %. The upper limit marked by the begin-
ning of the continuous curves of Quercus, Tilia, 
Fraxinus and Alnus. Increase of Pediastrum and 
Botryococcus. Varying contribution of Tetraedron 
and Scenedesmus. High percentage of Coelastrum 
reticulatum in the upper part of LPAZ.

LPAZ SIV-7 Ulmus (ca. 9200–5450 cal yr 
BP 1385÷1125 cm)

AP above 90 %. Pollen grains of the main 
component of mixed deciduous forest dominate 
(Corylus, Quercus, Tilia, Fraxinus, Ulmus, 
Alnus). Ulmus between 4 and 8 %. The beginning 
of the Picea curve. The upper limit marked by a 
decline of Tilia and Ulmus and increase of Quer-
cus. LPAZ with the highest percentage of Botryo-
coccus. Coelastrum reticulatum disappeared in 
the bottom part of PAZ. Pediastrum, Scened-
esmus and Tetraedron colonies were present till 
the middle part of the zone and then disappeared

LPAZ SIV-8 Corylus-Quercus (5450–2900 
cal yr BP; 1125÷960 cm)

Significant growth of Quercus (from 5 % to 
max 11 %.). Decline of Tilia and Ulmus. The 
beginning of the continuous curve of Carpinus. 
The upper limit marked by an increase of Picea 
and Carpinus curves. Only Botryococcus 
occurred in the water.

LPAZ SIV-9 Picea-Carpinus (2900–800 cal 
yr BP; 960÷830cm)

The growth of Picea (up to 6 %) and Carpinus 
(up to 5 %). Small increase in the percentage of 
Pinus. Gradual decline of Corylus. The upper 
limit marked by an increase in NAP. Small 
contribution of Botryococcus and single appear-
ance of Pediastrum and Scenedesmus

LPAZ SIV-10 Pinus-NAP (ca. 800–100 cal 
yr BP; 830÷800 cm)

Significant growth of NAP (9–20 %). Human 
indicators present, e.g. pollen grains of cereals. 
Decline of deciduous tree curves. Low percent-
age of Botryococcus and single coenobia of 
Pediastrum.

Subfossil Cladocera

A total of 36 Cladocera species belonging to five 
families were identified in the sedimentary 
sequence of Lake Suchar IV. Planktonic species 
were represented by the families of Bosminidae 
and Daphniidae, and littoral species by Chydori-
dae, Holopedidae and Sididae. Littoral species 
represented the major (~60 %) component of the 
Cladocera assemblages, especially through the 
last 7000 years (Fig. 4). Cladocera assemblages 
composition and structure allowed the identifica-
tion of six Cladocera assemblage zones (CAZ) 
that summarize the main stages of Cladocera 
development in Lake Suchar IV (Fig. 4). 
Cladocera concentrations during the Late Glacial 
was very low (except for the Allerød), increasing 
substantially during the Holocene. 

CAZ I (The oldest samples from origin till 13 
100 cal yr BP; 1655÷1525 cm)

Twenty-one species were identified in the 
sediments. The total number of Cladocera individ-
uals per 1 g of dry sediment was ca. 1700. Plank-
tonic species from Bosminidae and Daphniidae 
dominated. Chydorus sphaericus, Acroperus 
harpae and Alonella nana dominated in the littoral.

CAZ II (ca. 13 100–10 300 cal yr BP; 
1525÷1440 cm)

Twenty Cladocera species were identified. 
The number of Cladocera individuals increased to 
3400. Specimens from the Daphniidae family 
dominated (on average 22 %) among planktonic 
species: the Daphnia longispina group and the 
Daphnia pulex group. Bosminidae almost com-
pletely disappeared. Alona rectangula (on aver-
age 12 %), Chydorus sphaericus (on average 11 
%) and Alonella nana (on average 11 %) were 
most abundant in the littoral.

CAZ III (ca. 10 300–7200 cal yr BP; 
1440÷1245 cm)

The number of Cladocera individuals (aver-
age 10 000; max 22 000) and the number of 
species (23) significantly increased. Planktonic 
species accounted for 25 % on average. Bosmina 
longirostris (max 58 %) was the most abundant 
one. Littoral species were dominated by Alonella 
nana and Alona rectangula.

CAZ IV (ca. 7200–5600 cal yr BP; 
1245÷1135 cm)

principal components, whose significance was 
tested using a broken-stick model.

RESULTS

Sediment lithology

The sediments of Lake Suchar IV were mainly 
composed of black highly organic sediment 
probably dy/sapropel (Hansen, 1959). The 
sediment floor, 1655 cm below lake surface (bls), 
was composed of sand, with the overlaying layer 
(1655–1587 cm bls) consisting of fine sand with 
layers of silt and calcareous gyttja. From 1587 to 
1570 cm bls, the sediment was dominated by 
grey silt gyttja with fine sand. From 1570 to 1530 
cm bls, the sediment was composed of 
beige-grey detritus-calcareous gyttja. From 1530 
to 1480 cm bls, the sediment was dark brown 
detritus gyttja and from 1480 to 800 cm bls, 
black detritus, unconsolidated “jelly” deposits 
(dy/sapropel) was identified.

Chronology

Both age-depth models constructed for the 
sediments of Lake Suchar IV (Table 1) yielded a 
basal age of ~15 000 cal yr BP. Nevertheless, the 
models showed inconsistencies in the age of the 
sediments for the early and late Holocene. 
Between ~11 000 and 8000 cal yr BP and from 
4000 cal yr BP to present, the model based on 14C 
dates produced ages that were between 100 and 
1000 years younger than the model that incorpo-
rated chrono-stratigraphic markers. We decided 
to use the model based on the combination of 14C 
dates and stratigraphic markers given that the 
latter have been consistently identified though 
changes in the region and therefore represent a 
more parsimonious temporal contextualization 
for our results.

Pollen

A total of 91 taxa of pollen and spores were identi-
fied through the sedimentary sequence of Lake 
Suchar IV. Based on the results of the palynologi-
cal analysis, the sediments from Lake Suchar IV
have continuously accumulated since the Late 

Glacial to present. Pollen assemblages suggest 
that the sediment started accumulating during the 
Oldest Dryas. Ten local pollen assemblage zones 
(LPAZ SIV) were distinguished in the percentage 
pollen diagram, reflecting the stages of vegetation 
history (Fig. 3). Changes in the occurrence and 
abundance of green algae and aquatic plants corre-
sponded with the distinguished pollen zones.

LPAZ SIV-1 NAP-Betula (The oldest 
samples before 15 000 cal yr B; 1650÷1615 cm)

High percentage of NAP (above 20 % with 
max 37 %); Betula between 18 and 37 %, Betula 
nana type 10 %. The upper limit marked by the 
beginning of the continuous curve of Hippophae 
rhamnoides. The presence of Pediastrum and 
Botryococcus colonies and single coenobia of 
Tetratedron.

LPAZ SIV-2 NAP-Betula-Hippophae (ca. 15 
000–13 500 cal yr BP; 1615 ÷1535 cm)

Betula between 30 and 60 %. The continuous 
curve of Hippophae rhamnoides (max 9 %). High 
percentage of NAP (21–44 %) with Artemisia 
dominance (8–19 %). Significant contribution of 
Helianthemum pollen grains (max 7 %). The upper 
limit marked by a decline in NAP and Hippophae. 
The presence of green algae without changes. Only 
single coenobia of Scenedesmus present.

LPAZ SIV-3 Pinus (ca. 13 500–12 900 cal yr 
BP; 1535÷1520 cm)

Rapid growth of Pinus till max 67 %. Decline 
of NAP (< 10 %). Decline of Salix (3–1 %). The 
Helianthemum curve disappeared. The upper limit 
marked by an increase of Juniperus and NAP 
curves. Very low percentage of all chlorophytes.

LPAZ SIV-4 NAP-Juniperus (ca. 12 900–11 
500 cal yr BP; 1520÷ 1480 cm)

High percentage of Juniperus (max 26 %). 
Increase in NAP (> 20 %) and Salix (up to 3 %). 
Pinus declined from 47 to 20 %. Return of the 
Helianthemum curve. The upper limit marked by 
a rapid decline of Juniperus and Betula nana t. 
PAZ with the highest percentage of Pediastrum 
(max 89 %) and Tetraedron (75 %). The curve of 
Scenedesmus present.

LPAZ SIV-5 Betula (ca. 11 500–10 600 cal yr 
BP; 1480÷1455 cm)

Increase of Betula up to 60 % (max 75 %). 
Disappearance of Juniperus and Betula nana t.
curves. Decline of NAP below 10 %. The begin-

Geel 2007; Velichkevich & Zastawniak 2006; 
Velichkevich & Zastawniak 2008). The results 
were plotted using the C2 software (Juggins, 
2007) (Fig. 6).

Geochemical analysis

Total carbon (TC), total nitrogen (TN) and total 
sulfur (TS) were determined in 155 sediment 
subsamples by Elemental Analysis (EA) (Ele-
mentar VarioMax CNS). Total organic carbon 
(TOC) was determined by analyzing TC in the 
samples treated with 1 M HCl to remove 
carbonates. The total inorganic carbon (TIC) 
was calculated as TIC [wt. %] = TC-TOC. The 
TOC/N ratio was calculated on a molar basis. 
All samples were analyzed in duplicate. The 
quality control was performed using certified 
reference materials for peaty, chalky and sandy 
soils, provided by Elementar. The results were 

plotted (Fig. 7) using the C2 software (Juggins, 
2007).

Statistical analysis

A Principal Component Analysis (PCA) was 
performed based on the correlation matrix of 
the dataset biological components (algae, 
cladocerans, and pollen), aiming at generalizing 
the ecological and environmental information 
contained in the sedimentary sequence of Lake 
Suchar IV (Legendre & Legendre, 2012). 
Before the analysis, the dataset was logarithmi-
cally transformed to meet the normality 
assumption of the method (Borcard et al., 
2011). Taxon scores in the correlation biplot 
were used to interpret the potential relationship 
among the biological attributes of the dataset. 
The distance biplot was used to interpret the 
ecological and environmental meaning of the 

Pollen analysis

Palynological analyses were conducted on 104 
sediment subsamples, accounting for a resolution 
of 5–10 cm. Palynological samples (1 cm3 of 
sediment per sample) were prepared and analyz-
ed using standard methods according to 
Berglund & Ralska-Jasiewiczowa (1986). Treat-
ed samples were stained with safranin and 
immersed in glycerine, and sporomorphs were 
counted under a Zeiss microscope at magnifica-
tions of 400x and 1000x (immersion oil). At least 
500 pollen grains were counted from each 
sample, with total pollen counts being lower only 
in bottom samples because of very low pollen 
concentrations in the deepest part of the core. 
Identification of pollen grains and spores was 
based on Faegri & Iversen (1989), Moore et al.
(1991), Reille (1992), and Beug (2004). Region-
al pollen assemblages reported as markers of 
chronostratigraphic units for the studied time 
period were used to refine the chronology (Fig. 
2). The pollen record of LPAZ was divided into 
zones using CONISS cluster analysis (Grimm, 
1987), aiming to facilitate the report of results. 
During the analysis, non-pollen palynomorphs 
(green algae) were identified too. The pollen 
percentage diagram (Fig. 3) was constructed 
using Tilia and TiliaGraph (Grimm, 1991/2011).

Subfossil Cladocera analysis

Subfossil Cladocera analysis was conducted on 
169 sediment subsamples (1 cm3) that were 
processed according to Frey (1986). Samples 
were heated and stirred in a 10 % solution of 
KOH for 20 min and washed through a 38 µm 
mesh. The final residue was dissolved in 10 ml 
distilled water. Aliquots of 0.1 ml of the final 
solution were mounted on microscope slides that 
were in turn use to identify cladoceran’s remains 
at magnifications of 100x, 200x, and 400x, using 
an OLYMPUS BX40 transmitted-light micro-
scope. Two to four slides (minimum of 200 
remains) were counted from each sample. All 
cladoceran remains were counted (head shields, 
shells, ephippia, postabdomens), and complete 
individuals were put together from different parts 
of the body. The identification of Cladocera was 

based on Szeroczyńska & Sarmaja-Korjonen 
(2007) and Flössner (2000). The results were 
plotted as a relative abundance diagram (Fig. 4), 
using the C2 software (Juggins, 2007). The total 
number of Cladocera indicated in the diagram 
(Fig. 4) were standardized to concentration (Cla-
docera individuals per gram of dry sediment).

Diatom analysis

Diatom analysis was conducted on 85 sediment 
subsamples (1 cm3) according to Battarbee 
(1986). A 10 % solution of HCl was used to 
remove calcium carbonate and distilled water 
was used to wash the samples several times. 
Afterwards, samples were boiled in 30 % H2O2
to oxidize organic matter. Permanent microscope 
slides were mounted in Naphrax®. The identifi-
cation of diatoms was performed using a Nikon 
Eclipse E-200 light microscope at a magnifica-
tion of ×1000. At least 500 frustules of diatoms 
were counted on each slide to estimate the 
relative abundance of each taxon, which were 
identified according to Krammer & Lange-Ber-
talot (1986, 1988, 1991a,b), Denys (1991), van 
Dam et al. (1994), Lange-Bertalot & Metzeltin 
(1996), Lange-Bertalot (1999), Lange-Bertalot 
& Genkal (1999), Krammer (2002), and Hoff-
mann et al., (2011). AlgaeBase (Guiry & Guiry 
2016) dataset was used for homogenizing taxon-
omy to the more recent diatom nomenclature. 
The classification of diatoms into environmental 
affinities (trophic state, pH), was based on the 
OMNIDIA database (Lecointe et al., 1993). 
Also, diatom taxa were grouped according to 
their lifeform following Round classification 
(Denys, 1991). The diatom percentages diagram 
(Fig. 5) was constructed using Tilia and Tilia-
Graph (Grimm, 1991/2011).

Macrofossils analysis

For macrofossil analysis, 156 samples were 
washed and sieved through a 125-µm-size mesh 
and analyzed according to Birks (2007). All 
macrofossil counts were standardized to concen-
tration (number of individuals per 50 cm3). Iden-
tification of subfossil remains was based on the 
available literature (Birks, 2007; Mauquoy & van 

the Last Glaciation – Weichselian (Marks, 2002), 
within the Lithuanian Lakeland region (Kon-
dracki, 1994). Within the Polish lowlands, the NE 
region represents the most severe climatic regime 
with a mean annual air temperature and precipita-
tion of 5.3 °C and 593 mm, respectively 
(Grabowska-Bajkiewicz, 1997). The winter lasts 
about four and a half months, with a mean 
temperature ranging from -6.7 to -2.7 °C, and the 
ice cover lasting approximately 3 months, from 
the end of December until the end of March. The 
vegetation resembles the boreal zone and is char-
acterized by coniferous forests with a growing 
season of approximately 190 days per year 
(Grabowska-Bajkiewicz, 1997).

With a kettle shape, Lake Suchar IV is a small 
water body (approximate area of 0.95 ha and zmax
of 8.0 m) of glacial origin (Górniak, 2006). With 
a dystrophy index (HDI) of 104.2 (Górniak, 
2006), one of the highest for the Polish area, Lake 
Suchar IV represents a clear example of 
dystrophic lake. The water pH is around 4.6, 
conductivity is 27 µS/cm, and dissolved oxygen 
is 12.0 mg/L. The entire catchment of the lake is 
occupied by coniferous forests. The shoreline is 
overgrown with floating vegetation mats, com-
posed mostly of Vaccinio uliginosi-Pinetum and 
Sphagno girgensohnii-Piceetum (Górniak, 2006; 
Zawiska et al., 2013). 

Sampling

In summer 2010, an 855-cm-long sediment core 
was retrieved from Lake Suchar IV, using a 
Livingstone-type corer from the deepest part of 
the lake (54° 05’ 23” N 23° 01’ 30” E, water depth 
~8.0 m). After coring, the core was packed and 
transported to the laboratory for a lithological 
description and sediment subsampling at 
5-to-10-cm intervals. Subsamples were taken for 
pollen, subfossil cladocerans, diatoms, macrofos-
sils and basic geochemistry. 

Chronology

The chronology was constructed using thirteen 
14C dates distributed along the core. Whereas 
nine dates were based on bulk sediment analyzed 
by 14C conventional method at the Laboratory of 

Absolute Dating in Cianowice, the other four 
were based on terrestrial plant macrofossils 
analyzed though 14C AMS at Poznań Radiocar-
bon Laboratory (Table 1). 14C dates were 
calibrated using the curve IntCal13 (Reimer et 
al., 2013) and selected calibrated age-depth data 
pairs were used to fit a Bayesian age-depth model 
(Fig. 2) though Bacon (Blaauw & Christen, 
2011). An alternative chronological model was 
built incorporating the appearance depth of 
biostratigraphic markers of the Central European 
chronostratigraphy in the sediments of Lake 
Suchar IV (Mangerud et al., 1974; Walanus & 
Nalepka, 2010).

that even dystrophic lakes can shift from dystro-
phy to eutrophy because of anthropogenic nutri-
ents input (Zawiska et al., 2013; Drzymulska et 
al., 2014; Rantala et al., 2015). Regional climate 
changes derived from global human activities 
represent an additional threat to these unique 
ecosystems (Curtis, 1998). 

The main objective of this study was to deter-
mine whether dystrophic lakes are hyper-stable 
ecosystems. We use a continuous sediment 
sequence from Lake Suchar IV (NE Poland) 
covering from the Oldest Dryas to present to study 
the stability of the lake, aiming to find out if its 
dystrophic state is derived from climate changes 
during the Late Glacial and the Holocene. Thus, 

our study sheds light on the nature of the dystroph-
ication process reconstructing at the same time the 
changes experience by the local and regional flora 
and fauna. A natural byproduct of this study is 
therefore the description of the typical flora and 
fauna association of dystrophic environments.

MATERIAL AND METHODS

Study site

Lake Suchar IV is located in NE Poland, in the 
area of Wigry National Park (Fig. 1), at an 
altitude of 155 m a.s.l. Wigry National Park is 
situated in the range of the Pomeranian Phase of 

Paleolimnological reconstructions of the lakes 
that formed during the Last Glaciation in the area 
of N Poland usually shows typical harmonic 
development (Kajak, 1998; Kupryjanowicz, 2007; 
Zawisza & Szeroczyńska, 2007), represented by 
one of the following steps of the lake successions: 
(1) from oligotrophy through mesotrophy to eutro-
phy and encroachment of vegetation or transfor-
mation to peat bogs; (2) from oligotrophy to 
dystrophy; and (3) from oligotrophy to a lake over-
grown with vegetation. These harmonic changes 
are reflected in the composition of flora and fauna 
and in the chemical composition of lake deposits, 
reflecting ecological and climatic changes that 
occurred during the Late Glacial and the Holocene. 
Contrary to harmonic lakes, disharmonic lakes 
(e.g. lobelia and polyhumic lakes) are oligotrophic 
from their origin, with high limitation of Ca+2 ions, 
and are later transformed into polyhumic and/or 
dystrophic due to high allochtonous organic matter 
input (Sobek et al., 2007; Rosen et al., 2009; Wey-
henmeyer & Karlsson, 2009). Although the defini-

tion of dystrophy is still unclear and the process of 
dystrophication is not well understood, paleolim-
nological studies of these lakes enable us to follow 
and reconstruct the natural dystrophication 
process. Very low primary production based on the 
allochthonous matter is a characteristic feature of 
dystrophic (polyhumic) lakes, with the water 
characterized by high contents of Total Organic 
Carbon (TOC), which distinguishes them from 
oligotrophic lakes (Hessen, 1992; Kulberg et al., 
1993; Porcal et al., 2009).

Dystrophic lakes in the Central European 
Lowlands are usually considered natural relicts of 
past environmental conditions. Therefore, these 
humic lakes are believed to have undergone 
minor changes over the last thousand years (Gór-
niak, 1996; Drzymuska et al., 2013). Indeed, 
because of their extraordinary nature, dystrophic 
lakes are protected by national and international 
laws (e.g. EU Habitat Directive) as National 
Parks, Nature Reserves, or Natura 2000 sites. 
Nevertheless, some studies have demonstrated 

INTRODUCTION

At the middle and upper attitudes of the northern 
hemisphere (North America, Europe, Asia), a 
large number of lakes can be found in areas that 
were covered by ice during the Last Glaciation 
(Vistulian, Würm, Wisconsin). Over time, from 
the deglaciation to modern times, these lakes 
have witnessed environmental and climatic 
changes (Smol, 1992; Kernan et al., 2009). Thus, 
sediments that are progressively deposited in 
lakes by diverse agents are a natural archive of 
the changes occurring at regional and local 
geographic scales (Smol, 2002; Rosen et al., 
2009). Given continuous sediment deposition 
through time, the composition of lake sediments 
reflects the regional climatic history, and also 
more local factors such as human activities (Bat-
tarbe & Benion, 2012). In areas where human 
activities have been absent or of limited extent 
(e.g. Scandinavia, Poland, Russia, Canada), lake 
sediments reflect an environmental history that 

can be almost entirely attributable to natural 
variability (Bos & Cumming, 2003; Luoto et al., 
2012; Korosi & Smol, 2012; Zawisza et al., 
2016). In NE Poland, a region characterized by 
low human population densities, lake sediments 
represent archives of the natural climatic and 
ecological conditions that have prevailed through 
the last several thousand years. Numerous paleo-
limnological studies from the region (e.g. lakes: 
Wigry (Zawisza & Szeroczyńska, 2007), 
Linówek (Gałka et al., 2014), Romoty 
(Mirosław-Grabowska et al., 2015), Suchar II 
(Drzymulska et al., 2014), Czarne Lake 
(Karpińska – Kolaczek et al., 2016) and from 
Central and Northern Europe e.g. Arapisto (Luoto 
et al., 2012); Abisko (Bigler et al., 2002); Tsulb-
majarvi (Seppä & Wechström, 1999) have shown 
that lakes have mostly developed under natural 
climatic regimes, and only the youngest 
sediments (from the Middle Ages or industrial 
revolution) have been affected by human activi-
ties (Korsman et al., 1994; Ott et al., 2017).
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