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Bioindicators as a tool for reconstructing climate change
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Abstract.  High-resolution
multi-indicator analyses, com-
bined with absolute age dating,
allow us to track the variability
of individual indicators over
time. Using the example of anal-
yses applied to Pleistocene de-
posits from the Lipowo 1 site
profile, the scope and potential
of three selected bioindicators,
pollen, Cladocera and Chirono-
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midae, are discussed with reference to the Late Glacial Scandinavian Ice Sheet (16.513 cal BP). Four cold and four warm
climate oscillations of different durations were identified using these proxies: the Older Dryas deterioration of climatic
conditions and two short-term coolings within the Allerod Interstadial, separated by warm periods in the Bolling and

Allerad.
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INTRODUCTION

The risks of human impact on climate change are regu-
larly evaluated by the Intergovernmental Panel on Climate
Change (IPCC), established under the United Nations.
The climate models used for this are developed based on
data including meteorological, dendrochronological, ice core
and coral measurements. However, these models need to be
validated by reconstructing climate changes that occurred
earlier in the planet’s history.

One source of difficulty is the fact that the resolution of
geological climate data is significantly lower than that of in-
strumental meteorological data, which only goes back
a few decades. For example, the average rate of sedimentation
is ~3 cm per 1,000 years in continuous profiles of deep-sea
sediments, 40—50 cm per 1,000 years in lake sediment profiles,
4 m in Antarctic ice, and 25 m in Greenland ice (Blunier, Brook,
2001; Marsz, 2009). Studies suggest that since the emergence
of modern humans, over 200,000 years ago, the climate has
undergone cyclic periods of warming (e.g., the Bronze Age,
Roman period, and Middle Ages) and cooling (Bond events,
including the Iron Age, the Dark Ages, and the Little Ice Age;
Mayewski et al., 2004; Kawamura et al., 2007). The period of
the retreat of the last Scandinavian Ice Sheet (SIS), marking
the end of the last glaciation and the beginning of the Holocene
warming, is particularly interesting for comparative studies.

The most detailed record of climate and environmental
changes is preserved in the sediments of closed water basins
(Mirostaw-Grabowska et al., 2020). Lake and peat bog ecosys-

tems provide valuable opportunities to study palaeogeographi-
cal and climatic changes. The deposits accumulated after
the ice cover melted recorded environmental and climatic
changes, such as the lithology of lake deposits, changes in veg-
etation (both terrestrial and aquatic), and variations in lake
conditions (trophic status, primary production, zooplankton
development, and water temperature and level). By analysing
botanical and faunal data, we can identify biological indicators
of how the environment responded to changing climates.

Lakes are natural archives, where over thousands of years
there accumulated, within the sediments, various remains
of which are evidence of changes in the environment.
The functioning of a lakes is a short-term phenomenon on
a geological time scale. They are subject to gradual evolution
that usually ends in disappearance. The reconstruction of
the ecological and biological past of lakes is possible, inter
alia, thanks to the remains of organisms preserved in their
sediments with bioindicative properties.

Pollen analysis has been used in palaeoecological stud-
ies since the early 20" century, due to the production of large
numbers of pollen grains and spores by plants which are well-
mixed in the atmosphere (pollen rain) and present in abun-
dance in organic-rich deposits (Birks, Birks, 1980). Palyno-
morphs so preserved can be determined at various taxo-
nomic levels. By studying variations in the percentage com-
position of pollen spectra in successive stratigraphic layers,
we obtain a record of changes in the vegetation cover through
time and space either under the influence of natural condi-
tions (climate) or under the influence of human activity.
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The habitat preferences of individual taxa allow us to read
information about the conditions prevailing at the time of
accumulation of the sediment in which the microfossils
were preserved.

Cladocera (water fleas) belong to the small crustaceans,
being one of the basic elements of the lacustrine zooplankton
(Kajak, 2001). Cladocera as a component of zooplankton live
in all aquatic and semi-aquatic environments. For this reason,
changes in the Cladocera population and species composition
clearly document the evolution of lakes as a consequence of
the dynamics of hydrological processes, which were particu-
larly significant during the end of the glacial period and dur-
ing other significant climate changes. Climate changes also
affect other processes occurring in the lake, which are re-
flected in the change of Cladocera taxa, e.g., changes in
trophic level, pH, water depth and, consequently, the develop-
ment or disappearance of stratyfication zones in the lake
(Tolotti et al., 2016). The high suitability of this group of or-
ganisms for the purposes of limnological as well as palaeoli-
mnological studies results from their stable ecological require-
ments and the preservation potential of their chitinous cara-
paces, which can be identified to species level after extraction
from lake deposits (Szeroczynska, 1985). The small size of
cladocerans (<1 mm), their aptitude to produce ephippia (dry-
season eggs) which may be transported by birds to colonize
new waterbodies, and ability to reproduce by parthenogenesis,
caused the Cladocera to be much more expansive and mobile
than larger aquatic animals. Thus, their response to changes
of environment may be faster and more pronounced than in
the case of larger organisms (Frey, 1986). Analysis of
the subfossil content of Cladocera in lake deposits also shows
great utility in reconstructing environmental conditions in
the Late Glacial and Early Holocene due to rapid thermal and
hydrological changes that were reflected in changes in species
composition (Szeroczynska, Zawisza, 2007, Pawlowski, 2012).

The Chironomidae are one of the leading proxies in pa-
laeoclimatological and palaeolimnological studies. In Europe,
they are mostly used for the mean July air temperature, as
well as lake trophic state and depth reconstructions (Luoto,
2011; Kotrys et al., 2020). Besides quantitative reconstruc-
tions, they can reveal qualitative processes in lake habitats
such as paludification, macrophyte vegetation, overbank
episodes in river valleys, and human impact (Plociennik
et al., 2020). The high potential of Chironomidae as palaeo-
bioindicators comes from their ecological character: they are
widely distributed, taxonomically and ecologically diverse,
usually are abundant in stagnant waters, have short life cycles
(so there is no delay in response even to short-lived climatic
oscillations), and are sensitive to environmental changes.
The taxonomy of their subfossils and laboratory techniques
used for subfossil processing and identification are well-
defined (Brooks et al., 2007; Bitusik et al., 2024). Recent
studies show that molecular identification of midge seda DNA
can substantially increase their potential in reconstructing
past environments (Blattner ez al., 2024).

The Chironomidae have been used for palaesoecological
research in Poland since analysis of their remains in dilu-
vial deposits of Starunia (Lengersdorf, 1934). Subsequent-
ly, Czeczuga et al. (1979), and Halkiewicz (2008) analysed
their subfossils in Wigry Lake and Le¢czynsko-Wtodwaskie
Lakeland deposits, and following the study of Lamentowicz
et al. (2009) the Chironomidae become frequently used as
a Quaternary palaecoecological proxy. Other than Kotaczek
et al. (2017, 2018), Pleskot et al. (2019, 2020, 2022) and
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de Mendosa et al. (2024), all this research was conducted
in central Poland. In the Suwatki region, there were no
wider studies of the Chironomidae in Late Glacial and Ho-
locene stratigraphy.

High-resolution multi-indicator analyses, combined with
absolute age dating, allow to track the variability of individ-
ual indicators over time. Analyses of the palaeolake deposits
in the Lipowo 1 site profile enable discussion of the scope and
potential of certain bioindicators.

Study of the Lipowo 1 succession involved biological
indicators within multiproxy analyses to reconstruct envi-
ronmental changes in the lake ecosystem, such as the mol-
lusc, zooplankton and vegetation development, trophic state,
water temperature and water level.

LOCATION OUTLINE

The Lipowo 1 site is located in the central part of
the East Suwalki Lakeland, NE Poland (Fig. 1A). The section
is situated on a hill elongated NNE—SSW on a hummocky
moraine plateau. The hill is ~0.8 km long, 0.4 km wide, and
its height is 225.0 m a.s.l. The section contains three units,
L1-L3 (Fig. 1B, C). but only unit L-2 was analysed in detail
and subdivided into six subunits (from L2a to L2-f). This
unit reaches 1.5 m in thickness (Fig. 1C, D). Subunit L-2a,
5 cm thick, consists of sand passing gradually into peat.
Above it is subunit L-2b, 29 cm of clayey gyttja and peat,
overlain by subunit L-2c, 50 cm of clayey and calcareous
gyttja with molluscs, passing gradually into massive peat.
Subunit L-2d, 40 cm thick, is composed of clayey to calcar-
eous gyttja with horizontal lamination. Subunit L-2e, 5—
15 cm thick, consists of fine sand with horizontal and rip-
ple-cross lamination. In the upper part of the subunit,
a layer of sandy peat with plant remnants was observed.
The upper subunit L-2f is slightly laminated clayey gyttja
with a thickness of 22 cm. These deposits were subjected
to lithological, geochemical, palynological and faunal anal-
yses, and dated by the radiocarbon (**C) and optically
stimulated luminescence (OSL) methods.

METHODS DESCRIPTION

Environmental changes reflect climatic factors such as
temperature, sunlight, and precipitation. The range of bio-
logical analyses used to reconstruct environmental changes
in the ancient lake basin of Lipowo 1 included palynological
studies (pollen and plant macrofossils), zooplankton and ben-
thic organisms studies (cladocerans, chironomids, diatoms).
The most information was provided by those that appeared
throughout the profile.

POLLEN ANALYSIS

Decomposition of palynomorphs and other organic re-
mains in these deposits was prevented by anoxic conditions,
the best biogenic archives forming in water bodies like lakes
and peat bogs.

The 41 samples for pollen anylysis from the Lipowo 1
site were prepared following the standard procedure by us-
ing heavy liquid and the modified Erdtman’s acetolysis
(Moore et al., 1991; Rychel et al., 2022). Depending on
the frequency, 100 to 500 pollen grains were counted (Ber-
glund, Ralska-Jasiewiczowa, 1986). The results are shown
in a pollen percentage diagram that includes total curves



Przeglgd Geologiczny, vol. 73, no. 2, 2025

Lithuania
Russia

A

oaies®

Germany

Belarus

Poland

Czech Republic Ukraine

Slovakia

studied
profile

L-2f

L-2d

<5 cm?® of the sediment is usually
enough for analysis to obtain tens
or even hundreds of specimens.
The mean July air temperature was
reconstructed from Lipowo 1 using
the Swiss-Norwegian-Polish Train-
ing Set (Kotrys et al., 2020).

AGE DATING

The numerical age of the depos-
its was obtained by radiocarbon and
luminescence dating.

14C analysis was performed on
three samples of macroremains
(MKL-A5352, MKL-A5353, MKL-
A5354) using accelerator mass spec-
trometry (AMS) and one bulk sample
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(MKL-5074) by the liquid scintilla-
tion counting (LSC) method. All
samples were dated in the Radiocar-
bon Laboratory in Krakéw and were
calibrated in OxCal ver. 4.4 software
(Bronk Ramsey, 2009) using the
IntCal20 calibration curve (Reimer
et al., 2020).
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Fig. 1. A —location of the Lipowo 1 site; B — panoramic view of the three main sedimen-
tary units; C — the profile studied; D — lithological log of the depositional succession of
Unit L-2; symbols the lithofacies code by Miall (1977, 1985) with modified by Zielinski,

Pisarska-Jamrozy (2012)

and selected taxa. The Late Glacial indicators total curve
(LGT) contains the most important plant taxa characteristic
of late glacial plant communities: Juniperus, Hippophaé
rhamnoides, Betula nana-type, Dryas octopetala, Helian-
themum, Saxifragaceae, Artemisia, Chenopodiaceae.

CLADOCERAANALYSIS

In the Lipowo 1 profile, 30 lacustrine samples from unit
L-2 were analysed for Cladocera remains, from core depths
of 0.01-1.50 m. 1 cm®samples were prepared according to
a standard procedure (Frey, 1986; Rychel et al., 2022). All
Cladocera remains from each slide were counted (head shield,
shell, postabdomen, postabdominal claws, antennules and
others). Identification and ecological interpretation of the Cla-
docera remains were carried out according to: Goulden (1964),
Szeroczynska (1985), Hofmann (1986, 2000), Korhola (1990),
Duigan (1992), Flossner (2000), Szeroczynska, Sarmaja-Ko-
rjonen (2007) and Rybak, Btedzki (2010). The results of quan-
titative and qualitative analyses were summarized in a diagram
showing grouping of species according to ecological require-
ments (lake zone — littoral, open water, trophic level, tem-
perature). The classification of Cladocera was prepared based
on the publications by Flossner (1964), Whiteside (1970),
Hofmann (1987), Whiteside, Swindoll (1988), Korhola (1990)
and Korhola, Rautio (2001).

CHIRONOMIDAE ANALYSIS
At least 40—50 head capsules are required for reliable

palaeotemperature reconstruction (Quinlan, Smol, 2001).
As Chironomidae head capsules are abundant in lake gyttjas,

Analysis for OSL dating was
performed on two samples of fine-
grained laminated sands. All labora-
tory procedures were performed at
the Luminescence Dating Labora-
tory, Silesian Technical University
in Gliwice.

RESULTS
Pollen succession at the Lipowo 1 site

During the Late Glacial period, an open landscape
dominated with vegetation communities represented main-
ly by herbaceous and shrubby plants with a small proportion
of woody species. However, even then, there were peri-
odic changes in the temperature and humidity that affected
the vegetation cover. During the Oldest Dryas period, most
of the area was overgrown by steppe communities with
Poaceae and Artemisia, with sparse tundra in moist habitats
with Cyperaceae, Betula nana and Salix (Fig. 2). The veg-
etation cover in the Lipowo 1 lake vicinity represents
a classic community for the Oldest Dryas in Poland (Ral-
ska-Jasiewiczowa et al., 2004). This cold period was fol-
lowed by an climatic warming in the Bglling. The plant
communities gradually transformed from steppe-tundra to
forest-tundra. The proportion of pine and then birch trees
increased. However, most of the area was covered by peat-
land vegetation with Cyperaceae, Sphagnum and low
shrubs. This warm period was followed by a short-lived
cooling termed the Older Dryas. Climatic factors more
conducive to the presence of pioneer trees appeared again
in the Allerod. Warmer conditions resulted in the gradual
appearance of sparse pine-birch forests. However, the open-
ness of the landscape still favoured light-demanding species
and allowed the presence of juniper bushes (Juniperus), and
the abundant presence of sea buckthorn (Hippophaé rham-
noides) in the landscape.
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Cladocera succession in the Lipowo 1 site

In NE Poland, in lakes examined for their Cladocera
content from the Late Glacial period in cold periods (Oldest
and Older Dryas), the species recorded were limited to 3—
5 taxa, mainly cold-tolerant, and the frequency of individu-
als was low (Zawisza, Szeroczynska, 2007). The situation
was similar in Lake Lipowo 1.

During the Beglling period, the conditions were more
favourable to a wider group of Cladocera species. The spe-
cies present mainly related to the macrophyte zone, and
were dominant in clear, low productivity/low trophic level
water (Fig. 3), common in ponds and bogs (Whiteside,
1970). A slight increase in water level indicates the pres-
ences of a species from the open water zone, Bosmina lon-
girostris. At 117-130 cm depth, a large proportion of ephip-
pia was recorded, which may indicate environmental stress
and increased production of resing eggs (Sarmaja-Korjonen,
2003). In the Middle Bglling conditions improved and eight
Cladocera species occurred. The presence of two species
from open water [Ceriodaphnia sp., Bosmina (Eubosmina)
longispina] may suggest a higher water level. A significant
increase in the frequency of two species, Chydorus sphaeri-
cus and Bosmina longirostris, may also suggest an increase
in productivity and a higher trophic level (Nevalainen
et al., 2013).

In the second warm period of the Late Glacial — Allerad,
nine species were identified in the lake. The peak of this
interval was marked by ubiquitous Chydorus sphaericus.
This phase was the only one in which the cladoceran spe-
cies, Monospilus dispar, which has higher thermal require-
ments, was recorded. Monospilus dispar, together with
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the overall improvement in cladoceran frequency, indicates
an increase in water temperature. The presence of species
with higher trophic requirements — Bosmina longirostris
and Chydorus sphaericus — together with Monospilus sp.
(Adamska, Mikulski, 1969) may indicate a meso/eutrophic
condition in the lake. At a depth of ~44 cm, there is re-
corded a brief decline in the frequency of almost all Cla-
docera species, which may indicate a deterioration of living
conditions and a cool climate oscillation. At the end of the
Allergd, all species living in the lake gradually withdrew.
The first ones to disappear were Alona quadrangularis,
small Alona and Alonella nana, which may also be related
to the disappearance of the macrophyte zone. The last with-
drawals are the cold-resistant Acroperus harpae and Chy-
dorus sphaericus, the abundance of which was initially still
quite high (Rychel et al., 2022). Above 11 cm there are no
cladoceran remains in the sediment.

Chironomid succession in the Lipowo 1 site

Late Glacial clastic deposits often include higher con-
centrations of midge head capsules. The low Chironomidae
abundance can result from oxygen deficiencies or paludifi-
cation (Brooks et al., 2007).

The Lipowo 1 Chironomidae communities are dominated
by cool temperate taxa typical of Late Glacial sites across
Europe (Ptociennik et al., 2011; Toth et al., 2022; Engels
et al., 2024), such as Corynocera ambigua that was abundant
from the Oldest to the Older Dryas, and disappeared in
the Allergd (Fig. 4). This taxon was widespread across Europe
in the Late Glacial, especially in the Younger Dryas. It is toler-
ant of large fluctuations in the environment that are unfavorable
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for other taxa. It tolerates a wide range of temperatures (Halk-
iewicz, 2008; Lapellegerie et al., 2024), having in Swiss-Nor-
wegian-Polish Training Set (SNP TS) a relatively temperate
climatic optimum but currently it is still much more abundant
in cold regions like Scandinavia and is generally restricted to
the boreal-arctic zone. It appears infrequently in the warm

temperate lowland regions of Europe, including Pomerania
and Masuria in Poland but is rarely abundant (Kotrys et al.,
2020). The Microtendipes pedellus-type and Chironomus
anthracinus-type are also indicators of cool climate conditions
though more mild than those with Corynocera ambigua
(Brooks et al., 2007). During the Belling-Allered interstadial
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Fig. 4. Chironomidae synthetic diagram from Lipowo 1 site

there are also abundant phytophile and warm stenotherm taxa
— Glyptotendipes, Dicroptendipes and Chironomus plumosus-
type — which additionally indicate warm summer conditions
that where eariler inferred in Eastern Europe from palaeobo-
tanical proxy (Schenk et al., 2020). Chironomidae-inferred
mean July air temperatures are warmer later in the Bglling
(late GI-1€) and were even warmer during the early to middle
Allergd Gl-1c2. Chironomid data suggest three cold oscillations
(Figs. 4 and 5). The first is at the beginning of GI-le when the
temperature was still not much higher than during GS-2-1a.
The second starts with a temperature decrease at Older Dryas
(Gl-1d) with the lowest temperature at early Gl-1c3. The re-
construction is generally consistent with the Cladocera-inferred
climatic conditions, but the maximum cooling is inferred for
the Older Dryas (GI-1d). The third cold oscillation occurs,
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according to the chironomid data, in the middle Allerad (Gl-
1c1/GI-1b), a little later than suggested by pollen and Cladocera.
Rychel et al. (2022) corroborate the warming at Lipowo 1
during Gl-1e with the highest temperature at its final stage.
The climate must have been still very continental as there are
cold-adapted molluscs, plant communities are open, and warm
stenothermic Cladocera are absent. Chironomids suggest cool-
ing rather at GI-1c3, which corresponds approximately with
Greenland ice core stratigraphy (Rasmussen et al., 2014).
The plant and Chironomidae communities reveal similarly
the climate cooling at GI-1c1/GI-1b (Rychel et al., 2022).
The Chironomidae-inferred reconstruction from the Suwatki
region corresponds well with climate history of northern Eu-
rope (Brooks, Langdon, 2014) but the cold oscillations do not
overlap adequately with the Greenland ice core climate stra-
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Fig. 5. An indicative compilation of the course of changes in the climatic conditions represented by the Lipowo 1 profile for selected

bioindicators; the water level changes based on Cladocera

tigraphy (Rasmussen et al., 2014). The cold episode revealed
by all three proxies at GI-1c1/Gl-1b can be identified as
the Gerzensee Oscillation. Antczak-Orlewska et al. (2023)
also recorded the Gerzensee Oscillation from the Lucigza
River oxbow. The Older Dryas was weaker in eastern Europe,
but it has been noted in the Peribaltic region for several de-
cades (Seiriené et al., 2021; Druzhinina et al., 2023). On
the Polish Plain it is hard to detect in Chironomidae com-
munities, but is often significant in pollen stratigraphy
(i.e. Dzieduszynska, Petera-Zganiacz, 2018). Generally, sum-
mer temperatures in central Poland were mild to warm during
the Late Glacial, reaching similar levels to Holocene values
(Kotrys et al., 2020; Forysiak et al., 2023). Lipowo 1, situ-
ated in the young postglacial region, experienced stronger
temperature fluctuations and winter-summer contrast.
The Chironomidae-inferred July temperature reconstruction

follows the general pattern of European climate, and is con-
sistent with the other proxies analysed at Lipowo 1 (Pollen,
Cladocera, diatoms). However, detailed analysis of the as-
semblages suggests that other factors, like the trophic state,
may interfere with temperature influence in the trends in
species composition of the communities.

Age model of the Lipowo 1 site

The results of numerical age dating obtained are in strati-
graphical order, except for sample MKL-5074, where
the calibrated age (15,406 £175 cal a BP) is overestimated
(Fig. 5). All of the age data served as the basis for the de-
termination of the age of the Lipowo 1 succession deposits,
where the deposition started about 16,490 +80 cal a BP and
lasted at least to 13.01 £0.89 ka BP (GdTL-3809).
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SUMMARY

Bioindicators provide much information about the environ-
ment e.g. changes in water depth and temperature (Fig. 5).
This allows reconstruction of changes in climatic conditions
in the past, comparisons with other areas, and tracking of
changes beyond the local level.

Plants have varied requirements and their occurrence
depends on a combination of factors such as temperature,
insolation, access to water, soil fertility. A combination of
these factors influences the type of vegetation in a given
area under any given climatic conditions. Palynological
analysis of sediments collected from Lipowo 1 allowed re-
construction of the vegetation cover from the Oldest Dryas
time to the Late Allergd (Fig. 2). A characteristic feature
of the Lipowo 1 diagram is the occurrence of taxa typical of
cool floras, e.g., Juniperus, Betula nana t., Hippophae rham-
noides. Changes in vegetation showed that during the Late
Vistulian the climate was strongly fluctuating. There were
warm periods in which pioneer trees could spread (Fig. 5).
Areas with loose forest cover were mainly formed by pioneer
trees such as birch which are characterized primarily by
rapid growth, high expansivity, and a wide tolerance as re-
gards climate (Berndt, 1979).

In Lake Lipowo 1, during warmer periods only cold-
tolerant Cladocera species were present: arctic, subarctic
and north temperate groups (Fig. 3; Hofmann, 2000; except
for the depth of 48 cm, where remains of the stenothermic
Monospilus dispar were found). A similar species compo-
sition, i.e. a lack of species with higher thermal require-
ments, was found in Poland in the Late Glacial in mountain
lakes and in Lake Wigry (Zawisza, Szeroczynska, 2007).
Itis likely that in this area, during the entire Late Glacial,
the climate was continental, it was relatively severe, and
prolonged seasonal ice cover on the lakes limited life with-
in them (Szaroczynska, Zawisza, 2007). A very similar spe-
cies composition was also found in the lake at Krakenes,
western Norway (Duigan, Birks, 2000) during this period.
In addition to thermal conditions, the species composition
was also influenced by it being a shallow lake dominated by
littoral species of the Chydoridae: Alonas and Chydorus
sphaericus.

More information about thermal conditions is provided
by the Chironomidae. During the last glacial termination,
summer temperature fluctuations were the main drivers of
deglaciation, permafrost thawing, and biocenoses develop-
ment. The temperature increase conditioned the trophic
state of the lakes and their primary productivity, and
the colonization of the post-glacial landscape by mime
midges (Ptociennik et al., 2011). This is because midges
are essential for regional and local environmental recon-
struction and freshwater biodiversity estimates. Chironomi-
dae were used mainly for climate reconstruction in the stud-
ies presented here (Figs. 4 and 5), this helps to test the hy-
pothesis of a much earlier deglaciation in north eastern Poland
than was previously supposed.

Plant, invertebrate and algal bioindicators are sensitive
with a wide range of conditions and serve broad applications
in palaeoecology. This helps to identify regional scale
changes (e.g., mega-floods in the Suwatki Lakeland: Weck-
wert et al., 2020) or test the hypothesis of much earlier
deglaciation in north eastern Poland (Rychel et al., 2022)
and the extent of the continental climate in Europe during
the Late Glacial SIS.
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Presented the results show that environmental changes
in the past have occurred for thousands of years in a com-
plex way, shaping biocenoses in the lakes and their catch-
ment. Global warming at the end of the Vistulian was
the primary driver of aquatic and terrestrial ecosystems.
Multi-proxy palaeolimnological studies shed light on
the current climate’s influence on ecological processes in
periglacial landscapes. We hope that understanding
the mechanisms of climate change in the geological past
will help us better appreciate the context of the climatic
problems of today’s world.
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