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Abstract We used HPLC to identify and quantify
pigments in a Holocene sediment record from large,
shallow Lake Peipsi, Estonia. The aim of our study
was to track the influence of long-term climate change
(i.e. temperature fluctuations) on past dynamics of
aquatic primary producers. Sedimentary pigments
were separated and quantified in 182 samples that
span the last ca. 10,000 years. There was an increasing
trend in sedimentary pigment concentrations from
basal to upper sediment layers, suggesting a gradual
increase in lake trophic status through time. Using
additive models, our results suggested that primary
producer dynamics in Lake Peipsi were closely related
to temperature fluctuations. We, however, identified
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two periods (early Holocene and after ca. 2.5 cal ka
BP) when the relationship between primary producer
composition and temperature was weak, suggesting
the influence of additional drivers on the primary
producer community. We postulate that: (a) the
increase of primary producer biomass in the early
Holocene could have been caused by input of
allochthonous organic matter and nutrients from the
flooded areas when water level in Lake Peipsi was
increasing, and (b) changes in the abundance and
structure of primary producer assemblages since ca.
2.5 cal ka BP was related to widespread agricultural
activities in the Lake Peipsi catchment. These results
suggest that human activities can disrupt the relation-
ship between the primary producer community and
temperature in large, shallow lakes.

Keywords Climate change - Holocene -
Paleolimnology - Shallow lake - Sedimentary
pigments - Lake Peipsi

Introduction

Global warming and intensification of human activi-
ties are expected to have major impacts on inland
waters (Adrian et al. 2009). Among other conse-
quences, rising water temperature and anthropogenic
nutrient enrichment will enhance primary production
and lead to such problems as harmful algal blooms
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(Havens and Paerl 2015). Because of the limited
timescale of limnological monitoring data, it is
difficult to assess the extent of global change impacts
on lakes. Fortunately, lacustrine sediment archives can
provide insights into past ecological conditions in
lakes and enable evaluation of the responses of water
bodies to global change (Smol 1992).

Pelagic and benthic algae are often the main food
resource at the base of aquatic food webs, making
them a dominant control on the whole-lake ecosystem
(Vadeboncoeur et al. 2002; Jeppesen et al. 2014).
Short-lived primary producers respond to a wide range
of environmental variables (Anderson et al. 1996),
including nutrient concentrations and water tempera-
ture (Fietz et al. 2005; Tonno et al. 2013). Moreover,
primary producers contain photosynthetic pigments
that are archived in lake sediments even after cells
senesce and lose their morphological structure (Cohen
2003). Therefore, sedimentary pigments are a useful
proxy for exploring the past dynamics of both
planktonic and benthic primary producers (Leavitt
and Hodgson 2001). Temporal dynamics of sedimen-
tary pigment composition have been associated with
an immediate response to nutrient supply and/or to
past climate variability (Bennett et al. 2001; Fietz et al.
2005; Tonno et al. 2013; Deshpande et al. 2014).

Large, shallow lakes are important at the regional
scale, as they offer multiple ecosystem services to
human society (e.g. potable water, fisheries, recre-
ation, etc.). Because of intensive anthropogenic
activities, however, large, shallow lakes are subjected
to multiple pressures, such as inputs of excessive
nutrients and toxic pollutants (Noges et al. 2008a). In
addition, shallow lakes are generally more vulnerable
to climate change than deeper, thermally stratified
lakes, because temperatures in shallow waterbodies
change rapidly in response to shifts in air temperature
because of their large area/volume ratio (Arvola et al.
2010). A better understanding of the driving factors of
long-term primary producer dynamics in large, shal-
low lakes is needed to improve predictions concerning
their responses to global changes.

Lake Peipsi, the fourth largest lake in Europe, is
located on the border of Estonia and Russia, in the
north temperate zone of Europe (Fig. 1). Monitoring
of Lake Peipsi phytoplankton composition began in
the early twentieth century and revealed the domi-
nance of diatoms and cyanobacteria. Other phyto-
plankton groups, including Chlorophyta, Cryptophyta
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and Dinophyta, were also represented, but their
abundances were less important (Laugaste et al.
1996). Paleolimnological investigations, however,
revealed that past algal composition of Lake Peipsi
was probably dominated by benthic algae, i.e. diatoms
(Hang et al. 2008; Punning et al. 2008; Heinsalu et al.
2007). Nowadays, primary production in Lake Peipsi
is dominated by phytoplankton, while contributions
from vascular plants, which occupy 1.7% of the area in
the northern basin of the lake, and microphytobenthos,
are thought to be negligible (Haberman et al. 2008).
Although Lake Peipsi is currently well-studied, his-
torical conditions in the lake are poorly known. A few
paleolimnological studies have documented the lake’s
eutrophication during the twentieth century, a likely
consequence of agricultural expansion, massive use of
mineral fertilizers, and ineffective wastewater treat-
ment (Leeben et al. 2008). Other studies revealed that
water-level fluctuations at the end of the early
Holocene caused dramatic changes in the diatom
community composition (Davydova 1985; Davydova
and Kimmel 1991; Punning et al. 2008), and analyses
of sediment geochemical composition indicated the
dominance of autochthonous organic matter in the
lake sediment in the late Holocene (Leeben et al. 2010;
Makarotseva et al. 2010; Belle et al. 2018). The
influence of Holocene climate change on the devel-
opment of Lake Peipsi, however, has received little
attention.

This study was undertaken to investigate the
influence of Holocene temperature fluctuations on
the primary producer community composition in Lake
Peipsi. We inferred changes in the primary producer
community at high-temporal resolution using sedi-
mentary pigment analysis. We used additive models to
quantify the influence of climate change, i.e. temper-
ature fluctuations, on primary producer dynamics. We
hypothesized that temperature was an important driver
of the primary producer community composition in
Lake Peipsi. We also hypothesized that increasing
agricultural activities during the recent period were an
important driver of primary producer assemblages.

Study site

Lake Peipsi (57°51'-59°01'N, 26°57'-28°10'E, 30 m
a.s.l.) is a shallow, non-stratified water body with
mean and maximum depths of 7m and 15 m,
respectively. The lake surface area is 3555 km?, with
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Fig. 1 Location map of Lake Peipsi, modified from Hang et al. (2001). Distribution of bottom deposits on the Estonian side is shown.
The white circle marks the sediment coring station

a maximum length of 150 km and width that varies 708 kmz, mean depth 3.8 m) in the south, which are
between 23 and 42 km. Lake Peipsi has three basins: connected by narrow, river-like (3) Lake Ladmmijérv
(1) Peipsi proper (surface area 2611 km? mean depth (surface area 236 km?, mean depth 2.5 m). The
8.3 m) in the north, and (2) Lake Pihkva (surface area present study utilized a sediment core from the largest
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basin, Peipsi proper (Fig. 1). The Lake Peipsi catch-
ment is large (~ 47,800 kmz) and flat (Miidel et al.
2001), and possesses ~ 240 tributaries. Water level
of Lake Peipsi is not regulated and average annual
water level fluctuation is about 1.15 m (Haberman
et al. 2008).

The Peipsi proper basin is considered to be
moderately eutrophic, with average total phosphorus
and total nitrogen concentrations of 40 and
658 mg m >, respectively, during the primary pro-
ducer growing season. Mean Secchi disk depth during
the growth period in the Peipsi proper basin (hereafter
Lake Peipsi) is about 1.7 m, pH is 8.3 and mean
Chlorophyll a content is 17.5 mg m > (Kangur and
Mols 2008; Haberman et al. 2008).

Materials and methods
Coring, chronology and sedimentological analysis

A 4.3-m-long sediment core was retrieved from the ice
in March 2007 from the widest part (58°47”13'N;
27°19”18'E) of Lake Peipsi, using a 10-cm-diameter,
Russian-type peat corer. Topmost unconsolidated
sediments were sampled using a Willner-type gravity
corer. Sediment cores were transported to the labora-
tory in the dark, sliced into contiguous 1-cm-thick sub-
samples and stored at — 24 °C until further analysis.
Radiocarbon dates, including 5 conventional and 4
accelerator mass spectrometry (AMS) analyses, were
used to establish a chronology for the deeper sediment
section (Leeben et al. 2010). The upper section of the
core was dated by correlation (loss-on-ignition,
diatom composition and spheroidal fly-ash particles)
with a core taken in 2002, which was dated by
measurements of ZIOPb, 226Ra and 137Cs, and by
spheroidal fly-ash particle distribution in the sedi-
ments (Heinsalu et al. 2007). Details of the chronology
and sediment lithostratigraphy for the 2002 core are
described in Heinsalu et al. (2007), and details about
the deeper, 2007 core are described in Leeben et al.
(2010). All radiocarbon dates were calibrated and ages
are expressed in thousands of years before present
(cal ka BP), where AD 1950 = O cal ka BP.
Sediments were analysed for water content, organic
matter (OM) and carbonate matter (CM) content.
Water content was assessed by drying the samples to
constant weight at 105 °C. The OM content was
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estimated by weight loss-on-ignition (LOI) at 550 °C
for 4 h and CM was determined from weight LOI
between 550 and 950 °C for 2 h (Heiri et al. 2001).
Results of LOI are expressed in terms of percentage of
dry weight (hereafter % of DW).

We used the annual mean temperature reconstruc-
tion provided by Ilvonen et al. (2016) as an estimate of
past climate variability in the area (Fig. 2). This
temperature reconstruction is a pollen-based inference
and consisted of a modern pollen sample “training
set” (e.g. modern climate variables and associated
pollen compositional data) and corresponding fossil
pollen records from lake sediments of the Baltic region
(Estonia and South Sweden; Ilvonen et al. 2016).

Sedimentary pigment extraction
and chromatographic analysis

Sedimentary pigment subsamples were analysed at
1-cm resolution. Altogether, 182 samples were anal-
ysed for sedimentary pigments, following the method
of Leavitt and Hodgson (2001). Sediment samples
were freeze-dried, and sedimentary pigments were
extracted in the dark over 24 h using a solution of
acetone and methanol (80:20 v:v) at — 20 °C. Extracts
were clarified before chromatographic analysis by
filtration through 0.45-pm Millex-LCR hydrophilic
PTFE membrane filters. Reversed-phase, high-perfor-
mance liquid chromatography (HPLC) was applied,
using a Shimadzu Prominence (Japan) series system
with a photodiode-array (PDA) detector to separate
the pigments.

The pigment identification method was slightly
modified from Airs et al. (2001). Prior to injection, the
ion-pairing reagent 0.5 M ammonium acetate was
added in a volume ratio of 2:3 to each sample. To
avoid chemical decomposition of pigments, the auto-
sampler was cooled to + 5 °C (Reuss et al. 2005). The
sample injection volume was 100 pL. Separations
were performed in a reversed-phase mode using two
Waters Spherisorb ODS2 3-pum columns (150 mm X

4.6 mm ID) in-line with a pre-column (10 mm x 5
mm ID) containing the same phase. A binary gradient
elution method (Table 1) was used with isocratic
holds between 0-2 and 30-43 min. The flow rate
remained constant during the elution (0.8 mL min_l).
Absorbance was detected at wavelengths from 350 to
700 nm. The software “LC solution 1.22” (Shimadzu)
was applied to collect and analyse the pigment data.
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Table 1 HPLC elution scheme and solvents used in the sep-
aration of sedimentary pigments

Time (min)

0 2 30 43 50
Solvent A (%) 50 50 100 100 50
Solvent B (%) 50 50 0 0 50

Solvent A = 80% methanol:20% 0.5 M ammonium acetate
(pH 7.2) (v:v). Solvent B = 80% methanol:20% acetone (v:v)

Peak areas were integrated at each pigment absor-
bance maximum (Roy et al. 2011). Commercially
available external standards from DHI Water and
Environment (Denmark) were used for peak identifi-
cation and quantification. The concentrations of
studied sedimentary pigments were expressed as
nanomoles per gram sediment organic matter
(nmol g OM™H).

Chlorophyll a (Chl a), it’s derivative pheophytin
a (Phe a) and B, B-carotene (B-car) were selected as
indicators of total algal abundance and primary
production (Leavitt and Hodgson 2001; Waters et al.

OM (%) CM (%)

2013). Diatoms were represented by fucoxanthin
(Fuco), diadinoxanthin (Diadino) and diatoxanthin
(Diato). Fuco, however, can also be the dominant
pigment in chrysophytes and Diadino can also repre-
sent the dinophyte group (Roy et al. 2011). In the
xanthophyll cycle, Diadino can be transformed to
Diato under excessive light conditions (Roy et al.
2011), therefore these two marker pigments are
presented together (Diadino + Diato). Zeaxanthin
(Zea) was chosen to represent colonial cyanobacteria
(Bianchi et al. 2002), whereas canthaxanthin (Cantha)
and echinenone (Echin) were selected to indicate
abundance of colonial and filamentous cyanobacteria
and N,-fixing filamentous cyanobacteria, respectively
(Waters et al. 2013; Deshpande et al. 2014). Zea can
also be a dominant pigment in chrysophytes and some
dinophytes, but is a minor pigment in green algae (Roy
et al. 2011). Finally, lutein (Lut) and chlorophyll
b (Chl b) were selected to track green algae dynamics,
whereas alloxanthin (Allo) was chosen to track
Cryptophyta, keeping in mind that Lut and Chl b are
also pigments in higher plants (Waters et al. 2013).
According to Tamm et al. (2015), in nearby large,
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shallow Lake Vortsjarv, marker pigments Zea and
Fuco display significant correlations with cyanobac-
teria and diatoms, respectively. The Chl a/Phe a ratio
was used to assess pigment preservation in the lake
sediments, and should remain stable under steady-
state preservation conditions (Ady and Patoine 2016).

Data analysis

Zones, defined by major patterns in sedimentary
pigment composition, were determined by constrained
hierarchical cluster analysis, using a Bray—Curtis
distance and the CONISS linkage method, and signif-
icance of the zones was assessed using the broken-
stick model (Bennett 1996). Detrended correspon-
dence analysis (DCA) was then performed on the
individual pigment data to assess the compositional
turn-over and to select the appropriate ordination
method (Legendre and Birks 2012). The first axis
length of the DCA was short (< 2.5 SD), suggesting a
low compositional turn-over, and a linear approach
(Euclidean distance) was then used in the following
part of the study. First, a principal component analysis
(PCA) was performed on the sedimentary pigment
data (excluding Fuco), and the PCA axis significance
was assessed using the broken-stick model. PCA
scores were considered as indicators of sedimentary
pigment temporal variability. Statistical relationships
between the explanatory variable (annual mean air
temperature) and response variables (PCA1 and PCA2
scores) were examined using generalized additive
models (GAM,; fitted using the mgcv package for R),
with a continuous-time, first-order autoregressive
process to account for potential temporal autocorrela-
tion (Simpson and Anderson 2009). Temporal trends
in GAMs residuals were also checked to reveal
possible contributions of untargeted drivers to primary
producer dynamics. We expected to observe an
increase in GAM residuals during periods when
temperature fluctuation explained less pigment vari-
ability. For graphical displays, temporal trends were
smoothed using additive models. All statistical tests
and graphical displays were performed using R 3.4.0
statistical software (R Core Team 2017).

@ Springer

Fig. 3 a Temporal dynamics of sedimentary pigments in Lake »
Peipsi. Individual pigments are expressed in terms of nanomoles
per gram sediment organic matter (nmol g OM™ h. Dendrogram
is based on the pigment data, and constructed by hierarchical
clustering analysis (Bray—Curtis distance, CONISS linkage
method). Horizontal black lines indicate zones (from A to F)
defined by major patterns in sedimentary pigment composition.
b Without zone F. Chlorophyll a—Chl a; Pheophytin a—Phe a;
B,p-Carotene—-car; Fucoxanthin—Fuco; Diadinoxan-
thin + Diatoxanthin—D + D; Zeaxanthin—Zea; Canthaxan-
thin—Cantha; Echinenone—Echin; Lutein—Lut; Chlorophyll
b—Chl b; Alloxanthin—Allo

Results
Sediment geochemistry

Gyttja accumulation atop glacio-lacustrine clays at our
coring site began ca. 10.4 cal ka BP (Leeben et al.
2010). The OM content in sediments followed a
gradual increase, from 10% to 27%, from the basal
part of the core until ca. 7.5 cal ka BP (Fig. 2), then
remained stable until ca. 2.5 cal ka BP (~ 23%),
followed by a small increase to 26%. The CM values
remained nearly stable until ca. 4.0 cal ka BP
(~ 4%), followed by a small decrease to the top of
the sediment core, where it reached its minimum
of ~ 2% (Fig. 2).

Sedimentary pigment dynamics

No temporal trend in Chl a/Phe a ratio was observed in
the early Holocene sediments, whereas from 7.5 to
0.06 cal ka BP the Chl a/Phe a ratio decreased steadily
(Fig. 3). In the topmost sediments, since ca.
0.06 cal ka BP, the ratio increased ~ 2.5-fold
(Fig. 3). Sedimentary pigments fluctuated in sediment
samples older than ca. 7.4 cal ka BP (Fig. 3). Con-
centrations of marker pigments Fuco, Diadino + Di-
ato and Allo increased gradually in the period
7.5-2.5 cal ka BP, while Zea remained low and
concentration of Lut and Chl b remained relatively
stable over time (Fig. 3). Contents of cyanobacterial
marker pigments Cantha and Echin were high from 7.5
to 4.5 cal ka BP, with a decreasing trend thereafter.
All measured sedimentary pigments except Echin and
Diadino 4 Diato started to increase after ca.
2.5 cal ka BP. Finally, steep increases (1-8x) in all
marker pigments except Echin were detectable in the
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upper sediment core since ca. 0.06 cal ka BP, i.e.
during the twentieth century (Fig. 3).

Cluster analysis (Bray—Curtis distance, CONISS
linkage method) on individual pigment data revealed a
large number of significant zones (> 10). We decided
to consider only the 6 major zones, according to their
overall patterns of sedimentary pigment composition
(Fig. 3a). To avoid spurious correlations, very high
sedimentary pigment values in the topmost sediments
(cluster F, 8 samples; Fig. 3a), from the twentieth
century, the period of intensive anthropogenic activ-
ity, were omitted from the statistical analysis, as they
deviated substantially from the average values and
could thus dominate the analysis. Furthermore, micro-
bial activity, and thus degradation of settled material
(including pigments) in upper sediment layers is
intense compared with such processes in deeper
sediment layers (Wetzel 2001). In upper sediment
layers, where degradation processes are still in
progress, sedimentary pigment abundances are much
higher than in the rest of the sediment core, but not
because of greater production, and could therefore
lead to misinterpretation of the statistical analysis.

Additive models

The first two axes of the PCA applied to the
sedimentary pigment data accounted for 73.7% of
their variability. The first axis of the PCA (PCA1)
represented 59.9% of the overall variability, whereas
the second axis (PCA2) accounted for 13.8% (Fig. 4a,
b). PCALI evenly explained Zea, Chl a, and B-car, and
negative PCA1 values represented pigment-rich sed-
iment layers. PCA2 was mainly explained by Cantha,
with substantial contributions of Echin and Allo
(Fig. 4b). PCA1 scores followed a gradual decrease
over time, corresponding to a gradual switch from
positive to negative values (Fig. 4a, c) whereas PCA2
scores showed a more contrasting temporal trend
(Fig. 4c). PCA2 scores followed a steep rise from 10 to
7.5 cal ka BP, with a switch from negative to positive
values. Then, PCA2 scores remained nearly stable until
ca. 5.0 cal ka BP, and a decrease followed, from 5.0 to
3.0 cal ka BP, after which values remained relatively
stable until the uppermost sample (Fig. 4c).

A GAM approach, fitted with a continuous-time,
first-order autoregressive (CAR[1]) process, was
applied to the PCA scores to study the response of
the primary producer community to long-term
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changes in temperature. The final model, built on
PCA1 values (GAMI1; Table 2), showed a non-linear
relationship with annual mean air temperature
(F = 16.43; edf = 5.31), and explained 39.9% of the
PCAT1 variability (Fig. 5). Final PCA2 GAM (GAM2)
revealed a non-linear relationship with annual mean
air temperature (F = 45.08; edf = 6.47), and explained
67.7% of the PCA2 variability (Table 2).

Fitted relationships between PCA1 scores and
annual mean air temperature were non-linear
(Fig. 5). PCA2 showed a monotonic and positive
relationship with temperature fluctuations, whereas
PCAL scores were not monotonically related to them.
A PCAL fitted function showed a negative relationship
with temperature at values colder than 5 °C.

Assessment of GAM residuals revealed two tem-
poral patterns. GAMI1 residuals (based on PCAIl
scores) increased slightly during the early Holocene,
and decreased during the modern period, from ca.
2.3 cal ka BP (Fig. 6), suggesting influences of
untargeted forcing factors. In contrast, GAM?2 resid-
uals (built on PCA2 scores) did not reveal any specific
temporal trend (Fig. 6), and remained relatively
stable throughout the record.

Discussion

Organic matter, climate fluctuations and changes
in water level

We hypothesize that Lake Peipsi began to develop
between ca. 12.4 and 11.7 cal ka BP, with isolation
from the Baltic Ice Lake caused by tectonic uplift in
northeast Estonia (Rosentau et al. 2009). This was the
low-water-level period in the lake ‘s history, with stage
about 10 m lower than today, caused by heterogenous
glacio-isostatic uplift in different areas (Rosentau
et al. 2009). At the coring site in this study, this low-
water period is marked by a sedimentation hiatus.
Thereafter, in the early Holocene, the water level
increased gradually (Rosentau et al. 2009; Punning
et al. 2008) and by ca. 10.4 cal ka BP the lake area had
increased, enabling gyttja accumulation at our coring
site.

Sediment composition in Lake Peipsi changed
remarkably in the early Holocene, with a continuous
rise in OM content, from ~ 5to ~ 25% of DW. The
gradual increase in OM content between ca. 10.4 and
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Fig. 4 a Factorial map of the principal component analysis
(PCA) performed on the individual sedimentary pigment data
(PCA2 versus PCA1). A grey-scale was used to identify the
sample age: light-grey colors correspond to the oldest samples,
whereas black symbols represent the youngest samples.

Table 2 Summary statistics for the general additive models
(GAM) fitted with a Gaussian distribution for PCA scores

Final model Terms edf F P
PCA1 ~ s (Temp) s (Temp) 5.31 16.43 < 0.001
R*=0.39

PCA2 ~ s (Temp) s (Temp) 6.47 458 < 0.001
R? = 0.66

The response variable was temperature (Temp). “edf” refers to
the effective degrees of freedom

7.6 cal ka BP has been attributed to progressive
deepening of the water body (Leeben et al. 2010;
Makarotseva et al. 2010), with present water level
probably reached ca. 7.6 cal ka BP (Makardtseva et al.
2010). A possible consequence of the ~ 10 m rise in

c Age
(cal ka BP)

T T 1T 1T T T1 I I I I I I
-4 0 2 4 6 8 -1 o 1 2
PCAT1 scores PCA2 scores

b Correlation circle representing the sedimentary pigment
contributions to the first two axes of the PCA. For sedimentary
pigment abbreviations, see Fig. 3 legend. ¢ Temporal trends in
first and second axis of the PCA scores (PCA1 and PCA2)

water level was flooding of vast areas around the lake
and erosion of allochthonous organic matter and
nutrients from the catchment.

In North Europe, changes in early Holocene climate
were rather intense, starting with low temperatures at
the beginning of the period, followed by gradual
warming, interrupted periodically by short cooling
periods (Antonsson and Seppd 2007). During the
Holocene Thermal Maximum (HTM), the period from
8.0t0 4.0 cal ka BP, average temperatures in Northern
Europe were approximately 2.5-3.5 °C higher than
today (Antonsson and Seppd 2007; Heikkild and
Seppd 2010; Ilvonen et al. 2016). In the Baltic region,
summer conditions in the HTM were probably warm
and dry, linked with strong blocking of anticyclonic
atmospheric conditions over North Europe (Heikkila
and Seppd 2010). In the late Holocene, ca. 4.5 cal ka
BP, temperature decreased gradually until it reached
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s(Temp,5.31)

Temp (°C)

Fig. 5 Fitted smooth function between explanatory variables
and PCA1 and PCA2 scores from general additive models
(GAM1 and GAM?2) fitted with a continuous-time, first-order
autoregressive process to account for temporal autocorrelation.
Grey surface marks the 95% uncertainty interval of the fitted
function. On the x-axis, black ticks show the distribution of

Age
(cal ka BP)

10

-4 0 2 4 -0 0 10
GAMT1 residuals GAM2 residuals

Fig. 6 Temporal trends in residuals from generalized additive
models (GAM1 and GAM2) applied to the PCAI1 scores.
Variability during the early Holocene and modern period is
represented by grey zone, indicating that pigment variability is
poorly explained by temperature fluctuations during these
periods
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are the effective degrees of freedom (edf) of the smooth
function. Relationships between predicted and observed PCA
scores plotted for Axisl and Axis2 (Pearson’s correlation test;
p value < 0.05)

the present value (Ilvonen et al. 2016). After
stable conditions in the middle Holocene, the increase
in sedimentary OM in Lake Peipsi ca. 2.5 cal ka BP
indicates a rise in the lake’s trophic state, probably
initiated by early agricultural activity in Estonia
(Poska et al. 2004; Leeben et al. 2010).

Long-term changes in sedimentary pigments

We used sedimentary pigment analysis of the Lake
Peipsi sediment core to identify the main temporal
patterns of Holocene primary producer dynamics in
the lake. Two zones can be identified in early
Holocene sediments, using the content of sedimentary
pigments. In zone A, the beginning of the early
Holocene, contents of sedimentary pigments were
low, indicating modest in-lake production. Thereafter,
in zone B, together with rising water level, in-lake
productivity also began to increase (Fig. 3). Greater
erosion of allochthonous OM (Leeben et al. 2010) and
nutrients from the catchment, together with higher
temperatures, might have led to prolonged growth
periods and higher rates of OM mineralization (NOges
et al. 2005; Havens and Paerl 2015), enhancing aquatic
primary production in zone B (Fig. 3). Aquatic
primary production in zones A and B could have been
primarily benthic, as previously suggested by Punning
et al. (2008). They demonstrated that benthic diatoms
dominated in Lake Peipsi during the early Holocene,
probably as a consequence of the low water depth.
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Given the low Chl a/Phe a ratio, preservation of
sedimentary pigments at the beginning of the early
Holocene, until ca. 9.5 cal ka BP, was evidently rather
poor (Fig. 3). Flooding of the lake’s surroundings and
consequent enhanced input of pigments of terrestrial
origin likely occurred during this period. Before being
buried in lake sediments, these terrestrial pigments
were probably subject to substantial degradation. At
the same time, lacustrine primary production of
mainly benthic origin was quite low, thus there were
fewer pigments deposited in the sediment. In the
subsequent part of the early Holocene, after ca.
9.5 cal ka BP (zone B), the Chl a/Phe a ratio
increased, indicating improved conditions for preser-
vation of sedimentary pigments (Fig. 3). With increas-
ing biomass of benthic primary producers, relatively
more pigment could be buried quickly in the sedi-
ments, limiting its exposure to light and oxygen, which
favour pigment degradation (Leavitt 1993; Cudding-
ton and Leavitt 1999).

After this rapid initial phase, Leeben et al. (2010)
suggested that Lake Peipsi development remained
rather stable in the middle Holocene (7.5-2.5 cal ka
BP), although some changes can be seen in the
dynamics of the quantified sedimentary pigments used
to identify zones C and D (Fig. 3). Chl a, B-car and
Zea had negative contributions to PCA1, revealing the
rise in trophic status since the middle Holocene
(Figs. 4b, c). The rising concentration of the sedimen-
tary marker pigment Allo, which is found only in
planktonic cryptophytes, suggests an increase in
aquatic primary production in the middle Holocene,
especially in zone D (Lami et al. 2000; Fig. 3). Indeed,
according to Punning et al. (2008), the abundance of
planktonic relative to benthic diatoms in Lake Peipsi
increased continuously, from 20 to 80%, since the
middle Holocene, indicating a rise in aquatic ecosys-
tem trophic status. In this study, pigments Fuco and
D + D, which represent chrysophytes, dinophytes,
and diatoms, also increased within this period, espe-
cially in zone D (Fig. 3). Therefore, we postulate that
PCAL1 could be interpreted as evidence of gradual,
natural eutrophication of Lake Peipsi, a process
influenced by multiple factors including paleoclimate,
catchment processes, in-lake productivity and sedi-
ment infilling (Engstrom and Fritz 2006; Fritz and
Anderson 2013).

Cyanobacterial marker pigments Echin and Cantha
display a positive relation with temperature and a

positive contribution to the PCA2 axis (Fig. 4b).
Cyanobacteria benefit from warmer water because of
their higher optimum growth temperatures (Kosten
et al. 2012), and experienced favourable environmen-
tal conditions during the HTM (Fig. 3). Besides,
higher water temperature during the HTM likely
induced in-lake nitrogen limitation and low N/P ratio
as a consequence of intense phosphorus recycling
from the lake sediments (Noges et al. 2008b; Elliott
2012), as suggested by diatom analysis (Punning et al.
2008). Cyanobacteria, many of which are N-fixers,
have a competitive advantage over other algal groups
in lakes with low N/P ratio, as they compete better for
nitrogen than other algae groups (Huisman and Hulot
2005). Thus, it is likely that conditions for cyanobac-
teria proliferation in Lake Peipsi during the HTM were
favourable, as the lake’s trophic state had increased
naturally (Punning et al. 2008) and climate was
warmer than today (Ilvonen et al. 2016).

The Chl a/Phe a ratio decreased steadily from the
middle Holocene onward, indicating deteriorating
conditions for preservation of sedimentary pigments
(Fig. 3). The increased number of planktonic primary
producers, resulting from higher water level, probably
also led to accelerated pigment degradation. In the
water column, carotenoids and chlorophylls break
down rapidly under conditions of high light and
oxygen, prior to permanent burial in the sediments
(Leavitt 1993). We suggest that unfavourable pigment
preservation conditions could account for the modest
increase in Chl a and B-car in the middle Holocene,
including the HTM. All the potential drivers of
primary producer community composition may
account for the changes seen in the Lake Peipsi
pigment record, and the general rise in trophic state
that occurred during the period 7.5-4.5 cal ka BP.
Previous studies also reported an increase in lacustrine
primary production during the HTM (Hammarlund
et al. 2003).

Climate change and human impact

Nutrient supply and water temperature are two of the
main regulating factors for primary producers in
aquatic ecosystems (Scheffer 1998). An increase in
OM in lake sediments usually accompanies eutroph-
ication (Dean 2006). Generally, epilimnetic water
temperatures are well correlated with regional air
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temperatures and exhibit a direct response to climate
forcing (Adrian et al. 2009).

GAM, applied to the sedimentary pigment data,
revealed that primary producer dynamics in Lake
Peipsi are strongly related to temperature fluctuations,
matching well with the interpretations of the ecolog-
ical requirements of primary producers that generate
the sediment pigments (Figs. 4, 5). Specific temporal
trends in GAMI1 residuals, however, indicate potential
untargeted driving factors of primary producer com-
munity development during the early Holocene
(Fig. 6). We suggest that, in addition to increasing
temperature, input of allochthonous OM (Leeben et al.
2010) to the lake caused by the rise in water level, also
increased the biomass of primary producers in the
early stage of lake development. The primary producer
community was probably nutrient-limited, but added
inputs and mineralization of terrestrial OM enhanced
in-lake nutrient concentrations and fueled the rise in
primary production during this period. After the water
level stabilized ca. 7.6 cal ka BP, rising temperature
affected the primary producer community in Lake
Peipsi. Therefore, the rise in trophic status and change
in the primary producer community in the middle
Holocene can be explained by a combination of
climate change and ontogeny of Lake Peipsi, i.e.
natural nutrient enrichment (Anderson et al. 2008).

Our analysis also revealed another, recent driver of
primary producer community change during the late
Holocene, corresponding to zone E. The temporal
trend in GAM 1 residuals decreased from ca. 2.3 cal ka
BP, revealing that the pigment variability detected by
our model, built with temperature as a unique variable,
is low. This recent change in lake functioning
coincided well with the intensification of agricultural
activities in Estonia (Poska et al. 2004) (Fig. 6).
Extensive agricultural activity required widespread
forest clearance (Poska et al. 2004; Niinemets and
Saarse 2009), which led to nutrient leaching into the
lake, a process that probably favoured in-lake pro-
ductivity (Tonno et al. 2013). This is confirmed by
previous studies that showed that autochthonous OM
predominated in Lake Peipsi sediments from ca.
2.5 cal ka BP onwards (Leeben et al. 2010; Makar-
otseva et al. 2010). Kisand et al. (2017) showed that
the content of sedimentary organic P increased
remarkably since ca. 2.3 cal ka BP in Lake Peipsi,
linked to the rise in lake productivity (Reitzel et al.
2012).
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Finally, the considerable increase in all paleopig-
ments except Echin, in the uppermost part of the
sediment core (zone F), could be related to the
anthropogenic eutrophication of Lake Peipsi during
the twentieth century, with clear acceleration in the
1950s, and could have been caused by massive use of
mineral fertilizers and rapid expansion of urban areas
(Heinsalu et al. 2007; Kangur and Mols 2008; Leeben
et al. 2008). Also Taranu et al. (2015) reported recent
widespread anthropogenic eutrophication of Northern
Hemisphere lakes, leading to the dominance of
potentially toxic cyanobacteria.

Conclusions

This study provided insights into the influence of long-
term, Holocene climate fluctuations on changes in the
trophic state and development of the primary producer
community in large, shallow European Lake Peipsi.
An increase in sedimentary pigment concentrations
from basal to upper sediment layers suggests natural
nutrient enrichment and a gradual increase in lake
trophic status. GAM analysis of the pigment data
indicates that temperature was an important driver of
primary producer dynamics in the lake. Two periods,
however, were identified, during which the relation-
ship between primary producer composition and
temperature was weaker, suggesting the influence of
other potential drivers. In the early Holocene, from
10.4 to 7.5 cal ka BP, that additional driver was
probably water level. At that time, water level in so-
called “Small Peipsi” was increasing, and additional
allochthonous OM and nutrients, transported from the
flooded areas, contributed to greater primary producer
biomass in the lake. The other anomalous period was
after ca. 2.5 cal ka BP, when early human activity
(agricultural practices) in the lake watershed probably
changed the abundance and structure of primary
producer assemblages. These results demonstrate the
vulnerability of the lake ecosystem to human
activities.

This study demonstrated that water temperature and
nutrient supply were the main factors that regulated
primary producer community abundance and compo-
sition in Lake Peipsi during the early and middle
Holocene. That link was disrupted in the late Holocene
when human activities became an additional important
driver of primary producer dynamics in the lake.
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