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ABSTRACT

This work presents results of a paleolimnological study focussed on subfossil Cladocera analysis and on different aspects of the
evolution of the Solniki paleolake during the Eemian/Early Vistulian period. The study aimed at the reconstruction of the long-term dy-
namics of this paleoecosystem and at defining the conditions (e.g., water level, trophic status and water temperature) of the ancient
lake. Paleolacustrine deposits of ca. 10 m thickness were discovered at Solniki during cartographic works for the Trze$cianka sheet of
the Detailed Geological Map of Poland. This archives recorded one full-interglacial sequence (Eemian Interglacial), one interstadial
warming (Brerup) and two stadial coolings (Herning and Rederstall) stages, which were confirmed by palynological analyses. The sub-
fossil Cladocera fauna from the Solniki paleolake consisted in 17 species belonging to the families Bosminidae, Chydoridae, Sididae
and Daphniidae. Littoral species were dominant (52%), the most frequent of which were Alona affinis and Camptocercus rectirostris.
The most abundance pelagic species were Eubosmina coregoni and Bosmina longirostris. The sediment species composition was quite
similar to that of contemporary Central European lakes. The early and the late stages of Eemian Interglacial were likely the most
favourable periods for the Cladocera development in the paleolake, in relation to higher water level, moderate water temperature and
the mesotrophic state of water. A further ecologically favourable period was the Brorup Interstadial. The highest species richness, abun-
dance, and diversity during the whole paleolake existence were recorded during these three periods. Surprisingly, the middle of the
Middle Eemian Interglacial climate optimum appeared as an unfavourable period for the Cladocera growth as it was associated with
decreasing water level and pronounced climate fluctuations. This sequence was also recorded by other studies of Eemian lakes in Central
Europe.
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INTRODUCTION

The sediments that accumulate year by year in natural
lakes are a key source of information on past environmental
and climate changes and the most valuable sediment
archive are those spanning over longer time periods
(Cohen, 2003). Sediments from contemporary temperate
lake allow to track environment changes that have taken
place after the end of the last glaciation (Szeroczynska and
Zawisza 2007, Nevalainen, 2013). However, information
on ecarlier interglacial stages is precluded. In addition, lake
changes during the Holocene were the result of the combi-
nation between natural processes and increasing human ac-
tivities (Cheddadi, 1998). The effects of natural and human
driven processes is difficult to be discriminated.

The analyses of sediments from ancient paleolakes,
which existed and disappeared from the landscape only
under the influence of natural processes, provided oppor-
tunity to study a period spanning across glaciation, the
Late Saalian (syn. Wartanian, 160-140 ka), a warming pe-
riod, Eemian Interglacial, and another cool period, Early
Vistulian Glaciation.

\gpress

Numerous localities with lacustrine sediments from
the Eemian Interglacial (MIS 5e) are present in Europe.
Up to date, more than 300 sediment profiles from the
Eemian Interglacial have been discovered in Poland and
analysed for pollens (Granoszewski, 2003; Bruj and
Krupinski, 2001; Mamakowa, 1989; Dobracka and Winter
2001; Kupryjanowicz, 2008, Kupryjanowicz et al. 2004).
The analyses of other proxies (e.g., lithology, stable iso-
topes, geochemistry, animal and plant remains, pigments)
are still less frequent in sediments of Eemian age
(Robertsson, 2000; Mirostaw-Grabowska, 2005; Gan-
douin, 2007; Nazarova, 2012), though each one is able to
add precious information to complete the picture of the
past ecosystem.

Over 80 Eemian Interglacial sites have been discov-
ered in north-eastern Poland (Kupryjanowicz, 2008). Nu-
merous Eemian paleolakes of the northern Podlasie
indicate that during the Eemian Interglacial, a sort of lake
district existed in this region (Kupryjanowicz, 2008).
Nevertheless archives spanning the Eemian Interglacial
and the Vistulian Glaciation are rare, especially in areas
which have been influence by the Vistulian ice-sheet.
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Solniki is one of two northern Podlasie sites which
play a key role in the reconstruction of vegetation succes-
sion and climate changes over the last interglacial-glacial
cycle, from the final stage of the Wartanian Glaciation
(Late Saalian) to the end of the Early Vistulian (Kupry-
janowicz, 2007). A paleolake sediment of ca. 10 m thick-
ness was discovered at Solniki during cartographic works
for the Trzescianka sheet of the Detailed Geological Map
of Poland. Prof. M. Kupryjanowicz. started the palyno-
logical study of the Solniki profile demonstrating the
Eemian and Early Vistulian age of the discovered paleo-
lake (Kupryjanowicz et al., 2005; Kupryjanowicz, 2008).
Subfossil Cladocera analysis was performed for this pro-
file in order to complement and expand environmental in-
formation provided by the palynological data.

Subfossil Cladocera are an useful tools in paleolim-
nology. They are a widespread and well studied compo-
nent of the microfauna in lakes and ponds, and are
commonly used as environmental indicator in aquatic
ecosystem management (Jeppesen et al., 2011). In fact
distribution and abundance of Cladocera is affected by
habitat properties (Korhola, 1990), as well as by factors
such as trophy (Szeroczynska, 1998a, Nevalainen and
Luoto, 2016), acidification (Krause-Dellin and Steinberg,
1986), water temperature (Poulsen, 1944; Hofmann,
2000, Nevalainen ef al., 2013) and fish predation (Jeppe-
sen et al., 2001; Korhola and Rautio, 2001).

Subfossil Cladocera analyses in Poland provided de-
tailed results for the last 13,000 years (Gasiorowski, 2002;
Szeroczynska, 2006; Szeroczynska and Zawisza, 2007).
The capability of subfossil Cladocera to support the en-
vironmental reconstruction for contemporary lakes, led to
considerable interest in the applicability of the methods
to sediments from the period preceding the last glaciation.

Literature on Cladocera succession during the Eemian
Interglacial is scarce, as only a few locations in the world
have been examined, often preliminarly, for cladoceran
subfossils (Tsukada, 1972; Kadota, 1975; Hann and Kar-
row, 1984, 1993). The first comprehensive analysis of
subfossil Cladocera from Eemian lake sediments in Eu-
rope was performed in Denmark (Frey, 1962). In Poland,
the first analyses were conducted with material obtained
in Konin (Szeroczynska, 1991). So far, Cladocera analysis
of sediment from profiles of the Eemian age was per-
formed in Poland and in northern Germany (Borner et al.,
2015) for ca. 16 sites (Niska, 2008; Niska, 2015;
Mirostaw-Grabowska et al, 2016, Pawlowski, 2011).
However, only three out of these profiles represent
Eemian Interglacial and Early Vistulian sequences: Sol-
niki, Kublowo (Mirostaw-Grabowska et al. 2016) and
Ustkéw (Kotaczek et. al. 2016).

Very general results of the Cladocera analysis from the
Eemian part of the Solniki paleolake profile have been
previously published (Kupryjanowicz et. al, 2005;

Miroslaw-Grabowska, 2015). This paper presents for the
first time full results of subfossil Cladocera analysis for
the entire profile (Eemian Interglacial and Early Vistulian
part - 3.0-1.0 m depth) of the Solniki paleolake sediments.
The aim of this study was to reconstruct the evolution of
the Solniki paleolake during its long existence, and its
water conditions (water level, trophic state and water tem-
perature) based on Cladoceran investigations. These re-
sults were compared to the previously published pollen
data, which define the vegetation history of the surround-
ing area. Special attention was paid to the Early Vistulian
period, because of the scarcity of investigation of subfos-
sil Cladocera for this period.

METHODS
Study site and chronology of the profile

The Solniki site (53°30'N, 23°12" E; 143 m asl) is lo-
cated in the central part of the Biatystok Upland (NE
Poland, Fig. 1), approximately 18 km south of Bialystok
and ~4 km south-west of Zabludow (Kupryjanowicz,
2008). The region’s relief was formed by the Wartanian
Glaciation (Saalian, Riss Glaciation) (Musiat, 1992). The
maximal range of the last glaciation (Vistulian, Weische-
lian) lies ~50 km north of this site (Marks, 2002). The pa-
leolake lies ~100 m east of the Solniki to Kozliki road, on
the left bank of the river Czarna. The studied sediments
fill the subglacial basin, which was formed during the
Wartanian Glaciation (Kurek and Preidl, 2001) and ex-
tends over an area of ~700%300 m. The paleolake is sur-
rounded by moraine and kame hills.

Coring was carried out in the 1990’s using a geologi-
cal corer during the preparation of the Trze$cianka sheet
of the 1:50,000 (Detailed Geological Map of Poland, in a
scale of Kurek and Preidl, 2001). The entire cored se-
quence was 162.50 m long, while lake deposits, were
present at depths of between 3.00-11.00 m (Kupryjanow-
icz, 2008). The paleolake sediments mainly consisted of
organic silts, whereas a peat layer was detected at 11.00-
10.60 m depth below the surface, and appeared covered
by a 3 m thick deposit of sand. The description of the la-
custrine-mire series is shown in Tab. 1. Sediments from
the Solniki paleolake profile have been made available for
Cladocera analysis by courtesy of Prof M. Kupryjanow-
icz. High resolution pollen analysis was performed for the
sediment section between 3.00 and 11.06 m (Kupryjanow-
icz, 2008). The lower part of the Solniki pollen profile
represents the interglacial vegetation succession and its
characteristic features allow for its unquestionable corre-
lation with the Eemian Interglacial (Kupryjanowicz,
2008). Stages of vegetation opening are present in the
middle part of the Pinus zone (S-7 L PAZ), which ended
the Eemian succession. Five local pollen zones (from S-
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8 to S-12 L PAZ) distinguished in the upper part of the
studied profile represent the Early Vistulian (Weichselian)
- Herning Stadial, Brerup Interstadial sensu lato (or
Amersfoort/Brerup Interstadial sensu stricto with cold os-
cillation between them) and Redestall Stadial (Kupry-
janowicz, 2008). All local pollen assemblage zones
determined in the Solniki profile strongly correspon to the
regional zones distinguished by Kupryjanowicz (2008)
for the northern Podlasie and by Mamakowa (1989) for
the territory of Poland (Tab. 2). The Solniki deposits have
not been radiometrically dated because the entire Eemian
Interglacial is outside the range of radiocarbon dating, and
the carbonate lacustrine sediments are very problematic
for other absolute chronometric dating methods
(Mirostaw-Grabowska and Niska, 2007b; Kotaczek et al.,
2012). Therefore, only the palynological analysis docu-
ment the Eemian and Early Vistulian age of the Solniki
paleolake deposits.

The present work refers to the stratigraphic nomencla-
ture of Poland, where the Vistulian, Eemian and Wartan-
ian periods correspond to marine isotope stages (MIS)
2-5d, 5e and 6, respectively (Pisias et al., 1984). The Vis-
tulian is subdivided into Early (MIS 5d-a), Plenivistulian
(Lower MIS 4, Middle MIS 3 and Upper Plenivistulian -
lower part of MIS 2), and Late Vistulian (upper part of
MIS 2 and lowermost part of MIS 2). We correlated
Eemian Interglacial with Ipswichian, Mikulinian and
Sangamonian - MIS-5e, the Vistulian with the Western
Europe Weichselian glacial period (syn. Wiirmian, Valda-
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Fig. 1. Location of the Solniki paleolake.
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ian, Devensian, Wisconsin - MIS-5e—MIS-1), and the
Wartanian with the Late Saalian glacial period (syn. Riss
II, Warthe Glaciation, Wolstonian) (Gibbard and Kolf-
schoten, 2004; Pisias et al., 1984). The Eemian Inter-
glacial is correlated with the Marine Isotope Stage — MIS
Se (Oxygen Isotope Stages — OIS Se) and the Early Vis-
tulian is correlated with MIS 5d-c (Mangerud, 1989;
Shackleton et al., 2003).

Cladocera analysis

Cladocera analysis was performed for the sediment
section 3.00-11.00 m depth, with a resolution of 5-10 cm
(overall 99 samples). The samples for Cladocera analysis
were taken from the same sections analysed for pollen,
but the resolution was constrained by the scarcity of the
material left by pollen analyses. The samples (1 g) were
prepared according to standard procedures (Frey, 1986).
After removing the carbonates using 10% HCI, the sam-
ples were heated at 60°C with 10% KOH for 20 min. The
residue was washed with distilled water and sieved
through a 40-um-mesh sieve. The samples were coloured
with Safranine and identified with a light microscope at
100%, 200x and 400% magnification. When possible, a
minimum of 200 remains of Cladocera were analysed,
using five to seven slides from each sample. All Cladocera
remains were counted in each slide (head shield, shell,
postabdomen, postabdominal claws, antennules and oth-
ers), and the conversion of counted remains to the total
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number of individuals was based on the most abundant
type of remains for each taxon according to Frey (1986).
The total number of Cladocera specimens in 1 g of sedi-
ment and the species diversity were assessed according to
the Shannon-Wiener Diversity Index and plotted using the
PolPal software (Nalepka and Walanus, 2003; Fig. 2).
Identification of Cladocera remains and ecological inter-
pretation were carried out according to Frey (1958, 1962),
Goulden (1964), Szeroczynska (1985, 1989), Hofmann
(1986, 2000), Korhola (1990), Duigan (1992), Flossner
(2000), Szeroczynska and Sarmaja-Korjonen (2007),
Rybak and Bledzki (2010), and Nevalainen et al. (2013),
and Nevalainen and Luoto (2016).

All Cladocera species were classified into planktonic
(pelagic) and littoral (meiobenthic) groups, with the latest
group sub-categorised into three assemblages with differ-
ent habitat preference, i.e. bottom-dwellers, species asso-
ciated with vegetation and species restricted to vegetation
(Flossner, 1964; Whiteside, 1970; Hofmann, 1987; White-
side and Swindoll, 1988, Korhola, 1990). The species
Chydorus sphaericus (O.F. Miiller) and Bosmina lon-
girostris (O.F. Miiller) were assign to booth groups: lit-

toral and open water zones because of their ability to mi-
grate (Whiteside, 1970).

RESULTS

The results of qualitative and quantitative Cladocera
analyses of the Solniki sediments are presented as ab-
solute number of individuals in Fig. 3. The subfossil
Cladoceran fauna of the Solniki paleolake are represented
by 17 species belonging to the families Bosminidae, Chy-
doridae, Sididae and Daphniidae (Fig. 3). Fourteen of the
identified species typically dwell within the littoral zone
(Chydoridae). Three species occur mainly in the pelagic
zone (Bosminidae, Daphniidae). Most of the remains be-
long to the families Bosminidae, with dominance of Eu-
bosmina coregoni (Baird), and Chydoridae, with a
predominance of Alona affinis (Leydig) and Camptocer-
cus rectirostris (Schoedler). These species prefer littoral
zone in clear and calm waters in relation to the presence
of aquatic plants (Flossner, 1972). Resting eggs of the Ce-
riodaphnia sp. have also been identified in the deposits.

Tab.1. Lithology of the Solniki profile (modified from Kupryjanowicz, 2008).

Depth (m) Sediment description

3.00-3.90 Peaty silt with clay, dark grey; homogeneous, with plant detritus
3.90-5.60 Organic silt with sand, slightly clayey, black

5.60-8.20 Organic clayey silt, brown-black

8.20-10.00 Organic clayey silt with small admixture of CaCO; brown
10.00-10.60 Organic silt, black

10.60-11.00 Peat, slightly clayey with traces of sand, black

Tab. 2. Correlation of local pollen assemblage zones (L PAZ) from the Solniki profile with regional pollen assemblage zones distinguished
for Poland (R PAZ) and chronostratigraphical units and oxygen isotope stages (modified from Mirostaw-Grabowska et al., 2015).

Local pollen assemblage Regional pollen assemblage

zones- L PAZ according zones- R PAZ according

to Kupryjanowicz, 2008 to Mamakowa, 1989

Chronostratygraphy

Oxygen isotope
stages according
to Pisias et al.,
1984 (OIS)

S-12 Artemisia-Poaceae EV3 Graminae-Artemisia- EV3 Rederstall Stadial Sb
Betula nana =
g
S-11 Pinus-Betula EV2 Betula-Pinus Brorup s.s. EV2 Brerup é
S-10 Artemisia-Betula Cool osc. Interstadial i 5¢
S-9 Betula Amersfoort Sensu lato E
S-8 Artemisia-Cyperaceae- EV1 Graminae-Artemisia- EV1 Herning Stadial = 5d
Poaceae- Betula nana Betula nana
S-7 Pinus E-7 Pinus Late = Se
S-6 Picea-Alnus-Carpinus-Pinus E-6 Picea-Abies-Alnus S
S-5 Carpinus-Alnus E-5 Carpinus-Corylus-Alnus Middle %D Se
S-4 Corylus-Alnus-Tilia E-4 Corylus-Quercus-Tilia g
S-3 Quercus-Ulmus-Fraxinus E-3 Quercus-Fraxinus-Ulmus 'g
S-2 Pinus-Salix-Quercus-Ulmus E-2 Pinus-Betula-Ulmus Early E’ Se

S-1 Pinus-Betula-Picea E-1 Pinus-Betula
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Different frequency and concentration enables to dis-
tinguish six Cladocera assemblage zones (CAZ) in the
Solniki profile (Figs. 2 and 3).

Zone CAZ 1 (11.00-9.90 m)

Up to 12 species per samples are present in this sec-
tion, and total number of Cladocera individuals is around
950 ind g™!' The predominant species are Eubosmina core-
goni (max. 76% of total Cladocera abundance, Figs. 2 and
3), A. affinis (max. about 32%), and Eurycercus lamella-
tus (O.F. Miiller) (max. about 25%). Ch. sphaericus and
Sida crystallina (O.F. Miiller) are also present. Pelagic
species (E. coregoni and Ceriodaphnia sp. toward the end
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of this zone) and taxa related to aquatic vegetation are
dominant. Finally, two species of the group connected
with the bottom are present in this zone, i.e. Monospilus
dispar (Sars) and Pleuroxus uncinatus (Baird) (vegeta-
tion/bottom species). The central part of this zone shows
the highest diversity index (0.78; Fig. 2).

Zone CAZ 11 (9.90-8.15 m)

Due to differences in the frequency of species and
specimens Zone I, is divided into two subzones.
Subzone CAZ II A (9.90-9.35 m)

The number of individuals increases up to 2100 ind. g~
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Fig. 2. Diagram of the total number of Cladocera specimens and species richness diversity and ratio of planktonic to littoral form - P/L
in the sediments of the of Solniki profile. L PAZ, local pollen assemblage zones (according to Kupryjanowicz, 2008); CAZ, Cladocera
assemblage zones; exl., exclude; B. long, Bosmina longirostris; Ch. sph., Chydorus sphaericus; O, oligotrophy; M, mesotrophy; E, eu-
trophy; the arrows indicate increase and decrease in the lake water level. Explanations of lithology in Fig. 3.
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! of sediments (Fig. 2), while species richness decreases
down to 8. As in the previous zone, three species are dom-
inant: E. coregoni (max. about 57%), A. affinis (27%) and
C. rectirostris (max 19%, Fig. 3). An increase in the share
of species from the group restricted to vegetation is
recorded in this zone, while only E. coregoni represents the
open water group. The diversity index is low (0.69-1.1).

Subzone CAZ II B (9.35-8.15 m)

The total number of individuals decrease down to 400
ind. g!, while species richness increases up to 11 (Fig. 2).
A. affinis and E. coregoni are the dominant species.
Species of the group associated with water plants are the
most abundant. The diversity index is the same as in the
previous subzone 0.68 (max 1.1).

Zone CAZ III (8.15-6.25 m)

Zone III is distinguished due to the similarity of

species composition in the samples and distinct separation
from the rest of the zones. However, due to differences in
the number of individuals of each species is divided into
6 subzone.

Subzone CAZ III A (8.15-7.68 m)

Species richness increases (up to 17), as well as the
abundance of species of all groups (Fig. 3). The total num-
ber of individuals increases to a max. of about 1400 ind
¢! (Fig. 2). Bosminidae are dominant, with E. coregoni
(max about 50%), B. longirostris, and species associated
with vegetation, such as 4. affinis, E. lamellatus, small
Alona and S. crystallina. Species connected with the sed-
iment, such as Alona quadrangularis (O.F. Miiller) and
Leydigia leydigi (Schoedler) are found for the first time
in the sediment record, as well as Graptoleberis testudi-
naria (Fischer), small Alona and Alonella exigua (Lillje-
borg), which are related to connected high nutrient levels.
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Fig. 3. Diagram of the absolute number of Cladocera specimens in the sediments of Solniki profile. CAZ, Cladocera assemblage zones.
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The diversity index increases up to 0.74.

Subzone CAZ III B (7.68-7.36 m)

Total abundance of individuals father increases (up to
5400 ind. g!), while the species richness slight decrease
(15; Fig. 2). Bosminidae family predominates also in this
zone with E. coregoni and B. longirostris (up to 2000 ind
g). The abundance of littoral species A. affinis, S. crystal-
lina, small Alona, E. lamellatus and Ch. sphaericus in-
creases. The increase in species like M. dispar and A.
exigua indicates mesotrophic water status, while L. leydigi
and Acroperus harpae (Baird) disappear. The presence of
both cold-tolerant (4. affinis, E. lamellatus, Ch. sphaericus)
and warm requiring species (C. rectirostris, P. uncinatus)
are present, and diversity index increases up to 0.95.

Subzone CAZ III C (7.36-7.14 m)

Species richness decreases down to 11 in this zone, as
also the total number of Cladocera (maximum = 1200 ind
g ™). B. longirostris (about 50%, Fig. 3), E. coregoni and
A. affinis predominate, while some species tolerating cold
water are also present. The diversity index decreases again
down to 0.84.

Subzone CAZ III D (7.14-6.88 m)

The conditions for zooplankton development improve
as indicated by the increase in the abundance of both lit-
toral and planktonic species (similarly as in the CAZ I1 B
subzone). Values of diversity index are above 1.1, and
both species richness (up to 15) and total Claodcera abun-
dance (up to 4950 ind g!) increase. Dominant species are
E. coregoni (max. 2000 ind g'), B. longirostris and A.
affinis. Species preferring high water nutrient (P. uncina-
tus, L. leydigi, G. testudinaria) and warmer water (C. rec-
tirostris and P. uncinatus) reach higher frequencies.
Nevertheless both cold-tolerant and warm water-requiring
species are present.

Subzone CAZ III E (6.88-6.72 m)

This subzone is characterized by a decreasing abun-
dance of specimens (to 1150 ind g'; Fig. 2) and species
richness (12). Species associated with water plants (4.
affinis, A. harpae, E. lamellatus and Ch. sphaericus) are
dominant, and B. longirostris and E. coregoni are also nu-
merous. The diversity index decreases down to 0.94.

Subzone CAZ III F (6.72-6.25 m)

Both species richness and total Cladocera abundance
decrease (down to 13 and 1350 ind g, respectively; Fig.
2). Littoral species such as A4. affinis, A. harpae, A. quad-
rangularis, and Ch. sphaericus dominate in this zone. E.
coregoni is the dominant pelagic species (Fig. 3). Except

for A. quadrangularis, there are no species associated
with the bottom. Taxa preferring a high temperature of
water (C. rectirostris, P. uncinatus, G. testudinaria) are
identify in the second part of this subzone.

Zone CAZ IV (6.25-5.71 m)

Species richness and total abundance of individuals
further decrease down to 9 and 330 ind g! (Fig. 2). Only
cold-tolerant species (i.e., A. affinis, Ch. sphaericus, E.
coregoni and B. longirostris) remain in the lake. The dis-
appearance of species preferring warm waters (Pleuroxus
sp., C. rectirostris) disappear and the diversity index
varies from 0.00 to 0.88.

Zone CAZ 'V (5.71-3.72 m)

This zone is distinguished due to the similarity of
species composition in the samples and distinct separation
from the rest of the zones. However, due to differences in
the number of individuals of each species is divided into
four subzone. Almost all species identified in the previous
zones are present again in this zone.

Subzone CAZ V A (5.71-5.21 m)

This zone is characterized by the increase in frequency
of both littoral and planktonic species. Species richness
increases up to 16 (Fig. 2) and the total number of indi-
viduals up to 2300 ind g*'. Dominant species are E. core-
goni and B. longirostris, A. affinis, small Alona, and A.
quadrangularis. Both thermophilic (e.g., P. uncinatus, and
C. rectirostris) and cold water-tolerant species (e.g., 4.
harpae, E. lamellatus), as well as species requiring more
fertile water (e.g., L. leydigi, B. longirostris) are present.
Diversity index increases up to 1.05.

Subzone CAZ V B (5.21-5.02 m)

Total Cladocera abundance drops again down to 970
ind g!. Species richness decreases down to 13. Cold-tol-
erant species (Ch. sphaericus, A. affinis, small Alona) are
dominant (Fig. 3), and diversity index is low (max. 0.77).

Subzone CAZ V C (5.02-4.18 m)

Both species richness and total number of individuals
increased (up to 17 species and 2050 ind g'; Fig. 2). The
most abundant species are Ch. sphaericus, E. coregoni, C.
rectirostris and A. affinis. The diversity index rises up to 1.0.

Subzone CAZ V D (4.18-3.72 m)

The abundance of all species significantly increases
and the total number of Cladocera reaches 4300 ind g'.
On the contrary, species richness decreases down to 15.
Species associated with water plants (4. affinis, C. rec-
tirostris) and with the bottom (4. quadrangularis and Ch.
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sphaericus) are dominant, but also species requiring either
warm waters (C. rectirostris, G. testudinaria and P. unci-
natus) or high nutrient level (B. longirostris, A. quadran-
gularis, L. leydigi and Ch. sphaericus) are present. S.
crystallina and Alonella nana (Baird) disappear in this
zone. The diversity index remains around 1.0.

Zone CAZ VI (3.72-3.00 m)

The abundance of all species decreases, except for Ch.
sphaericus and B. longirostris, which are predominant.
Total individual number drop down to 1300 ind g!, and
species richness decreas down to 6. The presence of cold-
water tolerant species, such as 4. harpae, Ch. sphaericus,
small Alona and B. longirostris, are present, and the di-
versity index drops down to 0.54.

DISCUSSION

The subfossil Cladocera analysis conduct on the Sol-
niki profile provide information on the paleolake evolu-
tion during the Eemian Interglacial and the early Vistulian
Glaciation (EV1-EV3). The remains are well preserve and
abundant considering the old age of the sediments, and
the Cladocera species composition is comparable to what
found in different Central European lakes (Szeroczynska
and Zawisza, 2007) and Eemian paleolakes, such as
Kaliska, Studzieniec, Ruszkéwek, Kucow Ilc (Niska,
2012), Stawoszewek (Pawtowski, 2011), Imbramowice
(Mirostaw-Grabowska and Gasiorowski, 2010), and in
Herning paleolake (Frey, 1962).

Lake evolution of the Solniki paleolake during the
Eemian-Vistulian

Solniki Paleolake develop in a melt depression at the
end of Late Saalian Glaciation, while the lake sedimenta-
tion starts at the onset of the Early Eemian (Kupryjanow-
icz, 2008), when the improvement of climatic conditions
and the weakening of periglacial processes chang the veg-
etation surrounding the lake and allow the development
of the biological community within the new lake.

Early Eemian

Local Pollen Assemblage zone (L PAZ) S-1 (Pinus-
Betula-Picea), Regional Pollen Assemblages Zone (R
PAZ) E1, L PAZ S-2 (Pinus-Salix-Quercus-Ulmus), R
PAZ E2, begging of CAZ 1. During the early Eemian, the
area surrounding the lake initially develop boreal pine
forests with quite a large share of spruce (L PAZ S-1).
This may indicate a cool, relatively humid climate. In the
period corresponding with zone L PAZ S-2, in the place
of spruce enter more demanding trees in terms of temper-
ature, such as oak and elm. The willow, inhabiting moist

land (Kupryjanowicz et al., 2004, Kupryjanowicz, 2008)
also reach its maximum growth.

No Cladocera remains are find in the studied sediment
profile at the very beginning of the early Eemian, due to
the peaty condition of the early stage of the new lake,
while the following samples are characterize by the pres-
ence of Ch. sphaericus and A. affinis (CAZ 1), which are
consider as pioneer species due to their tolerance to low
water temperature and wide tolerance to environmental
conditions (Whiteside, 1970; Hofmann, 2000).

Similar species composition at the beginning of the
early Eemian is observed also in other polish lakes, such
as Starowlany paleolake and Kublowo paleolake (Niska
and Roman, 2014; Niska and Kotodziej, 2015), as well as
in central and northern european lakes (Szeroczynska,
1985; Sarmaja-Korjonen and Alhonen, 1999; Gasiorowski
and Szeroczynska, 2004).

Middle Eemian

L PAZ S-3 (Quercus-Ulmus-Fraxinus) - R PAZ E3, L
PAZ S-4 (Corylus-Alnus-Tilia) - R PAZ E4, L PAZ S-5
(Carpinus-Alnus) - R PAZ ES5, CAZ 1, CAZ 11, CAZ IITA.

The interglacial climatic optimum starts with oak-elm
forests with a fairly large share of ash (Fraxinus) (L PAZ
S-3, E3). They are most likely riparian forests, where the
role of the pine is significantly lower and hazel (Corylus)
gradually spread in the undergrowth. Multispecies of ther-
mophilic deciduous forests successively develop (L PAZ
S-4, E4), with hazel (Corylus) and lime tree (7ilia) reaching
their optimum growth, and elm (Ulmus), oak (Quercus) and
hornbeam (Carpinus), and rarely (Fraxinus) as accompa-
nying species. Alder forests are growing on the wetlands
areas. All types of forests show low share of Non-Arboreal
Pollen grains (NAP), which did not exceed 2%.

During the Middle Eemian the peat depositions are re-
place by silt. Moreover the Cladocera composition show
a change in specie assemblages. In fact, despite the con-
stant dominance of the pioneer specie 4. affinis at the be-
ginning of the zone (CAZ IIA), several Cladocera species
are also identify in this part of the profile. A. nana and E.
coregoni appear for the first time suggesting
oligo/mesotrophic conditions. The presence of the plank-
tonic E. coregoni indicates an increase in water depth
(Hofmann, 1993). Moreover, the identification of P. un-
cinatus, C. rectirostris and M. dispar reveal a progressive
increase in water temperatures (Poulsen, 1944; Frey,
1958), while the presence of species associated to water
plants (i.e., A. harpae, A. affinis, A. nana, E. lamellatus)
suggest a development of the macrophyte zone.

In the next period (L PAZ S-5 - R PAZ ES5), forests
dominated by hornbeam absolutely prevail in the majority
of habitats These hornbeam forest has also initially a rela-
tively high share of hazel, lime tree and elm. Spruce (Picea)
appears and gradually spread, the role of pine and birch also
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increas The humid places are dominated by alder forests.
The recorded pollen trees suggest hotter and longer sum-
mers than in the zone L PAZ S-4, and still mild winter
(Kupryjanowicz, 2008; Niska, 2008). Mainly cold water
tolerant species, i.e. A. harpae, E. lamellatus and Ch.
sphaericus are identify in this sediment section. However,
the increase in C. rectirostris, P. uncinatus and M. dispar
suggests an improvement in climatic conditions The sedi-
mentation of silt is replace by gyttja, which may indicate a
deepening of the reservoir, in agreement with the increase
in abundance of pelagic species, such as E. coregoni.

The next stage (CAZ 11 B) bring a deterioration of
habitat conditions in the reservoir. Initially only the sum-
mer temperature decreased (Kupryjanowicz, 2008), but
the palynological analysis indicates a later winter tight-
ening and a climate drying (Kupryjanowicz et al., 2004).
At that time, a significant reduction in the abundance of
Cladocera is observed in the other Eemian sites in
Poland, e.g., Kaliska, Ruszkéwek and Kublowo
(Mirostaw-Grabowska and Niska, 2007a; Mirostaw-
Grabowska et al., 2009; Niska and Roman, 2014). In pa-
leolake Herning, a drop in the abundance of Cladocera
is noted at the end of R PAZ E4 and the beginning of R
PAZ E5 (Frey, 1962).

The observed decrease in total Cladocera abundance
in this sediment section, together with the dominance of
A. affinis and E. coregoni, confirm the decrease in water
temperature, and suggest a correspondent decrease in
water level and in the lake trophic status. The degradation
of the living conditions in the lake could be associate not
only to the low water temperatures but also to the reduc-
tion in the water level. In fact Kupryjanowicz (2007) show
that most of the Eemian paleolakes from the northern Pod-
lasie region dried at that time, producing a terrestrializa-
tion of several shallow lakes and bogs. At that time, a
significant reduction in the Cladocera abundance is ob-
served in the other Eemian sites in Poland, e.g. Kaliska,
Ruszkowek and Kubtowo (Mirostaw-Grabowska and
Niska, 2007a; Mirostaw-Grabowska et al., 2009; Niska
and Roman, 2014).

At the end of this period, a further cooling occurs with
a simultaneous increase in climate humidity (Kupry-
janowicz et al., 2004).

The slight increase in Cladocera remains (CAZ II1A)
and in particular in E. coregoni suggested a new stage of
high water depth, while the presence of species associated
with water plants, such as 4. affinis, E. lamellatus, and S.
crystallina, indicat an expansion and a development of the
macrophytes zone. Moreover, the identification of M. dis-
par and A. exigua in this zone suggest mesotrophic con-
ditions (Adamska and Mikulski, 1968).

Late Eemian

L PAZ S-6 (Picea Alnus-Fraxinus-Pinus) - R PAZ E6,
L PAZ S-7 (Pinus) - R PAZ E 7, CAZ 111 B-F.

The Late Eemian Interglacial period is characterized
by the maximum development of spruce. Pine, fir (4bies)
and larch (Larix) are dominant, along with some decidu-
ous trees such as birch (Betula) and hornbeam (Carpinus).
These trees can form different types of coniferous and
mixed forests. Also, alder (4/nus) is present in pretty large
quantities (Kupryjanowicz et al., 2004; Kupryjanowicz,
2008; Niska 2008).

The total Cladocera abundance and species diversity
indicates that it was one of the most favourable periods
for the development of zooplankton in the lake.

During the late Eemian the Cladocera community regis-
ter rapid increases (CAZ III B-D-F) alternate to drastic de-
creases in species diversity and abundance (CAZ III C-E),
suggesting a continuous change from favourable to un-
favourable lake conditions for the zooplankton development.
In particular, in CAZ III B-D-F, the simultaneous presence
of the planktonic species E. coregoni and B. longirostris in-
dicate an increase in the trophic level (Boucherle and Zullig,
1983; Szeroczynska, 1985, 1991; Frey, 1986; Nauwerck,
1991; Dimante-Deimantovica ef al., 2012), which is also
confirmed by the presence of M. dispar and A. exigua. More-
over the identification of C. rectirostris, P. uncinatus and G.
testudinaria reveals an increase in water temperatures (Sze-
roczynska, 1985; Hofmann, 2000), while remains of 4.
harpae, A. quadrangularis and L. leydigi suggest a continu-
ous development of the macrophyte zone. The CAZ 111 C-E
periods are characterized by low Cladocera abundances and
by the presence of the cold water tolerant species 4. affinis,
E. lamellatus and A. nana, suggesting deteriorated ecological
conditions due to the low water temperatures.

Similar Cladocera trends during the Late Eemian is
documented in the other paleolakes, e.g., Kucow Ilc
(Niska, 2008), Kaliska and Kubtowo from central Poland
(Mirostaw-Grabowska and Niska, 2007a; Niska and
Roman, 2014), indicating a comparable regional influence
on the Cladocera community by regional climate devel-
opment. On the other hand, although the Cladocera
species diversity and abundance increase in the Herning
paleolake as in the other paleolakes, changes in species
frequency are not so significant due to the smaller differ-
ences in the climate condition and more moist (oceanic)
climate (Mirostaw-Grabowska et al., 2016). The pollen
assemblages in Solniki paleolake confirm that the late
Eemian is a period characterized by short-term colder and
warmer events (Kupryjanowicz, 2008).

Early Vistulian, Herning stadial

L PAZ S - 8 (Artemisia-Cyperaceae-Poaceae- Betula
nana) — R PAZ EV1, CAZ IV

The Herning stadial was the first post-eemian cold pe-
riod in northern Podlasie. The Solniki core are character-
ize by a high content of clay and sand, which indicate a
diluvial and/or eolic genesis of these deposits in relation
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to a stage of climate cooling and increasing humidity. At
that time, vegetation of the studied region is predomi-
nantly represented by tundra, composed by willow clus-
ters, possibly enriched with shrub birches. Trees were
likely present only in form of small patches of pine and
birch(Kupryjanowicz, 2008).

In this zone, a pronounced decrease of the subfossil
cladoceran fauna are observed. As registered also in other
polish lakes between the end of the Eemian Interglacial
and the beginning of the Vistulian (i.e., Kubtowo, Ustkow,
Rzecino; Niska, 2015). Cladocera assemblages is com-
posed by the sole species tolerating low water tempera-
tures, such as A. affinis, Ch. sphaericus, B. longirostris
and E. coregoni, suggesting a significant reduction of the
water temperatures.

Early Vistulian, Brorup

L PAZ S-9 (Betula), Amersfoort, S-10 (Artemisia-Be-
tula) (cool oscillation), S-11 (Pinus-Betula), Brorop sensu
stricto, R PAZ EV2, CAZ V A-D

In the older part of the Brorup sensu lato Interstadial
(S-9 Betula L PAZ), which may be correlated to the
Amersfoort Interstadial distinguished in Western Europe,
signs of a climate improvement are observed (Kupry-
janowicz, 2008). Birch forests spread at the cost of areas
occupied by herbaceous plant communities. Dry habitats
remain covered by steppe communities, whereas wet
habitats are still occupied by grass communities similar
to contemporary damp meadows. Pine trees (Pinus
sylvestris type (Linneaus) become an essential component
of birch forests or even formed separate assemblages.

At the beginning of the Brorup (Early Vistulian, CAZ
V A) Cladocera abundances and diversity increase. The
presence of thermophilous species such as P. uncinatus
and C. rectirostris indicates higher water temperatures, al-
though species tolerating cool water (e.g., 4. harpae and
E. lamellatus) are still present. The increase in L. leydigi
and B. longirostris suggest an increase in the lake nutrient
levels (Alhonen, 1970; Szeroczynska, 2002). The high
abundance of the family Chydoridae associated to aquatic
vegetation may indicate a new stage of macrophyte de-
velopment. Finally, the increase in E. coregoni may reveal
another rise in water level. As outlined by the pollen
analysis, the climate in this period is more humid and
characterize by higher rainfall events (Kupryjanowicz,
2008), which may confirm the hypothesis of a higher lake
water depth. The period of favourable conditions for the
Cladocera development is interrupted by a rapid cooling
stage (L PAZ S-10, CAZ V B), which, in the northern
Podlasie, is reflected by a spread of the area covered with
cold steppe communities lush with Artemisia, Chenopo-
diaceae, Anthemis type, Caryophyllaceae undiff., and
some grasses (Kupryjanowicz, 2008).

The subfossil cladoceran community are represent in

this stage only by species tolerant of cold water, such as
A. quadrangularis, A. affinis, Ch. sphaericus, B. lon-
girostris and E. coregoni. Despite a short period of cold
water temperatures characterized by a decrease in Clado-
cerea abundances (CAZ V B), the favourable conditions
for the Cladocera growth continue throughout the entire
Brorup Interstadial (CAZ V C-D). This period are char-
acterize by species preferring warm water temperatures
and the replacement of E. coregoni by B. longirostris sug-
gest a reduction in the lake water level and an increase in
the lake trophy (Hofman 1987; Szeroczynska, 1998b;
Nevalainen et al., 2013). The high Cadocera abundance
and diversity in this period reveal an improvement of the
water living conditions, which is also observed in
Kublowo lake (Niska and Roman, 2014). The pollen
analysis by Kupryjanowicz (2008) highlight a boreal for-
est spread, which confirmed the improving of the climate
conditions.

Early Vistulian, Rederstall Stadial

L PAZ S-12 (Artemisia-Poaceae) - R PAZ EV3, CAZ V1

The cold continental climate of the Rederstall stadial
led to the spreading of cold steppe communities. Betula
nana type (Linneaus) and shrub Salix form a dwarf shrub
tundra, while forest communities declined. In the Reder-
stall Stadial (Early Vistulian) the Cladocera abundance
and diversity decrease (CAZ VI). Cold water tolerant
species are present, e.g., A. harpae, and Ch. sphaericus,
as well as species indicating high concentration of organic
matter in the water column, e.g., B. longirostris, small
Alona, A. quadrangularis, and Ch. sphaericus (Duigan,
1992). The dominance of Ch. sphaericus and B. lon-
girostris suggests eutrophic lake conditions and general
deterioration of the ecological quality (Szeroczynska
1991). In fact, both taxa are widely tolerant to environ-
mental stress, and they are often the last cladoceran in-
habitants of shallowing water bodies in palacorecords
(Novakova, 2005). Cladocera record for the Rederstal sta-
dial period are available in Poland only for other two
lakes: Kublowo (Miroslaw-Grabowska at al., 2016) and
Ustkow (Kotaczek et al., 2016). In the Kubtowo profile
wide tolerant species Ch. sphaericus, A. quadrangularis
and A. nana are dominant, as similarly recorded also in
Solniki paleolake. On the other side, Cladocera commu-
nity in Ustkow profile appears to be dominated by B. lon-
girostris, Ch. sphaericus and small Alona, which are
species tolerating high environmental stress (Duigan,
1992). The Cladocerea assemblages of this two paleolake
include also species preferring high water temperature
(i.e., Pleuroxus sp., M. dispar, C. rectirostris), while the
lack of thermophilic species in the Solniki paleolake could
be the result of a more severe continental climate occur-
ring in this area.
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Water level changes

The planktonic:littoral (P:L) ratio of Cladocera was
used for the first time by Alhonen (1970) to investigate
lake level changes during the Holocene. However, the in-
terpretation of P/L ratios should take into account that
many other environmental variables, in addition to lake
depth, can affect the share of pelagic and littoral of sub-
fossil cladoceran assemblages (Gasiorowski and Herc-
man, 2005;Nevalainen et al., 2008).

The large average share of deep-water species (48%)
in the Solniki profile suggests a persistent presence of a
well-developed pelagic zone in the paleolake. Neverthe-
less, the depth profile of the P:L ratio shows a general pre-
dominance of shallow-water groups, such as Chydoridae
and Sididea, which suggests the constant presence of a
shallow littoral zone. During the Middle and Late Eemian
Interglacal period the P:L ratio reveals a rise in planktonic
species, such as E. coregoni, B. lonigrostris and Cerio-
daphnia spp, suggesting an increase in lake depth. The
drastic decrease in littoral species and the presence of the
sole planktonic taxa E. coregoni during the Herning sta-
dial suggest that Solniki lake is still a deep lake during
this stage. However, this result has to be considered as a
fake since the L:P ratio did not take into account the gen-
eral decrease in total Cladcocera abundance and species
richness. This provides a confirmation of the necessity for
a carefully interpretation of the P:L Cladocera ratio for
paleoecological reconstructions. On the other hand, the
Early Vistulian period shows a prevalence of littoral
species, which can be read as a gradual lowering of the
water level in the paleolake, which may have contributed
to enlarge the shallow littoral zone.

Lake trophic evolution

Cladocera assemblages indicate that Solniki paleolake
was nutrient poor for most of its existence. In fact, during
the Middle Eemian the paleolake is dominated by species
preferring oligotrophic conditions. An increase in the lake
trophic condition, likely up to a mesoc-eutrophic level,
occur during the Late Eemian, as indicated by the pres-
ence of M. dispar, A. exigua and B. longirostris (Adamska
and Mikulski, 1968). The decrease in Cladocera abun-
dances during the end of the late Eemian Interglacial and
the Herning stadial suggests a new long stage of low nu-
trient concentrations. On the other hand, the presence of
Ch. sphaericus and of B. longirostris in the final stage of
the lake existence, reveal a second increase in nutrient
concentrations till eutrophic conditions during the Brorup
CONCLUSIONS

The unique character of the paleolake at Solniki con-
sists in its very long, uninterrupted sedimentation that oc-
curred during the entire Eemian Interglacial and Early

Vistulian. The detail Cladocera analysis showed that:

- The Cladocera remains preserve in sediments of the
Solniki paleolake, despite their age, are well preserve.
Their species composition are not substantially differ
from those found in of other Eemian paleolakes and
in contemporary Central European lakes. The species
richness is slightly lower than in contemporary lakes
but very similar to that of Eemian paleolake
Starowlany (NE Poland).

- The most favourable periods for Cladocera develop-
ment are identify at the beginning of the Eemian In-
terglacial during some stages of the Late Eemian and
during the Brorup Interstadial , probably in relation to
higher water level, warmer temperatures and moderate
nutrient levels. Such favourable stages were also
recorded in the other studied Eemian lakes from Cen-
tral Europe.

- Unfavourable conditions for Cladocera community
occur during the beginning of the Eemian Interglacial,
the Middle Eemian (CAZ II B) and the Herning Sta-
dial (CAZ 1V), probably due to low lake water tem-
peratures and nutrient level.

- Several major fluctuations in the lake water level are
observe during the entire studied period, in relation to
the alternation of warm and wet and dry and cold cli-
mate conditions.

- Cladocera assemblages suggest oligotrophic to oligo-
mesotrophic conditions at the beginning of the lake
existence, which are follow by a steady increase in nu-
trient concentrations till the final lake stage.

- Major changes in subfossil Cladocera frequency track
the alternation of warmer and cooler temperatures
throughout the entire studied period. Warmer water
temperatures are recorded during the Early Eemian, the
beginning of the Middle Eemian and the Brorup Inter-
stadial, while colder temperatures are identified in the
late Eemian, in Herning Stadial and again in the Red-
erstal Stadial.
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