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This study aimed to reconstruct environmental changes in the Wkra River Valley near Bielawy Gotuskie (central Poland)
based on geochemical, palynological and subfossil Cladocera analysis of deposits filling a palaso-oxbow lake. Two sedi-
ment boreholes collected from the palasochannel bend (BG-1) and neck (BG-2) include full sequences of organic deposits
lying on clastic deposits. The lower part of the BG-1 borehole contains gyttja that accumulated during the Younger Dryas and
the Preboreal, which is covered by reed peat of Preboreal and Boreal age. On top of this is alder peat that accumulated dur-
ing the Atlantic. The ages of the gyttja and peat were confirmed by both radiocarbon dating and palynological analysis. The
peats are characterized by a significant content of organic matter, which is relatively stable over time. This indicates a low in-
tensity of mechanical denudation in the catchment, which is supported by low concentrations of aluminum and potassium.
Calcium values greatly exceed these elements, suggesting that the lake was mainly fed by groundwater. Variation in trophic
conditions over time is indicated by a vertical variability in the content of nitrogen, as well as by the Cladocera population. The
strong decomposition of peat in the top layer of the mire, and increased concentrations of phosphorus and heavy metals, tes-
tify to increasing human activity during the most recent time periods.
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INTRODUCTION

The development of lakes, constituting important post-
glacial landscape elements (Kalinowska, 1961), is strongly as-
sociated with a basal fill of stratified deposits that are character-
ized by variable physico-chemical properties over time. The ac-
cumulation results in filling and finally terrestrialization of the
reservoir. The intensity of this process and the nature of the
sediments are affected by many environmental factors, includ-
ing e.g. climatic conditions, intensity of mechanical and chemi-
cal denudation in the catchment, its cover, species composition
and frequency of lake organisms (Marszelewski et al., 2011). In
this way, lake deposits constitute archives of past environments
of the reservoir and its catchment that can be reconstructed by
palaeoecological studies.

Geochemical analysis of sediments is important for
palaeoenvironmental reconstructions, especially the investiga-
tion of pH and the content of basic components including silica,
carbonates, organic matter and some elements, particularly C,

* Corresponding author, e-mail: monikaniska@wp.pl

Received: January 1, 2016; accepted: April 26, 2016; first published
online: January 31, 2017

N, P, K, Ca, Mg, Fe, Al, Mn, Cu, Zn, Niand Pb (Wojciechowski,
2000; Borowka, 2007). Furthermore, valuable analyses include
speciation of elements, the content of their isotopes, or qualita-
tive and quantitative analysis of specific organic and inorganic
compounds (Herczeg, 1988; Martinova, 1993; Meyers and
Lallier-Vergégs, 1999; Enders and Pagani, 2008). In many stud-
ies, the interactions between physico-chemical parameters of
the sediments and environmental conditions in the lakes and
their catchments have been identified. For example, the con-
tents of silica, potassium and aluminum are commonly consid-
ered as indicators of mechanical denudation intensity, whereas
the content of calcium reflects the intensity of chemical denuda-
tion. The abundance of nitrogen and phosphorus provides infor-
mation about trophic conditions; concentrations of heavy met-
als are indices of human activity (Hamilton-Taylor, 1979; Abra-
ham, 1998; Last and Smol, 2001; Rose et al., 2004, Jin et al.,
2006; Borowka, 2007; Schmidt et al., 2008; Pawtowski et al.,
2015a, b). However, primary features of sediments can un-
dergo transformation in post-sedimentation processes (Boyle,
2001; Haggard et al., 2005; Wilson et al., 2008), which may
hamper correct interpretation.

Integrating the results of geochemical analysis and the
composition and frequency of various microorganisms pre-
served in sediments provides a much more complete picture
of past environments (Galbarczyk-Gasiorowska et al., 2009;
Pawlowski et al., 2015a, b). Pollen analysis, especially when
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combined with radiocarbon dates, plays a key role in recon-
structing the past vegetation of the palaeo-lakes, allowing the
establishment of a chronology of the deposits (Latatowa,
1982; Latatlowa and Tobolski, 1989). Past ecological condi-
tions of the basin can furthermore be reconstructed from
malacological analyses (Wojciechowski, 1987, 2000) and
Cladocera analysis (Mirostaw-Grabowska and Niska, 2005;
Mirostaw-Grabowska et al., 2009; Niska, 2013). The value of
these groups of organisms is related to the fact that many spe-
cies are adapted to narrow environmental ranges. Cladocera,
which are the major constituents of lake zooplankton, inhabit
mostly stagnant lakes (Kajak, 2001), particularly under condi-
tions of a stable lake level (Lampert and Sommer, 2001), in-
cluding oxbow lakes (Dembowska and Napiorkowski, 2012).
However, environmental reconstructions of palaeo-oxbow
lake deposits may be difficult due to the significant dynamics
of river valley geosystems and fluvial processes, which can
disrupt sedimentation, leading to the formation of stratigraphic
hiatuses (Pawlowski et al., 2015a).

Our study aims to bring new information on past environ-
ments in the Wkra River Valley near Bielawy Gotuskie (central
Poland) based on the analysis of geochemistry, pollen and
subfossil Cladocera of palaeo-oxbow lake deposits. The recon-

struction includes the chronology of oxbow lake formation and
its cut-off from the river, the temporal variability of trophic condi-
tions in the lake, the intensity of mechanical and chemical denu-
dation in the catchment, the succession of vegetation and
Cladocera, and the identification of human activities against the
background of past climate changes.

MATERIALS AND METHODS

STUDY AREA

The studies were carried out in a palaeo-oxbow lake on the
east side of the Wkra River Valley near the village of Bielawy
Gotuskie (52°93.7270' N, 19°96.6163" E; Fig. 1). The area is lo-
cated at the margins of the Racigska Plain (Kondracki, 2000),
which is a glaciofluvial plateau that developed during the maxi-
mum expansion of the Vistula Glaciation, lying at the elevations
of 113-121 m a.s.l. The glaciofluvial landscape contains out-
crops of older glacial tills that are locally covered by coarse-
-grained residual materials with stones and boulders, Late
Pleistocene and Holocene dunes, and kettle holes of variable
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Fig. 1. Location of study site and boreholes within the palaeso-oxbow lake
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sizes that are filled with peat and gyttja (Kotarbinski, 2003). This
landscape is cut by the ~1 km wide Wkra River valley. The bot-
tom of the valley is filled with alluvial deposits with thicknesses
of up to ~4 m. Many palaeochannels in the valley constitute evi-
dence of the past activity of a meandering river. The age and
stage of the palaeochannels are variable. The oldest are proba-
bly the large palaeo-oxbow lakes along the valley margins that
at present are completely or almost completely filled with or-
ganic deposits. Drainage works within the valley bottom and
straightening of the river channel during the mid-20th century
decreased the groundwater level and led to the disappearance

of some water bodies.

Iversen, 1989; Dybova-Jachowicz and Sadowska, 2003). As a
rule, in each sample 700 pollen grains of tree and shrub pollen
(AP) and all accompanying pollen of herbs (NAP) and spores of
Pteridophytes and mosses were determined and counted. Cal-
culations were based on AP + NAP = 100%; pollen and spores
of aquatic and wetland species are excluded from the calcula-
tion sum. Also, microremains of algae, Cyanobacteria, fungi
and some fauna (non-pollen palynomorphs — NPPs) were
counted (Van Geel, 2001; Jankovska and Komarek, 2001). The
results of pollen analysis (Figs. 2 and 3) are displayed using the

PolPal software (Nalepka and Walanus, 2003).

GEOCHEMICAL ANALYSIS

SAMPLING

Two sediment boreholes with a length of 2 m were taken
from the palaeo-oxbow lake bend (BG-1) and neck (BG-2) (Fig.
1) using a 75 mm Instorf corer, covering the complete lake fill
and the upper layers of the underlying clastic deposits. Sam-
ples were taken for geochemical analyses (5 cm sample inter-
val), palynological studies (sample interval 8 cm), Cladocera
analysis (8 cm sample interval) and radiocarbon analysis (se-

lected levels).

RADIOCARBON DATING

Radiocarbon dates were obtained from plant remains col-
lected at three depths in borehole BG-1. Dating was performed
in the Laboratory of Absolute Dating in Cianowice. Conven-
tional dates were calibrated using OxCal 4.2.3 software (Bronk

Ramsey, 2013) and the IntCal13 calibration curve (Reimer et
al., 2013). Here, dates are given in calibrated years BP.

POLLEN ANALYSIS

Samples of 1 cm® volume were boiled in 10% KOH, treated
with 10% HCI or soaked for several days in HF (depending on
the sediment composition) and then acetolysed (Faegri and

Samples were dried at 65°C, pulverised with an analytical

mill with a tungsten blade (organic samples) or agate mortar

(mineral samples) and stored in closed polyethylene bags. The

analysis included:
— determination of pH potentiomefrically in suspension

with water (1:10);
— determination of carbonate content with the volumetric

Scheibler's method;

— determination of organic matter content (OM) as loss-
on-ignition at 550°C;

— determination of total organic carbon (TO) content with

the method of Alten et al. (1935);
— determination of total nitrogen (N) content with Kjeldahl’s

method (Page, 1982),
— determination of the content of P, Na, K, Ca, Mg, Fe, Al,
Mn, Cu and Zn after sample digestion in a mixture of
65% HNO;, 60% HCIO, and concentrated H.SO. in the
proportion 20:5:1 by volume. The concentration of P in
solutions was analysed colorimetrically by the molybde-
num blue method, and the remaining elements by micro-
wave plasma atomic emission spectrometry (Agilent
4100 MP-AES).
Based on the chemistry of borehole BG-1, five geochemical
zones were identified using cluster analysis with PAST 3.10

software (Fig. 4, Hammer et al., 2001).
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Fig. 2. Percentage pollen diagram of borehole BG-1
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Fig. 3. Percentage diagram of non-pollen palynomorphs (NPPs) and pollen of aquatic and marsh plants of borehole BG-1

CLADOCERA ANALYSIS

Samples with a volume of 1 cm® were prepared using a
slightly modified standard procedure (Frey, 1986; Korhola and
Rautio, 2001). After removal of carbonates using 10% HCI,
each sample was boiled in 10% KOH for 20 minutes, washed
with distilled water and sieved through a 40 um mesh sieve.
The fine material was transferred into a polycarbon test tube.
Prior to counting, the remains were coloured with safranine T.
The analysis was performed with a Nikon model ECLIPSE Ci-L
microscope with magnifications of x10, x40 and x60. A mini-

mum of 200 remains of Cladocera (3-8 slides) were examined
in each sample. First, all remains from each slide were counted
(headshields, shells, postabdomens, postabdominal claws and
antennules) and then converted to one Cladocera specimen
and all ephippia together.
Identification and ecological interpretation of the Cladocera
remains were based on Frey (1958, 1962), Goulden (1964),
Szeroczynska (1985, 1998), Hofmann (1986, 2000), Korhola
(1990), Duigan (1992), Flossner (2000) and Szeroczyriska and
Sarmaja-Korjonen (2007). The results of Cladocera analyses
are shown in Figures 5 and 6, and include the percentage dia-
gram, the total number of Cladocera individuals, and number of
species including their biodiversity. The numerical analysis was
performed with the PolPal computer program (Nalepka and

Walanus, 2003).

The Cladocera species were classified into four habitat
preference groups: bottom-dweller species, species associated
with/restricted to vegetation and planktonic (offshore) and litto-
ral (meiobenthic) groups (Flossner, 1964; Whiteside, 1970;

Whiteside and Swindoll, 1988; Korhola, 1990).
RESULTS

LITHOLOGY AND AGE OF DEPOSITS

The radiocarbon dates show that the sediments were depos-
ited between the Younger Dryas and the Atlantic period. Unfortu-

nately we were not able to date the disappearance of the lake
precisely. Organic sediments overlie coarse-grained river sands
in borehole BG-1 and gyttja in borehole BG-2. Borehole BG-1
displays a sequence of detritus gyttja (170—195 cm) that sharply
transforms into reed peat (90—170 cm), which is covered by alder
peat (0-80 cm) (Fig. 2). The radiocarbon age of the central part
of the gyttja layer is 11,086 cal. years BP (Table 1). We assume
that the gyttja at the bottom of borehole BG-2 (165-200 cm) is of
the same age as the gyttja in borehole BG-1. On top of these de-
posits, there is a layer of reed peat (165-115 cm) with a gradual
transition to alder peat (0—80 cm). Between 115-80 cm there is a
gradual transition between reed peat and alder peat. The top
layer of peat is strongly decomposed, most likely resulting from

mire drainage in the 20th century.
POLLEN ANALYSIS

In total 25 pollen samples were analysed in borehole BG-1
(Fig. 3). Analyses were not carried out for the top part of the
borehole, because of the strong decomposition of the peat.
Four pollen zones were identified by visual inspection, based on
percentages of pollen attributable to the most important tree
and herbaceous plant species (Table 2 and Fig. 2).

SUCCESSION OF TERRESTRIAL VEGETATION

Wk-l (Artemisia—Poaceae—Juniperus — LPAZ; Late Glacial,
199-187 cm). At the close of Late Glacial times, the oxbow lake
was surrounded by birch forests with an admixture of pine.
There were also shrubs of juniper (Juniperus) and willow
(Salix). The presence of open areas within the dry landscape is
reflected by a considerable portion of pollen of herbaceous
plants, including Arfemisia, and representatives of the

Chenopodiaceae and Poaceae. In the local vegetation of ox-
bow lakes Ranunculus acris-t was present.

Wk-ll (Betula—Pinus — LPAZ; Preboreal, 187-155 cm). A
clear regression of Juniperus communis, Poaceae, and Artemi-
sia indicates the Preboreal period. Climate warming at the be-






Late Pleistocene and Holocene environmental evolution of the Wkra River valley near Bielawy Gotuskie...

309

LITHOLOGY pH CaCoO, oM TOC N P. TOC:N TOC:P ZOMES
UBG-1 BG-2 (%) [%] [g/kg] lg/kg] glkg [gr‘kgl
4 }\ A 4 //) ‘ Y
b
: 1
@
3 —
S
0w
) "
t I
/ I
5 67 8 910 D 2040 60 80100 0 714212835 0020406081 0 400 1200 2000
03691215 0 250 500 012345 0 7 14 2128 35
LITHOLOGY K Mg Fe Mn Cu Zn Fe:Mn ZONES
[a/ka] [g!kg] [g/kg] [g/kg] [g#kg] [mg/kg] [ma/kg] [ma/kg]

] BG-1BG-2

f & J/l ey Y
} E ) y % 3
"%
@
8 f
( 4
k ]
\
- L ' f" T Gl L) -F"_ Fal I T Fa | 1
[em] 0 816 24 32 40 0 510 15 20 25 0 150 450 750 0 3060 90 120 150
01.534.5?5 015 345675 0036 8 1215 0 612 18 24 30 0 50 150 250
- strongly decomposed alder peat E detritus gyttja - reed alder peat ~— borehole BG-1
- brown alder peat |:| river sand EI lake mud — borehole BG-2
E reed peat - black alder peat

Fig. 4. Lithology, radiocarbon age and chemical composition of sediments in BG-1 and BG-2 boreholes
and geochemical zones distinguished based on the chemistry of the borehole

ginning of Holocene times resulted in rapid development of
birch forests with admixtures of willow, and subsequently com-
munities with a predominance of pine. Open areas were cov-
ered by grass. Another sign of climate warming, among others,
is Hedera helix.

W-ll (Corylus—Pinus — LPAZ; Boreal, 15599 cm). At ap-
proximately 9899 cal. BP, forests were dominated by pine,
which gradually displaced birch. Within the area studied hazel
(Corylus) appeared, which preferred forest outskirts and more
humid habitats (Fig. 2). Elm (Ulmus) and ash (Fraxinus) ap-
peared. In some places in the wetlands Filipendula ulmaria was
present.

Wk-IV (Pinus-Alnus—Quercus — LPAZ; Atlantic, 99-55 cm).
During the Atlantic period, we can see an increasing role of
Pinus (Fig. 2). About 8700 cal. BP, in the upper part of the zone,
a record of the dynamic expansion of alder (Alnus) is also re-
corded. In the forest, new tree species (Tilia, Fraxinus, Quer-
cus) are noted.

MICROSCOPIC REMAINS
OF AQUATIC AND MARSH

Based on pollen analysis of aquatic and mire vegetation and
other microfossils (NPP — Non-Pollen Palynomorphs; Table 3
and Fig. 3) we distinguished five zones illustrating the evolution
of the aquatic-mire ecosystem studied.

Wk-1 (199-195 cm, Late Glacial). Open water favoured the
development of planktonic organisms. Among the algae these
were species of the genus Pediastrum. In waters macrophytes
occurred: Ceratophyllum sp., Nympheae alba and Myrio-
phyllum spicatum. Around the lake rushes predominated with
representatives of the Cyperaceae family;

Wk-2 (195-163 cm, Preboreal). At approximately
11086 cal. BP, the water level in the oxbow lake studied be-
came lower, which is reflected in the higher frequency of
Filicales monolete spores, Typha latifolia pollen and an expan-
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Fig. 5. Relative abundance diagram of subfossil cladoceran taxa

and diagram of total number of Cladocera specimens, number
of species diversity in the sediments of the BG-1 profile

CZBG-1 — Cladocera assemblage zones; other explanations as in Figure 4

sion of Filipendula ulmaria, which needs average
July temperatures to be =16°C (Aammes et al.,
2012). Macrophytes such as Nymphaea alba and
Ceratophyllum demersum grew in the lake (Fig.
3). An increasing frequency of cyanobacteria
Anabaena is observed while planktonic species
of green algae Pediastrum were decreasing;

Wk-3 (163-123 cm, Boreal). In rush vegeta-
tion, Filicales monolete spores predominate.
There is higher frequency of Typha latifolia and
lower frequency of macrophytes.

Wk-4 (123-83 cm, Boreal). Increasing fre-
guency of Cyperaceae pollens as well as the
presence of fungal spores Sordaria and HdV-
-200, which was synchronous with the decreasing
frequency of Filicales monolete spores, recorded
at a depth of 111-85 cm.

Wk-5 (83-55 cm, Atlantic). In plant communi-
ties Filicales monolete spores are prevalent,
which is reflected in the higher frequency of
Thelypteris palustris spores (Fig. 4). As in the pre-
vious phase, there was a high occurrence of
Turbellaria.

GEOCHEMICAL ANALYSIS

Five geochemical zones were distinguished
in borehole BG-1 using cluster analysis (Fig. 4).
Zone | (195-170 cm) consists of dark coloured
detritus gyttja that accumulated during the Youn-
ger Dryas and Preboreal periods. The gyttja dis-
plays increasing carbonates (7.8-13.7%), TOC
(63.82—257.59 g'kg ') and N (3.91-20.96 g-kg ).
The lake mud in borehole BG-2 at the same depth
interval contains 34.17-106.48 g-kg " of TOC and
1.46-6.09 g-kg ' of N. Both deposit types are
poor in phosphorus (0.37-1.18 gkg ' in gyttja
and 0.28-0.48 g-kg " in mud) and relatively poor
in K (3.104.28 gkg' in gytja and
1.88-5.77 g’kg ' in mud), Fe (8.09-11.88 g-kg ™'
in gyttja and 5.00-15.14 gkg ' in mud) and Al
(9.64-12.85 g-kg " in gyttjia and 5.33-14.82 gkg '’
in mud).

Zone Il (170-140 cm) represents the initial
phase of reed peat accumulation during Pre-
boreal times and the beginning of Boreal times. It
is characterized by decreasing pH from 7.2 10 5.8
and decreasing values of K (2.75-0.93 g'kg 1),
Mg (3.21-1.37 g-kg ') and Al (8.78-3.15 gkg )
(Fig. 4). TOC and N values increase. The TOC:N
ratios are from 15:1 to 19:1.

Zone lll {(140-90 cm) represents the second
phase of reed peat accumulation. The peat is
characterized by high amounts of TOC and N,
which in the borehole BG-1 are 463.63-549.46 g
-kg ' and 23.04-27.35 g-kg ' respectively; and a
stable pH from 5.6-5.8. The contents of Na
(0.31-0.40 gkg '), K (0.06-0.35 gkg '), Mg
(0.67-0.94 gkg "), Al (0.26-1.50 gkg'), Mn
(100.83-169.23 mg-kg '), Cu (6.23-9.58 mg-kg ')
and Zn (4.28-15.89 mg-kg ') are in general low
and show only small variation in most cases.

Zone IV (90-35 cm) constitutes a succession
of terrestrial vegetation that grew during the Atlan-
tic period, which is reflected in the presence of al-
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der peat. The zone is characterized by
large amounts of TOC (458.88-495.76
gkg') and increasing contents of N
(22.09-29.62 gkg ') and P (0.30-0.83
gkg '), whereas the TOC:N and TOC:P
ratios decrease (from 22:1 to 16:1 and
from 1648:1 to 531:1 respectively: F|9 4)
The values of Na (0.28-0.35 gkg )
(0.09-0.32 gkg '), Mg (0.78-1. 04gkg )
Al (1.02-4.12 gkg '), Mn (186.70-226.13
mg-kg ') and Zn (2.48-12.26 mg-kg ') are
relatively stable over time and do not differ
significantly from those of zone lII.

Zone V (35-0 cm) represents sfron-
gly decomposed alder peat, of which the
younger dates probably relate to the end
of the Atlantic period. It is characterized
by increasing pH (5.6-6.9) and amounts
of P (0.75-3.49 gkg '), Na (0.38-0.98
g-kg '), Mn (157.05-359.19 mg-kg "), Cu
(11.45-17.31 gkg ') and Zn (9.63—66.98
gkg 1}. The contents of the remaining el-
ements are relatively stable over time.

CLADOCERA ANALYSIS

25 species of Cladocera were identi-
fied in the boreholes investigated (22 spe-
cies in borehole BG-1 and 23 in borehole
BG-2), which belong to four families:
Chydoridae, Sididae, Bosminidae and
Daphnidae. Between these two profiles
are minor differences in species content
(Figs. 5 and 6). In borehole BG-1 Daphnia
longispina-group and Camptocercus lillje-
borgii were recorded, while these were
absent in borehole BG-2. On the other
hand, in borehole BG-2 Disparalona ros-
trata, Peracantha truncata and Alona
guttata were found, these not being iden-
tified in borehole BG-1. Among the spe-
cies found in the sediments, the vast ma-
jority was species inhabiting the littoral
zone (22) living on the bottom and among
the water plants; only Bosmina longiro-
stris, Daphnia longispina-group and
Ceriodaphnia sp. could be counted as pe-
lagic species. Three main zones, and two
subzones of the Cladocera succession,
were distinguished in each borehole ba-
sed on changes in the frequency and
number of species preserved, and indica-
tor species. The zones are described in
Tables 4 and 5.

COMPARISON OF THE ZONES OF
CLADOCERA ASSEMBLY DEVELOPMENT
IN PROFILES BG-1 AND BG-2

The beginning of Zone la constitutes
a record of the initial stage of lake devel-
opment (Figs. 5 and 6). This zone is char-
acterized by the highest number of spe-
cies and individuals of Cladocera but only
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Table 1

Radiocarbon dating results, borehole BG-1

No.| Depth Dated No. of | Resylts of dates | Calibrated ages
[cm] material dates in "C yr. BP in cal. yr. BP

1. | 104-106 peat | MKL-2104 8100 £90 8700

2. [ 147-149 peat | MKL-2105 9050 £100 9899

3. | 177-179 | detritus | MKL-2106 9840 £90 11086

Table 2

Description of local pollen assemblage zones (LPAZ), profile BG-1

Symbol and name . Depth .
of polien zone Period fom) Main features of pollen spectra

Wk-I . High values of Artemisia, Juniperus, and Poaceae pollen;
(Artemisia—Poaceae—Juniperus) Late Glacial | 199-187 Ranunculus acris-t. occurs regularly
Wk-1I Very high proportion of Betula pollen; gradually increasing values

. Preboreal | 187-155 of Pinus sylvestris type; Poaceae pollen occurs regularly;
(Betula—Pinus) the first appearance of Filipendula ulmaria polien
Wk-II Rises in values of Pinus sylvestris type and decreasing values

) Boreal 155-99 of Betula and Poaceae,; first appearance of Corylus; Fraxinus and Ulmus
(Corylus—Pinus) Filicales monolete spores are present.
Wk-1V Atlantic 09-55 Maximum values of Pinus pollen; low values of Betula and Corylus;
(Pinus—Alnus—Quercus) first appearance of Quercus and Tilia pollen; rising values of Alnus
Table 3

Description of assemblage zones distinguished in profile BG-1, on the basis of pollen taxa of aquatic,
mire plants and non-pollen palynomorphs (NPPs)

Symbg} gggename Symbcli_‘l‘PaR;dZ name D[;E]t]h Main features of pollen spectra

- . - High proportion of Pediastrum; single pollen grains of Myriophyllum

Wh-1 Late Glacial 198-185 spicatum; decreasing curve of Cyperaceae
Maximum of Ceratophyllum-haris, Nympheae alba, Equisetum; decreasing

Wk-2 YD/Preboreal 195-163 curve of Pediastrum sp.; rise of Filicales monolete spores

~ - Single pollen grains of Typha latifolia and single spores of fungi HdV-200
Wh-3 Boreal 163-123 and Persicispora; rising curve of Filicales monolete spores

Rising curve of Cyperaceae and decreasing curve of Filicales monolete;
Wk-4 Boreal 123-83 high proportion of HdV-200 and Sordaria; frequent occurrence
of Nymphaea alba

- . o Maximum of Filicales monolete spores; low proportion of Cyperaceae;

Wk-5 Attandic 83-55 rise of Turbellaria curve

in the deepest part of the oxbow lake that was better supplied in
the water (BG1 — Fig. 5). A gradually increase in the occurrence
of species indicated a higher fertility of water and abundance of
nutrients: Alona rectangula, Chydorus sphaericus (Alhonen,
1970) and the species Pleuroxus uncinatus, Pleuroxus trigo-
nellus and Disparalona rostrata (Whiteside, 1970). Remains of
species characterized by high thermal requirements were also
found, e.g. Camptocercus rectirostris, Pleuroxus sp., Grapto-
leberis testudinaria (Poulsen, 1944). Species living in different
environments were noted e.g., associated with bottom sedi-
ments (Alona quadrangularis) and aquatic plants (Acroperus
harpae, Alona affinis, Alonella nana). A high number of individu-
als, which exceeded 4000 individuals/cm® of sediment, was
noted. In the palaesochannel neck, where mud accumulated,
the Cladocera species composition was similar, but poorer with
a much smaller number of individuals, which did not exceed
800 individuals/cm® of sediment. In both boreholes several in-
creases in the number of the remains of species from the

open-water group were identified e.g., Bosmina longirostris,
Ceriodaphnia sp., and Daphnia longispina-group.

Zone |b is developed differently in the two boreholes. A vast
improvement in the conditions for development took place in
the part located closer to the palaeochannel neck (BG-2 — Fig.
6). Greatly increased numbers of species were noted (to 22),
the number of individuals reaching almost 3000 individuals/cm®
of sediment. The main species indicated a higher fertility of the
waters: Pleuroxus trigonellus, Chydorus sphaericus, Alona
rectangula, Bosmina longirostris, Graptoleberis testudinaria,
Disparalona rostrata and mesotrophic status — Alonella exigua
and Alonella trigonellus (Adamska and Mikulski, 1968). There
was a relatively high number of species associated with water
plants: Acroperus harpae, Alonella nana, Alonella excisa
(Flossner, 1964). Certain species were also present that indi-
cated a higher water level: Bosmina longirostris and Cerio-
daphnia sp.
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Table 4

Description of Cladocera assemblage zones (CZBG-1) distinguished in profile BG-1

Depth

Symbol [cm]

Main features of Cladocera spectra

CZBG-1 la

199-137

The best development conditions for the zooplankton. 18 species were identified (Fig. 5). The total number of indi-
viduals of Cladocera recorded is around 4080 specimens in 1 cm” of sediment. In this zone there was the maxi-
mum number of species and individuals. Predominant species: Alona rectangula (max. 33%), Alonella nana
(max. 33%), Chydorus sphaericus (max. 22%), Alona affinis (max. 17%), Acroperus harpae (max. 15%). Species
from different habitat groups occurred. High occurrence of species from the open water zone (max. 13% — all spe-
cies). Highest index of biodiversity (1.0) in the lake (Fig. 5).

CZBG-11b

137-73

Deterioration of living conditions in the lake. Decreasing abundance of specimens (max. 1950 sp./em?® of sedi-
ment) and species (15). Main species are connected with water plants: Alona rectangula (31%), Alona intermedia
(max. 24%), Camptocercus rectirostris (max. 12%) and dominant species Alonella excisa (max. 69%) which is
also tolerant of lower pH. High abundance of one species Pleuroxus uncinatus (max. 38%) connected with sedi-
ment and ubiquitous Chydorus sphaericus (max. 20%). Lack of species from open water zone. Biodiversity index
was high at the beginning of the zone and then dropped to 0.6.

CZBG-1 1l

7341

Scarcity of Cladocera remains in the sediment; only a few Cladocera ephippia were identified.

CZBG-1 1l

Slight improvement of conditions for zooplankton development. Increase in frequency of species to 9 (Fig. 5). In-
crease in occurrence of specimens: >750 individuals of Cladocera in 1 cm” of sediment. Main species are con-
nected with water plants: Alonella excisa (max. 45%), Alona rectangula (18%) Alona intermedia (max. 17%) and
Chydorus sphaericus (52—100% at the end).

Table 5

Description of Cladocera assemblage zones (CZBG-2) distinguished in profile BG-2

Symbol

Depth
[em]

Main features of Cladocera spectra

CZBG-2 la

199-175

In this zone the presence of 13 species of Cladocera was determined (Fig. 621, The total frequency amounted to
525-800 sp./em” of sediment. Species from all habitat groups were found. Chydorus sphaericus predominated,
with max. 52% contribution. There were also numerous specimens of species such as: Pleuroxus uncinatus
(max. 29%6. Acroperus harpae (max. 19%), Alona affinis and Bosmina longirostris (max. 13%). The biodiversity
index was 0.66 at the beginning and increased to 0.99.

CZBG-2 Ib

175-97

The best zone for Cladocera development. 22 species were identified. Total number of individuals of Cladocera in
the sediments was above 2850 sp./cm” of sediment. In this zone there was the maximum number of species and
individuals. Predominant species: ubiquitous Chydorus sphaericus (max. 52%), Pleuroxus uncinatus (max.
29%), Acroperus harpae (max. 19%), Alona affinis (max. 13%) and Bosmina longirostris (max. 13%). The main
species were connected with sediments and associated with macrophytes. Species from the open water zone
were found. The biodiversity index was about 1.0.

CZBG-2 Il

97-49

Significant deterioration of living conditions in the lake. Decreasing abundance of specimens (<250 sp./g of sedi-
ment) and species (3). Predominant Graptoleberis testudinaria (max. 49%) and widely tolerant Chydorus
sphaericus (max. 51%). Lack of Cladocera from the open water zone.

CZBG-2 Il

49-9

Improvement of developrraent conditions. Increase in the frequency of species to 11 and in the occurrence of
specimens: >1600 sp./cm” of sediments (Fig. 6). Predominant species connected with water plants: Alonella
excisa (max. 33%), Alona guttata (33%) Alona affinis (max. 13%), Graptoleberis testudinaria (max. 14%),
Pleuroxus trigonellus (max. 14%) — connected with sediment and Chydorus sphaericus (max. 33%). Lack of
Cladocera from the open water zone.

In the middle part of the lake (BG-1 — Fig. 5) there was
noted a decline in the number of Cladocera remains. Initially,
the number of species was 15, then decreased to 9. Alonella
excisa predominated: a species that dwells on aquatic plants —
reeds and watermilfoil (Myriophyllum) and Pleuroxus trigo-
nellus — living on the bottom, similar to A. excisa, showing a
high tolerance to low pH (Krause-Dellin and Steinberg, 1986).
High occurrences were also noted for two species resistant to
environmental stress associated with a lowering of water level:
Chydorus sphaericus and Alona rectangula. At the end of
Zone la there appeared the species Alona intermedia, contin-
uing its occurrence into Zone |b. There was a lack of species
typical of open water.

Zone Ib of borehole BG-2 is coincident with Zone Ib in the
BG-1 borehole, with a comparable number of species, but a
smaller number of individuals of Cladocera (Figs. 5 and 6). In
both parts of the lake there occurred species associated with

the bottom and with aquatic plants. Species from the open wa-
ter zone are found only in Zone la of borehole BG-1 and in
subzones la and |b of borehole BG-2. In both parts of the lake
there occurred species associated with bottom and aquatic
plants.

Remains of Cladocera probably accumulated in both pro-
files at the same time but in different hydrological situations, af-
fected by the slightly different compositions and numbers of
Cladocera. In both profiles at the end of Zone Ib there was a re-
treat from the lake of almost all species of Cladocera.

Zone |l was associated with a lack of identified Cladocera
remains in borehole BG-1, represented only by a few ephippia,
i.e. the resting eggs of Cladocera. In the BG-2 borehole (Fig. 6)
this zone is characterized by the presence of only one species
(Chydorus sphaericus), of very broad environmental tolerance.
At the beginning of this zone, Alonella excisa occurred in the
lake, dwelling among water plants and also resistant to low pH,
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similarly to Ch. sphaericus (Krause-Dellin and Steinberg,
1986). In the middle part of this zone there appeared Graptole-
beris testudinaria (Rybak and Btedzki, 2010).

Zone |l represents improving conditions of Cladocera de-
velopment, which is reflected in the increasing number of spe-
cies to nine in borehole BG-1 (Fig. 5) and to 10 in borehole
BG-2 (Fig. 6), also associated with an increase in the number of
individuals, up to 750 and 1600 respectively. The predominant
species lived on submerged plants and sediments. The most
frequent were: Ch. sphaericus, Alona excisa, Alona rectangula
and Pleuroxus sp. These species are resistant to low pH, low
water level and may be found in peat bogs and in dystrophic
lakes (Duigan, 1992; Rybak and Btedzki, 2010).

DISCUSSION

RECONSTRUCTION OF OXBOW LAKE DEVELOPMENT
IN THE WKRA RIVER VALLEY NEAR BELAWY GOLUSKIE

River meanders provide evidence of major environmental
dynamics of river valley geosystems. Specific aquatic-mire eco-
systems develop in oxbow lakes after cut-off from the river,
characterized over time by variable intensity of river and
groundwater supply, these being strongly controlled by climatic
conditions. Periodic supply of river water, carrying a variety of
suspended and dissolved substances, plays an important role
in the functioning of these ecosystems, particularly strongly in-
fluencing planktonic organisms and aquatic plant communities.
During their development, oxbow lakes gradually fill with strati-
fied mineral and organic sediments of varied origins and prop-
erties, which constitute a geochemical and palaeogeographical
record of the oxbow lake and its catchment evolution (Pawto-

wski et al., 2015a). However, they have rarely been used for
purposes of palaeoenvironmental reconstructions.

The usefulness of palaeo-oxbow lake sediments for palaeo-
environmental reconstructions suggested by Pawlowski et al.
(2015a) is confirmed by our studies in the valley of the Wkra
River. Based on geochemical, pollen and fossil Cladocera anal-
ysis, supported by radiocarbon dating, we reconstructed the pe-
riod of oxbow lake formation and its cut-off from the river, as well
as the temporal dynamics of ecological conditions in the reser-
voir and its catchment. The main stages of evolution reconstru-
cted are described below.

Younger Dryas (LPAZ-Wk-I; zone Wk-1, 2; geochemical
zone |; Cladocera — beginning of la CZBG-1 and la CZBG-2,
Fig. 7). Steppe vegetation, indicating dry and cold climate con-
ditions, probably predominated in the vicinity of the newly
formed oxbow lake at the close of the Younger Dryas. In the
open forests birch (Betula) and pine (Pinus) predominated,
whereas grasses (Poaceae), sagebrush (Artemisia) and
shrubs, particularly juniper (Juniperus) covered open spaces. In
the deeper zone of the lake (borehole BG-1) detritus gyttja was
accumulating, which contained organic matter and carbonates
that increased with time. Probably during the same period in the
neck of oxbow lake, fine-grained mineral sediments were accu-
mulating, carried in by river waters (Fig. 7). The spatial variabil-
ity in sediment properties indicates varied ecological conditions
in the individual zones of the lake in the initial phase of its devel-
opment, and highlights the importance of spatial studies in
palaeoenvironmental reconstructions. A considerable depth of
the lake is shown by the presence of Cladocera taxa typical of
open waters, such as Bosmina longirostris and Ceriodaphnia
sp. Frequently occurring species of Pediastrum are relatively
abundant in nitrogen-rich sediments, indicating the presence of
a moderately deep, eutrophic water body, which was continu-
ously supplied with biogenic substances from river waters.
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Such conditions favoured the development of Cladocera, which
is supported by the increasing frequency of different ecological
groups of these organisms, especially of species with high
trophic requirements (viz. Alona rectangula, Chydorus sphaeri-
cus, Pleuroxus trigonellus). Species were also observed with
higher thermal requirements — Pleuroxus sp., Graptoleberis
testudinaria, Camptocercus rectirostris, which belong to south
temperate species (Hofmann, 2000; Szeroczynska and
Zawisza, 2007). These species have also been noticed in other
water bodies from the Younger Dryas, including in the palaeo-
-oxbow lakes of Korzen and Kolonia Bechcice and Goscigz
Lake (Szeroczynska and Zawisza, 2007; Pawlowski, 2012).
The presence of thermophilic species ( Typha latifolia) is proba-
bly associated with periodic increases in temperature during the
Younger Dryas, when minimum average July temperatures in-
creased —to 13°C (Ralska-Jasiewiczowa et al., 2004) while the
presence of the hydrophyte Myriophyllum spicatum indicates
that the temperature was above 10°C (Bos et al., 2007).

Preboreal (LPAZ — Wk-II; zone Wk-2, 3; geochemical zone
II; Cladocera — mid part CZGB-1 la, beginning CZGB-2 Ib). A
general tendency to climate warming at the close of the Youn-
ger Dryas and beginning of Holocene times in the area of Cen-
tral Europe, and related decrease of water level in inland reser-
voirs (Magny and Bégeot, 2004; Bos et al., 2007), is supported
by the appearance of Ceratophylium demersum, Nymphaea
alba and Typha latifolia in aquatic and rush plant assemblages.
The relatively intense development of these species suggests
average July temperatures of 13-15°C (Isarin and Bohncke,
1999; Ralska-Jasiewiczowa et al., 2004; Bos et al., 2007),
which is also shown by the presence of thermophilic Cladocera
(Pleuroxus sp., Camptocercus rectirostris). A considerable de-
crease of water level during this period was noticed also by
Karasiewicz et al. (2014) in Retno Lake and Zawiska et al.
(2015) in Lukie Lake. This increase of temperatures resulted in
an increasing frequency of both individuals and species of
Cladocera. Groups of species were represented that are asso-
ciated with aquatic plants and bottom sediments. The highest
frequencies involved also species of higher trophic require-
ments: Alona rectangula, Ch. sphaericus, Pleuroxus trigo-
nellus, and Anabaena predominated within algae. This was
probably the period most favourable for Cladocera develop-
ment in the lake studied. Such a situation was noticed in most of
the lakes investigated in Poland (e.g., Milecka and Szero-
czynska, 2005; Szeroczynska, 2006). In the second half of the
Preboreal period, a lowering of water level took place in the ox-
bow lake, which is reflected in the change of sediment type. Ac-
cumulation of organic-rich reed peat began. At the same time,
the frequency of Cladocera species typical of open waters, in-
cluding Bosmina longirostris and Alona quadrangularis, de-
creased. In the sediments there appeared fungal spores of
Persicispora sp. genus and HdV-200, which may be present in
decaying wood and remains of plants associated with tempo-
rarily drying water bodies (Van Geel et al., 1989; Kuhry, 1997,
Aptroot and Van Geel, 2006). The vertical variability in the
chemistry of the deposits from this period (e.g., increasing con-
tent of nitrogen and phosphorus, decreasing amounts of com-
ponents associated with the mineral phase, increasing values
of TOC:N and TOC:P) suggests a gradual deterioration of
trophic conditions (Fig. 7), which is probably due to the decreas-
ing role of river waters in supplying the lake (reflected also inthe
decreasing trends in K and Al content).

Boreal (LPAZ — Wk-lII; zone Wk-3, 4; geochemical zone
Il; Cladocera — end of la CZBG-1, mid part Ib CZBG-2). An ex-
pansion of hazel (Corylus avellana) at approximately 9899 cal.
BP is observed. This is typical for many areas in Europe, dated

to about 10,500 cal BP, and climate warming is considered as
the major factor determining the expansion of this species
(Finsinger et al., 2006; Giesecke etal., 2011). At the beginning
of the Boreal period, forests were dominated by pine (Pinus),
which gradually displaced birch (Befula). In riparian forests
there appeared elm (Ulmus) and willow (Salix), which occurred
within wetlands. The presence of Filipendula ulmaria suggests
a progressive warming of climate (Aames et al., 2012). Condi-
tions were highly favourable for zooplankton development. In
the oxbow lake studied, we can see the reappearance of spe-
cies typical of open waters, which indicates an increase in wa-
ter level. At the beginning of this period, the high frequency of
species inhabiting the area among aquatic plants Alonella
nana, Acroperus harpae, Alona affinis, and having higher ther-
mal and trophic requirements, persists. The increasing fre-
quency of Cyperaceae pollen, as well as of fungal spores of
Sordaria and HdV-200 in sediments at depths of 95-111 cm,
indicates a drier period. This is also shown by the decrease of
Filicales monolete spore frequency and a considerable de-
crease in Cladocera species diversity, especially in the lack of
species associated with open waters. In parallel, we can see
an increasing frequency of species resistant to low pH (Alo-
nella excisa). In this period, the oxbow lake was completely
cut-off from the river, which is also shown by the large and uni-
form amounts of organic matter in the reed peat, as well as in
the lowest concentrations of Al, K and Mn within the boreholes.
The low contents of these elements suggest a low intensity of
mechanical denudation in the catchment (Borowka, 2007; Fig.
7). The relatively high contents of Ca show the important role
of groundwater in lake supply. The progressive increases in
TOC:N and TOC:P ratios indicate a deterioration of trophic
conditions. The drying of climate from this period is also re-
flected in isotopic data from Charzykowskie Lake (Mirostaw-
-Grabowska and Zawisza, 2014).

Atlantic period (LPAZ — Wk-IV; zone Wk-5; geochemical
zone 4; Cladocera — CZGB-1 — end Ib I, Ill; CZGB-2 — 11, lII).
From the beginning of the Atlantic period, about 8,700 cal. BP,
an expansion of alder (Alnus) is observed within the lake catch-
ment. This process had a synchronous character in the Baltic
Sea region due to favourable habitat conditions within post-
glacial areas (Giesecke et al., 2011). New tree species (Tilia,
Fraxinus, Quercus) appeared, which indicate the improvement
of climatic and edaphic conditions. A radical change in ecologi-
cal conditions of the lake took place in this phase, including a
considerable decline in water level. At the beginning of this pe-
riod, the lake was surrounded by a line of rush vegetation with
Thelypteris palustris. Peat from this period is characterized by
only a slightly lower content of organic matter compared to the
previous one. Increasing contents of nitrogen and phosphorus
and narrowing values of the TOC:N and TOC:P ratios are indi-
ces of growing frophic character of the lake. Groundwater still
played a predominant role in its supply. At the beginning of the
Atlantic period, the reservoir was inhabited by the species of
Cladocera most resistant to environmental stress, including
Chydorus sphaericus, Alonella excisa, Alona rectagula and
Pleuroxus sp. (Duigan, 1992); however, in the next period
(CZBG-1 lll, CZBG-2 Ill), almost every one of these retreated.
This left only the most tolerant species: Chydorus sphaericus.
The presence of ephippia (resting eggs of Cladocera) also sug-
gests the unfavorable environmental conditions (Sarmaja-
-Karjonen, 2003). At the end of the lake development, an in-
crease in Cladocera frequency took place several times, espe-
cially for species with wide environmental tolerance, which
could indicate periodic supply of river water. During this period,
lake waters were eutrophic in their character, which is sup-
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ported by the presence of Turbellaria. The data obtained do not
allow us precisely to delineate the timing of lake disappearance.
It probably took place at the close of the Atlantic period.

Geochemical features of the top of sediments have been
strongly modified by human activity during the last few centu-
ries. Strong decomposition of peat mass as a result of drainage
works and Wkra River channel straightening in the 20th cen-
tury, and elevated concentrations of phosphorus and heavy
metals, are the most perceptible signs of this impact.

CONCLUSIONS

Our study shows the importance of palaeo-oxbow lakes as
archives of river valley environmental evolution. Based on geo-
chemical and palaeogeographical analyses, we have recon-
structed some important aspects of the Late Pleistocene and
Holocene evolution of the Wkra River Valley environment within
the area studied. The results illustrating the spatiotemporal dy-
namics of the aquatic-mire ecosystem provide information to
help reconstruct the period of oxbow lake formation and its
cut-off from the river, hydrological conditions within the catch-
ment, the intensity of mechanical and chemical denudation, as
well as some aspects of the influence of human activity (Fig. 7).
We distinguished dry and wet phases in lake development and
made an attempt to correlate these with other stands from Po-
land, and widely discussed episodes of climatic change. The
most important findings arising from our study are the following:

— Cut-off from the river of the meander took place during
the Younger Dryas. However, the newly formed oxbow
lake was supplied by river water until the beginning of
Boreal times.

— Water level fluctuations in the lake related to general ten-
dencies observed in river valleys on the Polish Plain. Dur-
ing the Younger Dryas and the beginning of Holocene
time, there occurred periods of high water levels, whereas
at the close of Boreal time and the beginning of Atlantic
time, we noticed a decrease in water level. The record of
a dry phase from about 8100 cal BP is very clear.

— The lake in its initial phase of development was supplied
mainly by river water, the importance of which de-

creased over time. From the beginning of Boreal time,
groundwater played the major role in reservoir supply.
This is confirmed both by the vertical variability of geo-
chemical features of the sediments and the subfossil
Cladorera and pollen contained within them.

— The intensity of mechanical denudation in the lake
catchment was in general low, which is supported by the
significant content of organic matter and lack of Al, Kand
Mn in the sediment boreholes.

— The vertically variable contents of TOC, N as well as
TOC:N and TOC:P ratios in the sediment boreholes, re-
flect the temporal variability in the trophic conditions of
the lake, which were strongly affected by the source of
water supply. In the initial phase of development, it was a
eutrophic reservoir supplied by river water rich in
biogenic substances. The increasing role of groundwa-
ter is reflected in decreasing trophic character.

— The disappearance of the lake took place probably at the
close of the Atlantic period; however, we cannot give the
exact date.

— The top layer of sediments constitutes a record of hu-
man activity during the most recent times, especially the
20th century. This is reflected in the strong decomposi-
tion of peat mass due to drainage and river channel
straightening in the 20th century, and in the elevated
concentration of phosphorus and heavy metals.

— The results of our study highlight the importance of spa-
tial analysis in environmental reconstructions based on
sediment borehole. Analysis of boreholes taken from
several points allows us to capture the spatial variability
of the processes and their intensity occurring in palaeo-
lakes. Such an approach is particularly important in stud-
ies of palaeo-oxbow lakes.
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