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Abstract. Environmental development and water level changes in the south-western part of the Curonian
Lagoon are reconstructed based on the results of bottom sediment investigations, including data on lithology,
diatoms, pollen, and radiocarbon dating. Three stages have been identified in the ~ 10000-year history of the
lagoon’s development. The diatoms suggest that in the Early Holocene, the southern part of the Curonian La-
goon was a shallow freshwater basin, mainly fed by run-off from the continent. During the Middle Holocene,
the study area was a marshy coastal zone. Due to a change in hydrological conditions at the beginning of the
Late Holocene, it became an open-water part of the lagoon.
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INTRODUCTION

The south-eastern region of the Baltic Sea has a
dynamic post-glacial formation history, which is re-
flected in its coastal lagoons. Even though the history
of research on the Curonian Lagoon dates back a hun-
dred and fifty years (Schumann 1859; Berendt 1869),
there is still no precise standpoint on the process of
development of the Curonian Lagoon ecosystem dur-
ing the Holocene. The first major research work in
this field was Benrath’s monograph (1934), which at-
tempted to resolve questions of biostratigraphy for the
East Prussian coast based on plant fossils. Since then,
researchers have amassed a vast database of geologi-
cal, geographical and ecological records. The most
detailed concept of the coastal area and lagoon forma-
tion was first described by Gudelis (1959). Based on
geological data, he concluded that there were differ-
ences in the development of the northern and southern
parts of the present lagoon. Specifically, a freshwater

coastal lake existed in the southern part and a lagoon
of the Littorina Sea existed in the northern part during
the Holocene. Later, because of tectonic fluctuations,
the Nemunas estuary shifted, which led to the erosion
of the barrier between the lake and the bay to form a
single water reservoir.

Kabailiené (1967), based on palynological and
diatom studies, suggested that at the beginning of the
Ancylus Lake stage of the development of the Baltic
Sea, there was a single bay that included the north-
ern and central parts of the present lagoon, while the
southern part was at a higher level. After the first Lit-
torina Sea transgression (L1), active peat formation
began in the coastal area of the bay. During the maxi-
mum transgression (L2), the entire bay area, including
the coast, was flooded. After regression, the Curonian
Spit was formed on a moraine ridge of low hills.

From another point of view, Blazhchishin (1998)
formulated the concept of two semi-enclosed lagoons
in the modern sea area near the Curonian Spit. He
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considered the south-western part of the modern la-
goon to be an estuary of the Deyma River after the
second Littorina Sea transgression.

Contemporary research, due to the transboundary
nature of the area, has focused on various parts of the
south-eastern coastal aquatorium. Damusyté (2011)
described in detail the development of the northern
and central parts of the basin, making a thesis that the
presumed onset of the Curonian Spit started before the
first Littorina Sea transgression (L1, 8300-8000 cal
yr BP, after Damusyté 2011). From the mollusc fauna
data, she concluded that the water in the northern and
central parts of the palacobasin was fresh during the
mid-Holocene (8200-5000 cal yr BP, after Damusyté
2011).

Palaeographic studies of the southern part of the
lagoon have been carried out by several research
groups that reached similar conclusions on several is-
sues. In the Early Holocene (11700-9000 cal yr BP,
after Sergeev 2015), the southern part of the Curonian
Lagoon was above the water level of the Baltic Sea
(Yoldia Sea — Ancylus Lake stages) and developed in
subaerial conditions (Sergeev 2015; Badyukova et al.
2007). Afterwards, a vast bay was formed between
the indigenous coast of the Sambia Peninsula and the
coastal escarpment within the Rybachy Plateau. At
about 8000 cal yr BP, the Littorina Sea waters were
ingested into the northern part of the Nemunas River
palaeoestuary (Sergeev 2015). In addition, ongoing
transgression led to the accumulation of lagoon sedi-
ments in the southern and eastern parts of the coast-
al basin and the filling of the basin depression with
the Littorina Sea deposits. The following regression
(7500 cal yr BP, after Sergeev 2015) stimulated the
formation of a palacospit stretching from the Sambia
Peninsula to the Rybachy Plateau and separating the
basin from the sea. Data shows that the mire formation
process in the southern part of the lagoon started after
7500 cal yr BP (Napreenko et al. 2019). The next Lit-
torina Sea transgression (about 4500 cal yr BP, after
Sergeev 2015) intensified peat-forming processes in
the highland parts of the basin. In the Late Holocene,
a single sand spit was completely formed.

All these concepts share an important conclusion
that the area underwent significant changes at the turn
of the 7500 cal yr BP and between 45004200 cal yr
BP. Moreover, the development of the northern and
southern parts of the present-day lagoon was hetero-
geneous. However, the present data do not give any
idea of the hydrological regime of the palaeobasin
that existed in the southern part of the palaco-water
body. The role of the second Littorina Sea transgres-
sion in the formation of the coastal lagoon is still un-
clear. The timing of the final formation of the integral
Curonian Spit along the southern coast of the Baltic
Sea has not been determined either.
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Within the framework of the presented study, an
attempt was made to trace the development of the
coastal zone in the root part of the Curonian Spit
based on new palacobotanical data. It is hoped that it
will supplement our knowledge of the development
of the Curonian Spit and reveal the peculiarities of
the formation of the coastal zone of the Curonian La-
goon.

STUDY SITE

The Curonian Lagoon is a transboundary coastal
water body connected to the south-eastern part of the
Baltic Sea by the Klaipeda Strait. The lagoon area
covers 1584 km?, and the length of the coastal line is
611.82 km. The mean depth of the lagoon is 3.8 m, and
the deepest part of the lagoon, which reaches 5.8 m,
is the western part along the Curonian Spit. The pH
of the water is alkaline, with an average value of 8.3.
In the northern part of the lagoon, there are sporadic
inflows of brackish water, which cause irregular fluc-
tuations in salinity in the range of 0—7 psu (Gasitinaité
et al. 2008). In the latter half of the 20th century, agri-
culture and urban activities became the major sources
of P and N, contributing significantly to the current
eutrophication processes of the northern and central
ern part of the lagoon is characterised by the accumu-
lation of material from the Deyma and Matrosovka
River delta and a relatively closed water circulation
with lower current velocities, with the wind being the
main driver of water mixing. The southern, Russian,
part of the lagoon is nearly completely fresh due to
discharge from the rivers (Chubarenko et al. 2017).
The geological structure, poor water exchange, and
seasonal salinity fluctuations allow the Curonian La-
goon to be classified as a naturally closed highly eu-
trophic freshwater basin.

MATERIALS AND METHODS
Coring and sampling

The cores were collected from the southern part
of the Curonian Lagoon (N 54°57'55.6", E 20°32'50")
and the northern part of the Svinoye raised bog
(N 54°58'02", E 20°30'53"), at the southernmost part
of the Curonian Spit (Fig. 1). The 3P core, 414 cm
long, was taken through the ice with a Russian peat
corer in the winter of 2021. It was drilled to a depth
of 654 cm from the surface of the lagoon bottom
(-240 cm). The 820 cm long SP core was taken with
a Russian peat corer in the summer of 2008. The ex-
tracted sections were sub-sampled at 1 cm intervals
for further analysis in the Laboratory of Quaternary
Research at the Nature Research Centre.
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Table 1 Radiocarbon dating results of the studied sediment sections

Ne Lab. no. Depth, cm | Dated material | Radiocarbon age (**C) | Calibrated age interval for 2 o, yr BP
SP1 VS-1757 40-50 peat 810 +40 782-672

3p2 FTMC-EH59-3 408-409 peat 5927 +31 6799-6667

3P3 FTMC-EH59-4 567-568 peat 7945 + 34 8985-8642

Radiocarbon dating and age-depth model

Two samples of the 3P core were dated by the “C
radiocarbon method using accelerated mass spec-
trometry (AMS) at the Vilnius Radiocarbon Labora-
tory of the Centre for Physical Sciences and Tech-
nology. One sample from the SP core was dated by
the '*C radiocarbon method at the Laboratory of Nu-
clear Geophysics and Radioecology of the Nature Re-
search Centre (Table 1). The radiocarbon dates were
calibrated and the age-depth model for the 3P core
was plotted using OxCal software, version 4.4 with
the calibration curve IntCal20 (Bronk Ramsey 2008;
Bronk Ramsey, Lee 2013; Reimer et al. 2020). To
construct the age-depth model, two AMS data and
one value equal to the core surface age (2021 AD)
were applied.

Diatom analysis

Diatom analysis was carried out from 240 cm to
654 cm for each 10 cm interval of the 3P section ac-
cording to standard procedure (Battarbee 1986). One
or two drops of the resulting clean suspension were
mounted on glass slides, air-dried for a couple of
hours, and fixed with Naphrax. A minimum of 500
valves were counted per sample under the Nikon
Eclipse Ci light microscope at 1000 magnification.
In some samples, due to the lack of diatom shells,
100 valves were considered sufficient. Diatoms
were identified following monographs by Kram-
mer, Lange-Bertalot (1988, 1991a, b, 1997), Snoejis
(1993), Snoeijs, Vilbaste (1994), Snoeijs, Potapova
(1995), Snoeijs, Kasperovic¢iené (1996), Snoeijs,
Balashova (1998), and Witkowski et al. (2000). The
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palacoecological interpretation was based on diatom
species with relative abundances > 1%, ecological
preferences (fresh, fresh-brackish, brackish-fresh or
brackish waters), and life forms grouped into benthic
and planktonic. This information was obtained from
Barinova et al. (2006) and Van Dam et al. (1994).
The diagram was constructed with Tilia-graph soft-
ware, version 2.6.1. The zonation of the diatom
stratigraphy was based on a visual inspection and a
cluster analysis (incremental sum of squares) using
CONISS (Grimm 1987).

Pollen analysis

The pollen analysis was performed for the 47 sam-
ples from 0 ¢cm to 820 cm for the SP core. Chemi-
cal preparation for pollen analyses followed the pro-
cedure described by Grichuk (1940) and Erdtman
(1936), which includes the treatment of the sediment
with a heavy liquid (CdJ 2 + KJ). More than 500 ter-
restrial pollen grains were counted in each sample.
The analysis was performed with a NICON micro-
scope using image expansion 400x. Faegri et al.
(1989) and Moore et al. (1991) pollen atlases were
used for the identification of pollen. The percentage
calculation of identified taxa is based on the sum of
arboreal (AP) plus non-arboreal (NAP) taxa. The dia-
gram was constructed with Tilia-graph software, ver-
sion 2.6.1. (Grimm 1987).

RESULTS

Lithology. The difference in lithology between the
cores is evidence of local variations in the sedimenta-
tion process (Fig. 2). However, some generalisations
can be made.

According to the lithological description, the SP
core material in the basal part is homogeneous sandy
clay overlain by organic material. The organic layer
consists of peat-sapropel followed by peat. In the up-
per part of the section, there is a micro-interval of
sand (10 cm) preceded by a 14 cm layer of peat with
occasional sand inclusions.

The 3P core, like the SP core, is composed of
sandy clay at the bottom and an organic layer above,
represented by alternating peat and peat-sapropel lay-
ers. The wood was found at a depth of 420—415 cm.
The core was probably drilled through the tree trunk.
At the top of the core, the organic layer is covered by
silt material.

Chronology and sedimentation rates. The age-
depth model of 3P core section (Fig. 3a) shows that
the formation of study deposits began in the Early
Holocene (about 10000 cal yr BP) and continued in
the Middle Holocene (8800—5000 cal yr BP) with
the organic material accumulation rate of about
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0.076 cm/year (Fig. 3b). From the 5000 cal yr BP to
the modern time, less organic and weakly compacted
silty sediments accumulated.

Pollen analysis was performed on the SP core
sediment samples from the 0-820 cm depth. Tree
pollen dominates the spectra reaching up to 70-80%,
and Pinus, Alnus and Betula prevail among them.
Broad-leaved trees are not numerous. Dwarf shrub
pollen makes up a significant proportion (up to 10%).
Herbaceous plants have a high diversity, although
the amount of pollen (up to 20%) is not high. Sin-
gle pollen of aquatic plants is present. According to
pollen composition changes, four local pollen assem-
blage zones (I Sv — IV Sv LPAZ) were singled out
(Fig. 4):

I Sv LPAZ (820-800 cm depth) — Pinus pollen
prevailed (up to 35%), and the pollen curves of Bet-
ula and Alnus increased up to 20%. The herbaceous
plants are dominated by Artemisia and Cyperaceae.
Some pre-Quaternary spores have been found in the
sediments of this zone.

IT Sv LPAZ (800-270 cm depth) — a share of A4/-
nus pollen raised to 40%. Carpinus and Quercus pol-
len account for 5% each. Corylus pollen varies from 5
to 15%. Poaceae pollen predominates among the her-
baceous plants. The lower part of this zone contains
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] [ tree trunk
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Fig. 2 Lithological structure of the studied sediment sec-
tions
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up to 25% of Polypodiaceae spores, whereas in the
upper part, there is an increasing number of Sphag-
num spores.

III Sv LPAZ (270-50 cm depth) — increase in Pi-
cea pollen (up to 5%). The pollen curves of Pinus
and Carpinus increase slightly, while the pollen curve
of Corylus decreases. Among the herbaceous plants,
Cyperaceae and Poaceae remain dominant. As in the
previous zone, the pollen of cereals (Cereale) was
found.

IV Sv LPAZ (50-0 cm depth) — a decrease in
Picea pollen, and an increase in Pinus (up to 45%).
An increase in grass pollen is also observed (up to
20%). More Cereale pollen is found. Some decrease
in Sphagnum and an increase in Polypodiaceae spores
is observed.

The diatom assemblage compositional changes
and stratigraphically constrained cluster analysis
were applied for the subdivision of the 3P section to
local diatom assemblage zones (LDAZ). In the sedi-
ment interval of 240—660 cm, a total of 165 taxa rep-
resenting 58 genera were identified. Throughout the
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core, the most abundant taxa were benthic alkaliphil-
ous diatoms of Pseudostaurosira brevistriata species
(Fig. 5). Most of the species are fresh-brackish, which
indicates the low salinity of the water (Fig. 6).

The LDAZ-1 (660-565 cm) is characterised by
the mass diversity and development of benthic fresh-
brackish diatoms. The most abundant are Pseudos-
taurosira brevistriata with a maximum number of
about 30% of the total sum (580 cm depth), Stauro-
sira venter (26.3%) and Staurosirella pinnata (27%).
The species mentioned are eurytopic taxa occuring
in both littoral and pelagic biotopes. They are often
found in alkaline, slightly brackish water rich in dis-
solved mineral salts. Small Staurosira spp. reach an
optimum in oxygen-rich waters, especially Stauro-
sirella pinnata (Cholnoky-Pfannkuche 1968), which
also is a calciphilous species, indicating a high con-
tent of calcium (Hustedt 1937, 1939).

The benthic taxa of genera Epithemia and Ulnaria
are also characteristic of this zone. Fresh-brackish
Epithemia spp. are often found in shallow water en-
vironments with pH values above 7 and a relatively
high oxygen level (around 75% saturation). The stud-
ied site at this stage is characterised by a predomi-
nantly fresh-brackish and freshwater diatoms com-
plex, with a salinity of less than 1%o (Van Dam et al.
1994). According to pH state, dominant are the alka-
liphilous forms which reach the relative abundance of
up to 95 %.
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In the LDAZ-2 (565270 cm), the content of the
dominant species Pseudostaurosira brevistriata almost
doubles (~ 60 %). Pseudostaurosira brevistriata is a cos-
mopolitan species which prefers environments with high
silica concentrations and pH levels around 7 (Schmidt
et al. 2004; Milan et al. 2015). Meanwhile, the number



of species Staurosira venter, Staurosirella pinnata and
Staurosirella martyi considerably decreased. The vari-
ety of planktonic taxa (Actinocyclus normanii, Aulaco-
seira spp.) increased and reached the maximum (up to
40%) in the middle part of the core (400 cm) mostly be-
cause of tychoplanktonic Staurosira inflata. This zone
also contained several intervals (320 cm, 340-350 cm,
370-380 cm, 485-501 cm, 530-540 cm, 590 cm) where
the diatom community was very low or absent.

In the LDAZ-3 (270-240 cm), the highest content
of brackish diatoms (up to 20%), mainly Actinocyclus
normanii, was detected. A. normanii is a warm sten-
othermic species and could be an indicator of an in-
creased eutrophication process (Kiss et al. 2012). At
the same time, the number of the centric planktonic di-
atoms, such as Stephanodiscuss minutulus and Thalas-
siosira lacustris, increases in the samples. S. minutulus
is common in meso- to eutrophic lakes. It reaches its
greatest abundance in productive nearshore regions, the
mouths of large rivers and coastal embayments (Stoer-
mer, Yang 1969). An increased abundance of S. minu-
tulus in paleolimnological records is a strong indicator
of cultural eutrophication (Reavie et al. 2000). Thalas-
siosira lacustris species can live in fresh to moderately
high conductive waters but may be capable of domi-
nating only when moderately brackish conditions exist
(Hasle, Lange 1989; Smucker ef al. 2008).

DISCUSSION

The analysed material allows dividing three stages
in the development of the palaeobasin:

The isolated freshwater palaeobasin stage,
10000-8800 cal yr BP (660—565 cm). Sedimentation
of sandy clay took place on the vast territory includ-
ing modern Svinoye raised bog and the southern part
of the Curonian Lagoon near Curonian Spit during
the Early Holocene proven with the lithology of the
lowermost part of the studied cores and published data
(Badyukova et al. 2007; Sergeev 2015; Napreenko et
al. 2019). Presumably, the same limnoglacial depos-
its began to accumulate in the pre-Holocene; however,
the sandy clay from the SP core lay down higher than
the same sediments from the 3P core and were depos-
ited in a stable terrestrial environment. Meanwhile,
sediments from the 3P core may have accumulated in
the estuarine zone of the river or several streams (Ser-
geev 2015). With pollen data, we can suggest that pine
trees were a significant component of the vegetation
woodland environment. Increases in the abundance
of Betula and Alnus could indicate changes in the lo-
cal environment, such as shifts in moisture levels that
agree with a small peak of Cyperaceae, commonly
found in wetter habitats, such as marshes. At this stage
of development, vegetation is suggested to be a mix of
coniferous and deciduous trees and diverse herbaceous

plants indicative of varied ecological conditions. Some
Pediastrum may be an allochthonous component sig-
nalling a nearby freshwater body. The presence of pre-
Quaternary spores emphasises the distinction with the
overlying Holocene sediments.

Core 3P deposits, on the other hand, could cover
the bottom of a body of water due to the constant
amount of well-preserved diatom valves. The palaeo-
basin was freshwater with a salinity of less than 1%
(Fig. 5), as indicated by the diatom complex with the
mass occurrence of small fragilarioid species such as
Staurosirella pinnata and Staurosirella martyi, which
are an important component of of the fresh- and
slightly brackish-water water flora (Witkowski et al.
1996, 2000). The presence of benthic species of the
genera Amphora, Cocconeis and Epithemia, which
are common to shallow alkaline lakes with pH > 7,
suggests that the alkaline shallow water conditions
were favourable for diatom development. The low
water level is also evidenced by the trivial presence of
plankton species. The presence of a diatom complex
with a consistent number of well-preserved valves in
the lowest part of core 3P may indicate limnologi-
cal as well as fluvial water conditions. Some sporadic
Gomphonella olivacea that are common in streams
and rivers and Gomphonema angustatum could sup-
port that this region in the Early Holocene was one of
the supply areas of the fluvial palaco-network, which
filled the low relief part of the Curonian Lagoon (Ser-
geev 2015).

The coastal wetland stage, 8800—5000 cal yr BP
(565-275 c¢m). Further rapid sedimentation of the or-
ganic material in the palaecobasin seems to have taken
place under changing environmental conditions, as
evidenced by the highly variable lithological com-
position of the sediments. The varying numbers of
diatom frustules including intervals where they are
absent also indicate this. More stable environmental
conditions are observed during the 8800—8200 cal yr
BP. According to diatom analysis data, Pseudostau-
rosira brevistriata and Staurosira spp. continued to
dominate indicating that water was still alkaline and
Si-enriched. The increased diversity and abundance
of planktonic species of Aulacoseira and Stephano-
discus genus is a possible indication of rising wa-
ter level. There was an increase in the richness of
Staurosira inflata, a taxon classified by Vos and de
Wolf (1993) as a brackish/freshwater tychoplankton
species, which is also found in mesotrophic and eu-
trophic conditions with a high total phosphorus con-
centration and neutral pH of 6.7 to 7.3 (Rusanov ef al.
2018). This suggests a varying environment of the
littoral zone, influenced by the low brackish water of
the Littorina Sea and continental inflows. A relatively
low abundance of Actinocyclus normanii, a freshwa-
ter species with a brackish affinity, may also indicate
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Littorina Sea intrusions during this period. Mean-
while, the diatom species composition remained al-
most unchanged during the period (8200-5000 cal yr
BP), but in some intervals, only single frustules or no
frustules were found. This may be due to water level
fluctuations caused by sea level rise.

The increase in A/nus pollen to 40% indicates a
significant expansion of black alder forests in the
coastal upland region, suggesting that wet conditions
prevail. At the beginning of this stage swamps prob-
ably formed. This is also indicated by 25% of Poly-
podiaceae spores. Based on the homogeneity of the
material and similar sedimentation rates in both cores
studied, it would be possible to assume the existence
of a similar primary succession, which was formed
on limno-glacial sediments and extended from the
southern depression of the Curonian Lagoon to the al-
most coastal margin of the sea (Svinoye raised bog).
However, this small area has some local ecosystems
whose development followed slightly different sce-
narios. Our data suggest that in this period the site
was a coastal area of forested marshland, confirmed
by deposits of lowland peat with woody remains and
mostly benthic diatom complex. Meanwhile, data
from the bog central part point to the existence of a
shallow water body with gyttja accumulation between
7500-7000 cal yr BP (Napreenko et al. 2019).

It is not possible to conclude unequivocally that
the water level in this area has risen but given the in-
tervals of sporadic diatom abundance and some taxa
with brackish affinity, it can be assumed that fluctua-
tions occurred during this period, causing changes
in the species composition of the diatom community
and the surrounding vegetation.

The stage of the lagoon littoral zone, 5000 cal
yr BP — 2021 AD (275 cm — 240 cm). At this phase
of the palacobasin’s development, the sedimentation
regime underwent a further change, as the nature of
sediments changed — silt with shell material began
to be deposited. Some increase in the salinity of the
water is observed as indicated by an increase in the
number of brackish diatom species. Changing diatom
assemblages may also indicate increased eutrophica-
tion in the palaeobasin.

While the presence of Actinocyclus normanii is
observed in samples across the entire 3P section, in
the upper part of the column its amount reaches 17%
(256 cm), possibly the taxon subsequently spread
southwards and, as conditions were favourable
enough, actively increased its biomass.

CONCLUSIONS
The new data presented above suggest that the

south-western part of the lagoon was isolated from
the Baltic Sea during the Early Holocene, up to
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8800 cal yr BP. After 8800 cal yr BP, Middle and
Late Holocene, the presence of brackish diatoms
with breaks in diatom stratigraphy of the sediment
core possibly indicates some Littorina Sea intrusions.
This is partly consistent with the concept of Gudelis
(1959) and Blazhchishin (1998) on the development
of the Curonian Lagoon. Gudelis (1959) assumed that
the lake existed in the southern part of the modern
lagoon during the Littorina Sea stage (at about 7000—
6500 cal yr BP), which is supported by the diatoms,
but not by the dating results. In the first stage of its
development, the palaeobasin could be a coastal lake
that later transformed into a littoral zone of the form-
ing lagoon. In this case, the homogeneity of the dia-
tom complex of this zone with the preservation of the
dominant species and, at the same time, a notable de-
cline in the diatom population across several horizons
can be attributed to fluctuations in the water level. As
the content of diatoms with brackish affinity was low,
it can be assumed that brackish water inflows were
more significant in the northern part of the paleoba-
sin and these taxa migrated. However, our data on
changes in the sedimentation and water level rise did
not correlate well with the dates of the Littorina Sea
transgressions (8300-8000 (L1), 7500-7000 (L2) and
4700-4100 (L3) cal yr BP, according to Damusyté
(2011)), making us think that sea level rise did not
radically affect the diatom complex of the southern
part of the Curonian Lagoon.
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