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Abstract Eutrophication is manifested by increased primary production leading to oxygen depletion in
near-bottom water and toxic cyanobacteria blooms. This is an important contemporary problem of the
Baltic Sea and many other coastal waters. The present eutrophication is mainly ascribed to anthropogenic
activity. To compare the present trophic state with that during past millennia, two sediment cores (50 cm
long and ~400 cm long covering ca. 5,500 years) were taken from the Gulf of Gdansk (southern Baltic Sea).
The core subsamples were analyzed for phytoplankton pigments (chlorophylls and their derivatives, and
carotenoids). In addition, carbon (Cyq;, Corg, and s130), c dating, grain size, diatoms, and selected metals in
the cores were analyzed to determine conditions in the depositional environment. The results indicated
that there were high primary production periods in the past, during the Littorina Sea and the Roman
Climatic Optimum, accompanied by oxygen deficiency in the near-bottom water, most probably caused by
climate warming. The ratio of 13%17°-cyclopheophorbide-a enol, a labile degradation product of
chlorophyll-a, to the sum of other chloropigments-a (CPPB-aE/ZChlns-a) is proposed as a new paleoredox
proxy. Heterocystous cyanobacteria blooms of an intensity similar to or even greater than at present also
occurred in past millennia and were connected with climate warming. Hence, eutrophication must have
occurred in the past, which means that natural factors have a substantial influence on it.

1. Introduction

In the last century eutrophication has become a worldwide problem in enclosed aquatic basins, semi-
enclosed seas, and coastal zones (Conley et al., 2011; EC, 2000, 2008; Orive et al., 2002; Xue et al., 2007).
There are different definitions of the term eutrophication. Some explain it as a process, some as a state of
the environment, and others describe it as the input of nutrients into the environment. According to
Helsinki Commission (HELCOM, 2009) eutrophication means “well nourishing” (in fact “overnourishing”)
and its adverse consequences for the environment. The most frequently mentioned causes of present eutro-
phication are excess nutrient input and the change of the limiting nutrient, both mainly anthropogenic.
However, natural input of organic matter and hydrometeorological conditions may also be important
(Ambio, 1990). “Overnourishing” results in greatly increased primary production, and this may also lead
to toxic cyanobacteria blooms. Additionally, when there is no water mixing, turbidity increases as a result
of phytoplankton and macrophyte senescence and death with the subsequent settlement of decay products
on the seabed, where they undergo diagenesis. A high sedimentation rate, together with a lack of wave
action and water currents, leads to oxygen deficiency in the near-bottom water (Conley et al., 2009).

In the Baltic Sea tides are negligible and water exchange with the North Sea is restricted. Moreover, the
Baltic receives freshwater from a catchment area inhabited by approximately 80 million people.
Therefore, this water body is sensitive to anthropogenic nutrient pollution (Conley et al., 2009; HELCOM,
2007, 2014). The Gulf of Gdarnsk (southern Baltic, Poland) is especially affected by eutrophication as a result
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of its topography and location (HELCOM, 2013) and large water inflow from the Vistula River (Wista). The
Vistula River is the second largest river draining into the Baltic and discharges water from nearly half of
Poland (Majewski, 1990). This primarily influences the salinity and causes the deeper waters of the Gulf
of Gdansk to stratify because of the difference in density between the Vistula freshwater and Baltic seawater.
A halocline prevents the vertical mixing of the water masses, leading to oxygen deficiency in the near-bottom
water. This near-bottom water is exchanged only after strong inflows of saline, oxygenated water from the
North Sea through the Danish Straits, usually during winter storms occurring once every 5 to 10 years
(Matthius et al., 2008). In addition, over the last millennium, the Gulf of Gdarisk has been subject to anthro-
pogenic impacts resulting from urbanization, industrialization, and port and shipyard activities, all of which
have intensified during the last 100 years. This has exacerbated the eutrophication of the Gulf, adding to the
impact of the nutrient load transported there by the Vistula from Poland.

Determination of the phytoplankton pigment concentrations, that is, chloropigments and carotenoids, in
recent sediments is a good method of tracking trends in eutrophication (Krajewska et al., 2019; Szymczak-
Zyta et al., 2017). The pigment concentration in sediments depends on a number of factors associated with
primary production, sedimentation/accumulation, and postdepositional conditions in sediments, and also
on pigment stability. The recent eutrophication of the Gulf of Gdansk is reflected in the high
chloropigment-a content in surface Gdansk Deep sediments, especially where laminated sediments have
been deposited (Szymczak-Zyta et al., 2017). Further, a study on sediments from the Gulf of Gdansk depos-
ited during recent millennia (Szymczak-Zyta & Kowalewska, 2009) revealed that chloropigments-a were
present along the entire core length in fluctuating concentrations. In that study, the chloropigment-a profile
suggested that primary production may have been even greater ca. 2,000 years ago than in present-day con-
ditions. That work corroborated previous studies on chloropigments in old (up to 8,000 years) sediments
from the eastern Gotland Basin and other deep basins in the Baltic (Kowalewska, 2001; Kowalewska
et al., 1998, 1999). In addition, the evidence of past cyanobacteria blooms has been suggested by Bianchi
et al. (2000), who found considerable amounts of the carotenoid zeaxanthin present in deep sediments from
the north western Baltic formed 7,500 years BP. Pountanen and Nikkild (2001), who studied cyanobacteria
carotenoids in sediment cores from the Gotland Basin, the open northern Baltic Proper, and the eastern Gulf
of Finland, came to the same conclusions. These and other reports of present-day blooms of diazotrophic
cyanobacteria elsewhere in the world (Carpenter et al., 1993; Cook et al., 2016; Paerl, 1988) suggest that
eutrophication caused by natural factors can be considerable.

The aim of this work was to address the importance of natural factors in the occurrence of eutrophication.
Thus, we investigated temporal variations in levels of primary production, oxygen conditions, and toxic cya-
nobacteria abundance during the last millennia in the Gulf of Gdansk. This objective was achieved by a mul-
tiproxy analysis of core sediments and statistical investigation of the analytical results. The sediment samples
were analyzed for phytoplankton pigments (chlorophylls and their derivatives, including 13%,17°-cyclopheo-
phorbide-a enol [CPPB-aE], and carotenoids), diatoms, selected metals, carbon (Cyoy, Corg, st30), ¥c dating,
and grain size, and next various proxies were used for reconstruction of changes in primary production level,
oxygen conditions, and phytoplankton composition in the Gulf of Gdansk during the past millennia.

2. Materials and Methods
2.1. Sediment Sampling

A long sediment core (384 cm) was collected using a vibrocorer (VKG-6/3) during the research cruise of R/V
IMOR (Maritime Institute in Gdansk, Poland) in April 2015 at station P116 in the Gdansk Deep (54°39.040’
N, 19°17.240’E; water depth: 89 m; Figure S1 in the supporting information). Before the sediment core was
taken, the seabed was scanned (200 X 200 m) with a multibeam echosounder in order to locate potentially
undisturbed sampling sites. After collection, the core was cut into 100-cm-long sections and transported to
the laboratory where the sections were subdivided into 2-cm-thick layers. These subsamples were trans-
ferred to polyethylene bags/containers and stored in a deep freeze (—20 °C) until analysis. Sediment hand-
ling was performed under nitrogen-protective atmosphere. To estimate the length of the topmost section of
the long core, which was lost during vibrocorer collection, an additional short core (50 cm) was taken with a
GEMAX core sampler, at the same location. This latter core was also divided into 2-cm-thick layers.
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2.2. 'C Dating

Eleven selected sediment samples (bulk organic matter) from the long core layers and one shell were radio-
carbon dated at the Poznan Radiocarbon Laboratory using accelerator mass spectrometry (Goslar et al.,
2004). As in a previous extensive study of the whole Baltic (Kabel et al., 2012), *C analysis of sediment sam-
ples was performed on the NaOH soluble (humic acids [HA]) and the base residue (humins [RES]) fractions
(Brock et al., 2010; Kigoshi et al., 1980). The results were calibrated using Marinel3 curve (Reimer et al.,
2013). The local correction for the reservoir age Delta-R = —50 + 100 years was calculated on the basis of
the 14CHRONO Marine Reservoir Database.

2.3. Grain-Size Analysis

Sediment samples were analyzed by laser diffraction (Fritsch Laser Particle Sizer Analysette-22; Kramarska
et al., 1996) and recorded with a resolution of 1¢. Sodium pyrophosphate was used to prevent aggregates
forming during measurement. To remove organic matter, all sediment samples were treated with 30%
H,O0, prior to analysis.

2.4. Diatom Analysis

Samples for qualitative diatom analysis were prepared following the standard method described by
Battarbee (1986). For quantitative analyses, a random settling technique was used (Bodén, 1991) and the
concentration of diatoms per unit weight of dry sediment was estimated. Permanent diatom preparations
were mounted in Naphrax® (refractive index np = 1.73). The analysis was performed with a Nikon micro-
scope under a 100X oil immersion objective. From 500 to 800 valves were counted in each sample to estimate
the percentage abundance of the various taxa (Schrader & Gersonde, 1978). Raw counts were converted into
relative abundance of the total frustules counted. The taxonomy was based primarily on Krammer and
Lange-Bertalot (1986, 1988, 1991a, 1991b), Hasle and Syvertsen (1996), and Hakansson (2002). The diatoms
were divided into groups according to their biotope, salinity, and temperature requirements using
OMNIDIA 5.3 software (database 2012). Based on species composition and the relative frequency of planktic
taxa, diatom assemblage zones were distinguished using cluster analysis in TILIA 2.0.37.

2.5. Carbon Analysis

Total (Cyo) and organic (C,,g) carbon as well as the stable carbon (O] isotope were analyzed in a Flash EA
1112 Series Elemental Analyzer combined with a Delta V Advantage Isotopic Ratio Mass Spectrometer
(Thermo Electron Corp., Germany). For C,,, analyses, dry, homogeneous samples of the sediments were
weighed into silver vials and acidified with 2-M HCI (Chang et al., 1991; Hedges & Stern, 1984). The C,,, con-
centration was expressed as the percentage of the bulk of the dry sample after removal of carbonates. Quality
control of the organic carbon measurements was carried out with standards (Thermo Electron Corp.). The
accuracy and precision (average recovery 99.1% + 2.0%) of the methodology were deemed to be satisfactory.
Inorganic carbon (Cj,org) Was determined as the difference between total and organic carbon. Isotopic ratios
8'3C were calculated using the laboratory working pure reference gas CO, calibrated against International
Atomic Energy Agency standards: CO-8 and USGS40. The 8'3C results are given in the conventional delta
notation, that is, versus Pee Dee belemnite.

2.6. Pigment Analysis

The pigment extraction, analysis, and quantification were carried out using the procedures described in
detail elsewhere (Krajewska et al., 2017; Szymczak-Zyta, 2018; Szymczak-Zyta et al., 2008, 2017). In brief,
ultrasound-assisted extraction of wet sediment samples with acetone was applied. Next, liquid-liquid extrac-
tion was performed in the acetone extract:benzene:water system. The benzene layer was evaporated to dry-
ness in a stream of argon and stored frozen (—20 °C) until high-performance liquid chromatography (HPLC)
analysis. Pigments were separated using an HPLC system (HPLC set; Knauer, Germany) equipped with two
detectors: diode array (DAD 2800 Knauer) and fluorescence detector (RF-20Axs, Shimadzu, Japan). The pig-
ments were separated on a Lichrospher 100RP-18e column (250 X 4 mm, 5 um; Merck, Germany). Pigments
were identified on the basis of retention time and absorbance spectra compared with pigment standards
(DHI Lab Products, Denmark).
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2.7. Metal Analysis

The total concentrations of each of the metals in the sediment samples were calculated as the sum of their
respective concentrations in four fractions. The metals were extracted using a modified European
Community Bureau of Reference (BCR) three-step sequential procedure (Ardelan et al., 2009; Usero et al.,
1998) followed by digestion with nitric acid in a high-pressure microwave system (Milestone UltraClave,
EMLS, Leutkirch, Germany; sequential extraction was applied because of the requirements of another,
related study on the same sediment cores). Final concentrations of the metals in the extracts were deter-
mined by inductively coupled plasma high-resolution mass spectrometry using a Thermo Finnigan model
Element 2 instrument (Bremen, Germany) with an SC-FAST flow injection analysis system (Elemental
Scientific, Inc., Omaha, USA). Analysis of sediment lake certified reference materials BCR-701 showed good
agreement between the results and the certified values.

2.8. Statistical Analysis

The results were statistically processed using STATISTICA 9.0 and EViews 9.0 software. Initially, the time
properties of the long core data series were tested. The augmented Dickey-Fuller test was used to identify
the integration order of the series. Thereafter, the autocorrelation function and the partial autocorrelation
function were applied to quantify how a variable series was correlated with itself at different lags (Dickey
& Fuller, 1979; Fuller, 2009). Then the Hodrick-Prescott filter (for separating cyclic behavior from the
long-run path of the time series) was used to divide changes in the time series of the primary production,
oxygen deficiency, and phytoplankton composition proxies into trend and cycle components and then to
calculate cross-proxy correlations for the fluctuations in both of these components. Using cluster analysis,
a classification of the long core layers, taking into account the oxygen deficiency proxy values,
was created.

3. Results
3.1. Age Model

Calibrated '*C ages versus depth are presented in Figure 1 and in Table S1 in the supporting information. It
has been assumed, based on chloropigment-a results, that the uppermost 20-cm section of the long core was
lost during collection (see section 3.5). '*C ages of the RES fraction of sediments appear systematically older
than those of the HA fraction. Two-fraction '*C analysis has been applied mostly to soil dating (e.g.,
Kristiansen et al., 2003; Mayer et al., 2008; Tonneijck et al., 2006). Most such studies show that the HA illu-
viated from upper organic horizons appears younger than the RES, which may bear carbon from reworked
organic material. Hence, HA ages are regarded as minimum ones for the onset of pedogenesis, whereas RES
ages are interpreted as maximum ages for burial. In this context, concordant *C ages of the two fractions at a
certain soil level signify that they truly represent the formation time of this level. In this sense, the concor-
dant ages of the two fractions of Baltic sediments, studied by Kabel et al. (2012), indicate that these ages are
representative of the time of deposition at the spot cored. In our study (Figure 1), the *C ages of the two (HA
and RES) fractions cluster along two separate lines, with the HA line roughly fitting the calibrated age of the
shell (at 368-370 cm), whereas the RES line is distinctly older. Therefore, we believe that HA ages roughly
represent the time of sedimentation on the sea floor, whereas RES ages are older because of the major con-
tribution of reworked material in this fraction.

Whichever line indicates the sedimentation time, it is obvious that at each depth, the sediment is a mixture
of material of different ages, containing organic carbon of different **C signatures. Since all the analytical
work presented in this paper was performed on bulk material, except for '*C analysis, we suggest using a
working age-depth model (the most suitable for presenting and discussing the results of other analytical
work) as the average of those for the HA (plus the shell) and RES fractions. This working age-depth model
indicates that the long sediment core collected from the Gdansk Deep covers ca. 5,500 calendar years
(Figure 1). Over most of the profile, the uncertainty of the working model, related to the difference between
the HA and RES models, is close to +300 years, except for the uppermost and lowermost sections of
the profile.
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3.2. Grain Size
0 - According to Shepard's (1954) classification, all the analyzed samples con-
sisted of clayey silt sediments. In the samples analyzed from this core, the
fine-grain-size fraction (<0.004 mm) content was from 28% to 44%. Only
one of these samples contained a small (~0.1%) sand fraction
100 - >0.063 mm (308-310 cm).
3.3. Diatoms
g A total of 191 diatom species, subspecies, varieties, and forms were iden-
£ 004 tified in the whole material. Planktic diatom flora predominated in all
]

300

400 —

the samples (Figure 2). Amongst these, euhalobous (marine) taxa
occurred abundantly with cold-water species (Coscinodiscus marginatus,
C. oculus-iridis, Rhizosolenia hebetata f. hebetata, and Pauliella taeniata),
warm-water  species (C. radiatus, Pseudosolenia  calcar-avis,
Thalassionema nitzschioides, Thalassiosira eccentrica, and T. levanderi),
and cosmopolitan species (Actinocyclus octonarius, C. asteromphalus, C.
centralis, C. granii, C. obscurus, and T. anguste-lineata). These species
were accompanied by mesohalobous (brackish-water) taxa, and cold-

Figure 1. Age-depth model of the long core analyzed in this work. The two

0 2000 water (T. baltica) and cosmopolitan taxa (Cyclotella choctawhatcheeana

Year and T. lacustris) were most often observed in this group. The temperature
CE/-BCE (AD/-BC)

preferences of Chaetoceros spp. RS are unknown. Rarely noted were oligo-
halobous, halophilous, and indifferent (freshwater) planktic species mak-

models for the humic acid (HA; plus the shell) and the humin (RES) ing up the allochthonous (i.e., riverine) component of the diatom flora.
fractions were calculated using the free-shape algorithm published by Based on the floristic spectrum, the relative abundance of dominant and
Goslar et al. (2009). Silhouettes (with types of dated material distinguished  subdominant taxa, and the relations between the percentage content of

by gray fillings) represent probability distributions of calibrated 14¢ dates of
individual samples, while the gray bands represent the uncertainties
of the two models. The age of one RES fraction (at 28-30 cm) was rejected

the ecological groups, five diatom assemblage zones were distinguished
in the core (Figure 2 and Table S2 in the supporting information).

from the model calculations. The working model—the average of those for  The percentage of warm-water diatoms (WWD) was used in this paper as

HA and RES—is depicted by the thick line.

a water temperature proxy. The relative abundance of WWD (Figure 3a)
was depth variable and ranged from ~3% to ~55%. Higher values were
found in two sections of the sediment core—from ~70 to ~200 cm and from ~310 to ~384 cm. In the short
core (Figure 4a), percentages were higher (up to 50%) in the top 16-cm section of the core.

3.4. Carbon

Organic carbon (C,y,) concentrations ranged between 2.6% and 7.4% in the long sediment core (Figure 3b).
Highest concentrations were found in two sections of the sediment core—from ~80 to ~220 cm and from
~300 to ~384 cm. Analysis of total carbon (Cy) in the selected sediment samples showed the inorganic car-
bon content (Ciporg) to be low—between 0.3% and 1.3%.

The “traditional” proxy profile used for determining organic matter sources, 8'*C, is shown in Figure 3c. The
8'3C values (between —24.6%o and —25.9%.) measured in the sediment core indicate that organic matter was
a mixture of terrestrial and marine materials. Only between 120-200 cm and 270-384 cm were distinctly
lower values typical of terrestrial material (up to —27.5%.) measured.

3.5. Pigments

The following pigments were studied: (1) chloropigments-a: Chlns-a (i.e., chlorophyll-a [Chl-a] and its deri-
vatives: pheophorbides-a, pyropheophorbides-a, Chl-a-allomers, Chl-a-epimer, pheophytin-a, pheophytin-a-
epimer, pyropheophytin-a, the sum of steryl chlorin esters) and CPPB-aE; (2) chlorophyll-b (Chl-b); (3)
chlorophylls-c (Chls-c); and (4) cyanobacteria carotenoids (i.e., zeaxanthin, canthaxanthin, and echinenone).

The sum of chloropigments-a (XChlns-a) concentrations in the long core (384 cm), used in this paper as a
productivity proxy, ranged from ~30 to ~130 nmol/g dry weight (d.w.). (Figure 3d). The £Chlns-a content
was higher and most variable in two sections of this core—from ~80 to ~220 cm and from ~320 to
~384 cm. The highest value was found in the 118- to 120-cm layer. In the short core (50 cm) XChlns-a
concentrations ranged from ~40 to ~330 nmol/g d.w. (Figure 4b). Values were higher in the top 14 cm of
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Figure 2. Diatom diagrams: Relative abundance of selected diatom taxa (darker color [%]; lighter color [%o]).

this core and lower in the layers from 14 to 50 cm. Comparison of the ZChlns-a profiles in the long and short
cores indicated that the uppermost section (~20 cm) of the long core had been lost during collection.

CPPB-aE, formed from pyropheophorbide-a (Louda et al., 2000), is much less stable under oxic conditions
than is the sum of other chloropigments-a. Therefore, the CPPB-aE/~Chlns-a ratio illustrates oxygen deple-
tion in the near-bottom water (Szymczak-Zyta, 2018) and is tested in this paper as a new paleoredox proxy.
The CPPB-aE/ZChlns-a molar ratio in the long core ranged from ~0.04 to ~1.3 (Figure 5a). Values of CPPB-
aE/XChlns-a were higher and most variable in two sections of this core—from ~80 to ~230 cm and from ~300
to ~384 cm. The highest values (>1.0) were found in the layers from ~112 to ~122 cm and in the lowermost
section of this core—from ~370 to ~384. In the short core, CPPB-aE/=Chlns-a ranged from ~0.02 to ~1.4.
(Figure 4c). Values were higher in the top 14 cm section of the core and much lower in the layers from 14
to 50 cm (up to 0.35).

The concentrations of cyanobacteria marker carotenoids (zeaxanthin, canthaxanthin, and echinenone) in
the long core are presented in Figures 6a-6¢. They ranged from ~10 to ~50 (zeaxanthin), ~1.5 to ~8 (canthax-
anthin), and ~1.5 to ~16 nmol/g d.w. (echinenone). The profiles of these three carotenoids were similar, and
the concentrations were higher in two sections of this core—from ~80 to ~180 cm and from ~320 to ~384 cm.
In the short core, concentrations of cyanobacteria marker carotenoids (Figures 4d-4f) ranged from ~10 to
~70 (zeaxanthin), ~1.5 to ~15 (canthaxanthin), and ~1.0 to ~10 nmol/g d.w. (echinenone). Distinctly higher
values were found in the uppermost 12-cm-long section of the core.

The ratios of selected pigments characteristic for particular phytoplankton groups were used in this paper to
trace past changes in phytoplankton composition. The Chls-c/Chl-a ratio indicated changes between organ-
isms containing Chls-c (mainly diatoms but including chrysophytes and dinoflagellates) and other photo-
synthetic organisms. This ratio was higher in the uppermost 30 cm of the core and in the section from
~180 to ~320 cm (Figure 6e). The Chls-c/Chl-b ratio indicated changes between organisms containing
Chls-c (mainly diatoms) and those containing Chl-b (mainly green algae). Higher values of this ratio were
found in the core layers from ~200 to ~350 cm (Figure 6f). The echinenone to Chls-c ratio (Echin/Chls-c)
was used to give an indication of cyanobacteria and organisms containing Chls-c (mainly diatoms)
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proportion. Echinenone is more stable than Chls-c, but their ratio profile reflects cyanobacteria dominance.
Values of Echin/Chls-c were higher in two sections of this core—from ~100 to ~220 cm and from ~300 to
~384 cm (Figure 6g).

3.6. Metals

This paper focuses on metals that can be used for reconstructing changes in primary production level (i.e.,
Ba) and oxygen conditions (i.e., U, Mo, and Mn), as well as Ti, which was used as the normalizing factor.
The profile of the Ba/Ti ratio (Figure 3e) indicates enrichment in Ba in two sections of this core—from
~100 to ~220 cm and from ~280 to ~384 cm. The U/Ti (Figure 5b) ratios are higher in the layers from ~50
to ~180 cm and from ~300 to ~384 cm. The Mo/Ti ratio profile (Figure 5c) indicates two maxima in the layers
from ~112 to ~122 cm and from ~364 to ~384 cm. The profile of the Mn/Ti ratio (Figure 5d) points to enrich-
ment in Mn in the sections from ~40 to ~80 cm and from ~240 to ~360 cm.

3.7. Statistical Analysis

The values of the autocorrelation function and partial autocorrelation function coefficients (Table S3 in the
supporting information) show that only first lags for all parameters (except §13C) are significant, and their
positive value means that a high value of the parameter in the layer leads to their increase in the next layer.
The augmented Dickey-Fuller test results for the null hypothesis of a unit root based on the components
representation are presented in Table S4 in the supporting information. Our results show that all data-
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generating processes include both a trend component and a cycle component (Table 1). The results of the
cluster analysis including oxygen-deficiency proxies (CPPB-aE/},Chlns-a, U/Ti, and Mo/Ti) are presented
in the Figure 7.

4. Discussion

4.1. Changes in Primary Production

The high concentration of the £Chlns-a in the surface sediment layer (0-2 cm) of the short core (Figure 4b)
indicates that present-day primary production in the Gulf of Gdansk waters is high. This is consistent with
studies on the trophic state of this basin (HELCOM, 2014; Lysiak-Pastuszak et al., 2013; Wasmund et al.,
2001). The profile of ZChlns-a in the short core (Figure 4b), which records the accumulation rate of the
recent sediments (Szymczak-Zyla et al., 2017), suggests that high primary production has been occurring
in this area for the last ca. 100 years. The depth-variable profile of ZChlns-a concentration in the long core
sediments formed during the last 5,500 years (Figure 3d) indicates that there may also have been high pri-
mary production periods in the past. A similar tendency observed for the organic carbon (C,.) content
(Figure 3b), which is a widely used productivity proxy, confirms this. The positive, statistically significant
correlation between the trend of ZChlns-a concentration and C,,g points to the similarity in both patterns
(R =0.74; p < 0.05; Table 1a). Thus, despite the instability of chloropigments-a, their sum is a good marker
used for tracking changes in primary production level.

The lowermost part of the long core, with high 2Chlns-a and C, contents, was formed before ca. 2500 BCE,
during the Littorina Sea stage (Figures 3b and 3d). Thus, the results show a relatively high primary produc-
tion in this period. A higher primary production in the Littorina Sea than in the preceding postglacial Baltic
stages has also been reported by other authors (Andrén et al., 2000, Kostecki, 2015; Sohlenius et al., 1996,
2001). Andrén et al. (2000) and Sohlenius et al. (2001) reported increases of C, in the Bornholm Basin

SZYMCZAK-ZYLA ET AL.

144



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Paleoceanography and Paleoclimatology 10.1029/2018PA003474

Table 1

Correlation Coefficients of the Trend and Cycle Components of Proxies Used for Reconstruction of Changes in Primary Production Level, Oxygen Conditions, and
Phytoplankton Composition in the Gulf of Gdarnsk

(a) Primary production

Time series

Variables components Corg 2Chlns-a Ba/Ti WWD
Corg Trend 1
Cycle 1
XChlns-a Trend 0.74 1
Cycle 0.34 1
Ba/Ti Trend 0.73 0.65 1
Cycle —0.03 —0.07 1
WWD Trend 0.83 0.75 0.75 1
Cycle 0.04 0.00 0.07 1
(b) Oxygen conditions
CPPB-aE/ZChlns-a U/Ti Mo/Ti Mn/Ti
CPPB-aE/ Trend 1
XChlns-a Cycle 1
U/Ti Trend 0.93 1
Cycle 0.06 1
Mo/Ti Trend 0.69 0.69 1
Cycle 0.21 0.37 1
Mn/Ti Trend —0.36 —0.25 0.25 1
Cycle —0.15 0.34 0.35 1

(c) Phytoplankton composition

Zea Cantha Echin Diatom concentration Chls-c/Chl-a Chls-c/Chl-b Echin/Chls-c WWD CPPB-aE/ZChlns-a
Zea Trend 1
Cycle 1
Cantha Trend 0.90 1
Cycle 0.80 1
Echin Trend 0.87 0.97 1
Cycle 0.83 0.77 1
Diatom Trend —0.42 —0.47 —0.61 1
concentration Cycle 0.14 0.08 0.13 1
Chls-c/Chl-a Trend —0.67 —-0.69 —0.75 0.80 1
Cycle —0.34 —-0.29 —-0.36 —-0.14 1
Chls-c/Chl-b Trend —0.63 —-0.46 —0.40 0.10 0.58 1
Cycle —0.21 —-0.22 -0.19 0.00 0.62 1
Echin/Chls-c Trend 0.35 0.63 0.72 —0.79 —0.62 0.13 1
Cycle 0.41 0.44 0.55 0.08 —0.67 —0.43 1
WWD Trend 0.67 0.84 0.78 —0.37 —0.73 —0.56 0.56 1
Cycle —0.15 0.01 0.02 0.05 0.04 0.14 —0.18
CPPB-aE/ Trend 0.84 0.88 0.86 —0.60 —-0.83 —0.56 0.62 0.82 1
XChlns-a Cycle 0.54 0.41 0.57 0.06 —0.29 —-0.14 0.37 —0.11 1

Note. Bold = significant; p < 0.05.

and Gotland Deep sediments formed during the Littorina Sea stage. The high ZChlns-a and C,, contents in
the Gulf of Gdansk long core sediments at approximately 120 cm, which were formed during the Post-
Littorina stage, between ~1000 BCE and ~400 CE (Figures 3b and 3d) can be related to the Roman
Climatic Optimum. These ZChlns-a and C, profiles (Figures 3b and 3d) are very similar to those from
the core taken in 2001 at a location close to the present sampling location (Szymczak-Zyta & Kowalewska,
2009). That core did not reflect the changes taking place during the Littorina Sea/Post-Littorina Sea transi-
tion, because it did not contain sediments older than 4,000 years. Nevertheless, the core sampled in 2001 dis-
played a significant increase in ZChlns-a content in the Roman Climatic Optimum. The high primary
production event recorded during the Post-Littorina Sea stage has been reported in other Baltic Sea
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Figure 7. Results of cluster analysis including oxygen deficiency proxies (CPPB-aE/) Chlns-a, U/Ti, and Mo/Ti):
Hierarchical dendrogram of the long core layers (Ward's method, Euclidean distance).

regions by other authors, but these authors observed it occurring during Medieval times. Dippner and Voss
(2004) presented results for a sediment core from the Central Gotland Basin that showed high organic
carbon content in sediments formed between 1160 and 1250 CE, indicating high primary production in
that period. These results were confirmed by Harff et al. (2001), who measured a high level of organic
carbon in the sediments formed at that time in the Gotland Basin, and by Funkey et al. (2014), who
presented results for cores collected from the northern Gotland Basin and the Faro Deep, farther to the
south. Our results show that the conditions giving rise to high primary production in the Gulf of Gdarnsk
could already have been prevailing in ancient Roman times and not just in Medieval times.

It can be assumed that the high content of ZChlns-a and C,,, in sediments may have resulted from the better
preservation of organic matter under the reducing conditions that occurred at that time in the deeper Baltic
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basins. However, Sohlenius et al. (2001) presented results indicating a high content of organic carbon in sedi-
ments from the Arkona and Bornholm Basins deposited in an environment that was oxic at that time. This
indicates that organic carbon enrichment in Littorina Sea sediments was a question of higher productivity,
not only of better preservation. Barium (Ba) enrichment in the sediments in the corresponding layers further
support the concept of increased primary production in the Gulf of Gdansk during the Littorina Sea stage
and the Roman Climatic Optimum. Although Ba has proven to be a good indicator of paleoproductivity
as it is taken up by sinking biogenic particles, its quantitative significance has been questioned (Sternbeck
et al., 2000; Tribovillard et al., 2006). This proxy suffers from the fact that under reducing conditions, Ba is
solubilized and thus released from sediments to the water column and high primary production periods
may develop without Ba enrichment in the sediments. However, in contrast to the above, the Ba/Ti profile
(Figure 3e) indicates enrichment in the core sections with higher XChlns-a and C,, contents. This is sup-
ported by the positive, statistically significant correlation between the trend component of Ba/Ti and
ZChlns-a (R = 0.65; p < 0.05; Table 1a) and between Ba/Ti and C,,, (R = 0.73; p < 0.05; Table 1a). This con-
firms the high primary production events in the Gulf of Gdansk during the Littorina Sea stage and the
Roman Climatic Optimum. The positive, statistically significant correlations with the productivity proxies
(=Chlns-a, Cqrg, and Ba/Ti) and the percentage of warm-water-preferring diatoms (WWD; Table 1a) indicate
that high primary production events were most probably elicited by climate warming.

The decrease in ZChlns-a and C,, contents in sediments observed at the beginning of the Post-Littorina Sea
stage (Figures 3b and 3d) may indicate a decrease in primary production in the Gulf of Gdarisk area. During
that time, the reduction in depth of the Danish Straits led to a salinity decrease, agreeing with the 813C pro-
file (Figure 3c), where we can observe a decrease of 8'*C values and frequent maxima, most probably indi-
cating higher allochthonous organic matter input from the River Vistula. The occurrence of cold-water
species such as Coscinodiscus marginatus, C. oculus-iridis, and Rhizosolenia hebetata f. hebetata (Figure 2)
is a clear indication of the lower water temperature resulting from the cooler climate of the late Subboreal
and Subatlantic chronozones. At the same time, warm-water plankton, that is, C. radiatus, almost comple-
tely disappeared and the percentage of warm-water-preferring diatoms decreased (Figure 3a). The increase
in the number of resting spores of Chaetoceros spp. (Figure 2) also signifies unpropitious conditions at that
time, that is, nutrient depletion and/or low temperature. In addition, lower Ba/Ti values indicate lower pri-
mary production in this period (Figure 3e).

4.2. Oxygen Condition Reconstruction

The increase in C,rg and ZChlns-a in deeper layers of the long sediment core (Figures 3b and 3d) provides
evidence for a high past primary production, but it can also be an effect of the better preservation of organic
matter due to poorer oxygen concentrations in the near-bottom water. Identification of past hypoxic/anoxic
periods is therefore very important, especially in the context of climate change studies. The presence of lami-
nated layers in the sediment record and trace element distributions (e.g., U, Mo, and Mn) are the main meth-
ods currently used for this purpose, although they do not always produce conclusive results (Tribovillard
et al., 2006; Zillén et al., 2008). A study of recent Gulf of Gdansk sediments showed that also a labile degra-
dation product of Chl-a, CPPB-aE, in sediments may be a marker of oxygen deficiency in near-bottom water
(Szymczak-Zyta, 2018). The high ratio of this derivative to the sum of other chloropigments-a (CPPB-aE/
ZChlns-a) in recent sediments indicated a significant deterioration of the oxygen conditions in the near-
bottom water. The profile of CPPB-aE/ZChlns-a ratio in the short sediment core (Figure 4c) showed that
oxygen concentration in the near-bottom water and sediments has been decreasing since the beginning of
the twentieth century, which is consistent with the literature data (Cyberska & Lauer, 1990). The highest
values of the CPPB-aE/ZChlns-a ratio (>1.0; Figure 4c) were found in the layers that formed when hydrogen
sulfide was recorded in the Gdansk Deep.

The CPPB-aE/ZChlns-a profile in the long sediment core showed an increase of this ratio in two parts of the
core (Figure 5a): in sediment layers of the lowermost part of the core, formed before ca. 2500 BCE (Littorina
Sea stage) and during the Roman Climatic Optimum. Analysis of the profiles of the elements used as paleor-
edox proxies (Figures 5b-5d) shows that the sediments from these two sections are enriched in uranium (U/
Ti in Figure 5b). This trace metal is enriched in sediments under oxygen-depleted conditions (Tribovillard
et al., 2006). The positive, statistically significant correlation between the trend component of CPPB-aE/
2Chlns-a and U/Ti points to the considerable similarity in both patterns (R = 0.93; p < 0.05; Table 1b).
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The combined use of U and Mo enrichments may also enable suboxic environments to be distinguished from
euxinic (sulfidic) ones (Tribovillard et al., 2006). U is enriched in sediments deposited under reducing con-
ditions, whereas Mo (euxinia proxy) is enriched in sediments formed in the presence of hydrogen sulfide in
the near-bottom water. Analysis of the Mo/Ti profile in the long sediment core (Figure 5c) shows that Mo/Ti
values are highest in the sediment layers in which the CPPB-aE/ZChlns-a ratio reached maximum values
(Figure 5a). Cluster analysis including oxygen deficiency proxies (CPPB-aE/),Chlns-a, U/Ti, and Mo/Ti)
revealed that high values of CPPB-aE/~Chlns-a ratio (>1.0) may indicate the presence of hydrogen sulfide
in the near-bottom water (Figure 7).

The CPPB-aE/XChlns-a profile in the long sediment core showed an improvement in oxic conditions at the
beginning of the Post-Littorina Sea stage (Figure 5a). The CPPB-aE/ZChlns-a ratio in the layers from ~2500
to 1500 BCE is significantly lower, which suggests good oxygen conditions in the near-bottom water. This
sediment section is also characterized by high Mn/Ti ratio (Figure 5d). Enrichment in Mn is used as a proxy
for bottom water oxygenation (Naeher et al., 2013; Neumann et al., 1997). These observations indicate that
the CPPB-aE/ZChlns-a ratio is a good, new oxygen-deficiency proxy that can be used to reconstruct not only
oxygen conditions but also the presence of hydrogen sulfide during sediment formation.

4.3. Cyanobacteria Blooms

Cyanobacteria blooms, which are expanding nowadays worldwide in coastal zones, estuaries, and lakes, are
attributed to anthropogenic nutrient input and climate change (Cook et al., 2016; Paerl, 1988; Paerl &
Huisman, 2008, 2009). These blooms, especially of the toxic heterocystous species Nodularia spumigena,
are a sign of eutrophication and are a serious problem of the contemporary Baltic Sea (Henricksen, 2005;
Mazur-Marzec et al., 2013; Stal et al., 2003). The study on recent sediments from the Gulf of Gdansk indi-
cated that the marker carotenoids of cyanobacteria in the surface sediments were zeaxanthin, canthax-
anthin, and echinenone (Krajewska et al., 2019). The results of that paper showed that canthaxanthin is a
marker of heterocystous cyanobacteria species, which can form toxic blooms in the Baltic. Zeaxanthin most
probably originated mainly from pico-cyanobacteria and micro-cyanobacteria. Echinenone occurs in both
filamentous and noncolonial cyanobacteria and may be used as a universal cyanobacteria proxy
(Krajewska et al., 2019).

In the present work, the cyanobacteria marker carotenoid profiles in the short and long sediment cores
revealed three main maxima indicating a high cyanobacteria abundance: The first one was formed during
the Littorina Sea stage (i.e., before ca. 2500 BCE), the second between ca. 500 BCE and 400 CE (around
the Roman Climatic Optimum; Figures 6a-6c¢), and the third one during the last 100 years (Figure 4d-4f).
Moreover, the high concentrations of canthaxanthin in these sediment sections indicate that blooms of het-
erocystous cyanobacteria occurring in past millennia were likely as intensive as nowadays. Also, chemical
and genetic analyses of the same long core samples found hepatotoxic nodularins specific to N. spumigena
occurrence in deep sediments, which were present in the highest concentrations during the Roman
Climatic Optimum (Cegtowska et al., 2018). The results of that work demonstrate that these were the same
two subpopulations of this species as those occurring nowadays. The inference regarding heterocystous cya-
nobacteria blooms occurring in past millennia is also consistent with the results of glycolipid studies on long
sediment cores from the Baltic's Gotland Basin (Sollai et al., 2017), which revealed the presence of heterocys-
tous cyanobacteria in deep sediments, the proportion of Nodularia sp. being the highest. Cyanobacteria
proxies were also identified in deep sediment cores collected from the Baltic by other authors (Bianchi
et al., 2000; Funkey et al., 2014). However, the authors of these papers treated zeaxanthin, considered a uni-
versal marker of cyanobacteria in aquatic basins and their sediments (Jeffrey et al., 1997), as the best sedi-
mentary marker of cyanobacteria. Echinenone was also recorded but in smaller amounts than zeaxanthin
(Funkey et al., 2014).

Cyanobacteria abundance in the Gulf of Gdansk is correlated with the oxygen deficiency in the near-bottom
water occurring in those periods (Figure 5a). The positive, statistically significant correlations between the
trend component of cyanobacteria marker carotenoids and CPPB-aE/XChlns-a ratio point to the similarity
in the patterns (Table 1c). This was also observed by other authors studying sediment cores from other
Baltic Sea regions (Bianchi et al., 2000; Funkey et al., 2014). These authors suggested that cyanobacteria were
abundant already during the Littorina Sea stage (7,000-4,000 BP), when hypoxia caused by stratification of
the water column stimulated the release of phosphorus from sediments into the seawater, creating
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conditions ideal for N,-fixing cyanobacteria. According to Bianchi et al. (2000), such a situation probably
caused the limiting nutrient to change from nitrogen to phosphorus, a situation unfavorable to diatoms.
This is corroborated by our diatom results. Namely, the concentration of diatoms in the lowermost part of
the long core (384-340 cm, Figure 6d), despite the high productivity (high C,, and XChlns-a, Figures 3b
and 3d), was lower than that during the later stages of the Baltic Sea. A low diatom abundance during the
Littorina Sea stage was also reported by other authors (Andrén et al., 2000). Around 4500 BP, the reduction
in depth of the Danish Straits improved oxygen conditions in the Gdansk Basin, indicated by low values of
CPPB-aE/ZChlns-a (Figure 5a), making conditions less favorable for cyanobacteria growth. The diatom con-
centration was higher in that period than during the Littorina Sea stage (Figure 6d). This is backed up by the
increase in the Chls-c/Chl-a and Chls-c/Chl-b ratios (Figures 6e and 6f) and confirmed by the negative, sta-
tistically significant correlation between the CPPB-aE/ZChlns-a ratio and Chls-c/Chl-a and Chls-c/Chl-b
ratios (Table 1c). Chls-c are less stable than Chl-a and Chl-b (Leavitt & Hodgson, 2001), so the increase in
these ratios provides evidence for the higher ratio of organisms containing Chls-c (mainly diatoms) to other
photosynthetic organisms than in the Littorina Sea. The Echin/Chls-c ratio indicates a lower ratio of cyano-
bacteria to diatoms in that period (Figure 6g and Table 1c).

The profiles of cyanobacteria marker carotenoids (Figures 6a—6¢) are similar to the percentages of planktic
WWD (Figure 3a). The positive, statistically significant correlations between the trend component of cyano-
bacteria marker carotenoid concentrations and WWD point to the similarity in the patterns (Table 1c), espe-
cially for the canthaxanthin and WWD (R = 0.84; p < 0.05; Table 1c). This suggests that heterocystous
cyanobacteria blooms accompanied climate warming, obviously as long as sufficient concentrations of
necessary nutrients were available. Cyanobacteria tend to develop at higher temperatures (Paerl &
Huisman, 2008, 2009; Stal, 2009). N. spumigena, the most abundant heterocystous cyanobacteria species
forming present-day blooms in the Baltic, requires temperatures >15 °C, high levels of solar irradiation,
and calm water (Henricksen, 2005; Stal et al., 2003). Such conditions prevailed during the Roman
Climatic Optimum—at least, that was the situation in ancient Rome, since no historical data older than
1,000 years is available from the southern Baltic coastal region (Kowalewska, 2001), and early human settle-
ment was minimal there.

5. Conclusions

There were high primary production periods during the Littorina Sea stage (before ca. 2,500 BCE) and the
Roman Climatic Optimum (between ca. 500 BCE and 400 CE). This was most probably caused by climate
warming at favorable nutrient and hydrological conditions. Conditions favoring high levels of primary
production occurred in the Gulf of Gdansk already in ancient Roman times and not just in Medieval times,
as shown for other parts of the Baltic Sea. The chloropigment-a maxima in the core sediments correspond to
warm periods. The pigments were preserved as a result of favorable postdepositional conditions, namely,
oxygen deficiency in the near-bottom water. The high levels of CPPB-aE/ZChlns-a found in these layers
of the sediment core confirm that oxygen was deficient in the near-bottom water during those periods, while
high CPPB-aE/ZChlns-a (>1.0) points to the occurrence of euxinia. The CPPB-aE/ZChlns-a ratio is a good,
new oxygen-deficiency proxy that can be used to reconstruct oxygen conditions in the near-bottom water.
Heterocystous cyanobacteria blooms also occurred during past maximum primary production periods in
the Littorina Sea and the Roman Climatic Optimum and were comparable to those occurring in the recent
Baltic Sea, that is, within the last 100 years. Heterocystous cyanobacteria blooms accompanied climate
warming in the Gulf of Gdansk. Hence, eutrophication must also have occurred in the past, which means
that natural factors also have substantial influences.
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