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Abstract :

We present a record of dinoflagellate cyst assemblage composition, abundance, and morphology from
the central Baltic Sea, spanning from the late 19th to the early 21st century. Environmental time-series
were analyzed in relation to changes in community structure and diversity as inferred from the sediment
record, and average summer sea surface salinity (SSS) was reconstructed based on the average
process length of Protoceratium reticulatum resting cysts. The reconstructed summer SSS was
compared to instrumental data for a critical evaluation of this approach. The most abundant species in
this record were P. reticulatum and Biecheleria baltica, and on average ten taxa were identified per
sample. The cyst record of B. baltica indicated that although this species has been present in the
Gotland Basin at least since the 1880s, its concentrations have increased significantly since the 1980s,
possibly linked to eutrophication. Variations in assemblage composition and P. reticulatum cyst
morphology reflected patterns of major, instrumentally recorded hydrographic and environmental
changes in the Baltic Sea during the past century. The variability in microfossil relative abundances was
best explained by the average spring SSS as well as by the average NO3; concentrations during spring
and by the combined effects of average summer SSS and NAO index variability. Reconstructed
summer SSS and instrumental SSS showed notable differences, depending on the year and function
applied for reconstruction. Although roughly reflecting the same patterns, the reconstructed values are
offset when compared to instrumental measurements. We put forward suggestions for improvement of
the process-length method and recommend using the reconstructed values as an indication of relative
changes in past summer sea surface salinity, preferably as part of a multiproxy approach.
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Highlights

» Dinoflagellate cyst assemblage analysis from 19th century to present. » Statistical analysis on the
influence of environmental parameters to microfossils. » Average summer sea surface salinity
reconstructions based on cyst morphology. » Most abundant species were Protoceratium reticulatum
and Biecheleria baltica. ®» Spring SSS, NO3;, summer SSS, NAO best explained variability in microfossil
abundances. » Cyst assemblages and morphology reflected major environmental changes.
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1. Introduction

The Baltic Sea, located in northeast Europe, isafrike largest brackish water bodies in the world.
It has a rather dynamic geological history, inchgdperiods when it was fresh, brackish and also
more saline than today (André&n al, 2011). Today, Baltic Sea salinity is determingdlinited
inflows from the North Sea (Lass and Matthdus, 2Q@pparanta and Myrberg, 2009) and large
freshwater input from rivers, especially to thethern and eastern basins (Bergstrom and Carlsson,
1994; Johansson, 2017). This generates a surféiogysgradient from around 3 in the Bay of
Bothnia to around 8 in the Arkona basin (Lepparama Myrberg, 2009). As salinity is negatively
correlated with the energy required for osmoticutation, (Schlieper, 1971), lower salinity levels
result in an overall reduced biodiversity (EImgramd Hill, 1997; Ojaveeet al, 2010). Model
simulations indicate that the surface salinity e Baltic Sea is likely to decrease in the future
(Meier et al, 2012) due to the projected increase in winteciprtion across the entire region and
also increased summer precipitation in the nortbn(\Storchet al, 2015). However, due to
uncertainties in the climate models, the projectieainges in the surface salinity are not clear (von
Storchet al, 2015) and thus, reliable reconstruction methadsnaeded to provide further insight
to past environmental changes.

Dinoflagellates are unicellular eukaryotes formiren ecologically important group of
microplankton in various aquatic environments (Daled Dale, 2002). Around 200 marine
dinoflagellate species are known to produce restysjs (Ellegaarcet al, 2017 and references
therein), as part of their life cycle, mainly treygd by changes in the environment (Anderson and
Lindquist, 1985; Ellegaarcet al, 1998; Figueroaet al, 2005; Krempet al, 2009). Thus,
assemblage composition, abundance, and morpholagyeflect the conditions prevailing at the
time of cyst formation (Ellegaaret al, 2002; Godhe and McQuoid, 2003; Price and Pospelov
2011; Heikkilaet al, 2016). The coupling between modern dinoflageltatst assemblages and
corresponding environmental conditions (Godhe araQlbid, 2003; Priceet al, 2017) can be
used to infer past environmental conditions. Faaneple, dinoflagellate cyst records have been
used to investigate past changes in sea surfadtioms, such as temperature (e.g., Brinkretis
al., 1998, de Vernal, et al. 2001, Bringeieal, 2018), salinity (e.g., Wall & Dale, 1973; Heatal,
2004; Sorrekt al, 2006), sea-ice cover (e.g., Duranaial, 2012), as well as changes in regional
climate variability vs. anthropogenic change (eRjbeiroet al, 2016) and in water quality due to
eutrophication (e.g. Dale & Fjellsa, 1994; Daleakt1999; Priceet al. 2018). Variations in cyst
morphology of Lingulodinium polyedra(Verleye, et al. 2009; Mertens, et al. 2012a) and
Protoceratium reticulatunfMertens, et al. 2011; Ning et al. 2017) have bessd to respectively
guantitatively reconstruct salinity changes in Black Sea and along the Baltic Sea-Skagerrak
salinity gradient.

In recent decades, dinoflagellates have become ohmrenant in some basins of the Baltic Sea,
especially during spring (Wasmund and Uhlig, 20Ki3js et al, 2011). This change influences the
benthic communities through food quality and qusrds well as through oxygen consumption at
the water-sediment interface (Klast al, 2011; Spilling, et al. 2018). The dinoflagellates
Peridiniella catenata(Levander) BalechBiecheleria balticaMoestrup, Lindberg & Daugbjerg,
Apocalathinium malmogiens€G. Sjostedt) Craveiro, Daugbjerg, Moestrup & @alaand
Gymnodinium corollariunsundstrom, Kremp & Daugbjerg are key members ofsfireng bloom

in the northern Baltic Sea (Heiskanen and Konod®84; Hallforset al, 2013; Klaiset al, 2013;
Lips et al, 2014). WhileP. catenatéhas been recorded in the Baltic Sea since 1903f¢rét al,
2013), data on the vegetative stag8obalticais lacking due to the inability to distinguish ibm

A. malmogiens@nd G. corollarium with light microscopy. HowevemB. balticaandP. catenata
have been well documented from surface sedimentleohorthern Baltic Sea (Kremp, 2000a, b;
Olli and Trunov, 2010; Sildevest al, 2017) and the expansion Bf balticacyst beds have been
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suggested to promote the blooms dominated by thesiss in the Gulf of Finland (Klaist al,
2011). The increase iB. baltica cyst abundances during has been shown to coimveittethe
increase in anthropogenic eutrophication from 198Ds1960s , (Krempet al, 2018), which
exemplifies the influence of human activities te gfhytoplankton communities and sea ecosystem.
The Holocene history of the Baltic Sea has beewiqgusly investigated based on sedimentary
records (Kotilaineret al, 2014; Warderet al, 2016; Kotthoffet al, 2017), including information
from the Gotland basin (Brenner, 2001a; b; 2005bdfat al, 2012). More specifically, past
surface salinity changes in the Baltic Sea hava lpeantitatively studied by using different proxies
such as dinoflagellate cyst morphology (Willumsgml, 2013) and strontium isotopic composition
(®’srf®sr) of mollusk shells (Widerlund and Andersson, 2OlNing et al, 2017). Comparison
between reconstructed surface salinities baseteaverage process length of cyBtseticulatum
and strontium isotopic composition indicated caiesiy higher salinities reconstructed by using
average process lengths (Ning, et al. 2017). Ttmesaverage process-length based reconstructions
were suggested to overestimate the salinity andharefore not as reliable as other methods, e.g.
strontium isotopic composition (Ning, et al. 201However, mollusk shells are not present in
sediments younger than 2775 years BP (Widerlundfanatbrson, 2011) and thus other proxies are
needed to cover this period. Salinity reconstrungibased on average process length of cyd®s of
reticulatumhave not been attempted for the most recent peaimdthe previous studies cover 8800
— 2800 yrs BP (Willumsenet al. 2013) and appr. 7300 — 3500 yrs BP (Nieg,al. 2017).
Furthermore, the temporal resolution in those sid$ around hundred to a few hundred years,
which does not allow for resolving decadal to tkatennial timescales that may be influenced by
e.g. North Atlantic Oscillation (NAO) patterns (Wkstrom, et al. 2017). Also, to increase the
confidence of dinoflagellate cyst-based proxiess important to compare dinoflagellate cyst based
reconstructions with time-series of instrumentabmwements (Harlaret al, 2006).

In this study, the reliability of the process-lémghethod for salinity reconstructions is evaludigd
comparing the reconstructed values from the lateckitury to the early 2century with available
instrumental data. Furthermore, changes in dineflage cyst assemblage composition and
morphology from the Gotland Basin during the sareeqol are presented and analyzed in relation
to environmental parameters to detect potentiahgbs due to factors influencing the marine
environment over decadal timescales, such as frsnwiput and NAO variability.

2. Materials and M ethods

2.1 Sediment core sampling and dating

The sediment core used in this study was retrigne009 from the Gotland basifrigure 1;
57°23.00 N 20°15.50 E, water depth 231 m, core 7D530-5) with a multi-corer in the framework
of the EU BONUS project INFLOW. The core was halledgthwise for imaging and sampled at
0.5-1 cm intervals. The samples were subsequemdgzé-dried for further analyses. Three
laminated intervals were observed in the core: 2Z.5 cm (0 — 5.5 cm, 2009 — 1999), 29.51 — 40.3
cm (7.5 — 18.28 cm, 1995 — 1966) and 41.51 — 541989 — 31.89, 1962 — 1932). The cross-
section of the core is shown 8uppl. Figure 1. The samples analyzed in this study do not cover
the core with the same frequency, e.g. there ieakbbetween 1955 and 1975 as well as between
1922 and 1932. The sediment samples were analgrétf?b,?*Ra, and*'Cs activity via gamma
spectrometry at the Gamma Dating Centre, Departme@eography and Geology, University of
Copenhagen. The measurements were carried ouCamlzerra low background Germanium well-
detector.”*Pb was measured by way of its gamma-peak at 46\5 K8Ra by way of the
granddaughtef*Pb (peaks at 295 and 352 keV) anfCs by way of its peak at 661 keV. The
chronology of the core was established using ahtfyignodified constant rate of supply (CRS)
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model (Appelby, 2001) as presented in Kaktehl. (2012). The’*°Pb and**'Cs data are shown in
Suppl. Figure 2 and the resulting age-depth model is show&uippl. Figure 3.
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Figure 1. Core site in the Gotland basin, Baltic Sea. Arromgicate general surface circulation
patterns (based on Lepparanta & Myrberg, 2009)

2.2 Dinoflagellate cyst analysis

Sediment core samples were processed at the RedéwaitdPalaeontology, Ghent University, using
a standard methodology including cold HCI and Hfatiment, and sieving through 10 pum meshes
(Fig. 1 in Mertenset al, 2009), withLycopodium clavatunas an exotic marker. Dinoflagellate
cysts were identified and counted on permanent astmpe slides and to ensure statistical
significance, 300 cysts were counted per samplenatver possible (Merteret al, 2009). For the
samples yielding <300 cysts, all the prepared nat¢several slides) was counted. Fragments
representing less than half a cyst were not corsildd he freshwater alg&ediastrumspp. were
also counted in parallel and considered an additiondicator of freshwater input. Absolute
abundances are given as cysts per gram of dry setlicalculated from the equation: (number of
counted cysts*number of spores lof clavatumadded to the sample) / (number Lof clavatum
spores counted*sample weight) (modified after Stoak, 1971).

Cysts ofProtoceratium reticulatunwere grouped into three different morphotypesfed#ntiated

by their process development and length, i.e. mugges with a) fully developed processes, > 5
um, b) reduced processes, s, based on the process lengths applied by Elldg2a00) and c)
bald cysts with no processes. Colorless cysts ofygalacoid affinity with no processes were
grouped as unidentified mucus cysts (UMC). Spebiglenging to the genuSpiniferiteswere
merged asSpiniferitesspp., which includeSpiniferitessp.,S. elongatusS. beleriusS. bulloideus
andS. bentorii Heterotrophic cysts not identifiable to speciegel were counted as round brown
(RB) cysts. Species belonging to the gerusoridinium were merged a®ubridinium spp.
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consisting ofDubridinium sp., D. caperatumand D. ulsterum Raw count data is available as
Suppl. Table 1.

2.3 Calibration and quantitative reconstruction

The process lengths @&. reticulatumcysts were measured with an inverted Olympus IX 51
microscope, Olympus cellSens Dimension imagingwari, and Olympus U-CMAD3 Digital
Camera. To ensure uniformity of the measuremeihis, three longest visible processes were
measured in 20 cysts &f. reticulatumper sample/age-depth. Processes were measuredHeom
center of the process base to the tip of the pso¢bkertenset al, 2011). Bald cysts oP.
reticulatumwere not included in the reconstruction followiktgrtens,et al 2011. Samples for
which less than 20 cysts &f reticulatumwere measured (2008, 2004 and 1994), were excluded
from the reconstruction as well. The average potasgth of cysts dP. reticulatumwas available
from 90 surface sediment samples from previousiesud the Baltic Sea regio®ppl. Table 2).

The correlation between average process lengthasethge summer sea surface salinity (SSS)
(July—September) was analyzed using the griddedgte® World Ocean Atlas 2005 (Antonet/

al., 2006) and the Ocean Data View software (Schlitz@t7) by calculating Pearson's correlation
coefficients (r). The significance of Pearson’s aswthen calculated using a t-test. Different
functions based on the previous measurements \peted to the average process lengths from the
core to reconstruct average SSS from the end ofl#ieto the beginning of Z1century. The
equation proposed by Mertems$ al. (2011), where SSS = 3.16* average process len@ug4
(R°=0.80), was also applied in order to compare exgstnodels.

2.4 Environmental data

To investigate the influence of environmental paetars on the dinoflagellate community structure
and diversity as well as to compare the reconscuséa surface salinity with actual measurements,
different time-series were used. Instrumental tgages for salinity, temperature, nutrients, antl Ch
a from the sampling area were obtained from the Oogaaphy database of ICES (2017). The
measurements originate from the Gotland basin areizh is defined by the following coordinates
in the database: S—-W: 56°N 18°E, N-E 58°N 21°E. &Mailable measurements (min. 3
measurements per variable) from the sea surfabemadepth were used for the years from which
the sediment samples originate. The depth frehrl was chosen to characterize the conditions of
the layer with the highest phytoplankton biomadsictv was estimated based on the availableaChl
data. Average SSS and SST were calculated for m{becemberFebruary, data available from
1975 and onwards), spring (March—May, from 1922 anmmer (Juréugust, from 1932). To
compare reconstructed SSS with instrumental dataity data from July to September was used
(from 1922) as this monthly range represents th® &8ues used for calibration (Antonev al,
2006). Average phosphate and nitrate concentratieer® calculated for winter (data available
starting from 1983), spring and summer (1975) udimg same months as for the salinity and
temperature. The annual mean freshwater inputédtitic Proper, including the Gotland basin,
was obtained from HELCOM Baltic Sea Environment tF&beet (data available until 1955)
(Kronsell and Andersson, 2013). Monthly North AtianOscillation (NAO) index (National
Weather Service, 2017) was used to calculate agdxa indices for different seasons for each
year from which the sediment samples originatet{stafrom 1955). Reconstructed SST and total
organic carbon (TOC) data (Kaketlal, 2012) were used to provide further context te gtudy.

2.5 Statistical analysis
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Ordination analyses were applied to uncover thaticeiship between the microfossil assemblages
(dinoflagellate cysts andPediastrumspp.) and several environmental parameters usiegR
packagevegan (R Core Team 2018, Oksanen al, 2018) First, a Detrended Correspondence
Analysis (DCA) was performed to choose betweenalirand unimodal ordination methods. DCA
and further analyses were based on microfossilivelabundance data and included only species or
groups that had an average relative abundance Jhé&dength of the first DCA axis was always <
2 standard deviations (SDJ &ble 1), indicating homogeneous datasets for which limaathods

are suitable (Leps and Smilauer, 2003). We applisduare-root transformation to the assemblage
data to account for very high values (Borcatdal, 2011). Principal Component Analysis (PCA)
was performed to investigate general trends inrtherofossil data and Redundancy Analysis
(RDA) was used to analyze the influence of envirental parameters on the assemblages. Average
SSS, SST, NAO index, phosphate and niti@atalifferent seasons as well as annual average SSS
NAO index and freshwater input were included. As #nvironmental data was continuously
available only until 1983 for winter and until 19%& other seasons, reduced microfossil datasets
were used to match with the environmental data@etble 1). Based on the interpretation of the
PCA, RDA was performed on microfossil datasets aioitg only spring B. baltica P. catenata

RB, Dubridinium sp.) or summer (different morphotypesRofreticulatum G. balticg Spiniferites
spp., Pediastrum spp.) species/groups. Monte Carlo Permutations tegth 999 unrestricted
permutations were used to test the significancethef variation in microfossil community
composition explained by the environmental varighleder a global model and if the result was
significant, further Monte Carlo permutation teststh 999 unrestricted permutations were
performed to test for the variation explained by itidividual axes and environmental variables.

3. Reaults

The multiple laminations visible in the core clgamdicate an undisturbed sediment record, and
anoxic conditions during the period from 1966 to 2809 (excl. sample from 19973uppl. Fig.

1). Older samples (1880 — 1922) from the bottonmhefdore indicate higher oxygen concentrations
at the seabed, evidenced by the homogeneous sddayendated to ca. 1880-1932.

3.1 Dinoflagellate cyst assemblages

Overall, cyst concentrations were generally higiédr 462 cysts §dw, standard deviation, S. D.,
24 821) in the upper part of the core (192B09) than in the lower part of the core (16 80§ty

dw, S.D. 6352, 188a955) Figure 2). The number of dinoflagellate taxa identified igdrfrom
eight to 16 with an average of ten per samBlgpl. Table 1). Four taxa were present throughout
the core: cysts oP. reticulatum, B. balticaround brown cysts andubridinium spp. In addition,
freshwater algae of tHeediastrumgenus were also found throughout the core. Thd atmsdant
species wereBiecheleria balticaand P. reticulatum the latter represented by three cyst
morphotypes Kigure 2). Biecheleria balticadominated the community in the three topmost
samples (2004, 2008 and 2009) and represented 48k& @ssemblage in 2008 + Eigure 3).
From 2003 and back, bald cysts Bf reticulatumbecame dominant, constituting 85% of the
assemblages from 1975 + 1. Autotrophic species dat®d the cyst assemblage throughout the
entire core, with heterotrophs being always bel@®2Figure 3).
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268 3.2 Environmental time-series from the Gotland tvasi

269

270  The available instrumental data on sea surfacaigaBhowed remarkably little variatioffrigure

271 4) both seasonally and annually, as the maximunemiffice between the minimum and maximum
272 values throughout all seasons and years availabBe0181. In contrast, the average instrumental

7




273
274
275
276
277
278
279
280
281
282
283
284
285
286

287
288

289
290
291
292
293

294
295
296
297
298
299
300
301
302
303
304

SST showed a large variability within and betweeassns, e.g. winter SST ranged from 2.30 to
5.21 °C, spring SST 1.29 to 6.86 °C, summer SSTJfme-August 10.91 to 19.29 °C and July-
September 15.87 to 18.89 °C. Reconstructed SSV-Quatober) by Kabekt al. (2012) ranged
from 14.33 to 18.77 °C. The average annual frestmwaput to the Baltic Proper ranged from 2706
m%/s and 3991 rits. The most positive average NAO index values weduin 1989. For the
summer season, the most positive average valuasredcin 1983 (Junéugust) and in 1955
(July-September). The most negative average values weoeded in 1955 for the winter season
and annually. For spring, the most negative avevagee was recorded in 1975 and for the summer
season (both monthly ranges) in 2008. The TOC curetéons ranged from 2.59 to 12.73 %
(Kabel et al, 2012) Figure 3). The average winter phosphate values ranged /@6 to 0.68
pmol/L, for spring the range was from 0.28 to Q&iol/L and for summer 0.06 to 0.17 pumol/L for
June-August and 0.02 to 0.09 for kBeptember. The average nitrate values for winteged
from 2.6 to 3.66 umol/L, for spring 1.43 to 8.06 qifh and for summer 0.08 to 1.19 umol/L for
June-August and 0.12 to 1.82 pumol/L for Ju§eptember.
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Figure 4. Instrumental data from the Gotland basin durirfedent seasons (empty circles: winter
(DecemberFebruary), filled crosses: spring (Mardhay), empty diamonds: summer (June
August), filled circles: summer (Ju8eptember) and reconstructed sea surface tempei@cy
redrawn from (Kabeét al, 2012) (filled triangles)

3.3 Process length measurements, and summer sadktiéy reconstructions

Altogether, 1188P. reticulatumprocesses were measured from a total of 396 clysthie upper
part of the core (1952009), the average process length was betweenah®4£2.90 um, whereas
before 1944 it was consistentty3 um. In general, all reconstructions shoveesimilar pattern in
SSSfollowing this shift in average process lengkhgure 5). The linear function as presented in
Mertenset al.(2011) yielded higher surface SSS values comparduktlinear (y = 4.526* average
process length- 8.58, R = 0.87) and exponential (y = 2.172a'8" average process lengii? - g9
functions derived from our updated calibration dataigure 6, Suppl. Table 2). Compared to the
linear function by Mertenset al. (2011), our new linear function produced on averaginits lower
SSS and yielded negative SSS values for two y®dngn using the new exponential function, the
average difference between the SSS values recotetrwith the linear function by (Merteesal,
2011) was 2 units. The average instrumental SSSuimmer (July-September) ranged from 6.82 to

8
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11.22 when using the linear function by (Mertehsl, 2011). When using the new linear function,
the average SSS ranged from -1.62 to 8.7Fi@ure 5, the negative values are replaced with zero,
as salinity cannot be negative) and with the newoaential function the range was 3.54 to
7.318uppl. Table 2).
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Figure 6. Exponential (A) and linear (B) functions basedtlom average process length and average
surface salinity (JuhSeptember,-&6m depth)

3.4 Statistical analysis

The first three Principal Component Analyses (P@Rgs explained 79. 82 % of the variation in the
cyst assemblage datkigure 7). The first axis had positive associations wthreticulatum(> 5
pm and 0-5 pm)@G. balticg Spiniferitesspp. andPediastrumspp. Suppl. Table 3). The second
axis had a strong positive association only wRthreticulatum (bald) and showed a negative
association with the other taxBiecheleria balticaand P. catenatacontributed positively to the
variability represented by the third axis. Mostaayrouped together close to the positive side ®f th
first PCA axis Figure 7, A, B). Protoceratium reticulatun{bald) grouped separately along the
second axis, where&s baltica andP. catenatagrouped together on the negative side along tke fi
PCA axis. Dubridinium spp., RB andPediastrumspp. also grouped separately from other
species/groups along the first PCA axis. When &rsd third axes are showhigure 7, C, D), B.
baltica and P. catenatagrouped together on the positive side of the tRI@A axis, whereaP.
reticulatum (bald) was placed on the negative side of boths.akebridinium spp., RB and
Pediastrumspp. still grouped separately from other specriesfgs along the first PCA axis,
whereas other species/groups were clustered tagatitbe positive side of the first PCA axis.

In the RDA with annual and seasonal environmerdtd,dhe variability explained by different axes
was relatively low, e.g. the first four axes exp&d < 50 % of the variability in the microfossiltda

in relation with environmental parameters. For atrmata, the three first axes explained 18.7 % of
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the variability. Global Monte Carlo permutation teeseturned statistically non-significant (p >
0.05) for the majority of the seasons and for thaual datasetT(@ble 1). The global test was
significant for spring environmental parameters atanicrofossil taxa (p = 0.043Y @ble 1). The
permutation test for individual axes indicated tmportance of the first axis (P = 0.045) and SSS
was identified as a parameter significantly (p 833) influencing the microfossil community
composition. The global Monte Carlo test was sigaiit between environmental parameters from
spring and spring species (p = 0.022), with theati@n represented by the first axis statistically
significant (p = 0.015) and with Nand SSS significantly (p < 0.05) contributing e tvariation

in species compositiom @ble 1). For the summer species (i.e. species with thedst abundances
in the plankton community during summer monthsyiremmental parameters from spring and
summer (June-August) were significant (p < 0.04jhwhe first axis statistically significant (p <
0.05) with SSS and NAO values explaining a sigarficamount of variation in the summer species
dataset (p < 0.04;able 1).
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Figure 7. Principal Component Analysig andC scaling for specie® andD scaling for sites
4. Discussion

This study provides a detailed overview of dinoflbgte cyst assemblage composition and
abundance in the central Baltic Sea, from the enthe 19" century to the early 21sentury.
Dinoflagellate cyst diversity (average = 10 taxathe Gotland basin was higher than the diversity
reported from surface sediments: n=3 (GunderseBg)1@ote: Tectatodinium psilatumfrom the
Baltic is now considered a bald cyst morphotydeP. reticulatum and n=6 (Sildeveet al, 2015),
as well as from another sediment core from the &dtlbasin (n=6, note: in our study freshwater
dinoflagellate species are not included, arilyXidiniopsis psilata” from the Balticis now
considered a bald cyst morphotypé P. reticulatum spanning from 11 300 to 380 years BP
(Brenner, 2005). These differences in species sityermight reflect patchiness in the
phytoplankton community or differences in enviromta conditions between the years that
support the growth of different species. The cystemblages were dominated by autotrophic
species, i.e. cysts d?. reticulatumand cysts ofB. balticg whereas the heterotrophic species
constituted < 27 % of the community during the stigated period. The change in dinoflagellate
cyst total abundances and TOC concentration is¢send half of the ZDcentury might reflect the
11
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nutrient increase after 1950s, with a peak in 198asstafsson, et al. 2012). It might also indicate
better preservation of cysts due to less frequetdws of oxygen-rich water to the Baltic Sea after
the 1980s (Matthaus, et al. 2006). However, thatian in microfossil relative abundances was not
well explained by the different environmental paedens, with an exception of SSS and nitrate
concentration during spring and a combination o @8d NAO during summer. The reconstructed
SSS values captured the decrease in surface gakaibrded by instrumental measurements since
the 1950s (Fonselius & Valderrama, 2003), althotighreconstructed average SSS values were
more variable throughout the core compared to tistrumental average SSS. The difference
between the instrumental and reconstructed valles depended on the function used for
reconstruction.

4.1 Patterns in cyst assemblage composition

Half of the taxa analyzed were positively relatathwhe first PCA axis. Cysts @. reticulatum(>

5 um) andSpiniferitesspp. have been linked to higher surface salin{geg. Mertenst al, 2011;
Willumsenet al, 2013; Ninget al, 2017), whereas the increased abundance of fréshalmae
Pediastrumspp. has been interpreted as an indicator of iratdr transport to the Gotland basin
(Brenner, 2005). Thus, the positive contributiorPetdiastrumspp. to the first axis suggests a link
with increased freshwater input. The main suppliregshwater to the central Baltic Sea comes from
the Bothnian Sea and the Gulf of Finland, whichches to the central Baltic after late summer
(Hordoir and Meier, 2010)Protoceratium reticulatumand Spiniferites spp.occur mainly in
summer-autumn (Harlanet al, 2004; Hallfors, 2013) when the nutrient supplynirthe bottom
layers to the upper water column is blocked bytiftration. Input of freshwater brings in extra
nutrients, thus supporting the growth of late sumemgumn dinoflagellates. However, as the
spring bloomer®. balticaandP. catenataare negatively related to the first PCA axis, fiksly
reflects the seasonal successiorRediastrunspp.,P. reticulatum G. baltica,andSpiniferitesspp.
co-occur in late summer in the central Baltic, vaaarthe spring bloom dinoflagellat®s, baltica,
andP. catenataand heterotrophic dinoflagellates@éibridinumspp. co-occur during spring.

The second axis is mainly driven by bald cyst® ofeticulatum potentially indicating a salinity
gradient. The third axis had a positive input frautotrophic dinoflagellate species/groups, with the
exception of baldP. reticulatum and negative contribution from heterotrophic $pecand
Pediastrumspp. This axis might represent a stratificatioadggnt as autotrophic dinoflagellates can
generally thrive in well-stratified waters (Margaég al, 1979), whereas higher relative abundances
of heterotrophic dinoflagellate species cysts hawen found from well-mixed sampling locations
as mixing favors diatom availability in the uppayér of the water column (Godhe and McQuoid,
2003).

The main environmental parameter significantly ueficing variation in species relative
abundances was SSS during spring, which can bepiated in terms of stratification, favoring
dinoflagellates over diatoms and supporting dirgdleate dominance during the spring bloom
(Wasmund and Uhlig, 2003; Klaist al, 2011). In addition to SSS, variation in spring
dinoflagellate species relative abundances was algaificantly influenced by the nitrate
concentrations, a limiting nutrient in eutrophichreas of the Baltic Sea during the spring bloom
(Tamminen and Andersen, 2007). Interestingly, theng SSS also significantly influenced the
variation in summer dinoflagellate communities, ethmight be explained by the overall strength
of water column stratification. For example, in@ed water column stability induced by the
positive phase of winter NAO has been used as enpiat explanation to increased abundances of
cysts produced b$. bentoriiduring late summer-autumn in Gullmar fjord, wesast of Sweden
(Harlandet al.,2006). The summer communities were additionalfjuenced by a combination of
summer SSS and NAO values. The positive phasermfmeur NAO has been correlated with the
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dry, warm and cloud-free conditions in Scandindtalland,et al 2009), which would potentially
increase the summer SSS due to reduced precipitatid promote thermal stratification. Thus, the
statistically significant contribution of summer $&nd NAO values to the variability in the
summer dinoflagellate assemblages may reflect rdifiees between years with positive and
negative summer NAO phases.

4.2 Species temporal distribution

Similarly to this study, cysts dP. reticulatum(all morphotypes grouped) have been previously
recorded as an important, if not dominant, membehe cyst community in the Gotland Basin
(Gundersen, 1988; Brenner, 2005; Sildegtml, 2015). In the investigated sediment core, bald
cysts of P. reticulatumwere the dominant morphotype throughout most of the geord. In
previous sediment core studies from the Baltic $eaering longer time periods, bald cystsFof
reticulatum (then identified asPyxidiniopsis psilata were found in low abundances and not
consistently throughout the records (Brenner, 20@085; Yu and Berglund, 2007; Nired al,
2017). Thus, it is suggested that their exceptlgnhlgh abundances may indicate specific
environmental conditions (Brenner, 2001a). This photype ofP. reticulatumvaried opposite to
Spiniferites spp., potentially indicating the influence of swedasalinity, asSpiniferites spp.
abundances have been positively correlated with (S8&everet al, 2015) and displayed a similar
pattern with the reconstructed sea surface sal{hiyg et al, 2017). However, bal®. reticulatum
cysts peaked in 1975, representing 85% of the ddage although there was no notable change in
freshwater input or instrumental SSS data compdmedhe previous and following years.
Unfortunately, the next cyst data point origingtesn 1955, not allowing to follow the changes in
the relative abundances of the bald cystB.akticulatumprior to 1975 in more detalil.

In the samples originating from 20@D09,B. balticawas dominant. The earliest presenc® of
baltica cysts was recorded from 1910 a@Adcatenatafrom 1973 in the Baltic Sea by Krenep al.
(2018), whereas in this study the presence of tlspseies can be extended to 1880 and 1909
respectively. Similarly, in both studies, the cystB. balticawere recorded throughout the core,
whereas the cysts 8. catenatavere not continuously present and the abundaredmdd rapidly
downcore. The cyst wall d?. catenatais thin (Kremp, 2000b), which potentially influesecthe
preservation capacity of the cysts (Kreetpl, 2018). The highest absolute cyst abundances were
recorded for both species in both studies from20@0s, although the cyst abundances were higher
in the Gulf of Finland (Krempet al, 2018). This might result from the generally higlspring
bloom peak biomass values in the Gulf of Finlandhpared to the Gotland basin (Klas al,
2011). In the Gulf of Finland, a marked increas@®irbalticacyst abundances between the 1930s
and 1960s was linked to increased nutrient inpueifipet al, 2018). In the Gotland basin, a rapid
increase irB. balticacyst abundances was found at the beginning o1 8#88s and foP. catenata
at the end of the 1990s. This might also be expthioy the increased nutrient input as the average
spring phosphate concentrations were highest in1889s (0.59 pM L), whereas the average
spring nitrate concentrations had high values ftbenbeginning of 1980s to the end of 1990s (2.7 —
4.08 uM LY (ICES, 2017).

Interestingly, no cysts of. malmogiensdpreviously known asScrippsiella hangogiwere
recorded in this study, although they were fourrdubhout the sediment core from the Gulf of
Finland (Krempet al, 2018). In this study, cysts identified 8srippsiellaspp. were found from
only one layer corresponding to the year 1989, Wismot comparable to the continuous presence
in the Gulf of Finland (Krempt al, 2018). The species was also not recorded insdadiments
from the same site (Sildevet al, 2015) or from the nearby sampling station in shene basin
(Sildeveret al, 2017). The influence of palynological treatmenttbe preservation of cysts Af
malmogienseés not known (Kremget al, 2018). Although this treatment was not used hgeSer
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et al. (2017), the potential influence of palynologicakdtment on the preservation @
malmogiense&ysts in our record needs further investigatiargnethoughA. malmogiensés found
in low numbers in the phytoplankton (Sundstrénal, 2009).

The abundances of heterotrophic taxa grouped umdsridinium spp. and RB varied
throughout the core with higher total abundanceghim upper part of the core (from 1975)
following the increased TOC concentrations, posdiytiindicating increased productivity (e.qg.
Andrénet al, 2000). High abundances of cysts produced by tietgrhic dinoflagellates were also
found from the surface sediment samples from tmeeseore and from a neighboring sampling
location in the northern Baltic Proper, and in #thgamples, heterotrophic cysts also dominated the
assemblage (Sildevet al, 2015). The dominance of heterotrophic cysts endhrface sediments
has been related to the conditions favoring thevtjrof their prey (Godhe and McQuoid, 2003)
and thus elevated nutrient levels favoring the ¢hoef the prey organisms have been suggested as
a potential explanation (Sildevet al, 2015). This is further supported by the resuftiRDA,
where the spring nitrate concentrations signifisacbntributed to the variability in the relative
abundances of both autotrophic spring dinoflagellatpecies and heterotrophic species.
Interestingly, in the older sediments of the Gallabasin core, the cysts of heterotrophic
dinoflagellates always constituted < 27 % of theeatblage. Another explanation might be related
with the better preservation of the cysts as mbéshe samples between 1975 to 2009 originate
from low oxygen, possibly anoxic conditions, wherdeom 1880 to 1955 the majority of the
samples originates from higher oxic conditions.(Zanneveld, et al. 2007).

4.3 Summer sea surface salinity reconstruction

Comparing reconstructed average summer SSS (Jphgi@ber) values with the average
instrumental data allows for en evaluation of Fheeticulatumprocess-length method as a summer
SSS proxy. Compared to instrumental SSS valueschwhanged only up to 0.59, the SSS
reconstructions showed wider ranges. Higher recoctstd sea surface salinity values based on the
average process length of cystsPofreticulatumcompared to previous studies (Willumsanal,
2013), as well as with other proxies and microfogabundances have been reported (Naebh@l,
2017) and thus the process length based reconstructight overestimate salinity (Ningt al,
2017). The usage of a linear function to descriteerelationship between average process length
and environmental parameters has been criticized Jagssonet al. (2014) due to the
indistinguishable influence of different parametensthe average process length, which hinders the
usage of average process length as a proxy foe@afepenvironmental parameter, e.g. SSS or SST.
At the same time, salinity has been found to be amemmportant factor contributing to the
variability in the average process length in corngear to temperature and nutrient concentrations
(Janssoret al, 2014)

Another limitation to this approach is that theadable average modern process lengths do
not represent the entire salinity gradient as measents are lacking from intermediate surface
salinities around 5-6 (Suppl. material 1, Mertensal, 2011). Thus, adding more process length
data from those salinities is likely to increase #ttcuracy of the models used for reconstructiag th
summer SSS. However, before adding new data it tmiigh necessary to investigate tRe
reticulatum populations from different localities in the Baltsea by using molecular methods as
the presence of genetically differentiated popataiofP. reticulatumhas been suggested (Jansson
et al, 2014) based on the differences in thereticulatumITS sequences from the Baltic Sea,
Canada and Japan (Merteztsal, 2012b). Using the model calibrated with procesgth data from
genetically differentiated populations would not@aately represent the relationship between the
average process length and environmental paramaieng (Janssoet al, 2014), which might
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explain the differences between the reconstructedimstrumental/calculated values. Until further
development of this approach, the reconstructedegahre more reliable as qualitative rather than
guantitative indicators.

Conclusions

With the aim to reconstruct salinity changes in Batic Sea since the late 19th century, we
investigated a dated sedimentary record from GodtlBasin. Changes in the cyst assemblage
composition down-core were compared to historigalrbgraphic time-series from the area, and the
process length d?Protoceratium reticulatuneysts was used to numerically reconstruct summneer se
surface salinity (SSS) using different numericaldels. The main conclusions of this study are:

1) Dinoflagellate cyst total abundance and reconsttu@SS values generally followed the
instrumentally-recorded changes in nutrient comretiohs, SSS and bottom water inflow
episodes.

2) Assemblage composition was mainly influenced by sheng SSS, but spring-blooming
taxa were additionally influenced by N@oncentrations, and summer-occurring species
showed variability induced by the combination oéeage summer SSS and NAO values.

3) Reconstructed average summer surface salinitiesrelif and were more variable compared
to the average instrumental summer surface sakniffhus, it is recommended to use the
process length based reconstructed values as atatjual indicator pending further
developments of this approach.
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Tables

Table 1. Datasets used for ordination analyses and thetsesiuMonte Carlo permutation tests
Figures

Figure 1. Sampling location in the Gotland basin, the BaBia. Arrows indicate the long-term
mean surface circulation (redrawn from Leppéarantdyg&berg, 2009)

Figure 2. Absolute palynomorph abundance (per gram of dryght&l(?) plotted together with
average annual freshwater input (&)

Figure 3. Relative abundances of dinoflagellate cysts (%l torganic carbon (%) redrawn from

(Kabel et al, 2012), relative abundances of autotrophs (filadtles) and heterotrophs (filled
triangles)

15



561
562
563
564

565
566
567
568

569
570

571

572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605

Figure 4. Instrumental data from the Gotland basin durirfiedeént seasons (empty circles: winter
(DecemberFebruary), filled crosses: spring (Marbhiay), empty diamonds: summer (June
August), filled circles: summer (Jui$eptember) and reconstructed sea surface tempeI@Cy
redrawn from (Kabeét al, 2012) (filled triangles)

Figure 5. Reconstructed average summer sea surface salinigyngles: new linear function,
diamonds: new exponential function, filled circlésear function from (Mertenst al, 2011) and
squares: average instrumental sea surface sdimifjuly-September)

Figure 6. Exponential (A) and linear (B) functions basedtlom average process length and average
surface salinity (July-September, 0-5m depth)

Figure 7. Principal Component Analysig andC scaling for specie® andD scaling for sites

Supplementary material
Suppl. Figure 1. Cross-section of the core 570530-5

Suppl. Figure 2. Radiometric data from the cof®70530-5,A: %Pb (Bq kg'), the X-axis is
log(10) transformed3:**’Cs(Bq kg?), error bars indicate standard deviation
Suppl. Figure 3. Core age-depth model

Suppl. Table 1. Dinoflagellate cyst counts
Suppl. Table 2. Calibration and reconstruction data

Suppl. Table 3. Species loadings for PCA axes
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Microfossil  Species/ DCA Further  Environmental Season Global  Sign. Sign. env. Sign. env.
data groups length test parameters test P- axis (P- param. param.
coverage included tested value value) (terms) (margin) (P-
(P-value) value)
1880-2009 Al 1.58 PCA
1983-2009 Al 1.41 RDA SSS, SST, NAO  Dec.-Feb. 0.23
P, NO;
Spring 0.83 SSS, SST, NO; 0.39
Summer 1.01 SSS, SST, NAO, 0.44
P, NO;
1975-2009 All 1.53 RDA SSS, SST, NAO, March-May 0.04 1.(0.04) SSS(0.03) SSS (0.04)
P, NO;
June-August 0.07
July-Sept. 0.11
Annual 0.17
Spring 1.01 RDA SSS, SST, NOs March-May 0.02 1.(0.01) NO; (0.02) SSS (@2}
NO;(0.01)
June-August 0.43
July-Sept. 0.35
Annual 0.31
Summer 0.99 RDA SSS, SST, NAO, March-May 0.03 1.(0.04) SSS (0.02) SSS (0.02)
P, NO;
June-August 0.03 1.(0.02) SSS(0.01)/
NAO (0.03)
July-Sept. 0.11
Annual 0.11



Highlights

Dinoflagellate cyst assemblage analysis from 19" century to present;

Statistical analysis on the influence of environmental parameters to microfossils;
Average summer sea surface salinity reconstructions based on cyst morphology;
Most abundant species were FProtoceratium reticulatum and Biecheleria baltica;

Spring SSS, NO;, summer SSS, NAO best explained variability in microfossil abundances;

Cyst assemblages and morphology reflected major environmental changes



