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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, N03, summer SSS, NAO best explained variability in microfossil 
abundances. ► Cyst assemblages and morphology reflected major environmental changes. 

 

Keywords : Dinoflagellate cysts, environmental change, sea surface salinity, sediment core records, 43 
Protoceratium reticulatum, Baltic Sea 
 
 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2 

 

1. Introduction 47 

The Baltic Sea, located in northeast Europe, is one of the largest brackish water bodies in the world. 48 

It has a rather dynamic geological history, including periods when it was fresh, brackish and also 49 

more saline than today (Andrén et al., 2011). Today, Baltic Sea salinity is determined by limited 50 

inflows from the North Sea (Lass and Matthäus, 2008; Leppäranta and Myrberg, 2009) and large 51 

freshwater input from rivers, especially to the northern and eastern basins (Bergström and Carlsson, 52 

1994; Johansson, 2017). This generates a surface salinity gradient from around 3 in the Bay of 53 

Bothnia to around 8 in the Arkona basin (Leppäranta and Myrberg, 2009). As salinity is negatively 54 

correlated with the energy required for osmotic regulation, (Schlieper, 1971), lower salinity levels 55 

result in an overall reduced biodiversity (Elmgren and Hill, 1997; Ojaveer et al., 2010). Model 56 

simulations indicate that the surface salinity in the Baltic Sea is likely to decrease in the future 57 

(Meier et al., 2012) due to the projected increase in winter precipitation across the entire region and 58 

also increased summer precipitation in the north (von Storch et al., 2015). However, due to 59 

uncertainties in the climate models, the projected changes in the surface salinity are not clear (von 60 

Storch et al., 2015) and thus, reliable reconstruction methods are needed to provide further insight 61 

to past environmental changes.  62 

Dinoflagellates are unicellular eukaryotes forming an ecologically important group of 63 

microplankton in various aquatic environments (Dale and Dale, 2002). Around 200 marine 64 

dinoflagellate species are known to produce resting cysts (Ellegaard et al., 2017 and references 65 

therein), as part of their life cycle, mainly triggered by changes in the environment (Anderson and 66 

Lindquist, 1985; Ellegaard et al., 1998; Figueroa et al., 2005; Kremp et al., 2009). Thus, 67 

assemblage composition, abundance, and morphology can reflect the conditions prevailing at the 68 

time of cyst formation (Ellegaard et al., 2002; Godhe and McQuoid, 2003; Price and Pospelova, 69 

2011; Heikkilä et al., 2016). The coupling between modern dinoflagellate cyst assemblages and 70 

corresponding environmental conditions (Godhe and McQuoid, 2003; Price et al., 2017) can be 71 

used to infer past environmental conditions. For example, dinoflagellate cyst records have been 72 

used to investigate past changes in sea surface conditions, such as temperature (e.g., Brinkhuis et 73 

al., 1998, de Vernal, et al. 2001, Bringué et al., 2018), salinity (e.g., Wall & Dale, 1973; Head et al., 74 

2004; Sorrel et al., 2006), sea-ice cover (e.g., Durantou et al., 2012), as well as changes in regional 75 

climate variability vs. anthropogenic change (e.g., Ribeiro et al., 2016) and in water quality due to 76 

eutrophication (e.g. Dale & Fjellså, 1994; Dale, et al. 1999; Price, et al. 2018). Variations in cyst 77 

morphology of Lingulodinium polyedra (Verleye, et al. 2009; Mertens, et al. 2012a) and 78 

Protoceratium reticulatum (Mertens, et al. 2011; Ning et al. 2017) have been used to respectively 79 

quantitatively reconstruct salinity changes in the Black Sea and along the Baltic Sea-Skagerrak 80 

salinity gradient.  81 

In recent decades, dinoflagellates have become more dominant in some basins of the Baltic Sea, 82 

especially during spring (Wasmund and Uhlig, 2003; Klais et al., 2011). This change influences the 83 

benthic communities through food quality and quantity as well as through oxygen consumption at 84 

the water-sediment interface (Klais et al., 2011; Spilling, et al. 2018). The dinoflagellates 85 

Peridiniella catenata (Levander) Balech, Biecheleria baltica Moestrup, Lindberg & Daugbjerg, 86 

Apocalathinium malmogiense (G. Sjöstedt) Craveiro, Daugbjerg, Moestrup & Calado and 87 

Gymnodinium corollarium Sundström, Kremp & Daugbjerg are key members of the spring bloom 88 

in the northern Baltic Sea (Heiskanen and Kononen, 1994; Hällfors et al., 2013; Klais et al., 2013; 89 

Lips et al., 2014). While P. catenata has been recorded in the Baltic Sea since 1903 (Hällfors et al., 90 

2013), data on the vegetative stage of B. baltica is lacking due to the inability to distinguish it from 91 

A. malmogiense and G. corollarium with light microscopy. However, B. baltica and P. catenata 92 

have been well documented from surface sediments of the northern Baltic Sea (Kremp, 2000a, b; 93 

Olli and Trunov, 2010; Sildever et al., 2017) and the expansion of B. baltica cyst beds have been 94 
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suggested to promote the blooms dominated by this species in the Gulf of Finland (Klais et al., 95 

2011). The increase in B. baltica cyst abundances during has been shown to coincide with the 96 

increase in anthropogenic eutrophication from 1930s to 1960s , (Kremp et al., 2018), which 97 

exemplifies the influence of human activities to the phytoplankton communities and sea ecosystem. 98 

The Holocene history of the Baltic Sea has been previously investigated based on sedimentary 99 

records (Kotilainen et al., 2014; Warden et al., 2016; Kotthoff et al., 2017), including information 100 

from the Gotland basin (Brenner, 2001a; b; 2005; Kabel et al., 2012). More specifically, past 101 

surface salinity changes in the Baltic Sea have been quantitatively studied by using different proxies 102 

such as dinoflagellate cyst morphology (Willumsen et al., 2013) and strontium isotopic composition 103 

(87Sr/86Sr) of mollusk shells (Widerlund and Andersson, 2011; Ning et al., 2017). Comparison 104 

between reconstructed surface salinities based on the average process length of cysts P. reticulatum 105 

and strontium isotopic composition indicated consistently higher salinities reconstructed by using 106 

average process lengths (Ning, et al. 2017). Thus, the average process-length based reconstructions 107 

were suggested to overestimate the salinity and are therefore not as reliable as other methods, e.g. 108 

strontium isotopic composition (Ning, et al. 2017). However, mollusk shells are not present in 109 

sediments younger than 2775 years BP (Widerlund and Anderson, 2011) and thus other proxies are 110 

needed to cover this period. Salinity reconstructions based on average process length of cysts of P. 111 

reticulatum have not been attempted for the most recent period, as the previous studies cover 8800 112 

– 2800 yrs BP (Willumsen, et al. 2013) and appr. 7300 – 3500 yrs BP (Ning, et al. 2017). 113 

Furthermore, the temporal resolution in those studies is around hundred to a few hundred years, 114 

which does not allow for resolving decadal to the centennial timescales that may be influenced by 115 

e.g. North Atlantic Oscillation (NAO) patterns (Weckström, et al. 2017). Also, to increase the 116 

confidence of dinoflagellate cyst-based proxies, it is important to compare dinoflagellate cyst based 117 

reconstructions with time-series of instrumental measurements (Harland et al., 2006).  118 

In this study, the reliability of the process-length method for salinity reconstructions is evaluated by 119 

comparing the reconstructed values from the late 19th century to the early 21st century with available 120 

instrumental data. Furthermore, changes in dinoflagellate cyst assemblage composition and 121 

morphology from the Gotland Basin during the same period are presented and analyzed in relation 122 

to environmental parameters to detect potential changes due to factors influencing the marine 123 

environment over decadal timescales, such as freshwater input and NAO variability. 124 

2. Materials and Methods 125 

 126 

2.1 Sediment core sampling and dating 127 

The sediment core used in this study was retrieved in 2009 from the Gotland basin (Figure 1; 128 

57°23.00 N 20°15.50 E, water depth 231 m, core ID 570530-5) with a multi-corer in the framework 129 

of the EU BONUS project INFLOW. The core was halved lengthwise for imaging and sampled at 130 

0.5-1 cm intervals. The samples were subsequently freeze-dried for further analyses. Three 131 

laminated intervals were observed in the core: 22 – 27.5 cm (0 – 5.5 cm, 2009 – 1999), 29.51 – 40.3 132 

cm (7.5 – 18.28 cm, 1995 – 1966) and 41.51 – 54 cm (19.39 – 31.89, 1962 – 1932). The cross-133 

section of the core is shown in Suppl. Figure 1. The samples analyzed in this study do not cover 134 

the core with the same frequency, e.g. there is a break between 1955 and 1975 as well as between 135 

1922 and 1932. The sediment samples were analyzed for 210Pb, 226Ra, and 137Cs activity via gamma 136 

spectrometry at the Gamma Dating Centre, Department of Geography and Geology, University of 137 

Copenhagen. The measurements were carried out on a Canberra low background Germanium well-138 

detector. 210Pb was measured by way of its gamma-peak at 46.5 keV, 226Ra by way of the 139 

granddaughter 214Pb (peaks at 295 and 352 keV) and 137Cs by way of its peak at 661 keV. The 140 

chronology of the core was established using a slightly modified constant rate of supply (CRS) 141 
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model (Appelby, 2001) as presented in Kabel et al. (2012). The 210Pb and 137Cs data are shown in 142 

Suppl. Figure 2 and the resulting age-depth model is shown in Suppl. Figure 3.  143 

 144 

 145 

 146 

Figure 1. Core site in the Gotland basin, Baltic Sea. Arrows indicate general surface circulation 147 

patterns (based on Leppäranta & Myrberg, 2009) 148 

 149 

2.2 Dinoflagellate cyst analysis 150 

Sediment core samples were processed at the Research Unit Palaeontology, Ghent University, using 151 

a standard methodology including cold HCl and HF treatment, and sieving through 10 µm meshes 152 

(Fig. 1 in Mertens et al., 2009), with Lycopodium clavatum as an exotic marker. Dinoflagellate 153 

cysts were identified and counted on permanent microscope slides and to ensure statistical 154 

significance, 300 cysts were counted per sample, whenever possible (Mertens et al., 2009). For the 155 

samples yielding <300 cysts, all the prepared material (several slides) was counted. Fragments 156 

representing less than half a cyst were not considered. The freshwater algae Pediastrum spp. were 157 

also counted in parallel and considered an additional indicator of freshwater input. Absolute 158 

abundances are given as cysts per gram of dry sediment calculated from the equation: (number of 159 

counted cysts*number of spores of L. clavatum added to the sample) / (number of L. clavatum 160 

spores counted*sample weight) (modified after Stockmarr, 1971). 161 

Cysts of Protoceratium reticulatum were grouped into three different morphotypes, differentiated 162 

by their process development and length, i.e. morphotypes with a) fully developed processes, > 5 163 

µm, b) reduced processes, < 5 µm, based on the process lengths applied by Ellegaard (2000) and c) 164 

bald cysts with no processes. Colorless cysts of gonyaulacoid affinity with no processes were 165 

grouped as unidentified mucus cysts (UMC). Species belonging to the genus Spiniferites were 166 

merged as Spiniferites spp., which includes Spiniferites sp., S. elongatus, S. belerius, S. bulloideus, 167 

and S. bentorii. Heterotrophic cysts not identifiable to species level were counted as round brown 168 

(RB) cysts. Species belonging to the genus Dubridinium were merged as Dubridinium spp. 169 
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consisting of Dubridinium sp., D. caperatum and D. ulsterum. Raw count data is available as 170 

Suppl. Table 1. 171 

 172 

2.3 Calibration and quantitative reconstruction 173 

The process lengths of P. reticulatum cysts were measured with an inverted Olympus IX 51 174 

microscope, Olympus cellSens Dimension imaging software, and Olympus U-CMAD3 Digital 175 

Camera. To ensure uniformity of the measurements, the three longest visible processes were 176 

measured in 20 cysts of P. reticulatum per sample/age-depth. Processes were measured from the 177 

center of the process base to the tip of the process (Mertens et al., 2011). Bald cysts of P. 178 

reticulatum were not included in the reconstruction following Mertens, et al. 2011. Samples for 179 

which less than 20 cysts of P. reticulatum were measured (2008, 2004 and 1994), were excluded 180 

from the reconstruction as well. The average process length of cysts of P. reticulatum was available 181 

from 90 surface sediment samples from previous studies in the Baltic Sea region (Suppl. Table 2). 182 

The correlation between average process length and average summer sea surface salinity (SSS) 183 

(July–September) was analyzed using the gridded 1-degree World Ocean Atlas 2005 (Antonov et 184 

al., 2006) and the Ocean Data View software (Schlitzer, 2017) by calculating Pearson's correlation 185 

coefficients (r). The significance of Pearson’s r was then calculated using a t-test. Different 186 

functions based on the previous measurements were applied to the average process lengths from the 187 

core to reconstruct average SSS from the end of the 19th to the beginning of 21st century. The 188 

equation proposed by Mertens et al. (2011), where SSS = 3.16* average process length - 0.84 189 

(R2=0.80), was also applied in order to compare existing models.  190 

 191 

2.4 Environmental data 192 

To investigate the influence of environmental parameters on the dinoflagellate community structure 193 

and diversity as well as to compare the reconstructed sea surface salinity with actual measurements, 194 

different time-series were used. Instrumental time-series for salinity, temperature, nutrients, and Chl 195 

a from the sampling area were obtained from the Oceanography database of ICES (2017). The 196 

measurements originate from the Gotland basin area, which is defined by the following coordinates 197 

in the database: S–W: 56°N 18°E, N–E 58°N 21°E. All available measurements (min. 3 198 

measurements per variable) from the sea surface to 5 m depth were used for the years from which 199 

the sediment samples originate. The depth from 0–5 m was chosen to characterize the conditions of 200 

the layer with the highest phytoplankton biomass, which was estimated based on the available Chl a 201 

data. Average SSS and SST were calculated for winter (December–February, data available from 202 

1975 and onwards), spring (March–May, from 1922) and summer (June–August, from 1932). To 203 

compare reconstructed SSS with instrumental data, salinity data from July to September was used 204 

(from 1922) as this monthly range represents the SSS values used for calibration (Antonov et al., 205 

2006). Average phosphate and nitrate concentrations were calculated for winter (data available 206 

starting from 1983), spring and summer (1975) using the same months as for the salinity and 207 

temperature. The annual mean freshwater input to the Baltic Proper, including the Gotland basin, 208 

was obtained from HELCOM Baltic Sea Environment Fact Sheet (data available until 1955) 209 

(Kronsell and Andersson, 2013). Monthly North Atlantic Oscillation (NAO) index (National 210 

Weather Service, 2017) was used to calculate average NAO indices for different seasons for each 211 

year from which the sediment samples originate (starting from 1955). Reconstructed SST and total 212 

organic carbon (TOC) data (Kabel et al., 2012) were used to provide further context to this study. 213 

 214 

2.5 Statistical analysis 215 

 216 
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Ordination analyses were applied to uncover the relationship between the microfossil assemblages 217 

(dinoflagellate cysts and Pediastrum spp.) and several environmental parameters using the R 218 

package vegan (R Core Team 2018, Oksanen et al., 2018). First, a Detrended Correspondence 219 

Analysis (DCA) was performed to choose between linear and unimodal ordination methods. DCA 220 

and further analyses were based on microfossil relative abundance data and included only species or 221 

groups that had an average relative abundance > 1%. The length of the first DCA axis was always < 222 

2 standard deviations (SD) (Table 1), indicating homogeneous datasets for which linear methods 223 

are suitable (Lepš and Šmilauer, 2003). We applied a square-root transformation to the assemblage 224 

data to account for very high values (Borcard et al., 2011). Principal Component Analysis (PCA) 225 

was performed to investigate general trends in the microfossil data and Redundancy Analysis 226 

(RDA) was used to analyze the influence of environmental parameters on the assemblages. Average 227 

SSS, SST, NAO index, phosphate and nitrate for different seasons as well as annual average SSS, 228 

NAO index and freshwater input were included. As the environmental data was continuously 229 

available only until 1983 for winter and until 1975 for other seasons, reduced microfossil datasets 230 

were used to match with the environmental datasets (Table 1). Based on the interpretation of the 231 

PCA, RDA was performed on microfossil datasets containing only spring (B. baltica, P. catenata, 232 

RB, Dubridinium sp.) or summer (different morphotypes of P. reticulatum, G. baltica, Spiniferites 233 

spp., Pediastrum spp.) species/groups. Monte Carlo Permutation tests with 999 unrestricted 234 

permutations were used to test the significance of the variation in microfossil community 235 

composition explained by the environmental variables under a global model and if the result was 236 

significant, further Monte Carlo permutation tests with 999 unrestricted permutations were 237 

performed to test for the variation explained by the individual axes and environmental variables. 238 

 239 

3. Results 240 

The multiple laminations visible in the core clearly indicate an undisturbed sediment record, and 241 

anoxic conditions during the period from 1966 to ca. 2009 (excl. sample from 1997) (Suppl. Fig. 242 

1). Older samples (1880 – 1922) from the bottom of the core indicate higher oxygen concentrations 243 

at the seabed, evidenced by the homogeneous sediment layer dated to ca. 1880-1932.  244 

3.1 Dinoflagellate cyst assemblages 245 

Overall, cyst concentrations were generally higher (61 462 cysts g-1 dw, standard deviation, S. D., 246 

24 821) in the upper part of the core (1975–2009) than in the lower part of the core (16 806 cysts g-1 
247 

dw, S.D. 6352, 1880–1955) (Figure 2). The number of dinoflagellate taxa identified varied from 248 

eight to 16 with an average of ten per sample (Suppl. Table 1). Four taxa were present throughout 249 

the core: cysts of P. reticulatum, B. baltica, round brown cysts and Dubridinium spp. In addition, 250 

freshwater algae of the Pediastrum genus were also found throughout the core. The most abundant 251 

species were Biecheleria baltica and P. reticulatum, the latter represented by three cyst 252 

morphotypes (Figure 2). Biecheleria baltica dominated the community in the three topmost 253 

samples (2004, 2008 and 2009) and represented 48% of the assemblage in 2008 ± 1 (Figure 3). 254 

From 2003 and back, bald cysts of P. reticulatum became dominant, constituting 85% of the 255 

assemblages from 1975 ± 1. Autotrophic species dominated the cyst assemblage throughout the 256 

entire core, with heterotrophs being always below 27 % (Figure 3).  257 
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 258 

 259 

Figure 2. Absolute palynomorph abundance (per gram of dry weight*102) plotted together with 260 

average annual freshwater input (m3 s-1)  261 

 262 

 263 

Figure 3. Relative abundances of dinoflagellate cysts (%), total organic carbon (%) redrawn from 264 

(Kabel et al., 2012), relative abundances of autotrophs (filled circles) and heterotrophs (filled 265 

triangles)  266 

 267 

3.2 Environmental time-series from the Gotland basin 268 

 269 

The available instrumental data on sea surface salinity showed remarkably little variation (Figure 270 

4) both seasonally and annually, as the maximum difference between the minimum and maximum 271 

values throughout all seasons and years available was 0.81. In contrast, the average instrumental 272 
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SST showed a large variability within and between seasons, e.g. winter SST ranged from 2.30 to 273 

5.21 °C, spring SST 1.29 to 6.86 °C, summer SST for June–August 10.91 to 19.29 °C and July-274 

September 15.87 to 18.89 °C. Reconstructed SST (July–October) by Kabel et al. (2012) ranged 275 

from 14.33 to 18.77 °C. The average annual freshwater input to the Baltic Proper ranged from 2706 276 

m3/s and 3991 m3/s. The most positive average NAO index values occurred in 1989. For the 277 

summer season, the most positive average values occurred in 1983 (June–August) and in 1955 278 

(July–September). The most negative average values were recorded in 1955 for the winter season 279 

and annually. For spring, the most negative average value was recorded in 1975 and for the summer 280 

season (both monthly ranges) in 2008. The TOC concentrations ranged from 2.59 to 12.73 % 281 

(Kabel et al., 2012) (Figure 3). The average winter phosphate values ranged from 0.36 to 0.68 282 

µmol/L, for spring the range was from 0.28 to 0.57 µmol/L and for summer 0.06 to 0.17 µmol/L for 283 

June-August and 0.02 to 0.09 for July–September. The average nitrate values for winter ranged 284 

from 2.6 to 3.66 µmol/L, for spring 1.43 to 8.06 µmol/L and for summer 0.08 to 1.19 µmol/L for 285 

June–August and 0.12 to 1.82 µmol/L for July–September. 286 

 287 

Figure 4. Instrumental data from the Gotland basin during different seasons (empty circles: winter 288 

(December–February), filled crosses: spring (March–May), empty diamonds: summer (June–289 

August), filled circles: summer (July–September) and reconstructed sea surface temperature (°C) 290 

redrawn from (Kabel et al., 2012) (filled triangles)  291 

 292 

3.3 Process length measurements, and summer surface salinity reconstructions 293 

Altogether, 1188 P. reticulatum processes were measured from a total of 396 cysts. In the upper 294 

part of the core (1955–2009), the average process length was between 1.54 and 2.90 µm, whereas 295 

before 1944 it was consistently ≥ 3 µm. In general, all reconstructions showed a similar pattern in 296 

SSS following this shift in average process length (Figure 5). The linear function as presented in 297 

Mertens et al. (2011) yielded higher surface SSS values compared to the linear (y = 4.526* average 298 

process length − 8.58, R2 = 0.87) and exponential (y = 2.172e 0.318* average process length, R2 = 0.89) 299 

functions derived from our updated calibration dataset (Figure 6, Suppl. Table 2). Compared to the 300 

linear function by Mertens et al. (2011), our new linear function produced on average 3 units lower 301 

SSS and yielded negative SSS values for two years. When using the new exponential function, the 302 

average difference between the SSS values reconstructed with the linear function by (Mertens et al., 303 

2011) was 2 units. The average instrumental SSS for summer (July-September) ranged from 6.82 to 304 
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7.41. At the same time, the average reconstructed SSS was more variable by ranging from 4.02 to 305 

11.22 when using the linear function by (Mertens et al., 2011). When using the new linear function, 306 

the average SSS ranged from -1.62 to 8.70 (in Figure 5, the negative values are replaced with zero, 307 

as salinity cannot be negative) and with the new exponential function the range was 3.54 to 308 

7.31(Suppl. Table 2). 309 

  310 

Figure 5. Reconstructed average summer sea surface salinity (triangles: new linear function, 311 

diamonds: new exponential function, filled circles: linear function from (Mertens et al., 2011) and 312 

squares: average instrumental sea surface salinity for July-September) 313 
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 314 

Figure 6. Exponential (A) and linear (B) functions based on the average process length and average 315 

surface salinity (July–September, 0–5m depth) 316 

 317 

3.4 Statistical analysis 318 

 319 

The first three Principal Component Analyses (PCA) axes explained 79. 82 % of the variation in the 320 

cyst assemblage data (Figure 7). The first axis had positive associations with P. reticulatum (> 5 321 

µm and 0-5 µm), G. baltica, Spiniferites spp. and Pediastrum spp. (Suppl. Table 3). The second 322 

axis had a strong positive association only with P. reticulatum (bald) and showed a negative 323 

association with the other taxa. Biecheleria baltica and P. catenata contributed positively to the 324 

variability represented by the third axis. Most taxa grouped together close to the positive side of the 325 

first PCA axis (Figure 7, A, B). Protoceratium reticulatum (bald) grouped separately along the 326 

second axis, whereas B. baltica and P. catenata grouped together on the negative side along the first 327 

PCA axis. Dubridinium spp., RB and Pediastrum spp. also grouped separately from other 328 

species/groups along the first PCA axis. When first and third axes are shown (Figure 7, C, D), B. 329 

baltica and P. catenata grouped together on the positive side of the third PCA axis, whereas P. 330 

reticulatum (bald) was placed on the negative side of both axes. Dubridinium spp., RB and 331 

Pediastrum spp. still grouped separately from other species/groups along the first PCA axis, 332 

whereas other species/groups were clustered together on the positive side of the first PCA axis.  333 

In the RDA with annual and seasonal environmental data, the variability explained by different axes 334 

was relatively low, e.g. the first four axes explained < 50 % of the variability in the microfossil data 335 

in relation with environmental parameters. For annual data, the three first axes explained 18.7 % of 336 
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the variability. Global Monte Carlo permutation tests returned statistically non-significant (p > 337 

0.05) for the majority of the seasons and for the annual dataset (Table 1). The global test was 338 

significant for spring environmental parameters and all microfossil taxa (p = 0.043) (Table 1). The 339 

permutation test for individual axes indicated the importance of the first axis (P = 0.045) and SSS 340 

was identified as a parameter significantly (p = 0.033) influencing the microfossil community 341 

composition. The global Monte Carlo test was significant between environmental parameters from 342 

spring and spring species (p = 0.022), with the variation represented by the first axis statistically 343 

significant (p = 0.015) and with NO3 and SSS significantly (p < 0.05) contributing to the variation 344 

in species composition (Table 1). For the summer species (i.e. species with the highest abundances 345 

in the plankton community during summer months), environmental parameters from spring and 346 

summer (June-August) were significant (p < 0.04), with the first axis statistically significant (p < 347 

0.05) with SSS and NAO values explaining a significant amount of variation in the summer species 348 

dataset (p < 0.04, Table 1). 349 

 350 

 351 

Figure 7. Principal Component Analysis: A and C scaling for species, B and D scaling for sites 352 

 353 

4. Discussion 354 

 355 

This study provides a detailed overview of dinoflagellate cyst assemblage composition and 356 

abundance in the central Baltic Sea, from the end of the 19th century to the early 21st century. 357 

Dinoflagellate cyst diversity (average = 10 taxa) in the Gotland basin was higher than the diversity 358 

reported from surface sediments: n=3 (Gundersen, 1988) (note: “Tectatodinium psilatum” from the 359 

Baltic is now considered a bald cyst morphotype of P. reticulatum) and n=6 (Sildever et al., 2015), 360 

as well as from another sediment core from the Gotland basin (n=6, note: in our study freshwater 361 

dinoflagellate species are not included, and “Pyxidiniopsis psilata” from the Baltic is now 362 

considered a bald cyst morphotype of P. reticulatum) spanning from 11 300 to 380 years BP 363 

(Brenner, 2005). These differences in species diversity might reflect patchiness in the 364 

phytoplankton community or differences in environmental conditions between the years that 365 

support the growth of different species. The cyst assemblages were dominated by autotrophic 366 

species, i.e. cysts of P. reticulatum and cysts of B. baltica, whereas the heterotrophic species 367 

constituted < 27 % of the community during the investigated period. The change in dinoflagellate 368 

cyst total abundances and TOC concentration in the second half of the 20th century might reflect the 369 
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nutrient increase after 1950s, with a peak in 1980s (Gustafsson, et al. 2012). It might also indicate 370 

better preservation of cysts due to less frequent inflows of oxygen-rich water to the Baltic Sea after 371 

the 1980s (Matthäus, et al. 2006). However, the variation in microfossil relative abundances was not 372 

well explained by the different environmental parameters, with an exception of SSS and nitrate 373 

concentration during spring and a combination of SSS and NAO during summer. The reconstructed 374 

SSS values captured the decrease in surface salinity recorded by instrumental measurements since 375 

the 1950s (Fonselius & Valderrama, 2003), although the reconstructed average SSS values were 376 

more variable throughout the core compared to the instrumental average SSS. The difference 377 

between the instrumental and reconstructed values also depended on the function used for 378 

reconstruction. 379 

 380 

4.1 Patterns in cyst assemblage composition 381 

Half of the taxa analyzed were positively related with the first PCA axis. Cysts of P. reticulatum (> 382 

5 µm) and Spiniferites spp. have been linked to higher surface salinities (e.g. Mertens et al., 2011; 383 

Willumsen et al., 2013; Ning et al., 2017), whereas the increased abundance of freshwater algae 384 

Pediastrum spp. has been interpreted as an indicator of freshwater transport to the Gotland basin 385 

(Brenner, 2005). Thus, the positive contribution of Pediastrum spp. to the first axis suggests a link 386 

with increased freshwater input. The main supply of freshwater to the central Baltic Sea comes from 387 

the Bothnian Sea and the Gulf of Finland, which reaches to the central Baltic after late summer 388 

(Hordoir and Meier, 2010). Protoceratium reticulatum, and Spiniferites spp. occur mainly in 389 

summer-autumn (Harland et al., 2004; Hällfors, 2013) when the nutrient supply from the bottom 390 

layers to the upper water column is blocked by stratification. Input of freshwater brings in extra 391 

nutrients, thus supporting the growth of late summer-autumn dinoflagellates.  However, as the 392 

spring bloomers B. baltica and P. catenata are negatively related to the first PCA axis, this likely 393 

reflects the seasonal succession, as Pediastrum spp., P. reticulatum, G. baltica, and Spiniferites spp. 394 

co-occur in late summer in the central Baltic, whereas the spring bloom dinoflagellates, B. baltica, 395 

and P. catenata, and heterotrophic dinoflagellates of Dubridinum spp. co-occur during spring.  396 

The second axis is mainly driven by bald cysts of P. reticulatum, potentially indicating a salinity 397 

gradient. The third axis had a positive input from autotrophic dinoflagellate species/groups, with the 398 

exception of bald P. reticulatum, and negative contribution from heterotrophic species and 399 

Pediastrum spp. This axis might represent a stratification gradient as autotrophic dinoflagellates can 400 

generally thrive in well-stratified waters (Margalef et al., 1979), whereas higher relative abundances 401 

of heterotrophic dinoflagellate species cysts have been found from well-mixed sampling locations 402 

as mixing favors diatom availability in the upper layer of the water column (Godhe and McQuoid, 403 

2003). 404 

The main environmental parameter significantly influencing variation in species relative 405 

abundances was SSS during spring, which can be interpreted in terms of stratification, favoring 406 

dinoflagellates over diatoms and supporting dinoflagellate dominance during the spring bloom 407 

(Wasmund and Uhlig, 2003; Klais et al., 2011). In addition to SSS, variation in spring 408 

dinoflagellate species relative abundances was also significantly influenced by the nitrate 409 

concentrations, a limiting nutrient in eutrophicated areas of the Baltic Sea during the spring bloom 410 

(Tamminen and Andersen, 2007). Interestingly, the spring SSS also significantly influenced the 411 

variation in summer dinoflagellate communities, which might be explained by the overall strength 412 

of water column stratification. For example, increased water column stability induced by the 413 

positive phase of winter NAO has been used as a potential explanation to increased abundances of 414 

cysts produced by S. bentorii during late summer-autumn in Gullmar fjord, west coast of Sweden 415 

(Harland et al., 2006). The summer communities were additionally influenced by a combination of 416 

summer SSS and NAO values. The positive phase of summer NAO has been correlated with the 417 
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dry, warm and cloud-free conditions in Scandinavia (Folland, et al. 2009), which would potentially 418 

increase the summer SSS due to reduced precipitation and promote thermal stratification. Thus, the 419 

statistically significant contribution of summer SSS and NAO values to the variability in the 420 

summer dinoflagellate assemblages may reflect differences between years with positive and 421 

negative summer NAO phases.  422 

 423 

4.2 Species temporal distribution 424 

Similarly to this study, cysts of P. reticulatum (all morphotypes grouped) have been previously 425 

recorded as an important, if not dominant, member of the cyst community in the Gotland Basin 426 

(Gundersen, 1988; Brenner, 2005; Sildever et al., 2015). In the investigated sediment core, bald 427 

cysts of P. reticulatum were the dominant morphotype throughout most of the core record. In 428 

previous sediment core studies from the Baltic Sea, covering longer time periods, bald cysts of P. 429 

reticulatum (then identified as Pyxidiniopsis psilata) were found in low abundances and not 430 

consistently throughout the records (Brenner, 2001b, 2005; Yu and Berglund, 2007; Ning et al., 431 

2017). Thus, it is suggested that their exceptionally high abundances may indicate specific 432 

environmental conditions (Brenner, 2001a). This morphotype of P. reticulatum varied opposite to 433 

Spiniferites spp., potentially indicating the influence of surface salinity, as Spiniferites spp. 434 

abundances have been positively correlated with SSS (Sildever et al., 2015) and displayed a similar 435 

pattern with the reconstructed sea surface salinity (Ning et al., 2017). However, bald P. reticulatum 436 

cysts peaked in 1975, representing 85% of the assemblage, although there was no notable change in 437 

freshwater input or instrumental SSS data compared to the previous and following years.  438 

Unfortunately, the next cyst data point originates from 1955, not allowing to follow the changes in 439 

the relative abundances of the bald cysts of P. reticulatum prior to 1975 in more detail. 440 

In the samples originating from 2004–2009, B. baltica was dominant. The earliest presence of B. 441 

baltica cysts was recorded from 1910 and P. catenata from 1973 in the Baltic Sea by Kremp et al. 442 

(2018), whereas in this study the presence of those species can be extended to 1880 and 1909 443 

respectively. Similarly, in both studies, the cysts of B. baltica were recorded throughout the core, 444 

whereas the cysts of P. catenata were not continuously present and the abundances declined rapidly 445 

downcore. The cyst wall of P. catenata is thin (Kremp, 2000b), which potentially influences the 446 

preservation capacity of the cysts (Kremp et al., 2018). The highest absolute cyst abundances were 447 

recorded for both species in both studies from the 2000s, although the cyst abundances were higher 448 

in the Gulf of Finland (Kremp et al., 2018). This might result from the generally higher spring 449 

bloom peak biomass values in the Gulf of Finland compared to the Gotland basin (Klais et al., 450 

2011). In the Gulf of Finland, a marked increase in B. baltica cyst abundances between the 1930s 451 

and 1960s was linked to increased nutrient input (Kremp et al., 2018). In the Gotland basin, a rapid 452 

increase in B. baltica cyst abundances was found at the beginning of the 1980s and for P. catenata 453 

at the end of the 1990s. This might also be explained by the increased nutrient input as the average 454 

spring phosphate concentrations were highest in the 1980s (0.59 µM L-1), whereas the average 455 

spring nitrate concentrations had high values from the beginning of 1980s to the end of 1990s (2.7 – 456 

4.08 µM L-1) (ICES, 2017). 457 

Interestingly, no cysts of A. malmogiense (previously known as Scrippsiella hangoei) were 458 

recorded in this study, although they were found throughout the sediment core from the Gulf of 459 

Finland (Kremp et al., 2018). In this study, cysts identified as Scrippsiella spp. were found from 460 

only one layer corresponding to the year 1989, which is not comparable to the continuous presence 461 

in the Gulf of Finland (Kremp et al., 2018). The species was also not recorded in surface sediments 462 

from the same site (Sildever et al., 2015) or from the nearby sampling station in the same basin 463 

(Sildever et al., 2017). The influence of palynological treatment on the preservation of cysts of A. 464 

malmogiense is not known (Kremp et al., 2018). Although this treatment was not used by Sildever 465 
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et al. (2017), the potential influence of palynological treatment on the preservation of A. 466 

malmogiense cysts in our record needs further investigation, even though A. malmogiense is found 467 

in low numbers in the phytoplankton (Sundström et al., 2009). 468 

The abundances of heterotrophic taxa grouped under Dubridinium spp. and RB varied 469 

throughout the core with higher total abundances in the upper part of the core (from 1975) 470 

following the increased TOC concentrations, potentially indicating increased productivity (e.g. 471 

Andrén et al., 2000). High abundances of cysts produced by heterotrophic dinoflagellates were also 472 

found from the surface sediment samples from the same core and from a neighboring sampling 473 

location in the northern Baltic Proper, and in those samples, heterotrophic cysts also dominated the 474 

assemblage (Sildever et al., 2015). The dominance of heterotrophic cysts in the surface sediments 475 

has been related to the conditions favoring the growth of their prey (Godhe and McQuoid, 2003) 476 

and thus elevated nutrient levels favoring the growth of the prey organisms have been suggested as 477 

a potential explanation (Sildever et al., 2015). This is further supported by the results of RDA, 478 

where the spring nitrate concentrations significantly contributed to the variability in the relative 479 

abundances of both autotrophic spring dinoflagellate species and heterotrophic species. 480 

Interestingly, in the older sediments of the Gotland basin core, the cysts of heterotrophic 481 

dinoflagellates always constituted < 27 % of the assemblage. Another explanation might be related 482 

with the better preservation of the cysts as most of the samples between 1975 to 2009 originate 483 

from low oxygen, possibly anoxic conditions, whereas from 1880 to 1955 the majority of the 484 

samples originates from higher oxic conditions (e.g. Zonneveld, et al. 2007).  485 

 486 

4.3 Summer sea surface salinity reconstruction 487 

 488 

Comparing reconstructed average summer SSS (July-September) values with the average 489 

instrumental data allows for en evaluation of the P. reticulatum process-length method as a summer 490 

SSS proxy. Compared to instrumental SSS values, which ranged only up to 0.59, the SSS 491 

reconstructions showed wider ranges. Higher reconstructed sea surface salinity values based on the 492 

average process length of cysts of P. reticulatum compared to previous studies (Willumsen et al., 493 

2013), as well as with other proxies and microfossil abundances have been reported (Ning et al., 494 

2017) and thus the process length based reconstruction might overestimate salinity (Ning et al., 495 

2017). The usage of a linear function to describe the relationship between average process length 496 

and environmental parameters has been criticized by Jansson et al. (2014) due to the 497 

indistinguishable influence of different parameters on the average process length, which hinders the 498 

usage of average process length as a proxy for a specific environmental parameter, e.g. SSS or SST. 499 

At the same time, salinity has been found to be a more important factor contributing to the 500 

variability in the average process length in comparison to temperature and nutrient concentrations 501 

(Jansson et al., 2014) 502 

 Another limitation to this approach is that the available average modern process lengths do 503 

not represent the entire salinity gradient as measurements are lacking from intermediate surface 504 

salinities around 5-6 (Suppl. material 1, Mertens et al., 2011). Thus, adding more process length 505 

data from those salinities is likely to increase the accuracy of the models used for reconstructing the 506 

summer SSS. However, before adding new data it might be necessary to investigate the P. 507 

reticulatum populations from different localities in the Baltic Sea by using molecular methods as 508 

the presence of genetically differentiated populations of P. reticulatum has been suggested (Jansson 509 

et al., 2014) based on the differences in the P. reticulatum ITS sequences from the Baltic Sea, 510 

Canada and Japan (Mertens et al., 2012b). Using the model calibrated with process length data from 511 

genetically differentiated populations would not accurately represent the relationship between the 512 

average process length and environmental parameters alone (Jansson et al., 2014), which might 513 
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explain the differences between the reconstructed and instrumental/calculated values. Until further 514 

development of this approach, the reconstructed values are more reliable as qualitative rather than 515 

quantitative indicators. 516 

 517 

Conclusions 518 

 519 

With the aim to reconstruct salinity changes in the Baltic Sea since the late 19th century, we 520 

investigated a dated sedimentary record from Gotland Basin. Changes in the cyst assemblage 521 

composition down-core were compared to historical hydrographic time-series from the area, and the 522 

process length of Protoceratium reticulatum cysts was used to numerically reconstruct summer sea-523 

surface salinity (SSS) using different numerical models. The main conclusions of this study are: 524 

1) Dinoflagellate cyst total abundance and reconstructed SSS values generally followed the 525 

instrumentally-recorded changes in nutrient concentrations, SSS and bottom water inflow 526 

episodes.  527 

2) Assemblage composition was mainly influenced by the spring SSS, but spring-blooming 528 

taxa were additionally influenced by NO3 concentrations, and summer-occurring species 529 

showed variability induced by the combination of average summer SSS and NAO values.  530 

3) Reconstructed average summer surface salinities differed and were more variable compared 531 

to the average instrumental summer surface salinities. Thus, it is recommended to use the 532 

process length based reconstructed values as a qualitative indicator pending further 533 

developments of this approach. 534 
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Figure 2. Absolute palynomorph abundance (per gram of dry weight*102) plotted together with 554 
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(Kabel et al., 2012), relative abundances of autotrophs (filled circles) and heterotrophs (filled 558 
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Figure 4. Instrumental data from the Gotland basin during different seasons (empty circles: winter 561 

(December–February), filled crosses: spring (March–May), empty diamonds: summer (June–562 

August), filled circles: summer (July–September) and reconstructed sea surface temperature (°C) 563 

redrawn from (Kabel et al., 2012) (filled triangles)  564 

 565 

Figure 5. Reconstructed average summer sea surface salinity (triangles: new linear function, 566 

diamonds: new exponential function, filled circles: linear function from (Mertens et al., 2011) and 567 

squares: average instrumental sea surface salinity for July-September) 568 

Figure 6. Exponential (A) and linear (B) functions based on the average process length and average 569 
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Highlights 

� Dinoflagellate cyst assemblage analysis from 19

th

 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, N0
3
, summer SSS, NAO best explained variability in microfossil abundances; 

� Cyst assemblages and morphology reflected major environmental changes  


