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ABSTRACT

The history of expansion of bloom-forming cold water dinoflagellates in the Northern Baltic Sea was studied using 100-
year-old sediment archives of their resting cysts. Vertical cyst distributions of Biecheleria baltica and Apocalathium
malmogiense, two dinoflagellates indistinguishable by light microscopy and not recognized as distinct species in monitoring,
and chain-forming Peridiniella catenata were analysed in Pb*'® and Cs'*” dated layers of a sediment core from deep,
hypoxic accumulation bottoms of the Gulf of Finland. Cyst profiles showed that B. baltica and A. malmogiense were already
present in the Baltic spring phytoplankton community at the beginning of the 20th century. This confirms that B. baltica,
which was only recognized in the late 1980s, is a native species in the area. A drastic increase in B. baltica cyst
concentrations in the 1930s to 1960s coincided with the acceleration of anthropogenic eutrophication. Large cyst deposits
accumulated over several decades in the sediment which, by the 1980s, amounted to the seed stock necessary to inoculate
dominant blooms. In the cyst records A. malmogiense always contributed a minor fraction of the two species. P. catenata
had a relatively short cyst record in Gulf of Finland sediments despite demonstrated long-term presence in the plankton,
which emphasizes that cyst-based historic surveys are not suitable for all cyst-forming dinoflagellates. This was corroborated
by correspondence analyses of long-term plankton and cyst records which validated the trends from the sediment archive
for B. baltica and A. malmogiense, but failed to do so for P. catenata. Germination experiments with 100-year-old cysts
revealed a remarkable long-term survival capacity of A. malmogiense, making this species a suitable model for resurrection
studies testing adaptation in heavily impacted systems such as the Baltic Sea.
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Introduction been extensively documented (Anderson, 1998;
Rengefors, 1998; Angleés et al., 2012). Pools of resting
cysts in lake and marine sediments form ‘seed banks’
that anchor dinoflagellate populations in an area
(Tahvanainen et al., 2012) and, being diverse genetic
reservoirs (Lundholm et al., 2011), support their per-
sistence through changing environmental conditions.

The walls of dinoflagellate resting cysts typically
consist of resistant materials that effectively protect
the cells from degradation (Zonneveld et al., 1997).
When buried in sediment deposits, cysts can remain
intact and alive for a long time (Lewis et al., 1999;
McQuoid et al, 2002; Lundholm et al, 2011). The
revival potential of some species is remarkable even
after decades of burial, suggesting that these propa-
gules are effective means to ensure persistence of
populations through prolonged periods of unfavour-
able conditions (Ribeiro et al, 2011). Resurrected
individuals or populations of planktonic organisms
can provide valuable information on past environ-
mental conditions and species responses to long-
term changes in a water body. The fossilizable cyst

Phototrophic dinoflagellates are important constitu-
ents of phytoplankton in temperate marine and fresh-
water systems. Under favourable conditions they
often form dense blooms which can have toxic or
otherwise harmful effects on humans and co-occur-
ring biota. When dinoflagellates dominate primary
production, they can play an important role as dri-
vers of carbon fixation and biogeochemical cycles.
Many dinoflagellate species form resistant resting
cysts as a part of their life cycle (Dale, 1983).
Dormant cysts are primarily thought to ensure survi-
val through periods of unfavourable conditions.
However, various other biological and ecological
functions of these life cycle stages have been recog-
nized: in the majority of dinoflagellate species with
known life cycles, cyst formation is part of the sexual
reproduction process (von Stosch, 1973; Figueroa &
Bravo, 2005) and supports genetic diversity (Garcés
et al., 2002). The important role of cysts in dinofla-
gellate bloom dynamics and seasonal succession has
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walls of some dinoflagellates remain intact over geo-
logical time spans, making cysts useful proxies for
environmental change. Cyst records have been exten-
sively used in geology to reconstruct past marine and
freshwater environments (de Vernal et al, 2013).
Cyst profiles from more recent sediments were
found to reflect effects of industrialization and eutro-
phication (Harland et al, 2006; McCarthy et al,
2011). Moreover, cyst distributions in dated sediment
cores have helped to explain recent expansions of
harmful dinoflagellate blooms by relating vertical
cyst dynamics to decadal scale environmental fluctua-
tions (Feifel et al.,, 2012) or reconstructing invasion
histories (Ribeiro et al., 2012). It has been suggested
that dinoflagellate sediment records could replace or
extend plankton monitoring time-series (Klouch
et al., 2016).

In the Baltic Sea, cold-water adapted dinoflagel-
lates regularly dominate the spring phytoplankton
community and may in some years contribute up to
80% of the annual new production (Lignell et al.,
1993). The species involved - Peridiniella catenata
(Levander) Balech, Biecheleria baltica Moestrup,
Lindberg & Daugbjerg, Apocalathium malmogiense
(G.Sjostedt) Craveiro, Daugbjerg, Moestrup &
Calado comb. nov. and Gymmnodinium corollarium
A M.Sundstrom, Kremp & Daugbjerg - are phylogen-
etically diverse. While the chain-forming P. catenata
is morphologically distinct, the other three species
cannot be distinguished from one another by means
of light microscopy. They were only recently recog-
nized as individual species (Kremp et al, 2005;
Sundstrom et al, 2009). In Baltic phytoplankton
monitoring programmes the three species have not
been differentiated but pooled in the ‘Scrippsiella
complex’, referring to the long-used genus name of
the only species of the three that had been properly
identified from the spring bloom, Scrippsiella hangoei
(Larsen et al., 1995), now named A. malmogiense
(Craveiro et al., 2016). All four spring bloom dino-
flagellates produce distinct dormant resting cysts
(Kremp, 2000; Kremp et al., 2005; Sundstrom et al.,
2009). Except for G. corollarium, which has an excep-
tionally small cyst stage that cannot be captured by
standard sediment processing methods, these have
been identified from Northern Baltic surface sedi-
ment samples.

The dominance of dinoflagellates during spring in
the northern Baltic Sea is a recent phenomenon
which has developed over the past four decades
(Klais et al., 2011). It has been proposed that cli-
mate-mediated effects on life cycle transformations
of B. baltica are a major driver of the bloom expan-
sion (Klais et al., 2013; Warns et al., 2013). B. baltica
has caused massive cyst sedimentation events since
the late 1980s (Heiskanen, 1993; Kremp et al., 2005)
suggesting that this species plays an important role in

this development. However, it remains unclear
whether the new B. baltica blooms are caused by an
expanding native population or whether the rapid
expansion of the species might be a result of a recent
invasion. It is also unclear to what extent the other
‘look-alike’ species, A. malmogiense and G. corollar-
ium, are involved.

The present study investigates the distribution of
distinct resting cysts of spring bloom dinoflagellates
in a hundred-year-old sediment archive from the
Gulf of Finland to unravel the history of their recent
expansion and resolve the role of different species
therein. We also examine to what extent the patterns
found in the sediment reflect trends inferred from
time-series of phytoplankton monitoring data and
test the viability of cysts retrieved from old sediment
layers to assess their potential for future resurrection
studies.

Materials and methods
Sample collection

Sediment cores were collected in February 2015
onboard RV Aranda at HELCOM monitoring station
LL7 (latitude 59°50.79°, longitude 24°50.27°, water
depth 100 m) located in the Gulf of Finland, Baltic
Sea (Fig. 1). Due to severe eutrophication and the
inflow of anoxic deep water from the Baltic Proper,
this area is characterized by hypoxic bottom water
that prevents bioturbation (Conley et al., 2002;
Vallius et al., 2006) resulting in a vertically undis-
turbed sediment. For this study, two replicate core
samples of 32-33 cm length were taken simulta-
neously using a GEMAX gravity corer. Samples
were stored in their tubes under cold and dark con-
ditions until further processing. In the laboratory
cores were extruded from sampling tubes using a
piston and sliced into 1 cm layers. To avoid contam-
ination by smear from other sediment layers, the
outer 5 mm of each slice were removed using a
cutting device designed for this purpose. Individual
slices were transferred immediately to plastic bags
submersed in water to remove air. Tightly closed
bags were stored at 4°C in the dark.

Sediment dating

Slices of one core were used for gamma-spectro-
metric dating of the sediment layers. Wet sediment
slices were first weighed and then freeze-dried for 3
days in a Christ Beta 2-8 LD plus freeze dryer at 1.0
mbar and -20°C. Dry material was weighed again.
Aliquots of dry sediment (3 g) were measured using
gamma-spectrometry at the STUK Regional
Laboratory of Northern Finland, using electrically
cooled high purity germanium detectors (HPGE)
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Fig. 1. Map of the study area showing the location of core sampling station LL7 in the Gulf of Finland and phytoplankton
monitoring stations considered in the sediment archive - plankton correspondence analysis.

with thin carbon fibre windows (Canberra and
Ortec). Detector efficiencies were calibrated with cer-
tified National Physical Laboratory reference samples
containing multiple nuclides with gamma energies
ranging from 46.5 keV to 1836.1 keV, including Pb-
210 and Cs-137. Activity concentrations were calcu-
lated using Gamma-99 software of STUK. The 46.5
and 661.7 keV gamma peaks were used for determi-
nation of Pb-210 and Cs-137, and for Ra-226 the 609
keV peak of Bi-214 and/or the 352 keV peak of Pb-
214 were used. The water content and porosity of
each sediment slice were calculated from dry and
wet weights. Dry bulk density and mass depth of
sediment slices were calculated using a constant sedi-
ment dry density of 2.3 g cm™.

The measured Pb-210 concentration in the sedi-
ment consists of supported and unsupported (or
excess) Pb-210 components. Supported Pb-210 is in
radioactive equilibrium with the decay chain of Ra-226
in the sediment matter, and therefore represented
directly by the measured Ra-226 concentration.
Unsupported Pb-210 consists of atmospheric deposi-
tion and is calculated by subtracting the supported Pb-
210 (Ra-226) from measured total Pb-210 for each
sediment slice. The measurement uncertainties of
total Pb-210 and Ra-226 are propagated into the
uncertainty of unsupported Pb-210. The Pb-210 dating
of sediments is based on tracking the record of unsup-
ported Pb-210 in the sediment as a function of depth.
After burial the unsupported Pb-210 will decay with a
half-life of 22.23 years. However, assumptions have to
be made about the supply rate of unsupported Pb-210

and the sedimentation rate, which may change over
time or experience significant post-depositional
changes through sediment mixing or diffusion. Pb-
210 dating was validated by comparison with Cs-137.
Cs-137 has been released into the atmosphere by
nuclear weapons testing and nuclear accidents and
can be used as a marker. Atmospheric nuclear weap-
ons testing occurred mainly in the 1950s and 1960s,
with a peak concentration of deposited Cs-137 around
1963. The Chernobyl accident caused a sudden release
of Cs-137 into the environment, which produced a
second marker in the sediment record during 1986.

The Pb-210 chronology of the LL7 sediment core
was calculated using the well-known models of con-
stant initial concentration (CIC) and constant rate of
supply (CRS), using the methodology described in
Appleby (2001) and Lima et al. (2005) and comparing
it with Cs-137 data.

Determination of vertical cyst concentrations

To quantify concentrations of dinoflagellate resting
cysts in vertical sediment layers, sediment slurries con-
taining the cyst fraction were prepared from stored
wet sediment samples of the second core in October
2016, c. 20 months after initial slicing. Three 2 ml
subsamples were processed from each sediment layer
down to 16 cm, the deepest layer where dinoflagellate
cysts were found during initial screening. Replicate
subsamples taken from well-mixed sediment samples
were suspended in 20 ml of 0.2 pm-filtered local
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seawater (FSW, salinity 6) and sonicated for 30 s using
a Bandelin Sonoplus Ultrasonication probe to disag-
gregate particles and remove fine organic material
from the surface of resting cysts. Sonicated samples
were rinsed through a 70 um onto a 20 pm sieve using
ESW to clean the slurries and concentrate the 20-70
um size fraction that contained the dinoflagellate cysts
of interest. The concentrated samples containing cysts
of 2 ml wet sediment were resuspended in 15 ml FSW
and transferred to 15 ml centrifuge tubes. These were
closed tightly and wrapped immediately in aluminium
foil to minimize exposure to light. Cyst slurries were
stored in the cold and dark until microscopic exam-
ination and setting up of germination experiments.
Cysts of B. baltica, P. catenata and A. malmogiense
were counted microscopically using an inverted Leica
DMI 3000B microscope (Leica Microsystems, Wetzlar,
Germany), in Utermohl chambers containing 1 ml of
the processed sample. In this study, only intact cysts
with visible cell contents were enumerated, assuming
that permanently dark and hypoxic conditions at the
sampling site consistently prevented germination of
deposited cysts. The record of content-bearing cysts
is thus considered to represent deposition from the
plankton. Cyst counts were made in triplicate for each
slice and wet sample concentrations were converted to
cysts g”' dry weight based on initial wet and dry
weight measurements for respective layers.

Correspondence analysis of sediment and plankton
records

To estimate how historic cyst records in the sediment
correspond to long-term bloom data in the water,
quantitative phytoplankton monitoring data available
from sampling locations within 30 km radius of LL7
(most of the samples located north of the sediment
station) since 1966 were selected from the database
established by Olli et al. (2013). Annual means of log-
transformed biovolume (ug I™") were calculated from
surface layer samples (0 to 4-10 m depth) for the
‘Scrippsiella complex’ and P. catenata. The ‘Scrippsiella
complex’ represents both B. baltica and A. malmo-
giense. The correlation between cysts accumulated in
sediment layers and respective annual biovolume
means from plankton samples was estimated with
Kendall’s rank correlation and Pearson’s linear correla-
tion; in the latter case cyst abundances were log-trans-
formed. Statistical analyses were performed in R.

Assessment of cyst viability

Viability of dinoflagellate cysts through time was
assessed in germination experiments. For this pur-
pose, cyst slurries (1 ml) were prepared from sedi-
ment slices obtained in February 2015. Subsamples of
1 ml containing intact cysts were incubated in

triplicate wells of a 24 well tissue culture plate for
each tested layer and species. Based on cyst distribu-
tions through the core, different layers were selected
to represent cysts of different ages: 1, 6, 12 and 16 cm
(=3, 19, 50 and 106 years at the time of experiment)
for B. baltica and A. malmogiense, and 1, 4, 5 and
6 cm (= 3, 11, 14 and 19 years, respectively) for P.
catenata. Tissue culture plates were kept in an incu-
bator for 4 weeks at 4°C, 50 pmol photons m2 st
under a 14:10 h light/dark cycle. After 2 and 4 weeks,
samples were screened microscopically for the
appearance of empty cysts and swimming vegetative
cells.

Results
Sediment chronology

Calculated sediment properties, results of gamma
spectrometry and results of CRS model calculations
are listed in the Supplementary Material.
Unsupported Pb-210 concentration ranged from
~500 Bq kg™' at the top of the core to practically
zero at 18 cm depth (Fig. 2). The variability of unsup-
ported Pb-210 was too complex to fit the assumption
of exponential decrease of the basic CIC dating model
(Fig. 2) and the fit became only marginally better
when using the CIC model with compaction correc-
tion (not shown). For that reason the CRS model,
which assumes a constant flux of unsupported Pb-210
but allows for a variable sedimentation rate, was
applied for age calculation. Because of the very
small amount of unsupported Pb-210 in the
16-18 cm region (Fig. 2) the uncertainties of CRS
ages and sedimentation rates were too high below
16 cm depth preventing reliable age estimation. The
CRS age for 16 cm depth was 105+8 years, which
corresponds to a date of 1910+8 (Fig. 4).

The Cs-137 data did not exhibit clear sharp
peaks that could be definitively identified with
Chernobyl or nuclear weapons testing depositional
maxima (Fig. 3). However, the comparison of CRS
model Pb-210 ages with Cs-137 shows good agree-
ment with the key dates of 1963 and 1986 and the
largest steps in the Cs-137 concentration profile
(Fig. 3), giving confidence in the CRS model ages.
The somewhat atypical Cs-137 profiles could result
from the thickness of the slices (1 cm) that may
have prevented resolution of the Cs-137 record into
distinct peaks. Moreover, the concentration of Cs-
137 remained high for several sediment slices above
the 1986 level in the 6-9 cm depth which is in
accordance with the high dry mass sedimentation
rates calculated using the CRS model (Fig. 5) for
the period between 1985+2 and 1998+2 compared
with other times. This corresponds to the first 15
years after the Chernobyl accident, a period of
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Figs 2-5. Gamma spectrometric results. Fig. 2. Pb-210 and Ra-226 in the LL7 sediment core: supported Pb-210 is
represented by Ra-226, Pb-210 from atmospheric deposition (unsupported) is the difference between measured total Pb-
210 and supported Pb-210. Fig. 3. Gamma spectrometric results of Cs-137: horizontal lines represent depths where peaks of
Cs-137 are expected based on Pb-210 calculations. Fig. 4. Age-depth relationships of different Pb-210 dating models. Fig. 5.
Dry mass sedimentation rate as a function of age, as calculated from the Pb-210 CRS model.

increased deposition of Cs-137-containing source
materials which were transported to and deposited
in the area. Similar patterns were found in other
studies from Finnish coastal waters (Katajisto,
1996).

Vertical cyst distributions and long-term trends

The distinct resting cysts of B. baltica (Fig. 6), A.
malmogiense (Fig. 7) and P. catenata (Fig. 8) were
the most prominent cyst types of phototrophic dino-
flagellates found in the surface layer and throughout
the LL7 sediment core. Intact B. baltica and A. mal-
mogiense cysts were still detected at 15-16 cm depth
in sediment more than 100 years old (Figs 9, 10).
Here, as in younger sediment layers, newly germi-
nated A. malmogiense cells often appeared in the
samples while these were being examined for cyst
abundances (Fig. 11).

Patterns of vertical distribution differed among the
three species (Fig. 12). Biecheleria baltica was the
most abundant species in all examined layers of the

sediment core. Highest cyst concentrations of this
species (740 000 cysts g~' dry weight) were measured
at 5 cm depth, corresponding approximately to the
year 2002. Though lower before and after this peak,
cyst concentrations remained at the same order of
magnitude (10° g™' dry weight) between 1958 and
2013. At the beginning of the last century, B. baltica
cyst concentrations (800 cysts g~' dry weight) were
only 0.1-0.2% of concentrations measured a century
later. A substantial increase occurred between 1932
and 1958. The distinct cysts of A. malmogiense were
much less abundant than cysts of the two other
species, but occurred consistently in all 16 investi-
gated sediment layers. Their vertical distribution fol-
lowed a similar pattern to B. baltica, with highest cyst
concentrations (1700-3800 cysts g ' dry weight) in
the most recent sediment layers (1-5 cm) and low
numbers of cysts in the layers representing the first
half of the past century. Nevertheless, cyst abun-
dances of A. malmogiense did not change as drama-
tically as those of the other species through the
century. Minimum abundances of this species,
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Figs 6-11. Light micrographs of B. baltica (Figs 6, 9), A. malmogiense (Figs 7, 10) and P. catenata (Fig. 8) resting cysts.
Cysts from surface sediment representing 2-4 years old deposits (Figs 6-8) and from the 15-16 cm sediment layer
estimated to be c. 100 years old (Figs 9-10). Fig. 11. Vegetative cell of A. malmogiense germinated from the 15-16 cm layer.

measured in the 1932 layer, were more than 1% of the
maximum. Peridiniella catenata cysts were only
detected down to 10 cm core depth, which corre-
sponds approximately to the year 1980. Continuous
cyst records of this species were only found in the
uppermost 8 cm, i.e. since c¢. 1989. In the late 1990s
and early 2000s cyst abundances increased exponen-
tially, reaching peak concentrations of >250 000 cysts
g”! dry weight in the year 2009 (3 cm downcore).
Since then P. catenata cyst concentrations have
decreased; approximately 100 000 cysts g~* dry weight
were found in the uppermost layer of the core.

When comparing bloom intensities of the investi-
gated spring dinoflagellates to the cyst accumulations
shown in Fig. 12 through the study period, the
respective trends were closely correlated for B. baltica
and A. malmogiense constituting the Scrippsiella com-
plex (Fig. 13), both when using Kendall’s rank corre-
lation (t=0.68) as well as Pearson’s linear correlation
coefficient (r=0.75). Cyst densities of P. catenata, in
contrast, were not correlated with the abundance of
this species in the plankton (1=0.06, r=0.17).

Viability of cysts

When resting cysts of the three species from dif-
ferent sediment layers were incubated under

suitable temperature, oxygen and light conditions
~20 months after initial core processing, only A.
malmogiense could be revived (Table 1).
Biecheleria baltica cysts did not germinate in any
well within 4 weeks. For P. catenata one new
empty cyst was found after 4 weeks in one of
three replicate wells containing material from
5 cm depth (14 year old sediment), but no swim-
ming cells were observed. Germination of A. mal-
mogiense occurred in material from all tested
sediment layers, including sediment >100 years
old. After 2 weeks, new empty cysts had appeared
in at least 2 of the 3 replicate wells representing
each tested sediment layer. In both, germination
had occurred in all replicates of layers aged 19 and
106 years. Swimming cells were found in all wells
that contained germinated cysts. The result was
unchanged after 4 weeks.

Discussion

Gamma-spectrometric radionuclide analyses of
sediment layers showed that the sediment cores
collected from the 100 m deep central Gulf of
Finland consisted of chronologically arranged ver-
tical layers that allowed us to estimate the age of
resting cysts retrieved from different depths of the
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Fig. 12. Concentrations of intact B. baltica, P. catenata and A. malmogiense resting cysts in dated layers of a sediment core
collected at station LL7 in the Gulf of Finland, Baltic Sea.
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Pearson’s linear correlation.

core. Pb-210 and Cs-137 values established for the  that the investigated depth interval corresponded
LL7 core were in agreement with the model to ~100 years and thus represents nearly the entire
assumptions (Appleby et al., 2001) and confirmed  20th century.
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Table 1. Germination and viability of germinated cells
inferred from appearance of empty cysts and swimming
cells in sediment slurries (three replicates) representing
different sediment layers and age.

Sediment Cyst age in B. P. A.
depth years baltica  catenata  malmogiense
0-1 cm 3 -/- -/- —++/—++
3-4 cm 11 n.a. -/- n.a.

4-5 cm 14 n.a. +——/- n.a.

5-6 cm 19 -/- -/- +/+
11-12 cm 50 -/- n.a. —++/—++
15-16 cm 106 -/- n.a. +/+

Germination was scored as positive when empty cysts were found after
2 or 4 weeks of incubation, and cysts considered viable when swim-
ming cells were observed in at least one replicate well. Plus or minus
are given for new empty cysts/swimming cells. Scores for all three
replicates are only given when differences among the individual
wells were observed. n.a. = not available.

The observation of B. baltica and A. malmogiense
cysts in the oldest investigated sediment layers con-
firms that both species were already present in the
Northern Baltic phytoplankton community a century
ago, long before the expansion of cold water dino-
flagellates began. For A. malmogiense the presence of
cysts in sediment layers >100 years old is consistent
with observations in the plankton. The species, then
named Peridinium gracile, was identified by
Lindemann (1924) from a sample collected in 1905
on the SW coast of Finland. The B. baltica cysts from
the 1910 sediment layer found in this study represent
the oldest record of the species, which was only
recognized and described a decade ago. Cyst abun-
dances determined from the 1910 layer suggest that
100 years ago B. baltica was much more abundant
than A. malmogiense, which only amounted to c. 10%
of the total number. It can be assumed that this
reflects the actual ratio of the two species at the
time, since both have comparable cyst formation
strategies with similar triggers and cyst yields
(Kremp et al., 2009) allowing direct comparison of
cyst abundances.

Cyst concentrations of B. baltica and A. malmo-
giense were several orders of magnitude lower in the
deep layers compared with the sediment surface, indi-
cating that at the beginning of the 20th century the
two species were much less abundant in the water than
today. Analyses of historic data (Héllfors et al, 2013)
as well as qualitative historic surveys (Levander, 1901)
indicate that dinoflagellates were a minor component
of the diatom-dominated spring phytoplankton com-
munity before anthropogenic impact began to affect
phytoplankton productivity and composition in the
Northern Baltic Sea. The dramatic accumulation of
B. baltica cyst deposits in the sediment layers repre-
senting the 1930s to 1960s coincided with significant
anthropogenic nutrient loading to the Baltic Sea
(Struck et al, 2000). Within 35 years, B. baltica cyst
abundances had increased nearly 200-fold. Similar
developments have been documented for a number

of dinoflagellate species from coastal and lake sedi-
ments worldwide using palynological cyst walls as
well as whole cyst extraction methods (McCarthy
et al, 2011; Miyazano et al, 2012; Ribeiro et al,
2012) and linked to the acceleration of eutrophication
in the 1920s to 1960s. The increase of B. baltica prob-
ably reflects the general increase of phytoplankton
biomass, fuelled by the ever-increasing availability of
nutrients in the Gulf of Finland during that period.
The eutrophication signal was also apparent in the cyst
dynamics of A. malmogiense, although cyst abun-
dances of this species only tripled through the respec-
tive time interval. Interestingly, the expansion of B.
baltica in the sediment preceded the community shift
from diatom to dinoflagellate dominance in the plank-
ton by several decades (Klais et al, 2011). This lag
might be related to the low survival rate of B. baltica
cysts, particularly in anoxic sediments (Kremp &
Anderson, 2000). A favourable effect of the species’
large ‘seed beds’ as suggested by Klais et al. (2011)
would only be provided at very high cyst concentra-
tions, which had apparently accumulated by the 1980s.

The sediment archive allowed us to trace the history
of two species that cannot be distinguished from one
another in the plankton monitoring data of the past
century, using the patterns of their distinct cysts. As
indicated by the cyst record, A. malmogiense has
remained a minor component of the ‘Scrippsiella com-
plex’ throughout eutrophication-induced phytoplank-
ton productivity changes and the expansion of spring
dinoflagellates in the Gulf of Finland. The cyst records
show that A. malmogiense has increased proportionally
since the late 1990s compared with B. baltica, now
making up nearly 1% of the total again after having
lost proportionally in the 1960 to 1990s.

To what extent the actual ratio of the two species
in the plankton at a given time point is biased by
differences in their preservation capacities remains
unclear. Compared with the most recent sediment
layers, B. baltica cyst concentrations decreased by a
factor of 500 downcore, compared with A. malmo-
giense which was only 30 times less abundant in the
100-year-old sediment layer than at the sediment sur-
face. Lundholm et al. (2011) detected large differ-
ences in the depth distribution of cysts with cell
content among different dinoflagellate species, sug-
gesting that resistance to degradation can vary con-
siderably. In fact, a relatively low preservation
potential has been indicated for members of the
Suessiales, Biecheleria sp. and Polarella glaciales
(Heikkild et al., 2016), suggesting that mineralization
of cysts happens rapidly, leading to substantial loss of
cysts within a year after sedimentation. The data
presented here show that this is certainly not the
case for B. baltica from the Gulf of Finland. So far,
palynological techniques have not been applied to B.



baltica or A. malmogiense and it remains unclear
whether their cyst walls are preserved in the fossil
and sub-fossil records.

Despite these uncertainties, the established cyst
record of B. baltica and A. malmogiense correlates
well with the plankton record of the ‘Scrippsiella
complex’ for the investigated period between 1966
and 2013 when plankton monitoring data were avail-
able. Though there must have been some bias due to
the fact that the cyst concentrations represent a
cumulative value whereas cell concentrations in the
plankton are a current value, we are confident that
the sediment archive of the ‘Scrippsiella complex’
represents a realistic trend through the past century
and thus extends the plankton time-series data by 50
years to the beginning of the past century. The avail-
ability of a plankton monitoring time-series spanning
nearly 50 years for the study area allowed us to
validate the ‘time series’ represented by the cyst
record. Typically, sediment archives are studied
where plankton records do not exist, making it diffi-
cult to assess how realistically the cyst dynamics in
the sediment core reflect trends in the plankton. So
far, only quantitative DNA measurements from sedi-
ment archives have been systematically validated by
plankton data (Klouch et al, 2016), though for a
much shorter time span than the present study.
Sometimes, indirect evidence, such as toxin monitor-
ing data for a toxic dinoflagellate species, might pro-
vide orientation (Cox et al., 2008).

However, as the case of P. catenata presented here
demonstrates, the cyst archive approach is not univer-
sally applicable for the reconstruction of dinoflagellate
species histories in an area of interest. For this species
trend correlation of plankton and cyst data was not
successful. Cyst records of P. catenata could only be
traced back 30-40 years, although historic reports refer
to the presence of the species in the Gulf of Finland as
early as 1894 (Levander, 1894). Peridiniella catenata
(then Peridinium catenatum) was already referred to
then as a prominent species of the spring phytoplank-
ton community (Levander, 1901). In the Gulf of
Finland it has been highly abundant and sometimes
even dominant during spring (Niemi, 1975), but in
the past 40 years the proportion of the species in the
phytoplankton community has decreased steadily (Klais
et al., 2013). The cyst profile of the LL7 core suggests a
reverse pattern. The rapid decline of cyst abundances
downcore is almost certainly related to the delicate
nature of the cysts and the resulting low preservation
capacity. As described in Kremp (2000), the cyst wall of
P. catenata is thin, resembling a temporary cyst rather
than a resistant resting cyst. Nevertheless, these cysts
have the demonstrated function of a dormant resting
stage — preserving the cell from degradation at least
through a mandatory dormancy period of 6 months.
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Low preservation potential of cysts of a number of
dinoflagellate species was indicated by Lundholm et al.
(2011), who reported relatively short-term records of
intact cysts (less than 30 years) in a sediment core from
the Swedish West Coast e.g. for Alexandrium margalefii,
Cochlodinium polykrikoides and several Diplopelta and
Protoperidinium cyst types.

Of the three investigated species only A. malmo-
giense cysts germinated readily from old sediment
layers. When examined under the light microscope,
even the 100-year-old cysts of this species quickly
showed signs of impending germination such as
Brownian motion or the greenish colour of developing
chloroplasts. Often, germinated cells would even
appear in the slide within the 30-60 minutes of obser-
vation. Such high revival potential has also been shown
for the peridinioid dinoflagellate Pentapharsodinium
dalei, which has been extensively used in resurrection
studies (Ribeiro et al., 2011, 2013; Lundholm et al,
2011). We established several clonal cultures from 100-
year-old cysts and compared temperature-related traits
to isolates from recent sediment layers (Hinners et al.,
2017). This shows that A. malmogiense can be used as
a model organism for evolutionary adaptation studies,
particularly since it has experienced significant envir-
onmental changes during the past century in the heav-
ily impacted Baltic Sea.

In contrast, B. baltica and P. catenata could not be
revived from any sediment layer, not even from the
surface which, at the time of the study, was 1.5-3
years old. It is likely that the long storage time after
initial slicing of the sediment core (18 months),
before germination experiments were performed,
affected the results of the germination experiments
as described by Lundholm et al. (2011) who found
that storage after core processing reduces cyst viabi-
lity of some dinoflagellate groups significantly.
Interestingly, in that study the tested peridinioid
taxa were not affected, which is consistent with our
results. However, for B. baltica lack of excystment in
any sediment layer is consistent with a steep decrease
in germination potential within the first year of bur-
ial, and a negative effect of anoxic conditions on cyst
survival (Kremp & Anderson, 2000). Although
healthy-looking B. baltica resting cysts were observed
in deeper layers of the sediment cores, the amount of
cysts lacking granular storage products — an indicator
of cyst viability (Feifel et al., 2015; Fig. 9) - increased
significantly downcore. Published information on
cyst survival is not available for P. catenata. Here,
excystment, but no germling survival, was observed
on one occasion in a slurry of 14-year-old cysts. This
indicates that P. catenata might have shown a differ-
ent germination behaviour, implying longer survival
times, had experiments been set up immediately after
sediment processing.
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