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Abstract

Marine microbial communities undergo drastic changes during the seasonal cycle in high latitude seas. Despite the domi-
nance of microbial biomass in the oceans, comprehensive studies on the seasonal changes of microbial plankton during
the complete winter period are lacking. To study the seasonal variation in abundance of the microbial community, water
samples were collected weekly in the Northern Baltic Sea from October to May. During ice cover from mid-January to
April, samples from the sea ice and the underlying water were taken in addition to the water column samples. Abundances
of bacteria, virus-like particles, nanoflagellates, and chlorophyll a concentrations were measured from sea ice, under-ice
water, and the water column, and examined in relation to environmental conditions. All studied organisms had clear seasonal
changes in abundance, and the sea-ice microbial community had an independent wintertime development compared to the
water column. Bacteria were observed to have a key role in the biotic interactions in both ice and the water column, and the
dormant period during the cold-water months (October—May) was limited to before ice formation. Our results provide the
first insights into the temporal dynamics of bacteria and viruses during the whole cold-water season (October—May) in coastal
high latitude seas, and demonstrate that changes in the environmental conditions are likely to affect bacterial dynamics and
have implications on trophic interactions.
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latitude seas. During winter months when autotrophic pro-
duction is limited, the importance of heterotrophic produc-
tion by microbes is emphasized (Moreau et al. 2010; Enberg
Ecosystems and Environment Research Programme, Faculty et al. 2018). The extreme seasonality in light availability in
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short growth season that provides biomass for higher trophic
levels for the entire year (Sakshaug 2004). Together with
changes in the physicochemical properties of the water col-
umn, notably the annual ice cover, planktonic communities
also exhibit pronounced seasonal succession patterns (Kuosa
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variation in the microbial community.
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Given its subpolar location, seasonality is one of the key
features of the Baltic Sea. A yearly ice cover extends on
approximately 44% of the surface of the sea with a signifi-
cant inter-annual variation in the extent and duration of the
sea ice (Vihma and Haapala 2009). Baltic Sea ice is struc-
turally similar to sea ice found in polar areas with intercon-
nected brine pockets (Vihma and Haapala 2009) and hosts
a diverse range of organisms living in the brine channels
(Arrigo 2014; Thomas et al. 2017). Lower salinities in the
Baltic Sea result in smaller brine volumes than in Polar sea
ice, further limiting the available space (Weissenberger et al.
1992). Dissolved nutrients are concentrated within the brine
pockets similarly to the salts present in the parent water,
making the brine pockets an extremely nutrient concentrated
habitat, with lower temperatures than in the underlying water
column (Petrich and Eicken 2010). In addition to the brine
channels, the under-ice water hosts a sub-ice habitat with
organisms attached to or in close contact with the bottom
ice (Boetius et al. 2015).

The initial microbial communities in sea ice are a result
of the organisms incorporating in the brine pockets from the
water column during ice formation (Gradinger and Ikévalko
1998; Rozanska et al. 2009; Eronen-Rasimus et al. 2015).
Organisms may further be advected into the brine channels
from the under-ice water through active brine movement
(Hunt Jr et al. 2016). Given the limited space in the brine
channels, Baltic Sea ice is dominated by smaller protists
than Polar sea ice. The food web structure in ice thus differs
from that of the water column, mainly as a result of absence
of larger grazers (Krembs et al. 2000; Kaartokallio 2004;
Caron et al. 2017). Heterotrophic bacteria are one of the
most abundant organisms in the water column and sea ice
both in terms of cell numbers and biomass (Lizotte 2003;
Mock and Thomas 2005) and undergo seasonal changes in
abundance and community composition (Mock et al. 1997,
Pinhassi and Hagstrom 2000; Kaartokallio et al. 2008).
Together with heterotrophic eukaryotes (Hassett et al. 2019),
bacteria have a key role in nutrient recycling in ice, degrad-
ing particulate and dissolved organic matter and regulating
nutrient availability (Zhou et al. 2014). Bacteria are grazed
by a diverse group of nanoflagellates and other protists
(Kuuppo-Leinikki 1990; Tophgj et al. 2018), which are an
important link between bacteria and higher trophic levels
(Azam et al. 1983).

Viral lysis is another important factor controlling bac-
terial abundance. High abundances of viruses have been
observed in both in sea ice and the underlying water,
and the number of viruses may be over tenfold to that of
prokaryotic organisms (Whitman et al. 1998; Karner et al.
2001; Suttle 2005), with highest ratios in newly formed sea
ice (Collins and Deming 2011). By lysing cells, viruses
prevent the carbon flow to higher trophic levels, returning
it to the microbial loop and controlling the nutrient and
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energy recycling in the water column (Wilhelm and Suttle
1999). While protistan grazing of bacteria transfers carbon
to higher trophic levels, viral lysis releases carbon as dis-
solved organic matter, which can in some cases increase
the activity of the remaining bacteria. Viruses are often
very host-specific and can thus notably change the bacte-
rial community composition. The relative importance of
grazing and lysis in bacterial mortality further varies with
depth and environmental conditions (Umani et al. 2010;
Tsai et al. 2016). Given the key roles of microbial commu-
nities in biogeochemical cycling transferring energy and
nutrients to higher trophic levels (Ejsmond et al. 2019),
viral infections and shifts in community composition may
have major ecological consequences (Proctor and Fuhrman
1990; Zhang et al. 2007).

Biogeochemical processes in the sea ice are important
in mediating ecosystem processes also in the water column
(Yakubov et al. 2019). Timing of sea-ice formation and its
duration have been shown to be important for primary pro-
ducers, and the vernal ice melt has an essential role for the
benthic communities as organic matter sinks to the sea floor
(Leu et al. 2015). Warming temperatures may have complex
impacts on the phenologies of primary producers (Tedesco
et al. 2019) and impact notably the size distribution of
plankton communities (Daufresne et al. 2009). As increas-
ing temperatures are expected to reduce seasonal ice cover
in the Baltic Sea (Jylhi et al. 2008), the changing seasonality
(Kahru et al. 2016) may therefore also affect the microbial
community phenologies (Sydeman and Bograd 2009).

Given the dominance of microbial biomass in the oceans,
predicting future changes in high latitude marine ecosystems
requires emphasis on microbes and their temporal dynam-
ics. Yet, proportionally few studies have addressed the suc-
cession patterns of microbial marine communities during a
whole seasonal cycle, often focusing on specific taxonomic
groups (Andersson et al. 1996; Pinhassi and Hagstrom 2000;
Schauer et al. 2003; Mary et al. 2006; Iversen and Seuthe
2011; Hassett and Gradinger 2016). Comprehensive time
series data on several important microbial variables have
only been collected recently (Iversen and Seuthe 2011; Mar-
quardt et al. 2016; Bunse et al. 2018), and especially viruses
have been largely neglected (Sandaa et al. 2018). There is
thus a pertinent need for more time series approaches to
establish a baseline to observe potential shifts in marine
microbial communities. Here, we study the seasonal changes
in abundance of major groups of microorganisms in the
water column, sea ice, and under-ice water. The focus of
our investigation is on the abundance of heterotrophic bac-
teria, virus-like particles, and nanoflagellates from autumn
to early summer. The term “microbial community” is used
in this paper to describe the studied organism groups. We
use the term bacteria to describe prokaryotic cells, although
the observations may also include archaea.
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Material and methods
Study site and sampling

Sampling was performed weekly in the northwest coast of
Gulf of Finland (Fig. 1). The study site Storfjarden (59°
51.250" N, 23° 15.815" E) is approximately 30 m deep,
characterized by salinity of 4-6, relative exposure to winds
and thus prone to sudden sea-ice break-ups. Samples were
collected from a boat or on the ice from October to May,
with the exceptions of 24 and 31 Dec 2012, 7 Jan 2013, 11
to 18 Feb 2013 and 22 Apr 2013 when samples could not
be collected due to poor sea-ice conditions. Water sam-
ples were collected using a hose sampler with an internal
diameter of 6 cm from O to 15 m depth (Majaneva et al.
2009). Water temperature and salinity were measured with
a Falmouth Scientific NXIC CTD.

During ice cover from January to April, samples from
the sea ice and the underlying water were collected in addi-
tion to the water column samples. Ice sampling was per-
formed using a motorized CRREL-type ice-coring auger
(9 cm internal diameter; Kovacs Enterprises, Roseburg,
OR, USA). Ice samples were rapidly melted by crushing
without filtered sea water additions as described in Rintala
et al. (2014). Prior to ice sampling, snow cover on ice was
measured from three random replicate samples with 1 cm
precision using a motorized CRREL-type ice-coring auger

(9 cm internal diameter; Kovacs Enterprises). Sea-ice tem-
peratures were measured with a Testo 110 thermometer,
and the bulk salinities of the melted ice samples were
measured with an YSI 63 m (Yellow Springs Instruments).
Under-ice water samples were obtained by submerging a
bottle in a hole drilled in ice. After ice melted, we con-
tinued to sample the surface water until the end of the
study period from a similar depth than the under-ice water
samples. Concentrations of inorganic nutrients (PO,, NH,,
NO, +NO;, Si0,) were determined with an interval of 2 to
3 weeks from all sampled habitats using a Hitachi U-110
Spectrophotometer (Hitachi High-Technologies) accord-
ing to standard seawater protocols described by Hansen
and Koroleff (1999). Nutrient concentrations in ice were
normalized to the average bulk salinities of melted sea
ice to adjust for salinity-related variations in the nutrient
concentrations.

Chlorophyll a concentration was determined from two
100 ml aliquots of sample water (ice and water) filtered on
25 mm Whatman GF/F filters and extracted in 94% etha-
nol. After being incubated in dark in room temperature for
a minimum of 24 h, the extract was filtered again through
a Whatman GF/F filter and measured with a Cary Varian
Eclipse spectrofluorometer. Chlorophyll a concentrations
were calculated according to HELCOM (1988).

Abundances of virus-like particles (VLP) and bacte-
rial cells were determined using a CyFlow© Cube 8 flow
cytometer as per instructions of Manual of Viral Ecology
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Fig. 1 Location of the sampling site in the Baltic Sea and in the Tvdrminne archipelago
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(Brussaard et al. 2010). Subsamples of 1.5 ml were
obtained from all of the water and sea-ice samples and
placed into plastic cryovials after which they were pre-
served with paraformaldehyde (final concentration 1%).
The samples were left to settle for 30 min before flash-
freezing with liquid nitrogen and were stored at — 80 °C
(Marie et al. 1999). Prior to enumeration, samples were
thawed in room temperature, diluted in 1:10 in sterile TE-
buffer (AppliChem GmbH, Darmstadt, Germany, pH 8)
and stained for 15 min in the dark with SYBR Green I
nucleic acid stain (final concentration 0.0036%, Molecular
Probes). After staining, 0.5 um fluorescent microspheres
(Molecular Probes) were added into the solution for size
reference. Samples were analyzed using a flow rate of
12 ul min~!. The data were acquired on a dot plot dis-
playing green fluorescence (488 nm) versus side scatter
signal, both on a logarithmic scale. The detection trigger
was depicted as a green fluorescence. The obtained data
were analyzed with a FCS Express 4—software (De Novo
Software).

Bacterial production was measured using the 3H-thy-
midine incorporation method (Fuhrman and Azam 1980,
1982) to examine bacterial net biomass production
based on DNA synthesis. Analyses were carried out at
1 to 3 week intervals on both ice and water samples. The
ice samples were prepared as described in Kaartokallio
(2004). Duplicate 10 ml subsamples and a formalin-killed
blank were incubated with [methyl-3H]-thymidine at a
saturation level (25 nM, specific activity 20 Ci mmol~!)
in dark at — 0.2° for 2—19 h according to the predicted
level of activity. Incubation was stopped by adding for-
maldehyde and samples were processed with the standard
cold-TCA extraction method using 0.2 pm mixed cellu-
lose ester filters (Advantec MFS). The filters were dis-
solved in InstaGel scintillation cocktail (PerkinElmer) and
the incorporated radioactive thymidine was assayed with
a Wallac WinSpectral 1414 liquid scintillation counter
(PerkinElmer).

For nanoflagellate enumeration, a subsample of 20 ml
was taken from each water and ice sample and preserved
with 1 ml particle free 25% glutaraldehyde. Samples were
stored at+4 °C. Nanoflagellates (< 10 um) were enumer-
ated with a Leitz Aristoplan epifluorescence microscope
under blue light using a 100X objective magnification
together with 12.5 X ocular magnifications. Five to ten
ml of sample was filtered onto 0.2 um black track etched
membrane filters (Whatman) and stained with 50 to 100 ul
0.033% proflavine solution (Haas 1982). A minimum of 30
cells or 50 fields of vision were counted from each sample
with the accuracy of + 28% at a 95% confidence interval
(Lund et al. 1958). Separation of autotrophic and hetero-
trophic nanoflagellates was not performed systematically.
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Statistical analysis

A repeated measures analysis of variance (ANOVA) was
applied to test for differences between organism abundances
between sampled habitats at specific sampling days. Nor-
mality checks and Levene’s test were carried out and the
assumptions were met. Bivariate correlations were used to
examine relations between the studied organisms and envi-
ronmental parameters. To account for the temporal auto-
correlation in the data and to specifically remove seasonal
variation in the time series, residuals were first calculated
by subtracting monthly mean values from the corresponding
cell abundance values and environmental data values (Chat-
field 2016). Pearson’s product-moment correlation analysis
was then applied on the residuals to examine linear relations
between the seasonally adjusted organism abundances and
environmental parameters (Tsai et al. 2013). Stationarity of
the residuals and absence of serial correlation were verified
with autocorrelation and partial autocorrelation function
plots provided by R 3.6.1 (R Core Team 2019) base pack-
age prior to correlation tests.

Due to the potentially changing direction of interactions
between organisms during the seasonal cycle, we also exam-
ine the seasonal interactions between organisms in the water
column while maintaining the time series structure of the
data. In a time series, the value of an observation at a given
point is not truly random or independent, but depends on the
values of preceding time points (Borcard et al. 2018). Due
to this temporal dependency and strong autocorrelation of
the observations, traditional multivariate analysis techniques
are not statistically adequate for studying these relations.
To account for these issues, we applied a first order vector
autoregressive model (VAR(1)) which allows the variables
to be modeled jointly over present and past time periods.
An autoregressive model using the vars package in R (Pfaff
2008a, b) was applied only on water sample data given the
relatively small number of samples in ice, using a lag of 1
week. To examine the interactions proposed by the model,
we tested how well values of one time series can be used to
predict the values of another (Faust et al. 2015) by perform-
ing Granger causality tests between groups for which the
model suggested significant interactions (Granger 1969). All
analyses were performed with R 3.6.1 (R Core Team 2019).

Results

Environmental conditions

Winter 2012-2013 was characterized by long persisting
sub-zero temperatures and ice cover from late December

to mid-April. Ice formed at the sampling station between
January 11th and January 14th, reaching a maximum depth
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of 52 cm on March 25th (Fig. 2). The ice cover melted
partially between February 11th and February 18th, after
which the ice was reformed and increased in depth until
ice melt in April. Snow cover on the ice was relatively low
throughout the study period, and varied between 0 and 3 cm
(Fig. 2). Water temperatures decreased rapidly from October
to December and remained between 0 and 1 °C from Janu-
ary to April (Fig. 3). A decline in salinity was observed in
the under-ice water from January to April, with a minimum
salinity of 2.4 pointing to a freshwater lens under the ice
cover (see supplementary material in Enberg et al. 2018).
The minimum salinity in the water column was 4.7 (Fig. 3).
Concentrations of phosphate, silicate and mono-nitrogen
oxides in the water column were highest from mid-Decem-
ber through March (Online Resource 1), with maximum
concentrations of 0.9, (Phosphate), 26.9 (Si), 10.2 (nitrate)
mmol m~3. In ice, phosphate concentration decreased
throughout the entire ice-covered period, with a minimum
concentration 0.1 mmol m~3 (Online Resource 1).

Chlorophyll a

Chlorophyll a (chl a) concentration in the water column
declined slightly in October and stayed below 3 pg 1=! until
April, with the minimum of 0.312 pg 17! and a maximum
concentration of 10.87 ug chl a 17! (Fig. 4). No clear spring
bloom was observed during the study period. In sea ice, bulk
chlorophyll a concentrations were higher than in the water
column. The chl a in sea ice remained low until a sudden
increase in February, with chl a concentration peaking at
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Fig.2 Mean snow cover (white circles) and ice cover depths (black
circles) at the study site. Depth of 0 cm denotes the ice surface

21 pg chl a 17, This coincided with the melting and reforma-
tion of the ice field and corresponds to the maximum chlo-
rophyll a concentration observed during the study period.

Seasonal changes in bacterial abundance
and production

Bacterial abundance in the water column decreased from
5% 10% cells m1~! in October to 2.2 x 10° cells mI~! in
February (Fig. 5, panel a). The minimum abundance was
2-2.5%10° cells m1™" in March—April. After the ice melt,
bacterial abundances increased, and the maximum was
observed during the last sampling in late May with bac-
terial numbers reaching 7 x 10° cells mI~!. During win-
ter, the overall bacterial abundance was 2-2.5 million
cells both in the under-ice water and the water column,
but the abundance at specific sampling dates during the
entire sampling period differed significantly between the
sampled habitats (repeated measures ANOVA, F,=89.7,
p <0.0001). Bulk sea-ice bacteria increased in numbers
slightly a week after ice formation, then decreasing until
the last week of ice winter. During winter, abundances in
under-ice water were similar to those observed in the water
column. After ice melt, bacterial abundance in the water
column increased rapidly until the end of sampling period.

Total thymidine incorporation (TTI) rates, a proxy
for bacterial cell production, declined steeply compared
to bacterial abundance during autumn (Fig. 5, panel b).
The minimum productive period in the water column was
observed from mid-November to mid-January, with the
total thymidine incorporation on average 0.5 pmol 17! h™".
The highest bacterial production rates were observed in
the under-ice water, with the production peak of 6.42
TTI pmol 1-! h™! on January 21. Thymidine incorpora-
tion rates in ice increased from the initial value of 0.51
after ice formation to 0.68 pmol 17! h™! end of Febru-
ary, and later peaking at 1.94 pmol 17! h~! in late March.
Over the whole study period, cell-specific production rates
were the highest in under-ice water (Fig. 5, panel c), yet
the maximum specific productivity was measured from
ice 2 weeks before ice melt. While bacterial abundance
declined through the study period, cell-specific produc-
tion had an opposite evolution, with increasing bacterial
activity throughout the season.

Seasonal changes in VLP abundance

Abundance of virus-like particles in the water column
increased from 7 x 10% mI~! in October to 1.4 x 10’ ml~! in
December, rapidly decreasing to 5x 10% m1~! prior to ice
formation in January (Fig. 6). Most notable temporal vari-
ation was observed in the under-ice water where the VLP
abundances were 2—6 times higher than in the water column
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Fig.3 Water column, under-ice
water and bulk ice temperature
and salinity in Tvdrminne, Gulf
of Finland (59° 51.250" N, 23° 107
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near the end of the ice-covered season. Abundances were
significantly different in all sampled habitats (repeated meas-
ures ANOVA, F,=31.42, p<0.0001). In ice, a clear decline
was observed throughout the ice-covered period.

Seasonal changes in nanoflagellate abundance

Nanoflagellate abundance was the highest in October and
decreased abruptly in November (Fig. 7). Maximum abun-
dance during the study period was observed in October
with nanoflagellate abundance reaching 12,500 cells m1~".
During winter, cell abundances were 0-2500 cells ml~!.
Abundances in sea ice increased throughout the ice-covered
period, and the maximum abundance of 7500 nanoflagel-
late cells ml~! was observed in April before melting of the
sea ice. The highest vernal cell counts were found in sea
ice and the under-ice water only days before ice melted. A
more detailed description of the nanoflagellate succession
is given in Enberg et al. (2018) (site B), where the algal
biomass during the ice-covered period was dominated by
small flagellates.
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Relation of temporal abundance patterns
to environmental conditions

Water temperature correlated positively with bacteria and
VLP abundance, (Table 1) whereas in ice no significant
correlation was observed between organisms and the ice
temperature (Table 2). Similarly, the VAR(1) model results
(Table 3) and Granger causality test show that water tem-
perature was found to Granger-cause bacterial abundance
(Fy3_;=5.9253, p=0.0235). With the exception of VLP
abundance correlated negatively with water column salinity
(r=0.458, n=29, p=0.0243, Table 1), no other significant
correlations were observed between water or ice salinity
and abundance of the studied organisms. Bacterial and VLP
abundance correlated negatively with ice depth both in the
water column and within the ice (Table 2). Bacteria were
found negatively correlated with inorganic nutrient concen-
trations both in the water column and in ice (Tables 1, 2).

Microbial community interactions
Pearson’s product-moment correlation suggests strong posi-

tive correlation between the seasonally adjusted bacterial
abundance and the number of VLPs in the water column
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Fig.4 Chlorophyll a concen- 20
tration in the water column,

bulk ice and under-ice water lce
in Tvarminne, Gulf of Finland
(59°51.250" N, 23° 15.815"E).
Error bars represent stand-
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(r=0.733, n=29, p<0.0001) (Table 1). A similar positive
correlation (r=0.756, n=12, p=0.004) was observed in ice
(Table 2). In ice a significant, albeit relatively low, nega-
tive correlation (r=— 0.367, n=12, p=0.007) was detected
between bacteria and nanoflagellates.

VAR(1) model diagnostics indicate that bacteria
Granger-cause VLP, nanoflagellates, and chlorophyll a
concentration (F3 ,,=4.3609, p=0.0069). This result can
be interpreted so that changes in bacterial abundance can
be used to predict variation in the abundance of the other
organisms. Further, changes in chl a concentration were
found to precede changes in nanoflagellate abundance
concentration (F,;_; =4.2781, p=0.0506).

In terms of biological interactions, the statistically
significant coefficients of the VAR(1) model and the
corresponding tests of Granger causality suggest that
bacterial abundance and chlorophyll a concentration at a
given time will only be affected by the abundance of the
previous sampling of the variable itself, thus the week
before in this case (Table 3). While VLP lagged abun-
dance was a significant predictor for bacterial abundance,

=@~ Under-ice water

T T
Dec Jan

oy

T
Feb

M'ar Alpr M'ay

the interaction did not pass the Granger causality test
(Fp3_;=0.5072, p=0.4838). The coupled results from
the correlation tests and VAR model show that the abun-
dances of organisms are affected by both the short-term
interactions, and lagged values from the precedent week.

Discussion

In this study, we identified distinctive changes in bacterial,
VLP, and nanoflagellate abundance in sea ice, the under-
ice water, and the water column from October to May in
the northern Baltic Sea. The most prominent differences
between the sampled habitats were observed between ice and
water column samples, and the sea-ice microbial community
had an independent wintertime development from that of the
water column. Bacteria, nanoflagellates, and chlorophyll a
concentrations in ice decreased or increased more evidently
than in the water during the ice-covered period.

During the same seasonal cycle, Enberg et al. (2018)
described the succession of the eukaryotic communities
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Fig.5 Bacterial abundance (a), total thymidine incorporation (TTI)
(b), and cell-specific bacterial production (c) in the water column,
bulk ice and under-ice water in Tvidrminne, Gulf of Finland (59°

in ice and water column using microscopy and the 18S
rRNA gene sequence analysis. Together with Majaneva
et al. (2019), they show that different species of flagellates
characterize sea ice, under-ice water, and the water column
during the sea-ice-covered season. Coupled with results
of, not to this study, the distinct communities in the differ-
ent sea-ice habitats also seem to extend to the abundances
of the heterotrophic microbial community.

Abundance patterns of organisms are a result of both
environmental factors and biological interactions. Previous
time series studies have found bacterial abundance to be con-
nected to both abiotic and biotic factors (Bunse et al. 2018).
Here, bacterial increase in the spring coincided with rapidly

@ Springer

Oct Nov Dec Jan Feb Mar Apr May

51.250" N, 23° 15.815" E). Error bars represent standard deviations
from replicate samples. The timeline from the beginning of January
to mid-April represents the ice-covered season

increasing water temperatures. Our results thus suggest that
environmental factors and the history of bacterial abundance
affect bacterial abundance more than biological interactions.
By examining both the lagged and instantaneous response
of organisms, our results show a strong connection between
bacterial abundance and temperature. Bacterial growth is
also controlled by the production of labile dissolved carbon
extracted by algae (Kuparinen et al. 2007), and in our study,
the sudden increase in bacterial abundance in the spring
seemed to be more connected to the melting of ice than
phytoplankton growth. Bacterial community development
was thus likely associated with the availability of the algal-
derived substrate (Eronen-Rasimus et al. 2017). Bacterial
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abundance was not directly correlated to chl a concentration,
and the carbon incorporated into the algal and nanoflagellate
biomass in ice was therefore likely to promote the growth
of bacteria through dissolved organic matter transport after
ice melted (Kuparinen 1988; Sime-Ngando et al. 1999; Sala
et al. 2010). A similar lack of correlation between bacteria
and chl a has been shown in other mid-winter studies (Stew-
art and Fritsen 2004), likely resulting from the relatively low
chl a concentrations in ice. This supports previous findings
that combined effect of temperature and substrate availabil-
ity would be most efficient in increasing bacterial abundance
(Autio 1998; Kirchman et al. 2005), highlighting the impor-
tance of the timing of ice melt for microorganisms.

The bacterial production results of this study show that
the dormant period during the winter months is limited to
before ice formation, and the heterotrophic production then
increases throughout the winter and spring months. Bacterial
activity in newly formed sea ice is often suppressed before

consolidation of sea ice (Grossmann and Gleitz 1993; Kaar-
tokallio et al. 2008), yet we found that the cell-specific pro-
duction rates in ice were restored quickly after ice formation.
While the low snow cover in our study may have exposed the
sea-ice communities to higher solar radiation in the spring,
the effects of UVA on bacterial production are limited to
surface layers of ice (Piiparinen and Kuosa 2011), and the
cell-specific production rates increased throughout the study
period. Bacterial production was highest in the under-ice
water and within the same ranges in ice than measured by
Kaartokallio et al. (2008). While our results show high bac-
terial abundance during the winter minima, they are in line
with earlier coastal studies where bacterial abundances were
found to remain relatively low until the melting of the ice
(Kuuppo-Leinikki 1990; Heindnen and Kuparinen 1991;
Tuomi 1997; Kaartokallio 2004).

The highest nanoflagellate abundances were observed at
the end of the growth season when also bacterial abundances
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Fig.7 Nanoflagellate abun- 15000
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were the highest, potentially providing sufficient resources
for nanoflagellate growth (Kuosa and Kivi 1989; Kivi et al.
1993). Although traditionally autotrophic and heterotrophic
flagellates are treated separately, even chlorophyll contain-
ing nanoflagellates have been observed to consume bacteria
(Estep et al. 1986). Mixotrophic behaviour, which combines
both autotrophic and heterotrophic modes of energy acquisi-
tion, is widely spread among flagellates (Sanders and Gast
2012). Following the eukaryote succession during the same
seasonal cycle, Enberg et al. (2018) showed that crypto-
phytes and haptophytes were some of the most abundant
flagellate taxa at the end of the ice-covered period, some of
which are known capable of mixotrophy. The autoregressive
model supports this finding by indicating that changes in
nanoflagellate abundance can be explained by both bacterial
abundance and chl a concentration. Both the increasing light
intensities and higher bacterial biomass thus likely contrib-
uted to the development of the nanoflagellate biomass.

@ Springer
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As bacteria are the most abundant hosts of viruses, viral
production is often linked to bacterial production and abun-
dance (Steward et al. 1996; Sandaa et al. 2018). In this
study, VLP appeared in large quantities in the autumn at
the beginning of the cold-water period. This phenomenon
may be a result of induction of lysogenic viruses during the
temperature decrease or viral control of the bacterial popu-
lation during this period (Collins and Deming 2011). High
virus abundances together with low bacterial abundance
and activity have also been detected in newly formed sea
ice (Collins and Deming 2011; Luhtanen et al. 2018). VLP
abundances showed both great irregular temporal variation
and distinctive abundance patterns in the sampled habitats,
especially the under-ice water. Weekly averages of total
virioplankton can have an annual variation up to one order
of magnitude (Li and Dickie 2001), and the virus-to-host cell
ratio decreases with microbial cell density (Wigington et al.
2016). The results from the autoregressive model support
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Table 1 Pearson’s product-moment correlation coefficient for the
water column samples

Bacteria VLP Nanoflagellates
Bacteria 0.733 0.196
p<0.0001 p=0.335
VLP 0.733 —0.005
p<0.0001 p=0.9787
Nanoflagellates 0.196 —0.005
p=0.335 p=0.9787
Chla 0.363 0.061 0.072
p=0.074 p=0.7713  p=0.726
Water temperature 0.857 0.512 0.325
p<0.0001 p=0.0105 p=0.1125
Salinity —0.033 —0.458 0.298
p=0.8755  p=0.0243  p=0.147
Ice depth —0.705 —0.622 —0.383
p<0.0001 p=0.0018  p=0.0013
Ammonium 0.218 0.376 0.155
p=02376  p=0.037 p=0.404
Si —0.602 —0.094 - 0431
p=0.0003 p=0.6125 p=0.01544
Nitrate —0.642 —0.005 - 0.517
p<0.0001 p=09755  p=0.0028
Phosphate —-0.395 —0.230 —0.550
p=0.0280 p=0.1048  p=0.0013

Table2 Pearson’s product-moment correlation coefficient for the
bulk ice samples

Bacteria VLP Nanoflagellates
Bacteria 0.756 - 0.367
p=0.0045 p=0.1198
VLP 0.756 0.619
p=0.0045 p=0.032
Nanoflagellates - 0.367 0.619
p=0.1198  p=0.032
Ice salinity 0.421 0.332 0.473
p=0.3458  p=0.466 p=0.467
Ice temperature —0.391 —0.286 —0.287
p=0.3379  p=0.4911 p=0.2769
Chla —0.562 —0.146 0.165
p=0.0567  p=0.6489 p=0.6086
Ice depth —0.849 —0.480 0.317
p<0.0001 p=0.0440 p=0.2005
Snow cover depth 0.521 0.555 0.436
p=0.1851 p=0.1535 p=0.2802
Ammonium —0.054 0.329 0.620
p=0.8321 p=0.3549 p=0.0060
Si 0.364 0.220 —0.044
p=0.1372  p=0.3786 p=0.8634
Nitrate 0.082 -0.212 0.022
p=0.1824  p=0.777 p=0.9091
Phosphate 0.662 0.500 -0.370
p=0.0027  p=0.03597 p=0.1315

this by showing that VLP and bacterial abundance are inter-
connected, and the changes in bacterial abundance (either
increasing or decreasing) mediate VLP abundance.

While there is considerable natural variation in viral
abundance, the observed temporal changes in VLP abun-
dances in this study may in part be due to methodological
limitations. We hypothesize that the high VLP abundances
in the under-ice water during the winter-spring transition
are a result of induction of lysogenic viruses in warming
ice, and particle flushing from the enlarging brine channels.
Although virioplankton abundances are typically higher in
the surface layers of the ocean (Liang et al. 2014), we cannot
exclude that the observed particles may be other organic par-
ticles with decayed nucleic acid fragments. However, com-
pared to the water column and the brine channels in sea ice,
the under-ice water is a more dynamic environment as it is
exposed to convection at the ice water interface (Hudier et al.
1995). A shorter sampling interval would therefore be ade-
quate to characterize the temporal viral dynamics (Sandaa
et al. 2018) and interactions between other organisms in the
marine environment. Furthermore, unraveling the complex
interactions between viruses, their hosts, and environmen-
tal factors would require significantly longer time series to
increase the number of data points.

Bacteria have a key role in the microbial food web, and
we found fluctuations in bacterial abundance to precede
changes in the abundances of VLP and nanoflagellates.
As interactions between organisms may change within a
seasonal cycle, assigning only unidirectional interactions
and assessing their significance bears limited importance
to understanding community dynamics within seasonal
changes. Here, the use of an autoregressive model in addi-
tion to correlation analysis provided a more complete over-
view on the interactions between organisms. However,
changes of biota in the ice and in the water column coupled
with drastic variations in temperature and biotic interactions
make the system quite complicated, and the independent
effects of biological interaction cannot be fully depicted by
the results of this study.

While our study system is notably lower salinity than
many other sub-Arctic marine areas, the changes observed
here throughout the low-light season may reflect future con-
ditions in other coastal high latitude systems (Carmack et al.
2016). Because of the importance of ice cover for timing of
biomass peaks in the microbial community, changing ice
conditions are likely to affect microbial community phenolo-
gies and interactions. Our results provide first insights into
the temporal dynamics of bacteria and viruses during the
whole cold-water season, and demonstrate that changes in
the environmental conditions are likely to affect bacterial
dynamics and alter trophic interactions.
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Table 3 Model coefficients

o . Dependent variable Coefficient estimate Standard error t-value p value
and statistics for the best fitting

restricted VAR(1) models inthe  Bcteria Bacteria,_, 0.7393 0.3543 2.087  0.0523
water column VLP,_, 03663 0.1184 3.093  0.0066
NF,_, 0.0250 0.1022 -0.245  0.8097
Chla,_, —-0.1239 0.1261 -0.983  0.3395
Temperature,_; 1.3121 0.2628 4993  0.0001
Salinity,_, —0.3822 0.1236 -3.092  0.0066
VLP Bacteria,_, 0.3490 0.6159 0.567  0.5783
VLP,_, 0.7721 0.2059 3.750  0.0016
NF,_, 0.1681 0.1777 0.946 03574
Chla 0.4455 0.2192 —-2.032 0.0581
Temperature,_, 0.5211 0.4568 1.141  0.2698
Salinity,_; 0.1088 0.2149 0.506  0.6191
Nanoflagellates Bacteria,_, 0.4160 0.7462 0.557  0.5845
VLP,_, 0.0422 0.2495 0.169  0.8676
NF,_, —0.3335 0.2153 —1.549  0.1397
Chla,_, 0.5615 0.2656 2.114  0.0496
Temperature,_, 0.7567 0.5535 1.367  0.1894
Salinity,_; —0.3818 0.2604 —1.466  0.1608
Chla Bacteria,_; —0.8819 0.4809 —1.834  0.0842
VLP,_; 0.0478 0.1608 0.298  0.7697
NF,_, 0.1085 0.1387 0.782  0.4449
Chla,_, 0.6806 0.1712 3.977 0.0010
Temperature,_; 0.5432 0.3567 1.523  0.1461
Salinity,_, 0.0456 0.1678 0.272  0.7886
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