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Abstract—Materials collected in different seasons in the region of the Yenisei estuary, as well as previously
published data, were used to analyze the scale and patterns of the seasonal variability of microbial communi-
ties. In all seasons concerned, three zones could be distinguished in the estuarine area based on the salinity val-
ues. The abundance and activity of bacterioplankton in these zones varied by an order of magnitude. In waters
with salinities less than 2.5 PSU, the mean bacterial abundance values were 254 x 103, (2741 + 394) x 103, and
(2069 =+ 185) x 103 cells/mL in spring, summer, and fall, respectively. At salinities greater than 18 PSU, the bac-
terial abundance in the same seasons was (196 + 50) x 103, (683 % 184) x 103, and (125 =+ 24) x 103 cells/mL,
respectively. Similar patterns were observed in the biomass distribution. Production and activity characteris-
tics were unstable, with maximum values observed in the summer period. Within the zones identified by
salinity indices, the distribution of bacterial abundance was apparently associated with small-scale patchiness
in the distribution of organic matter, phytoplankton, and SPM. The contribution of the heterotrophic com-
ponent of the microbial community was dominant in early spring. Despite the observed correlations between
bacterial abundance and activity, phytoplankton, and organic carbon, their distribution patterns differed

along the salinity gradient.
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INTRODUCTION

Although ongoing climate change and advances in
exploration of shelf regions have spurred growing
interest in microbial communities in Arctic seas, there
is currently no general consensus on the dynamics of
microorganism growth and factors that affect it. Nev-
ertheless, under conditions of strongly pronounced
seasonal changes, prolonged polar night, and strict
spatial and temporal limitations on phytoplankton
vegetation typical of Siberian Arctic seas, the micro-
bial loop [ 18], and bacterioplankton, in particular, is a
central element of the pelagic community. Estuaries
are regions characterized by high activity of Arctic
microbial communities. Although the volume of the
Arctic Ocean constitutes only 1% of the total volume
of the World Ocean, it annually receives nearly 11% of
global river discharge [20]. The Kara Sea receives
1300—1400 km? of fresh water per year, which is 41% of
the total freshwater flow into the Arctic Ocean [7]. In
particular, the Gulf of Ob and the Yenisei River
account for 82% of this amount [32]; the average run-
off volume of the Yenisei is 630 km? per year [31]. That
is, processes occurring in the river—sea mixing zone
affect not only coastal ecosystems, but also the entire
Arctic Basin [28]. The runoff of Siberian rivers, in par-
ticular, the Yenisei, exhibits pronounced seasonal
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variation. From May to June, it discharges approxi-
mately 284 km? of water, which is 45% of the total
annual runoff and affects the amounts of organic mat-
ter and nutrients delivered to the estuary [22].

Bacterioplankton plays a central role in the reminer-
alization of nutrients and transformation of organic
matter even in low-temperature environments [16, 25].
Plankton microbial activity is a key mechanism deter-
mining the amount and composition of matter that
flows into the sea or sediments in the marginal filter
zone [6]. However, data available for Siberian Arctic
seas on the microbial distribution patterns in the
river—sea mixing zone, their seasonal development
dynamics, and effects of abiotic factors and other
components of planktonic communities is rather
scarce [see, e.g., 3, 11, 14, 29, 34]. The goal of the pres-
ent study was to assess the scale and patterns of sea-
sonal variation in microbial communities of the Yeni-
sei estuary based on data obtained in original field
research and previous publications.

MATERIALS AND METHODS

Materials used in this study were collected during
three expeditions: cruise 59 of the R/V Akademik
Mstislav Keldysh on September 17—22, 2011; a cruise of
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Fig. 1. Map of field research sites in Kara Sea.

the ice-class containership Norilsk Nikel from March 29
to April 4, 2016; and cruise 66 of the R/V Akademik
Mstislav Keldysh on July 25—28, 2016 (Fig. 1). Water
samples were collected with Niskin bottles from hori-
zons selected according to the hydrophysical profile
determined by an SBE 911 Plus (SeaBird Electronics,
United States) or from the surface water layer (March—
April 2016).

Quantification of bacterioplankton. To determine
the total bacterial abundance and bacterioplankton
biomass, water samples were fixed immediately after
collection by adding neutral formaldehyde solution to
a final concentration of 1% and stored until further
analysis. In fall 2011 and spring 2016, the bacterial
abundance was determined by fluorescence micros-
copy (Leica DM 5000B) using DAPI staining on
black Nucleopore filters with 0.17-um pores [33] at
least 3 months after sampling [38]. In summer 2016,
the bacterial abundance was quantified by flow cytom-
etry. Samples were stained with SYBR GREEN I fluo-
rescent dye for 15 min and analyzed on a BD Accuri C6
cytometer within a day after collection [24]. To improve
the accuracy of bacterial abundance estimates, samples
filtered through 0.17-um filters were also analyzed. The
cytometry results were used to calculate the proportion
of cells with high and low nucleic acid content, which
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presumably describes the active cell fraction [27]. Lin-
ear cell sizes were measured using ImageScopeColor M
software. Bacterial biomass was calculated in carbon
units as proposed in [12].

Bacterioplankton production. Bacterial production
and bacterioplankton consumption by grazers were
evaluated with direct method using antibiotics to
inhibit bacterial growth [35] in a modification pro-
posed for natural habitats [39]. Immediately after col-
lection, water samples were distributed into 100-mL
flasks. To estimate bacterioplankton grazing by nano-
and micrograzers, water samples were supplemented
with antibiotics (benzylpenicillin to 1 mg/L and vanco-
mycin to 200 mg/L), which suppress bacteria growth
but do not affect their consumers [35]. Control samples
were incubated without antibiotics. The prepared sam-
ples were incubated for 8—10 h at surface water tem-
perature. The time of exposition was selected based on
the results of previous experiments that determined
the dynamics of antibiotic effects in polar waters. All
experiments were performed in two replicates. Cor-
relations between the characteristics of the communi-
ties were evaluated using Spearman’s rank correlation
coefficient. Factors that affect the parameters of the
microbial community were identified by forward step-
wise multiple regression analysis (P < 0.05). Hereinaf-
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Fig. 2. Distribution of bacterial abundance (/, total abundance, X 10° cells/mL; B, biomass, mgC/m3) and specific growth rate
(P/B, day_l) on the transect along the Yenisei estuarine zone, March—April 2016.

ter, we denote the pairwise correlation coefficient as r
and the multiple correlation coefficient as R. The
calculations were performed using PAST 3.14 and
STATISTICA 6.0.

RESULTS

In early spring 2016, the bacterial abundance in the
surface water layer along the Yenisei estuary profile
ranged from 149 to 354 x 103 cells/mL, with mean val-
ues of (196 + 50) x 103 cells/mL in the marine zone (at
salinities of >25 PSU) and (314 £ 60) x 103 cells/mL in
waters with salinities less than 18 PSU (Fig. 2). At the
same time, no vectored change along the salinity gradi-
ent could be observed within either zone: the total bac-
terial abundance ranged from 149 to 268 x 103 cells/mL
at salinities higher than 25 PSU, and from 254 to
354 x 103 cells/mL at lower salinities. The average bac-
terial biomass in these two regions also differed nearly
twofold: 2.7 + 0.68 mgC/m?and 5.13 + 1.44 mgC/m?in
the marine and river part of the transect, respectively.
The variation of specific growth rate along the profile
was more than fivefold; in comparison to other sea-
sons, the mean production level was fairly high:
0.79 + 0.43 day~!. However, in the zone with the
highest salinity gradient, bacterial production was
close to zero, while the total bacterial abundance was
relatively high.

In the summer of 2016, bacterial abundance in the
surface layer ranged from 3.1 x 10° cells/mL in the
Yenisei estuary to 214 X 10° cells/mL in the marine
part of the transect (Fig. 3). The distribution of bacte-
rial abundance in the surface layer correlated with the
chlorophyll concentration (» = 0.8, P < 0.05) but did
not correspond to the areas of distribution of phyto-
plankton species complexes or to variations of phyto-

plankton abundance [15]. The maximum and mini-
mum values of bacterial abundance were observed in the
surface water layer. Bacterial abundance (except in the
bottom water layer) correlated with the salinity profile
(r=-0.84, P <0.05) and exhibited discontinuous vari-
ation: the average bacterial abundance was (2741 £ 394),
(1805 + 333), and (683 * 184) x 103 cells/mL in salin-
ity ranges of <1.5, 2.5—15, and >18 PSU, respectively.

The bottom layer of saline water to the south of
St. 5333, which reaches upstream the Yenisei estu-
ary, is worthy special discussion. At salinities greater
than 21 PSU, the bacterial abundance in this layer
exhibited little variation within the range of 1025—
1211 %103 cells/mL, with a mean value of (1152 *+
104) x10° cellsymL. Considering that the relative
dissolved oxygen content was rather low (73 £ 2%), it
seems likely that these waters are characterized by
active transformation of organic matter carried by
river runoff.

Bacterial abundance in the bottom water layer at
St. 5333 and seawards did not exceed 416 X 103 cells/mL
and decreased towards the shelf edge, with a mean of
(333 £ 73) x103 cells/mL. The mean level of water sat-
uration with oxygen was 83 + 4%.

The share of cells with a high nucleic acid content
ranged from 17 to 83% of the total bacterial abun-
dance. It was the lowest in freshened waters and the
highest at northern shelf stations of the transect with
salinity levels greater than 30 PSU. In the surface water
layer, the share of cells with a high nucleic acid content
decreased with increasing pheophytin concentration
(r=-0.65, P<0.05).

Bacterial biomass in the surface layer ranged from
1.56 to 18.25 mgC/m?. The highest and lowest bacte-
rial biomass values along the Yenisei estuary profile
were observed in the surface water layer. The distribu-
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Fig. 3. Distribution of bacterial abundance (N, total abundance, X 10° cells/mL; B, biomass, mgC/m3) and specific growth rate
(P/B, day_l) on the transect along the Yenisei estuarine zone, July 2016.

tion of average bacterial biomass in the water column
did not exhibit significant differences among the salin-
ity ranges: 5.26, 9.56 + 2.91, and 4.32 + 1.51 mgC/m3
for waters with salinities of less than 1.5, 2.5 to 15, and
more than 18 PSU, respectively. In the bottom layer of
saline water, bacterioplankton biomass was 5.61 £+ 2.87
and 2.12 £ 0.37 mgC/m? to the south and to north of
St. 5333, respectively.

Levels of specific growth rate ranged broadly from
values below the detection limit of the method to
11.7 day~!. There was no common pattern in their
distribution along the transect. However, at the
southernmost station, this parameter decreased with
depth (from 11.7 to 1.1 day~!), whereas at seaward
sites, the pattern was the opposite: the level of spe-
cific growth rate increased from 1 day~' in the surface
layer to 3.2 day~! in the bottom layer.

Bacterial abundance in the surface water layer
observed in fall 2011 also decreased from 2.2 X
10° cells/mL in the river to 143 x 103 cells/mL in the
shelf part of the Yenisei estuarine zone (Fig. 4).

Bacterial abundance levels along the transect var-
ied by an order of magnitude depending on salinity.
For instance, at the southernmost station, where the
salinity was below 1 PSU, this level was (2069 =+
185) x103 cells/mL, while at salinities greater than
26 PSU, the average bacterial abundance decreased to
(125 £ 24) %103 cells/mL. In the salinity range of 5—
17 PSU, bacterial abundance decreased from 1045 to
440 x 103 cells/mL. A similar pattern was observed for
biomass values. At the southernmost station of the
profile (salinity <1 PSU), this parameter decreased
with depth from 47.5 to 23.6 mgC/m?. In contrast to
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the abundance values, it remained stable with increas-
ing salinity in the range of 5—17 PSU, averaging 13.9 =
3.2 mgC/m3. At salinities greater than 26 PSU, the
mean biomass was 4.8 £ 1 mgC/m?. The highest pro-
duction values were observed at the southernmost
river site of the transect (salinity <0.1 PSU). The spe-
cific growth rate exhibited little variation with depth
(1.89—2.18 day~"). At most northern sites, this param-
eter dropped below the detection limit of the method
and did not exceed 0.45 day .

DISCUSSION

As illustrated by the annual chart of river dis-
charge [21] (Fig. 5), water samples were collected
before the seasonal high flood, immediately after it,
and in the fall period characterized by relatively low
freshwater runoff. Quantification of bacterioplank-
ton in the surface layer indicated that major seasonal
variations occurred in the freshened area of the estu-
arine zone. In summer, the bacterial abundance in
the freshened zone (salinity <15 PSU) increased by
nearly an order of magnitude in comparison to spring
levels, whereas in the marine area, the bacterial
abundance remained stable during all three seasons.

To analyze the data on the distribution of bacterial
abundance and activity based on conditionally defined
salinity ranges, it is important to take into account that
waters of different salinity are associated with different
depths. Nevertheless, in both summer and in fall, con-
ditionally defined freshened and marine waters were
present at different stations of the transect both in the
upper photic layer and in the layer below the pycno-
cline, while the values of bacterial abundance were
similar irrespective of depth.
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Fig. 4. Distribution of bacterial abundance (/, total abundance, % 103 cells/mL; B, biomass, mgC/mS) and share of actively
respiring cells (CTCpositive cells, %; according to [9]) on the transect along the Yenisei estuarine zone, September 2016.
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Fig. 5. Annual variation of daily discharge in Yenisei estuary in 2011 and 2016 [21].

In spring 2016, the zone of a twofold decrease in
bacterial abundance coincided with an area with an
elevated share of autotrophic organisms in the micro-
plankton community [30]. In the conventional fluvial
zone (2.6—14.8 PSU), the share of autotrophic micro-
plankton was only 23%, whereas outside the river estu-
ary (27—31 PSU), it was 51% on average [30]. This
supports the notion that the microbial loop is strongly
involved in the functioning of the estuarine microbial
community in early spring.

In summer 2016, the bacterial abundance decreased
with depth, increasing salinity, and decreasing relative
dissolved oxygen concentration (R? = 0.88, P < 0.05).
In contrast, the share of cells with a high nucleic acid
content increased with depth, salinity, and dissolved

oxygen concentration (R> = 0.52, P < 0.05). No specific
pattern in the distribution of bacterial production could
be identified.

According to [9], in the samples collected in fall
2011, the share of bacteria with an active electron trans-
port chain ranged from 1.8 to 78.4% of the total bacte-
rial abundance. In the Yenisei estuary, it was 17.4% of
the total abundance on average, whereas on the shelf,
where the absolute values of bacterial abundance were
low, it reached 36%. The average share of potentially
viable cells (cells with intact membranes) along the
transect was 89.5% of the total bacterial abundance; it
was lowest in the Yenisei mouth: 71.8—88.9% [9].
Although just a few sites were available for analysis, it
could be observed that the distribution of bacterial bio-
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mass correlated with water temperature in waters with
salinities greater than 5 PSU (= 0.63, P < 0.05), while
the share of actively respiring cells declined as the share
of phaeophytin increased (» = —0.65, P < 0.05).

According to the data from spring 2016 [26], the
number of bacterial cells with attached viral particles
ranged from 27 to 110 x 103 cells/mL, and their share
in the total bacterial abundance increased from 14.4%
in the river part of the transect to 24.3% in the estuary
and dropped to 7.6% at the outmost marine station of
the transect. Bacterial viral-induced mortality rate
varied from 2 to 18% of bacterial production.

At the end of the vegetation season, the highest
number of cells with attached viral particles was
observed in the Yenisei river: 293—331 x 103 cells/mL;
in the estuary region, these values decreased to 11—
139 x103 cells/mL [5]. However, the difference in
their shares in the total bacterial abundance was less
pronounced: 13.2—16.5% vs. 8.5—15.6%. The rate of
viral-induced mortality of bacterioplankton was 9.5—
16.1 and 1.4—9.5% of total bacterial production in the
river and the estuary zone, respectively [5]. That is, the
contribution of bacteriophage viruses to regulation of
the bacterial abundance and production in different
seasons was relatively low.

Data obtained on the August—September expedi-
tion 2001 also confirmed the correlation between bac-
terial abundance in the surface layer of the Yenisei and
the adjacent shelf and salinity [29]. The mean values of
bacterial abundance were 1.5 x 10° cells/mL in the
river, 1.8 x 10° cells/mL in the estuary (salinity of 5—
15 PSU), and decreased to 460 x 103 cells/mL in
marine waters with salinities greater than 25 PSU.
A similar pattern was observed for bacterial produc-
tion in the surface layer: 11.27, 6.83, and 3.31 mgC/m3
per day in the river, estuary, and marine part of the
transect, respectively [29]. In the bottom layer, the
production levels were 25% lower than on the surface.
It was found that bacterial production correlated with
the chlorophyll a concentration and surface water tem-
perature. Experiments showed that addition of glucose
caused an increase in bacterial production by 17—43%,
while addition of filtered river water did not stimulate
bacterial production. This probably suggests that the
growth of bacterioplankton in late summer is limited
by the availability of labile carbon sources [29].

In summer 2016, the quantitative distribution of
bacterioplankton significantly correlated both with
concentrations of dissolved organic carbon (DOC)
(r=0.8, P<0.05) and with colloidal matter content
(r=0.75, P < 0.05) [2]. The DOC concentration
decreased with decreasing salinity; in slightly fresh-
ened waters, its concentration exhibited considerable
variation. It was found that relative water enrichment
with DOC increased in the bottom layer. Despite this,
the colloidal fraction was relatively low, indirectly sug-
gesting that these waters had been enriched with DOC
during an earlier period [2]. Spring and fall samples of
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surface waters were shown to contain predominantly
terrigenous organic matter. In spring 2016, the colored
DOC fraction in the surface water layer was mainly
represented by humic substances of terrigenous ori-
gin [13]. Analysis of the carbon isotope ratio in water
samples collected in fall 2011 also showed that the
major share of SPM in the surface layer was of terrige-
nous origin, whereas the share of BC isotope in the
bottom layers increased due to autochthonous organic
matter [4]. Despite few observations, it is possible to
notice similarity in the distribution of bacterial bio-
mass and DOC concentrations [1]. A study performed
in the fall of 2001 also found that only 6—16% of dis-
solved organic matter in the estuary region was of
planktonic origin [17].

Data on bacterial productivity and seasonal varia-
tions in other regions of the Kara Sea and Arctic estu-
aries are rather scarce. For example, bacterial abun-
dance values in the Ob River estuary observed in fall
1993 were very low: 206 x 103 cells/mL in the river and
173 x 103 cells/mL in the shelf region [8]. In August—
September 2001, the mean bacterial abundance in the
surface water layer of the Ob estuary was 1.4, 2.1, and
less than 0.5 % 10° cells/mL in fresh (<1 PSU), fresh-
ened (5—15 PSU), and marine (>20 PSU) waters,
respectively [29]. Bacterial production values decreased
seaward, averaging 7.14, 5.06, and 3.21 ugC L~' day~'in
these three zones, respectively.

The bacterial abundance in water samples col-
lected in the same region in fall 2007 was determined
immediately after sampling [14] and after more than
3 months of storage [11] (accounting for potentially
viable cells; [38]). In the first study, relatively high
abundance values were recorded on the southern sta-
tion of the profile at a salinity of 0.05 PSU (1950 and
3170 x 103 cells/mL in the surface and bottom layers,
respectively), but no specific bacterioplankton distri-
bution pattern was observed in the estuary region. The
levels of bacterial abundance ranged from 700 to
2540 x10? cells/mL in the surface horizon and from
580 to 3170 in the bottom layer, while the biomass val-
ues ranged from 11.9 to 33 mgC/m? on the surface and
9 to 57.1 mgC/m? in the bottom layer. The share of
particle-associated bacteria increased with depth from
20 to 80% of the total abundance [14]. Analysis of the
stored samples revealed a different pattern. In the layer
above the pycnocline, the bacterial abundance was
slightly lower in the river part of the transect with
salinities less than 5 PSU: 505 £ 197 x 103 cells/mL vs.
723 + 146 x 103 cells/mL in the marine part of the
estuarine zone. A similar pattern was observed in the
distribution of bacterial biomass: 14.2 + 6.5 and 21.3 &
3.8 mgC/m?, respectively. Below the pycnocline, the
bacterial abundance dropped to 376 & 64 x 103 cells/mL
(8.1 £ 4.6 mgC/m?). Above the pycnocline, the level
of specific growth rate was significantly higher in river
waters than in the marine part of the estuarine zone:
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0.54 and 0.18 day~', respectively. Below the pycno-
cline, production levels were close to zero, and it was
only in the bottom layer that specific growth rate
reached 0.06 day~' [11].

For comparison, in fall 1991, the bacterial abun-
dance in the upper freshened water layer of Tiksi Bay
(Laptev Sea), which receives fresh waters from the
Lena River, exceeded 1.5 x 10° cells/mL. In the area
unaffected by freshening, the bacterial abundance was
only 200—400 x 103 cells/mL even in the surface
layer and further decreased two- to fourfold below
the pycnocline. The levels of specific growth rate in
the Lena River and its delta in most cases did not
exceed 0.1 day~!. In Tiksi Bay and in the open sea,
they ranged from 0.08 to 0.3 day~' [36].

For comparison, according to the data obtained in
summer 2004 in the Mackenzie River estuary in the
Canadian Arctic, the bacterial abundance ranged from
570 to 1360 x 103 cells/mL. The level of bacterial pro-
duction was 0.82 mgC m~—3 day~! and did not differ sig-
nificantly between the river, estuary, and marine zone,
nor did it exhibit a correlation with the environmental
factors. However, it was found that the contribution of
particle-associated bacterial cells to the total produc-
tion differed significantly between the zones, 74% in
river water, but it decreased to 26% in the estuary and
sea. The contribution of free-living bacteria decreased
with increasing suspended organic matter content
with particles larger than 3 um [19]. Another study
performed in the Mackenzie estuary in summer 2006
did not detect significant differences in bacterial
abundance between the three zones determined by
salinity, either in the surface or bottom layers [37]. The
levels of bacterial production in the surface layer did
not differ among the zones, while in the bottom layer
of the transition zone, they were significantly higher
and exceeded nearly twofold the production level in
the surface layer. Further differences were observed for
the contribution of particle-associated bacteria to the

total production in the surface layer: this parameter
decreased seaward from 94 to 31%. In summer sam-
ples, bacteria were found to respond readily to the
addition of glucose. The effect was most pronounced
in river waters: bacterioplankton production increased
3.9- and 2.5-fold in the river and the transition zone,
respectively, but in the marine zone, the ratio of pro-
duction levels did not differ significantly from 1 [37].

The currently available data do not include the sea-
sonal high flood period, although some studies sug-
gest that the share of labile dissolved carbon in river
discharge waters during this period can reach as high
as 20—40% [23], whereas during the most of the vege-
tation season, the major carbon source for heterotro-
phic bacterioplankton of estuarine areas of Siberian
coastal seas is organic matter synthesized by primary
producers. Therefore, the pattern of the seasonal bac-
terioplankton dynamics needs to be complemented
with data for this particular period.

CONCLUSIONS

Based on field research data and previously pub-
lished results, the Yenisei estuary can be divided into
three zones distinguished by salinity (Fig. 6). The bac-
terial abundance and activity in these zones can differ
by an order of magnitude. The distribution of bacterial
abundance within the zones is mostly due to small-
scale patchiness, which can be observed in the distri-
bution of organic matter, phytoplankton, and sus-
pended material [10]. However, the limits determining
the variation in qualitative and quantitative character-
istics of different groups of planktonic organisms do
not necessarily coincide.

Furthermore, the field research data and previ-
ously published results indicate that major seasonal
variations in the quantitative characteristics of bacte-
rioplankton population are associated with the fresh-
ened area of the Yenisei estuary. Microbial production
parameters exhibit an uneven distribution, with maxi-
mum values observed in summer. The contribution of
the heterotrophic component of the microbial com-
munity was dominant in the early spring period.
Despite the observed correlations in the distribution of
bacterial abundance and activity, phytoplankton, and
organic carbon, their distribution patterns along the
salinity gradient were different. It was found that bac-
teriophages had relatively little effect on regulation of
the bacterial abundance and production during the
spring and fall periods. Further research should spe-
cifically evaluate the contribution of particle-associ-
ated and free-living bacteria to the total microbial
abundance and activity. Moreover, analysis of the sea-
sonal dynamics of bacterioplankton growth needs to
include the high flood period proper, which dramati-
cally differ from other seasons in the composition and
availability of organic matter transported by river
waters. Unfortunately, no such studies have been per-
formed to date.
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