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Abstract—Analysis of conditions of formation of microplanktonic microbial communities (MC) was carried
out for the Pechora Sea using the data of winter 2002—2005. The patterns of distribution of different MC
groups in different water types are discussed. Regular variations of the indices of abundance in a gradient of
physicochemical variables were revealed. The estimated average bacterial numbers for under-ice conditions
were 234 x 103 cells/mL, with the average cell volume of 0.58 um? and total cell area ~550 mm?/L. The esti-
mated total microbial biomass in the 0—25 m water horizon of the Pechora Sea is 187 x 10° g wet biomass.
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The distribution, conditions of development, and
characteristics of the main morphological groups of
bacterioplankton are discussed based on the results of
microbiological survey of the Pechora Sea during win-
ter seasons of 2002—2005. Assessment of diversity and
size structure of microbial communities (MC) makes
it possible to estimate both the productivity of marine
ecosystems and their general stability [1—3]. For
microorganisms, an increment in cell area (S) per unit
volume (V) determines variations in their assimilatory
capacity [3, 4] and an increase of their metabolic
activity within marine microplankton [5—8]. These
variations may be revealed by comparative analysis of
MC characteristics in different seasons, e.g., by the
area/volume ratio (5/V) [9—11]. Throughout the year,
three groups (psychrophiles, psychrotrophs, and
mesophiles) dominate cyclically in the communities
of subarctic Russian seas [1, 5, 11, 13]. This deter-
mines the capacity of MC to carry out their specialized
functions in the ecosystems all year round, indepen-
dent of the development of other planktonic groups [6,
7, 11]. The exogenous successions developing even
during winter due to the abiotic factors affecting
planktonic biocenoses result in variations in the size
structure, which regulates the activity of the groups
with different specialization (microalgae, bacteria,
etc.) [3, 6—10]. The published data on the microbio-
logical parameters in ice-covered subarctic seas are
insufficient to provide for the reliability of most con-
clusions [10—15]. Analysis of the conditions of the
winter activity of bacterioplankton and quantitative
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assessment of the effect of various factors on its devel-
opment are therefore in demand [6, 8, 10, 11, 16].

Very few unclassified publications exist on the ice-
covered period for the Pechora Sea [17, 18]. Such pub-
lications are especially scarce for the parameters ana-
lyzed in the present work, including the indices of
microflora development [6, 8, 19].

The goal of the present work was to analyze
the conditions and patterns of development of bacte-
rioplankton communities in the Pechora Sea in mid-
winter (in the first half of February) using the data of
several sequential years.

MATERIALS AND METHODS

Microbiological investigation was carried out at the
Pechora Sea and at the adjoining areas of the Barents,
White, and Kara seas remote from the coastal zone
and fast ice. A set of physicochemical and microbio-
logical parameters was determined for the 0—100 m
layer of ice fields of different concentration. The
present works deals with the data collected from Feb-
ruary 1 to 15 in 2002, 2003, and 2005. Location of the
sampling stations is shown on Fig. 1.

Microbiological observation of this period covered
up to 60% of the Pechora Sea area (Fig. 1). At 31 sta-
tions, over 60 samples were collected for determina-
tion of the physicochemical and biological parameters
[6]. Water samples from clearings and ice field faults
from depths to 5 m were collected in motion, while
those from up to 100 m were collected at stations using
2- and 6-L plastic bathometers [7, 8].
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Fig. 1. Characterization of the investigated Pechora Sea area and location of sampling stations in February 1—15: location of
microbiological stations (2002—2005), isobathic curves for 25, 50, 100, 200, and 300 m are indicated by isolines, geographical
borders of the sea [17, 18] are indicated by a broken line (a); and averaged ice conditions for February 1—15, with numbers and
shading indicating: stations (), close ice >8b (2), rarefaction of ice fields and stationary clearings (3).

Parameters of the physicochemical complex. Salin-
ity (S, %o0) was determined by conductivity, tempera-
ture (7, °C) was measured with reversing thermome-
ters, and pH and Eh were measured using an 1-135
potentiometer [20]. The forms of biogenic elements
were analyzed in the filtrates through nuclear filters
with the pores of d.; = 0.45 um (Dubna, Russia) in
Nucleopor mounts [4, 7—9]. Nitrite nitrogen (NO,,
png N/L) was determined according to Griess—Illosvay,
nitrates (NO;, pg N/L) were reduced to nitrites [20].
In dissolved organic matter (DOM), nitrogen (Npopm)
and phosphorus (Ppgy) were determined in the fil-
trates by “wet incineration” according to Wolderram
(on a water bath in acidic—alkaline medium at 120°C
and ~1.5 atm) [7—9]. Total content of biologically
available organic matter (OM) for compounds of vari-
ous biochemical stability (in carbon units C,g,
mg C/L) was determined from experimental BOD
curves obtained for T, = 20—22°C. Splitting of kinetic
BOD curves into the easily oxidized (C,,) and persis-
tent (C,,) fractions was carried out using the two-stage
oxidation model, by the formalized graphic analytic
method [7, 8].

Characteristics of the total bacterioplankton. The
sample for total bacterioplankton (0.5 mL) was filtered
under vacuum (~0.1—0.2 atm) through Sudan black-
stained nuclear filters with d gz = 0.09 um (Dubna,
Russia) in a calibrated mounting [7, 8]. The filtering
area was 1 cm in diameter. The sample was fixed with
ethanol vapors and treated as described in [21]. As a
fluorochrome, 0.02% fluorescamine (4-phenylspiro-
[furan-2(3H),1-phthalan]-3,3'-dione) in  borate
buffer was used. In an alkaline environment, the stain
reacts specifically with the primary amines of bacterial
cell envelopes, resulting in bright fluorescence under
near-UV excitation [21]. Cell shape and number, as
well as cell size (by an ocular micrometer) were deter-
mined according to Razumov [22]. Fluorescent
microscopy and field count at magnifications of

x900—1500 (oil immersion) were carried out using
MLD-1Ul.1 and Biolam D2Ul.1 microscopes
equipped with a modified OI-30 UKhL 2.2 attach-
ment (LOMO, Russia) [7, 21, 22].

Total parameters of bacterioplankton abundance in
terms of cell number, biomass, volume, and area of
fluorescamine-stained surface (N, B, V, S); were cal-
culated according to [2]. The X sign applies only to the
integral MC parameters, e.g., XN, is the total bacte-
rioplankton number (10° cells/mL). To calculate cell
volumes V; (um?®) and areas .S; (mm?/L), their shapes
were approximated as simple geometrical objects
(sphere, cylinder, prism, ellipsoid, or wedge). More
complex shapes were treated as combinations of sim-
ple shapes [2].

Separation of bacterial cells into fractions for the
fluorescamine-stained preparations on nuclear filters
was carried out according to the general recommenda-
tions described in [1, 2, 4, 22, 23]. Cell shape (rotary
body), length (L), and the ratio between L and charac-
teristic diameter d were the criteria used to determine
up to ten major morphological groups of bacteria. To
obtain reliable results, the number of analyzed cells in
different groups was differentiated according to the
“rule of 1000”: in each size fraction or morphological
group, the product of the number of cells and the
number of fields examined should be at least 1000 [2].
In case of lower products, the cells of this group were
counted to reach the required value (independent on
the other fractions) or examined at least 1-2% of the
total filter area [6—8]. According to our data, this pro-
cedure results in medium relative error of the general
indices of bacterial abundance X(N, B, V, S); was
+30% [6].

Isolation of groups and size fractions. Spherical
(coccoid) were identified as microorganisms of spher-
ical or almost spherical shape at L/d,,,, < 1.2 [22, 23].
Two size fractions of the cocci were considered:
small and large ones, designated as (N, B, V, ), and
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(N, B, V, S)ya, respectively. The small cocci subgroup
consisted of the cells with d,, < 0.5 pum (volume V' <
0.04 um?), which are considered nanobacteria, an
ultraplankton fraction [13, 24]. Oval cells with 3.5 >
L/d,.. = 1.2, forming the group of ellipsoidal cells or
coccobacilli, of close-to-ellipsoidal shape, were desig-
nated as (N, B, V, S).;. Elongated cylindrical cells, or
rods, comprised microbial groups of diverse ecological
specialization [1, 4, 22, 23]. For practical reasons,
rod-shaped cells were subdivided into groups accord-
ing to the following criteria: shape (straight, tapered,
bend, or curved), L/d value > 8 (thin and other ones),
and length L (short or long). Using these criteria, up to
five groups of rods were determined [7]. The groups of
relatively short and thin cells (N, B, V, S)q; and large
rods (N, B, V, ), were the most prominent ones. The
“pbranching” forms of indefinite length formed a sepa-
rate group designated (N, B, V, S),. Curved and
tapered rod-shaped forms were termed vibrios. This
group included thin cells of vibrios (L/d,, > 8), as well
as Mycrocyclus and some myxobacteria, sharing the
curved, slightly tapered shape (N, B, V, S)u, [7, 23].
Coiled forms were designated as marine spirilla [22,
23]. Prosthecate bacteria with characteristic projec-
tions (group 13 in the Bergey’s manual) and bacteroids
with indefinite cell shape, as well as the cells without
well-formed envelopes, were combined into one
group, designated (N, B, V, §),, [23].

This scheme of differentiation between the groups
of most commonly occurring shapes of bacterial cells
makes it possible to assess their total abundance, as
well as the individual cenotic groups characteristic of
marine bacterioplankton of freezing seas in winter [1,
2,4,22].

RESULTS

Ice conditions, water types, and conditions for bac-
terial development. Investigation of the Pechora Sea
was carried out from board of the Arktika and Rossiya
nuclear-powered icebreakers (Murmansk Steamship
Co., Russia). Microbiological stations were located in
the drift ice zone, at a distance from fast ice, which at
the time of sampling occupied the coastal area of 1—2
to 15km [14, 17]. The ice conditions in this area in the
first half of February are shown on Fig. 1b. Materials
of visual observations along the icebreaker route, sup-
plemented with satellite imaging data (maps of satel-
lite monitoring according to NOAA, http://www.
natice.noaa.gov) were used to characterize the condi-
tions for February 1—15. Stationary clearings beyond
the fast ice zone, which are a part of the Northern Sea
Route, are marked on Fig. 1b with Roman numerals:
Pechorskaya, I; West and East Novozemel’skaya, 1la
and IIb, respectively; and Amderminskaya, I11[12, 17,
18].

The major water masses (WM) of the Pechora Sea
in midwinter were determined from the mixing trian-
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gles (marked with ovals on Fig. 2a) using the T,
S parameters.

The following WM types were determined in the
central Pechora Sea and adjacent waters WM. Waters
with S exceeding 34.4%o0 and T, from —1.8 to +0.5°C
were represented by the Barents Sea waters (BarWM)
of the winter modification [12, 17, 18]. Formation of
desalinated waters with .S < 33.4%o and T, close to the
freezing point was affected by the flows from the White
Sea (WhFL) and the Pechora Gulf (PechFL) [12, 17,
18]. Transformed Barents Sea WM (BarWMtr), with
33.4 < §<34.4%o0 and T, from 0.5 to —2.3°C, formed
a separate group. These WM varieties should be con-
sidered as pelagic biotopes of the winter Pechora Sea
plankton [6, 8, 19].

The distribution of these WM in the 0—2 m
water layer according to analysis of the T,,, S indices is
shown on Fig. 2b. The estimated areas of BarWM and
BarWMtr occurrence in the Pechora Sea surface layer
in winter are ~25 and ~35%, respectively. The WhFL
affects the southern part of the sea, west of 53° E, while
the PechFL expands to the east [12, 17, 18]. Water
mixtures affected by WhFL are estimated as 25%,
while the PechFL, as ~15% of the sea area (Figs. 1, 2).

Analysis of the T,, § indices in 2002—2005 indi-
cated stability of the distribution of the winter WM
forms shown on Fig. 2b. Weight average values (X,,)
could be therefore calculated, using the data on the
area (s;) occupied by a given WM: X, = (Zxs,)/Zs,,
where x; is the average value for WM and ZXs; is the
investigated area. Results of averaging of the physico-
chemical parameters characterizing the conditions of
bacterial development in the winter WM and X, in the
Pechora Sea area are summarized in Table 1.

Weighted average values of X,, (considering s; of a
given WM, see above) are listed in the bottom line of
Table 1. To compare the characteristics of the flow
currents, the data for the northeastern part of the
White Sea for the same period (WhWM) are presented
[19]. The WhWM are not used here and further on for
X,, calculation for the Pechora Sea area.

Analysis of Table 1 revealed that rating of the phy-
sicochemical parameters according to their level in a
WM, with some variations, formed stable sequences,
WM rows [6, 8, 19]. For convenience, here and further
on the results of X, comparison from Table 1 are pre-
sented in the form {parameter x;} — {row of WM rated
according to x; values}:

{T,-S, Eh, NO;, O, and C,_}
— {BarWM > BarWMtr > PechFL > WhFL },

{NO,, pH, SiO,and Ppop} B
— {BarWM < BarWMtr < PechFL < WhFL}, (B)

According to the procedure of x; rating, two types
of distribution in WM are characteristic for the phy-
sicochemical variables: A, descending (max — min)

(A)
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Fig. 2. Analysis of 7, S diagrams for Pechora Sea water in midwinter 2002—2005 (see text): WM varieties, with areas of the Ty,
S parameters for WM indicated by ovals and direction of their transformation shown by arrows (a) and distribution of the winter
WM in the 0—2 m layer, with shading indicating: BarWM ( /), BarWMtr (2), WhFL (3), and PechFL (4) (abbreviations according

to [12, 18]).

and B, ascending (min — max) rows. Considering the
general direction of water transfer from NWW to SEE,
formation of such structures in x; arrays depends on
the presence of stable spatial gradients along WM
(grad X;). Their formation is associated with pairwise
interactions of adjoining WM: BarWM <> BarWMtr <>
(WhFL < PechFL) and river flow. As a result, the
characteristics change gradually in the direction of
water transfer, as +grad X; [6, 8, 19]. The regulation
occurs in accordance with the position of the regions
of WM advection, direction of their transfer, and the
character of WM interlaying in the water column. This
distribution of physicochemical x; along both types of
WM (AB) indicates existence of certain relationships,
which may develop only in the case of a stable of the
active layer in the Pechora Sea (Fig. 2b).

The regions of distribution of WM and directions of
transformation of their properties (Figs. 1, 2; Table 1)
indicate that quasistationary circulation of marine
(BarWM) and desalinated (WhFL and PechFL)
waters is reproduced each early February in the
Pechora Sea. Its stability is determined by the pressure
of BarWM, which are varieties of North Atlantic
waters (see. Figs. 1, 2) arriving to this area with the
Kanin and Kolguevo—Pechora currents [12, 17, 18].
Transformation of WM characteristics occurs under
close ice due to the action of meteorological factors
and the interaction with desalinated WhFL and
PechFL waters.

Integral characteristics of bacterioplankton abun-
dance. The described characteristics of WM circula-
tion make it possible to pool the data for sequential
years into a single array and to determine its uniform

Table 1. Averaged physicochemical parameters (x;) for the Pechora Sea winter WM in February 1—15 2002—2005

T, N pHys NO, NO; Npom | Ppom Cex Cay
Parameters | Row, - -

WM type n °C %o dlmeﬁflli(t)nless ug N/L ug P/L mg C/L
BarwM 8 —0.85 34.84 7.91 0.8 113 781 9.2 2.18 1.18
BarWMtr 25 —1.45 33.98 7.92 1.5 88.2 308 14.9 2.27 1.07
PechFL 6 —1.63 32.60 8.01 1.8 97.7 471 15.6 2.36 0.70
WhFL 14 —1.51 32.76 8.02 2.1 68.4 537 14.6 2.03 1.05
WhWM * 9 —1.07 27.43 7.95 2.0 60.1 381 21.1 2.51 1.72
X,y —1.34 | 33.68 7.95 1.5 90.8 508 13.5 2.20 1.04

n designates the length of a row, Ty, is water temperature, °C; S is salinity, %o; pH,5 is pH adjusted for 25°C; NO, is nitrite concentration,
pg N/L; NOj is nitrate concentration, pig N/L; Npoy is nitrogen-containing DOM, g N/L; Ppoy is phosphorus-containing DOM,
pg P/L; C., is the content of unstable OM, mg C/L; C,, is the content of biochemically stable OM, mg C/L;

* Data for WhWM were not used for X, calculation.

MICROBIOLOGY Vol. 82 No.6 2013
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Table 2. Parameters of total abundance of Pechora Sea bacteria in midwinter
Parameters R N, zB, =Sy Vi S/V, N/B,
WM type oW, 1 3 2 3 6 n—1 9

yp x10° cells/mL pneg/L ug C/L mm~/L pm 10° m 10° cells/mg
BarwM 7 288 547 43.4 1130 1.39 3.66 0.78
BarWMtr 31 199 180 18.4 492 0.70 4.72 1.50
PechFL 8 256 161 14.6 528 0.35 5.61 2.13
WhFL 14 215 182 20.7 500 0.74 443 1.13
WhWM* 9 222 180 16.0 544 0.49 4.85 1.35
X,y 60 234 269 24.7 659 0.83 4.52 1.32

n designates the length of a row, N, is total number of bacteria, x 103 cells/mL; 2By is total biomass (wet weight), nug/L; By, is the same

in carbon units, pg C/L; TS, total cell area, mmZ/L; V,y is average cell volume, um3 ; S/ V,, is specific area (dispersion) for communities,

106 m_l; N/By, is the “number—wet biomass” index, 10° cells/mg (other designations as in Table 1).

parts based on the relevant WM. The possible cases are
characterization of conditions of bacterioplankton
development and calculation of the relevant parame-
ters for the individual kinds of winter WM [6, 8, 19].
The averaged results on the total bacterial abundance
are presented in Table 2, which preserves the structure
of Table 1).

To calculate MC biomass in carbon units [2, 22],
Core Was calculated from cell volume using the modi-
fied Stratmann’s equation (C,,, = 120 V°72), where V;
is the volume of the cells of a given morphological
group (um?), since in the case of bacteria this proce-
dure is the most reliable one [6, 8].

The parameters of integral abundance Z(N, B, V,
S), for bacteria listed in Table 2 according to WM,
results in the rows of (AB) kind, for example:

{ZS, and V,}
— {BarWM > BarWMtr > PechFL > WhFL},

{S/Vo} (B)
— {BarWM < BarWMtr < PechFL < WhFL}.

Thus, in the rows for sequential years, pairwise
interactions between different winter WM form stable
relationships between the parameters of the microbio-
logical and physicochemical complexes. Distribution
of WM parameters over the Pechora Sea area deter-
mines the development of inhabiting bacterioplankton
and the changes in the course of water movement
under close ice (see Figs. 1, 2 and Tables 1, 2). Emer-
gence of the tgrad X-type structures in the array of
parameters characterizing bacterioplankton abun-
dance is also based on the rapid renewal of WM of the
Barents Sea origin (see above). The distribution of the
total numbers (N, x 10° cells/mL) is presented on
Fig. 3a, while that of the average cell volume (V,,,
um?) in the 0—2 m surface layer is shown on Fig. 3b.

The total MC number estimated by graphical anal-
ysis of Fig. 3 was =N, ~ 230 x 103 cells/mL, with the

(A)
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average cell volume V,, ~ 0.58 um? [6, 8]. The distribu-
tion of V,, and £ N, characterizes the changes in bacte-
rial abundance in the winter bacterioplankton com-
munities and corresponds to the state space formed by
WM biotopes forming the parameters of the ecological
niches for MC and its component groups [1]. This
relation between the overall parameters of abundance
and environmental conditions is evidently realized at
the level of N; and B, for individual groups and frac-
tions.

Structure of the dominant groups. Midwinter bac-
terioplankton communities of the Pechora Sea WM
consisted of numerous morphological types, accord-
ing to their ecological specialization [1, 22, 23].
Microbial forms widespread in other biotopes and
under other conditions were revealed in significant
numbers. For analysis, the dominant (cocci, coccoba-
cilli, and large rods) and subdominant morphological
groups (small rods, curved, vibrios, etc.) were deter-
mined for MC. Table 3 presents the data on N, and B;
for the dominant bacterial forms [6], specifying the
conclusions reached by analysis of environmental
conditions (the structure of Tables 1 and 2 is pre-
served).

According to Tables 2 and 3, wet B, of the dominant
groups was 14, 22, and 33% (31.5, 63, and 80 ug/L) of
2B, for cocci, ellipsoids (coccobacilli), and large rods,
respectively. Over 55% of X~ B, was represented by large
rods and coccobacilli. The relative and absolute num-
bers N, of these groups and fractions were 71% of N,
(165 x 103 cells/mL) for cocci, 3% (11 x 103 cells/mL)
for coccobacilli, and 12% (27.5 x 103 cells/mL) for
large rods. Up to 90% of the total number of cocci was
represented by nanobacteria with the average Ny, =
135 x 103 cells/mL. Rating of N, and B, for the domi-
nant groups by WM reproduced, with some variations,
the (AB) rows. For example, B; of bacteria with the
largest cells (By,, B,,) was characterized by formation
of descending rows max — min of the (A) type:
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Fig. 3. Distribution of integral parameters of Pechora Sea bacterioplankton abundance in the 0—2 m layer: total bacterial numbers
(ZNy, X107 cells/mL), major isolines every 100, minor (broken lines), every 50 X 10~ cells/mL (a) and average cell volumes
Vo um3), major isolines 0.2 um3, average weighted V), are marked by shading (b).

{Bp12 or By}

A
— {BarWM > BarWMtr > PechFL > WhFL}. (A)

This result confirms stability of the described cor-
relation between the biotope properties and the
parameters of the microbiological complex associated
with +grad X.. The same relationships should therefore
be true for the N, and B; of the dominant morphologi-
cal groups. The distribution of biomass of large rods
B, (ug/L) and of the number of nanobacteria Ny,
(x103 cells/mL) are presented on Figs. 4a and 4b,
respectively.

According to Fig. 2, the distribution of large rods
and nanobacteria in winter, WM correlated with vari-
ations in the characteristics of the biotopes. The B,
and N, values were therefore regularly distributed
over the Pechora Sea area in the direction of WM

transfer to NEE under close ice fields and corre-
sponded to the parameters of the group niches for
these morphological groups of bacteria. For bacterial
nanocells, N, under the Pechora Sea ice fields was
approximately half of that for the Barents Sea (both in
summer and in winter) [5, 9—-12].

Structure of the subdominant groups. Table 4 lists
the N, and B, values for some subdominant morpho-
logical groups, specifying the composition and forma-
tion of the diversity for Pechora Sea bacterioplankton
communities in winter.

Figures 5a and 5b show the N distribution for small
rods with L/d,, > 8 (N, x103cells/mL) and of vibrios
(curved and tapered forms) (N,y,, X103 cells/mL), respec-
tively.

Similar to other parameters of bacterioplankton
abundance, N, and N, were distributed along the

Table 3. Averaged for WM N, and B; of the dominant groups of the Pechora Sea bacterioplankton in midwinter

Spheroids, (L/d,y) < 1.2 Large rods, 3.5 < (L/d,,) <8 Ellipsoids, 1.2 < (L/d,) <3
Parameters
WM type | Nkl N %ZNy Non ) %%B, Ny By, %3 B,
%103 cells/mL % ug/L % ng/L %
BarWM 146 32.4 66.4 37.9 144 30.1 24.8 144 31.2
BarWMtr 115 19.5 70.2 34.2 71.5 38.7 8.1 46.7 21.4
PechFL 161 42.6 80.8 23.8 37.0 30.8 4.3 21.2 18.2
WhFL 139 21.4 69.9 19.4 52.0 30.1 4.8 30.0 18.3
WhWM * 124 20.4 67.3 41.6 99.1 43.8 9.3 24.7 16.4
X 135.4 26.7 70.7 29.9 79.5 33.2 10.9 63.0 22.6

Ny is the number of small cocci (nanobacteria with d,, < 0.5 pm [24]), x 103 cells/mL; Ny is the number of large cocci (d,, = 0.5 um),
x103 cells/mL; Nyy is the ratio of all cocci, % of ZN,; Ny, is the number of large rods (L/dy, 2 8), x103 cells/mL; By, is dry biomass of

large rods, pg/L; %BpIZ is the share of dry rod biomass, % of £ By; Ny, is the number of ellipsoidal forms (1.2 < (L/d,;,55) < 3), ¥ 10 cells/mL;
By, is wet biomass of ellipsoids, pg/L; % By, is relative B of the ellipsoids, % of ZBy,. Other designations are as in Tables 1, 2.
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Fig. 4. Distribution of the parameters for the dominant Pechora Sea bacterioplankton in the 0—2 m layer in winter: biomass of
large rods (B, 1g/L), major isolines every 50, minor (broken lines), every 25 pg/L (a) and number of nanobacteria (cocci,
dyy < 0.5 pm), Ny, X107 cells/mL, major isolines every 100, minor ones, every 50 X 10~ cells/mL.

WM area according to the parameters of their group
niches, i.e., they were arranged in the direction of
transfer to NEE.

Table 5 lists cell volumes (¥, um?) of the major
bacterial groups and fractions of Pechora Sea WM in
winter.

The data of Table 5 were used to calculate the bio-
mass of the individual morphological groups in carbon
units (Table 2). While the average value for the
Pechora Sea area V,, = 0.58 um? (see Fig. 3b), their
values for bacterial communities of different WM
types could differ fourfold, from 0.35 to 1.39 pm?).
The group V; values for winter seasons show the ten-
dency for higher variability of the average cell volumes
and higher calculation error for the morphological
groups and for MC as a whole with increasing V.
Thus, small cells of the dominant and subdominant
bacterial groups had the most stable parameters for V;
in all WM types.

DISCUSSION

WM distribution and group niches in grad X;. The
following row illustrates the sequence of division of
the nucleus of North Atlantic currents, which pene-
trate the Pechora Sea in one of the branches: ... —>
BarWM < BarWMtr <> WhFL <> PechFL — ... river
flow. Their interaction with the environment results in
formation of grad X,, which determine the character-
istics of the group niches of the winter bacterioplank-
ton microflora [1, 11, 13]. In the course of analysis of
bacterial diversity and growth conditions, these rela-
tionships make it possible to group experimental data
or to subdivide them into homogeneous arrays. For
bacterial groups forming over 60% of £B, (B,;, By,
and B,,,, see Tables 3—5), the information derived
from these WM rows oriented due to stable transfer
(types A and B) may be summarized as follows:

Maximal development of bacteria in winter plank-
ton occurs in saline and relatively warm BarWM at the
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initial stage of their transformation under close ice,
with their properties regularly changing in +grad X; in
the direction of water transfer [6, 8].

The winter biotopes of Pechora Sea MC are
affected by strongly transformed WM of North Atlan-
tic origin.

This results in stable orientation of the Pechora Sea
winter WM in the direction of transfer and in stable
tgrad X; of most of the parameters involved in eco-
niche formation for the major morphological groups
of bacterioplankton.

Under ice cover, the parameters of development of
different bacterial groups are distributed according to
variations in the WM properties characteristic for a
given climatic zone and are rapidly transformed by the
action of meteorological factors and desalinated
waters [7, 8, 17, 18].

Due to the same reasons, homogenous distribution
of the mineral forms of biogenic elements, as well as of
carbon-, phosphorus-, and nitrogen-containing
DOM, was not characteristic for the Pechora Sea and
adjoining waters. Among the typical features of DOM
in winter was close association of their content with
WM distribution in a given area. Moreover, a stable
association between DOM content and development
of the groups of winter microplankton with different
specialization was revealed [6, 8, 9, 15, 19]. This pat-
tern was observed for both photo(litho)autotrophs and
for heterotrophs, as was confirmed by other works
[10—15]. The presence of bacteria within the winter
microplankton maintained the complex structure of
the OM pool and of other growth substrates. In the
under-ice conditions, this is the factor responsible for
activity of the other specialized groups of microplank-
ton [6, 8, 19].

Integral bacterial abundance. The estimated
total number of bacteria in winter was XN, = 234 x

103 cells/mL (range from 200 to 290 x 103 cells/mL),
total cell area was XS, = 550 mm?/L (500—
1130 mm?/L), at the average MC dispersion S/V; =
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Table 4. Averaged for WM N, and B; of the subdominant groups of the Pechora Sea bacterioplankton in midwinter

Rods (L/d,,) = 8
Branching forms
Parameters small rods vibrios
WM type
N, Cit B Cit % N, Cit N, vbr Bvbr % N, vbr N, wtv Bwtv % Bwtv

BarWM 26.0 54 8.8 6.8 5.5 2.8 13.1 61.0 6.6
BarWMtr 13.8 2.3 7.3 5.0 2.0 2.2 0.4 5.5 2.3
PechFL 12.1 3.2 5.8 5.8 3.1 2.5 0.6 19.1 13.5
WhFL 20.3 59 9.1 6.9 5.7 4.6 0.6 59 3.6
WhWM * 16.7 3.0 8.6 7.4 59 3.1 0.6 3.2 1.5
Xoy 18.2 4.1 7.9 6.0 4.0 3.0 3.7 21.5 5.4

(N, B)cjt are N; and B; for small rods, x 103 cells/mL (ug/L); % Nt is relative N for small rods, % of ZNy; (N, B),y, are absolute N; and
B, for vibrios, x 103 cells/mL (ug/L); % Ny, is relative N for vibrios, % of ZNy; (N, B)y,, are absolute N; and B; for branching microbial
forms, x10° cells/mL (pg/L); % B,y is relative B of branching forms, % of ZB,,.

4.5 x 10° m~'. The peak-to-peak value for *N, and V,
determined for the winter period in the ice-free area of
the Barents Sea was in agreement with our results for
ice-covered Pechora Sea [5, 9—15]. The estimated cell
volume for under-ice conditions and 7, close to the
freezing point was 0.58 um?. This was more than twice
higher than V, of bacteria from the ice-free part of the
Barents Sea, confirming the conclusions of [5, 11].
The estimated total 2B, for Pechora Sea MC in the
0—25 m layer with the volume of 698.4 km? was 187 x
10° g wet biomass [6].

Composition and structure of the winter bacterio-
cenoses. Microbial communities of the Pechora Sea
winter plankton develop under conditions usually
considered extreme: at 7, close to the freezing point
and under solid ice preventing the mixing of the water
column. Under these conditions, however, relatively

high abundance of various groups and their stable
structure within MC were preserved. Comparative
analysis of the data presented in Tables 3—5 and their
distribution in different groups shown on Figs. 4, 5
demonstrate that a given ecological factor (see Table 1)
had a specific effect on every form of bacteria. At the
same time, the holistic order of formation of the com-
position was preserved. This finding supports the
diversity and structure of heterotrophic microflora
within winter microplankton [7, 9—12, 15, 16].

The relative contribution of the dominant bacterial
morphological groups (see Table 3) confirmed the data
obtained during winter seasons in the open part of the
Barents Sea [9—15, 24]. Development of subdominant
groups (Table 4) in midwinter was responsible for up to
14% of XN, and about 30% of B, (see Tables 2, 4).
For the group of small rods, the average B¢, =
4.0 ng/L, with the range from 0 to 32.4 pg/L, with

(b)
71 F 71k
70 20l
69 69 7\
68 K 0—2 m layer, 68F 0—2 m layer,
\\ Ncies x10° Sﬁ\ Ny, cells/mL
1 I | cells/mL ; l
40 45 50 55 60 40 55 60

Fig. 5. Parameters for abundance of subdominant morphological groups of Pechora Sea bacteria in the 0—2 m layer in winter:

distribution of small rods (N¢j, X10~_cells/mL), major isolines every 10, minor ones (broken lines)
and distribution of vibrios (Nyy,, x103 cells/mL), major isolines every 5, minor ones, every 2.5 X 10

every 5 X 103 cells/mL (a);

3 cells/mL (b).
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Table 5. Average volumes of cells (V;, um?) of different groups of bacteria in the Pechora Sea to the middle phase of winter

(February)

Parameters

Water type Viki Vik Vi Vio Vit Vior Vo2 Vaty Vav
BarWM 0.012 0.47 0.096 3.80 0.118 0.52 5.07 8.06 1.39
BarWMtr 0.012 0.58 0.086 3.50 0.115 0.64 2.09 4.10 0.70
PechFL 0.014 0.40 0.078 2.71 0.159 0.36 1.46 14.1 0.35
WhFL 0.020 0.64 0.095 4.51 0.154 0.57 3.07 2.61 0.74
WhWM * 0.013 0.61 0.101 2.83 0.134 0.44 1.76 2.69 0.49
X 0.014 0.54 0.089 3.71 0.132 0.55 2.98 6.22 0.83

Vii is cell volume for small cocci (nanobacteria, d,, < 0.5 pm), um3; Vika is cell volume for large cocci, um3; Vik is weighted average V'

av —

for all cocci, pm?; Vo is the weighted average for coccobacilli, um?; Vit small rods (Cytophaga), um?; Vpr for vibrios (curved cells),

um3 ; Vpu for large rods, um3; Vty branching forms, um3 ; Vay is weighted average cell volume in MC, um3.

Ngi = 18.2 x 10° cells/mL (0—79.6 x 10° cells/mL).
The contribution of this group to the MC by biomass
and by numbers was 2.2% of 2B, (0—10.1%) and 8.0%
(0—24.5%) of X Ny, respectively. For vibrios, the aver-
age B, = 3.5 pg/L (0—15.5 pg/L), at Ny, = 6.0 x
103 cells/mL (0—39.2 x 103 cells/mL). The relative
contribution to MC was B,,, =2.4% (0—21.1%) of ZB,
and N, = 3.0% (0—21.0%) of ZN,,. The absolute and
relative N; and B; of these groups were close to those
found in winter in the Barents [13] and Kara seas [7],
as well as in the winter—autumn periods in the central
and southwestern Barents Sea [10—12]. Taking
into account the lysing activity of small rods (e.g.,
Citophaga sp.), and predatory activity of vibrios [13,
22-24], N; and B, of these groups may be considered
an index of “bacteriocidal” activity of seawater [7, 8,
24]. According to our data, a high level of bacterio-
cidal activity was maintained in all WM types during
winter (see Table 4, Figs. 3—5).

Size structure. According to Tables 2, 5 and
Fig. 3b, the estimated V,, of the cells determined by
different methods was from 0.58 to 0.83 um?, with
variations in different types of WM from 0.35 to
1.39 um?. The V,, MC value below the ice was two
times or more higher than V,, for the non-freezing part
of the Barents Sea [9—14]. Since the average XN, val-
ues for bacteria from the open and ice-covered sea
were almost the same, an increase in V,, was associated
with an increase in the average V; of different groups,
including small fractions (see Tables 3—5). This result
confirms the conclusion of other works on the increase
in V,, of bacteria in winter and is analogous to the bio-
geographical Bergmann—Hesse rule of stating a statis-
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tical increase in the mass of warm-blooded animals in
the south—north direction [5, 11].

It should be noted that S/V values are among the
most stable characteristics of MC and are on average
4.5 x 10° m~!, varying from 3.7 m~' for BarWM to
5.6 m~! for PechFL. Thus, in spite of decreased assim-
ilative capacity due to increasing V,, in winter, the size
structure of bacterial communities was generally pre-
served under winter conditions (Tables 3—5). In our
opinion, analysis of the size structure of under-ice
communities revealed that the group cell areas .S
(mm?/L) and their specific areas S/V (10 m~!) were
important parameters. To some extent, they may char-
acterize the functional activity of the groups of MC
under various conditions, including the winter period
(Tables 2, 5). Consideration of these parameters, e.g.,
during assessment of the effects of the oil-and-gas
complex on marine ecosystems, will make it possible
to determine their stability during the crucial periods
[3, 68, 19].

Development of bacterioplankton in the winter
Pechora Sea occurs under conditions which are usu-
ally considered extreme. According to our data, in
general the peak-to-peak values for 2N, and V,, were
in agreement with the results of microbiological inves-
tigation of marine biotopes under other conditions. All
MC maintained relatively high abundance of the
major morphological groups and the stable size struc-
ture, thus providing for their stable functioning under
these conditions. No groups of microorganisms were
removed from the communities, while no forms devel-
oped which were specific for the winter season. The
winter WM preserved the high level of bacteriocidic
activity. Analysis of conditions in the Pechora Sea WM
demonstrated that most microorganisms in the com-
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munities functioned optimally throughout the year,
including the prolonged period of existence under ice,
characteristic of subarctic seas. In all cases develop-
ment of bacterioplankton was balanced with the other
microplankton components [6, 8]. Stability of the pro-
cesses of OM transformation was therefore main-
tained under winter conditions, as well as the possibil-
ity for activity of the groups with different specializa-
tion.

An important conclusion is that application of
obsolete calculation schemes, especially those not
considering the morphological composition commu-
nities, to determine the parameters of bacterial devel-
opment will result in the values not reflecting the real
microbial density in natural waters [2, 22]. To calcu-
late the parameters of bacterioplankton abundance,
morphology and size of the cells in the analyzed sam-
ples should be taken into account. Otherwise, the B; or
V; distribution will simply repeat the N, distribution.
We found that ~70% of 2N, i.e., of the measured and
enumerated cells of the coccoid group, belonged to
nanobacteria with volumes below 0.04 um?® (see
Tables 3 and 5). The share of nanobacteria in the com-
munity did not fall below 55% of £ N,, even in winter
(see Table 3), as was confirmed by other works [5, 10—
13, 24]. Microplanktonic ultraforms freely pass
through 0.2 um pores [24]. Accurate determination of
N for bacterioplankton and other MC abundance
parameters in the Russian Arctic seas during all sea-
sons requires the application of the surface (nuclear)
ultrafilters with effective pore diameter not exceeding
0.1 um. The d. 0.2—0.45 pum is presently recom-
mended.

ACKNOWLEDGMENTS

The author thanks the officers and crew members
of the nuclear-powered icebreakers Rossiya and Ark-
tika for their assistance in the work.

REFERENCES

1. Zavarzin, G.A. and Kolotilova, N.N., WVedenie v
prirodovedcheskuyu  mikrobiologiyu: Uch. posobie
(Introduction to Natural Science Microbiology),
Moscow: Universitet, 2001.

2. Rukovodstvo po gidrobiologicheskomu monitoringu pres-
novodnykh ekosistem (Manual for Hydrobiological
Monitoring of Freshwater Ecosystems), Abakumov, V.A.,
Ed., St. Petersburg: Gidrometeoizdat, 1992.

3. Khailov, K.M., Chto takoe zhizn’ na Zemle? (What Is
Life on Earth?), Odessa: Druk, 2001.

4. Brok, T., Membrane Filtration, Madison: Sci. Tech.,
Inc., 1983.

5. Baitaz, V.A., Baitaz, O.N., and Mishustina, I.E., Cell
morphometry, abundance and biomass of main mor-
phological groups of the Barents Sea bacterioplank-
ton, Oceanology, 1996, vol. 17, no. 5, pp. 878—882.

BARDAN

6

N

[ee]

Nel

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Bardan, S.I., Assessment of productive potential of
bacteriocenoses for Western Arctic winter seas, in Eko-
logicheskaya bezopasnost’ primorskikh regionov: Mat.
mezhd. nauch. konf. (Ecological Safety of Subcoastal
Regions: Proc. Int. Sci. Conf.), 2012, Rostov-on-
Don: SSC Russ. Acad. Sci., pp. 43—47.

. Bardan, S.I. and Koneeva, G.A., Seasonal trends in
transformation of organic matter forms and enzyme
activities in aquatic environment in winter in the Rus-
sian Arctic seas by the example of Yenisey estuary, Biol.
Bull. (Moscow), 2006, no. 6, pp. 597—608.

. Bardan, S.I., Serbov, N.G., and Korneeva, G.A.,
Forms of hydrolytic activity of aquatic environments
and patterns of its formation in winter in the case of
Pechora Sea, Ukr. Gidromet. Zh., 2012, no. 10,
pp. 181—194.

. Bardan, S.I., Druzhkov, V.A., Bobrov, Yu.A., and
Baitaz, V.A., Comprehensive ecological monitoring of
the Dal’nezelenetskaya Bay (Barents Sea): winter—
spring 1987—1988, Preprint of KSC Acad. Sci. USSR,
Apatity, 1989.

Mishustina, 1.E., Baitaz, O.N., and Moskvina, M.1.,
Bacterioplankton of the Barents Sea in 1983—1993, in
Plankton morei Zapadnoi Arktiki (Plankton of Western
Arctic Seas), Apatity, 1997, pp. 7—50.

Teplinskaya, N.G., Protsessy bakterial’noi produktsii i
destruktsii organicheskogo veshchestva v severnykh
moryakh (Processes of Bacterial Production and Deg-
radation of Organic Matter in Northern Seas), Apa-
tity: KSC Acad. Sci. USSR, 1990.

Zhizn’ i usloviya ee sushchestvovaniya v pelagiali Bar-
entseva morya (Life and Conditions of Its Existence in
the Barents Sea Pelagic Waters), Matishov, G.G., Ed.,
Apatity: KolFAN USSR, 1985.

Mishustina, I.E. and Baturina, M.V., Ul’tramikroorga-
nizmy i organicheskoe veshchestvo okeana (Ultramicro-
organisms and Organic Matter in the Ocean), Mos-
cow: Nauka, 1984.

Romankevich, E.A. and Vetrov, A.A., T5sikl ugleroda v
arkticheskikh moryakh Rossii (Carbon Cycle in the
Russian Arctic Seas), Moscow: Nauka, 2001.

Savvichev, A.S., Rusanov, I.I., Pimenov, N.V,,
Mitskevich, I.N., Bairamov, I.T., Lein, A.Yu., and
Ivanov, M.V., Microbiological explorations in the
northern part of the Barents Sea in early winter, Micro-
biology, 2000, vol. 69, no. 6, pp. 698—708.

Pomeroy, L.R. and Wiebe, W.J., Temperature and sub-
strates as interactive limiting factors for marine het-
erotrphic bacteria, Aquat. Microbiol. Ecol., 2001,
vol. 23, pp. 187—-204.

Pechorskoe more. Sistemnye issledovaniya (Pechora
Sea. System Investigation), Romankevich, E.A., et al.,
Eds., Moscow: MORE, 2003.

Gidrometeorologiya i gidrokhimiya morei SSSR. T. 1.
Barentsevo more. Vyp. 2. Gidrokhimicheskie usloviya i
okeanologicheskie osnovy formirovaniya biologicheskoi
produktivnosti (Hydrometeorology and Hydrochemis-
try of the Seas of the USSR. Vol. 1. Barents Sea. Iss. 2.
Hydrochemical Conditions and Oceanologic Founda-
tions for Formation of Biological Productivity), Ter-
ziev, ES., et al., Eds., Leningrad: Gidrometeoizdat,
1992.

MICROBIOLOGY Vol. 82 No.6 2013



SIZE STRUCTURE AND MORPHOLOGICAL COMPOSITION

19. Bardan, S.I. and Ishkulova, T.G., Patterns of distribu-
tion of organic forms of biogenic elements for the mid-
winter season in the Pechora Sea and analysis of their
stoichiometry, in Priroda morskoi Arktiki: sovremennye
vyzovy i rol’ nauki. Mat. mezhd. nauch. konf. (Nature of
Marine Arctics: Modern Challenges and Role of Sci-
ence, Proc. Int. Sci. Conf.), Apatity KSC Russ. Acad.
Sci., 2010, pp. 27-29.

20. Rukovodstvo po khimicheskomu analizu morskikh vod
(Manual on Chemical Analysis of Seawater), Lenin-
grad: Gidrometeoizdat, 1993.

21. Poglazova, M.N. and Mitskevich, I.N., Application of
fluorescamine for enumeration of microorganisms in

MICROBIOLOGY Vol. 82 No.6 2013

22.

23.

24.

761

seawater by the epifluorescence method, Mikrobi-
ologiya, 1984, vol. 54, pp. 850—857.

Praktikum po mikrobiologii (Practical Manual for
Microbiology), Netrusov, A.l., Ed., Moscow: Aka-
demiya, 2005.

Bergey’s Manual of Systematic Bacteriology, 8th ed.,
vols. 1-2, Holt, J.G., Ed., Baltimore—London: Will-
iams and Wilkins, 1986.

Mishustina, I.E., Nanobiology of the Ocean, Biol.
Bull. (Moscow), 2004, no. 5, pp. 495—497.

Translated by P. Sigalevich



