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INTRODUCTION

Among all the seas of the Arctic basin, the Kara
Sea occupies a unique place due to specific processes
of synthesis of organic matter. The runoff of the Ob
and Yenisei rivers reaches, on average, approximately
1100 km3/year [57], which is approximately 55% of
the total riverine runoff to all Arctic seas of Russia
and more than one�third of the total freshwater run�
off to the Arctic basin [35]. The interaction between
fresh and salt waters contributes to both horizontal
and vertical differentiation of structural and func�
tional characteristics of pelagic plankton communi�
ties [8, 17, 19, 39, 44, 48]. Another characteristic fea�
ture of the Kara Sea is the shallow nature of a consid�
erable part of its water areas, which determines the
specific supply of the euphotic layer with main bio�
genic elements. Approximately 40% of the bottom
areas are less than 50 m in depth; 64% are less than
100 m; and only 2% are deeper than 500 m (data
available at http://www.dic.academic.ru/). The aver�
age depths of the sea and the shelf are approximately
110 m [29] and 56 m [41], respectively.

The formation of sharp gradients of the physico�
chemical properties of water masses (especially salin�
ity and the concentrations of particulate and dissolved
matter) determines the specific features of the abiotic
and biotic factors that determine the conditions of
phytoplankton primary phytoplankton production.
These features include, first of all, low temperature
and low water transparency throughout the year and,

as a result of the latter, the small (on average, 22 m)
thickness of the photosynthetic layer and a higher (on
average, >1 mg/m3) chlorophyll content in the layer
above the pycnocline [3, 14]. At the end of the vegeta�
tive season (September–October), factors limiting the
primary production (PP) in the Kara Sea include low
content of dissolved forms of nitrogen and phosphorus
in the surface layer and the lower insolation. On the
basis of this, in the previous study we concluded that
main abiotic factors limit primary production in the
Kara Sea in autumn [3].

From the standpoint of the consideration of the bio�
mass as a basis of primary production, the inconsistency
of the low PPint values in the Kara Sea in September
obtained by experimental methods (primarily using the
radiocarbon modification of the flask method), and the
high chlorophyll a concentration (Chl a) in the upper
mixed layer (UML) (>1 mg/m3), which is characteristic
of the phytoplankton bloom, seems paradoxical [58].
For this reason, the main objective of this study was to
assess the influence of various abiotic and biotic factors
on primary production in the Kara Sea, which deter�
mines the notion of the adequacy of the value of PPint in
this water body. Emphasis was placed on the investiga�
tion of the dependence of production characteristics of
phytoplankton on the variability of parameters of the
surface layer. The analysis of the influence of the pecu�
liarities of the vertical distribution of the chlorophyll
concentration, subsurface irradiance, and content of
biogenic elements on the PPint value is beyond the scope
of this work. The aim of this study is relevant in the light
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of climate changes in the Arctic basin, which have been
observed in the last decades and affect both the condi�
tions of the synthesis of organic matter and the level of
productivity of seas in this region [23, 24, 49].

MATERIALS AND METHODS

Data sources and zoning of the Kara Sea. The data�
base analyzed in this study was created on the basis of
the results of three complex ecosystem expeditions to
the Kara Sea: voyage 49 of the RV Dmitrii Mendeleev
(August–September 1993) and voyages 54 and 59 of
the RV Akademik Mstislav Keldysh (September 2007
and September to October 2011, respectively). The
study area and the location of stations were described
earlier [3, 14, 15]. Figure 1 provides a summary picture
of the location of sampling sites in these expeditions.
The total content of Chl a was studied at 113 stations,
and primary production was measured at 85 stations.

The Kara Sea can be divided into areas with differ�
ent hydrophysical and biogeochemical conditions.
These differences are determined primarily by the dif�
ferential influence of riverine runoff on the areas
located at different distances from Ob and Yenisei
estuaries. Taking into account the fact that the main
characteristics of water masses (WM) of the Kara Sea,
which allow the influence of the riverine runoff to be
determined, are the surface salinity (S0) and the con�
tent of dissolved silicon (Si0), these indices can be con�
sidered as indicators for the zoning of its water areas.

Phytoplankton communities living in different WMs
of the Kara Sea should differ in the production char�
acteristics.

On the basis of the previously developed classifica�
tion of WMs [51], in the study area we have identified the
Southwestern outflow area (I), the Ob Estuary (II), the
Yenisei Estuary (III), the Ob and Yenisei region of river�
ine runoff (IV), and the areas of the eastern and western
slopes of St. Anna Trough (V) (Fig. 1). The border
between areas I, IV, and V was drawn along the average
long�term position of isohaline 25 psu on the surface
[51]. According to one of the famous classification, the
boundary between the brackish water and seawater
approximately follows this isohaline [11]. The Ob and
Yenisei estuaries are considered separately because of
previously found differences in the conditions of forma�
tion of primary production in these water areas [3]. The
northern boundary of estuaries was drawn along the
averaged position of isohaline 10 psu, recorded accord�
ing to the results of our expeditions, which is close to the
geographic boundary (Fig. 1). Salinities of 2–10 psu are
characteristic of estuarine regions and estuaries of rivers
(so�called mixohaline areas) [20]. The formation of
WMs in the major area of the southwestern part of the
Kara Sea is only slightly affected by the riverine runoff
(S0 = 28–32 psu, Si0 < 5 µM). The St. Anna Trough is
located in the northern water mass, the characteristic
features of which are a salinity of 30–32 psu and a low
content of dissolved silicon (Si0 < 10 µM) [51].
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Fig. 1. Location of sampling stations for the determination of the primary production and chlorophyll a content in different parts
of the Kara Sea: (1) 49th voyage of the RV Dmitrii Mendeleev (August–September 1993), (2) 54th voyage of the RV Akademik
Mstislav Keldysh (September 2007), and (3) 59th voyage of the RV Akademik Mstislav Keldysh (September–October 2011). Des�
ignations: I—southwest region (southwestern water mass), II—Ob River Estuary, III—Yenisei River Estuary, IV—Ob and
Yenisei runoff area (river plume water mass), and V—western and eastern slopes of the St. Anna Trough (northern water mass).
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Sampling and methods for determination of the pri�
mary production and chlorophyll a content. The loca�
tion of the stations was chosen on the basis of the
results of hydrophysical and hydro�optical surveys,
performed using a Rybka multiparametric scanning
probe and a flow fluorometer developed at the Insti�
tute of Oceanology, Russian Academy of Sciences.
The locations of stations were selected so as to ensure
the maximum coverage of the studied water area with
experimental points and to provide the most compre�
hensive characterization of narrow gradient frontal
zones. Sampling horizons were determined after pre�
liminarily probing the temperature, conductivity, and
fluorescence with SBE�19 and SBE�32 CTD probes
(Seabird Electronics).

To determine Chl content, water samples were col�
lected with plastic bathometers of the Carousel Water
Sampler complex from six to nine horizons of the
upper 100�m layer. The sample from the subsurface
layer at these stations was taken with a plastic bucket
simultaneously with the closure of bathometers near
the surface.

On the 49th voyage of the RV Dmitrii Mendeleev,
primary production in three stations was measured
in situ. At other stations, primary production was deter�
mined using samples from the surface, vertical profiles
of Chl and subsurface irradiance, and the light curves
obtained in situ. On the 54th voyage of the RV Aka�
demik Mstislav Keldysh (2007), samples for the determi�
nation of the primary production were collected from
the horizons with irradiances of the following percent�
ages of subsurface irradiance in the PAR range (I0),
namely: 100, 75, 50, 25, 10, 5, and 2. In the 59th voyage
of the RV Akademik Mstislav Keldysh (2011), sampling
was performed from horizons in which light conditions
approximately corresponded to the nominal transmit�
tance of flasks with neutral density filters of the follow�
ing percentages of I0, namely: 100, 78.7, 63.9, 48.7,
24.3, 5.8, 3.2, and 2.2; these filters came with the ICES
laboratory incubator.

On all expeditions, primary production was mea�
sured by the radiocarbon modification of the flask
method [56], using different experimental schemes [3,
14, 15]. Chl a content was determined spectrophoto�
metrically [3] or fluorometrically [14, 15].

Methods for the determination of surface and subsur�
face irradiance. The intensity of the surface irradiance
was measured with a pyranometer [3] or a LI�190SA
[14, 15] incident radiation sensor (LI�COR) in the PAR
range. Measurement results were automatically inte�
grated into the LI�1400 unit for 5�min intervals
(Ein/m2) during the day and were stored in the internal
memory unit. Subsequently, these values were used to
calculate integrated incident radiation for the period of
exposure of the experimental flasks in determining the
primary production and for the entire light period for a
certain date.

The index of vertical attenuation of irradiance (kd)
was measured using an alpha meter. In the absence of

subsurface hydro�optical measurements, kd values
were calculated by empirical dependence of the diffuse
light attenuation coefficient on relative transparency
by Secchi depth, which was obtained in August to Sep�
tember 1993 [3].

Methods for determination of hydrochemical param�
eters. Immediately after collection, samples were fixed
to determine dissolved oxygen and ammonia nitrogen.
Samples for determination of pH, nutrients (silicates,
phosphates, and nitrogen forms) and alkalinity were
collected in 0.5�L plastic flasks without conservation.
When working with waters abounding in particulate
matter (water in bays and inlets, in zones of the mixing
of river and sea waters), samples for determination of
biogenic elements were preliminarily filtered through a
lavsan nuclear filter (mesh, 1 µm) manufactured at the
Joint Institute for Nuclear Research (Dubna). In sam�
ples with a visually noticeable color of water, colorimet�
ric determination of mineral phosphorus and silicates
was performed by the appropriate procedure [16, 18].

The total alkalinity (Alk) was determined by direct
titration according to Bruevich with a visual determi�
nation of the end point of titration [18]. Dissolved
inorganic and total phosphorus (phosphates), dis�
solved inorganic silicon (silicates), nitrite nitrogen
(nitrites), nitrate nitrogen (nitrates), and ammonium
nitrogen (ammonium ion) were determined colori�
metrically as described in [16, 18].

The content of dissolved carbon dioxide and vari�
ous forms of dissolved inorganic carbon was calculated
by the pH�Alk method with thermodynamic equa�
tions of carbonate equilibrium using the Roy concen�
tration dissociation constants for carbonic acid [46]
with corrections for the waters whose properties dif�
fered from the properties of the sea water [1, 45].

Statistical data analysis. Before calculations, the
production characteristics and environmental parame�
ters were transferred to logarithmic values to approxi�
mate their distribution to the normal, so that the data
arrays could be processed by parametric statistics meth�
ods. The normality of distribution was verified using the
Kolmogorov–Smirnov test. For the main parameters
studied, the null hypothesis was accepted at p > 0.20.

The correlations between the production character�
istics of phytoplankton as such and between the produc�
tion characteristics of phytoplankton and abiotic factors
were studied by regression analysis. Linear regression
equations of the form y = a + bx were calculated, where
y is the dependent variable, x is the independent vari�
able, and a and b are the regression coefficients.

The degree of correlation between variables was
estimated by the coefficient of determination (R2),
the standard error for the individual function defini�
tions (m), and coefficient F [10, 31]. Coefficient F
shows how strongly the dependent variable y can differ
from the independent variable x and how adequately
the standard error of regression m shows the maximum
possible deviation (along the Y axis) of experimental
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points from the regression line, thus being an indicator
of the scatter.

RESULTS

The mean values of primary production and Chl a
content, calculated for different regions of the Kara
Sea (Table 1, Fig. 2), allow determination of their
trophic status. According to Chl a content on the sur�
face [21], the Ob and Yenisei estuaries and the river�
ine runoff area in autumn are classified among
eutrophic water areas (Chl0 > 1 mg/m3), whereas the
southwestern region and waters of the St. Anne
trough (northern WM) are classified as typically
mesotrophic water areas (Chl0 0.1–1 mg/m3).
Judging by primary production on the surface (PP0)
[12], the Ob and Yenisei estuaries and the riverine
runoff area can be classified as intermediate between
mesotrophic and eutrophic water areas (10–
100 mg C/m3 per day), the southwestern WM is char�
acterized as a mesotrophic water area (5–
10 mg C/m3 per day), and the northern WM is inter�
mediate between the oligotrophic and mesotrophic
water areas (2–5 mg C/m3 per day). Judging by the
PPint values [13], only the Yenisei Estuary can be
classified with the mesotrophic water areas (100–
500 mg C/m2 per day), whereas the remaining areas
of the Kara Sea are typically oligotrophic with pri�
mary production values in the water column below
100 mg C/m2 per day.

Table 2 shows regression equations obtained for the
entire dataset for the Kara Sea, which link the phy�
toplankton production indices to biotic and abiotic
factors. As follows from Table 2 and the regression
dependence shown in Fig. 3, the correlation between
chlorophyll content on the surface and depth�inte�
grated primary production is very weak (R2 = 0.115).
As can be seen in Table 2 and Fig. 4, PPint values were
correlated much more strongly with the maximum
assimilation number (ANm) and the Chl a content in
the photosynthetic layer (Chlphs) (R2 = 0.635 and
0.340, respectively). At the same time, we found a suf�

ficiently strong correlation between the surface values
of the primary production, Chl a content, and assimi�
lation number (R2 = 0.494 and 0.582, respectively)
(Table 2).

The analysis of the relationship between PPint values
and abiotic factors showed the absence of a dependence
on surface temperature (T0), a weak positive correlation
with the content of phosphate (PO4) and the sum of
nitrite and nitrate nitrogen (NO2 + NO3) (R2 = 0.216
and 0.133, respectively). A stronger correlation was
found between the PPint value and the Si content (R2 =
0.352) (Table 2). Interestingly, the strongest correlation
was found between PPint and the level of insolation (I0)
(R2 = 0.569) (Fig. 5), which apparently indicates the
key role of incident solar radiation in the limitation of
the integrated primary production in autumn. A similar
pattern was obtained when correlations between ANm
and abiotic factors were analyzed. The ANm values
strongly depended on the surface irradiance level (R2 =
0.560) (Fig. 5), were much less correlated with the con�
tent of basic biogenic elements, and hardly depended
on the Т0 value (Table 2). It should be noted that the
high values of the standard error of individual function
definitions (m) and coefficient F (data scatter index)
indicate strong spatiotemporal variability in the pro�
duction characteristics of phytoplankton in the Kara
Sea and abiotic factors (Table 2).

DISCUSSION

The dependence of the primary production on the
content of Chl a on the surface and assimilation activity.
According to the results of previous studies of spatial
changes in Chl0 in the Kara Sea in autumn, the content
of this pigment varies in a wide range. It reaches a max�
imum value in Ob and Yenisei estuaries (>3 mg/m3) and
is, on average, 1–3 and 0.2–1 mg/m3 on the Ob–
Yenisei shelf and in the southwestern region, respec�
tively. Relatively low average Chl0 values were detected
in the northern WM of the St. Anna Trough (0.5–
0.7 mg/m3) [2, 5, 6, 14, 15, 48]. The results of calcula�
tions of the Chl0 concentration, presented in modern

Table 1. Mean production characteristics of phytoplankton in different areas of the Kara Sea

Parame�
ter

Southwestern 
water mass Ob Estuary Yenisei Estuary River plume 

water mass
Northern 

water mass

M cv N M cv N M cv N M cv N M cv N

PP0 9.83 93 14 27.04 60 7 53 62 12 25.17 186 28 3.84 56 18
PPint 82 51 14 38 59 7 145 74 12 69 98 28 32 64 18
Chl0 0.83 55 29 4.47 132 11 3.25 40 12 1.18 58 34 0.64 47 20
Chlphs 19.56 36 14 21.52 71 7 31.22 58 12 11.91 47 28 12.08 53 18
Chlav 0.49 50 15 5.53 133 7 2.72 51 12 0.76 56 28 0.50 38 18
AN0 1.10 36 14 0.72 32 7 1.29 55 12 1.49 151 28 0.51 58 18
ANm 1.81 122 14 0.72 32 7 1.29 55 12 1.57 142 28 0.57 56 18
ψ 0.56 73 11 2.14 47 4 0.80 33 12 0.80 88 24 0.59 36 13
Zphs 47 51 14 6 77 7 12 27 12 18 40 28 25 38 18

M⎯arithmetic mean value, cv⎯coefficient of variation, N⎯number of measurements.
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satellite maps, need to be adjusted, especially for the
areas under the influence of riverine runoff. However,
in general, they correspond to the range of variability
and the overall picture of Chl a distribution in the Kara
Sea [6, 49, 62].

In the simplest algorithms used to calculate the
integrated primary production, surface Chl a content is
considered as the only input parameter, which makes it
possible to estimate the level of productivity of seas as
well as individual regions and the entire World Ocean
[7, 9, 25]. In this regard, it is important to assess the
degree to which Chl0 content determines depth�inte�
grated primary production. The results of our regres�
sion analysis of the correlation between Chl0 and PPint
showed that only 12% of the variability of the inte�
grated PP depends on the variability of the Chl a con�
tent on the surface (R2 = 0.115). It is believed that, for
the entire World Ocean, Chl0 determines < 50% of
integrated primary production [25]. Figure 3 shows the
results of the comparison of Chl0–PPint regression lines
for the Kara Sea and the regions of the World Ocean
with similar climatic conditions [4, 5, 9, 49]. Analysis
showed that the Chl0–PPint dataset for the Kara Sea
differs from that for other Arctic seas and cold�water
regions of the World Ocean. The difference consists in
the fact that, for the same Chl0 concentrations, the
integrated primary production values in the Kara Sea
were 2–3 times lower than in the Barents and Pechora
seas [4, 5] and 8–12 times lower than in the Chukchi

and Beaufort seas [49] and in World Ocean regions
more polar than 40° N and S [10].

At present, it is generally assumed that the main
parameter of PPint models is the photosynthesis rate
under optimal light conditions—the maximum
assimilation number (ANm). The accuracy of the ANm
estimation largely determines the adequacy of the
simulation of primary production in the water column
[25, 27]. Regression analysis showed a strong correla�
tion between PPint values in the Kara Sea and ANm val�
ues (R2 = 0.635). In addition, PPint values correlated
better with Chlphs than with Chl0 (Fig. 4). It was noted
earlier that the variability of the integrated values of
the primary production in the World Ocean depends
mainly on the Chl a content in the photosynthetic
layer and the spatial variability of AN [25].

Thus, depth�integrated primary production in the
Kara Sea in autumn was determined primarily by the
level of assimilation activity of phytoplankton rather
than by its biomass, if Chl a content on the surface is
taken as an index of biomass. At the same time, the
primary production on the surface depended both on
Chl0 and the surface assimilation number (AN0)
(R2 = 0.494 and 0.582, respectively) (Table 2).
Therefore, the high (close to 1 mg/m3 or more) Chl a
concentration on the surface of the Kara Sea at the
end of the vegetative season did not reflect the level of
functioning of the phytoplankton community of the
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entire photosynthetic layer, in which the organic
matter was formed at a low rate.

Dependence of primary production and assimilation
activity of phytoplankton on the insolation level. It is
known that the main abiotic factors limiting the pri�
mary production of Arctic seas are the content of the
main biogenic elements, the level of surface and sub�
surface irradiance, and temperature [54]. However, it
is not clear which factor is the key factor limiting PPint
in the Arctic in a given season [52].

Previous studies have shown that, on the scale of
the entire World Ocean, the level of incident solar
radiation has little effect on the PPint value due to, on
the one hand, the development of photoadaptive
mechanisms and, on the other hand, the inhibition of
photosynthesis at high I0 values [25]. A priori it can be
assumed that, in the Arctic seas, the influence of light
conditions on the level of primary production should
be more substantial, especially at the end of the vege�
tative season, due to the low level of daily PAR, asso�
ciated with the low angle of the sun above the horizon
and a decrease in daylight hours [54]. In riverine run�
off areas, in addition to incident radiation, PPint is lim�
ited by subsurface irradiance due to low water trans�
parency [3, 55].

In the period from the end of August to the begin�
ning of October, I0 values ranged from 1.56 to
32.07 Ein/m2 per day. The wide range of values of this
index revealed the significant dependence of the
depth�integrated primary production and the maxi�
mum assimilation number on the level of incident
solar radiation (Table 2). We have shown a linear rela�

tionship between the logarithms of PPint and ANm, on
the one hand, and the I0 value, on the other hand, with
a high coefficient of determination (R2 = 0.569 and
0.560, respectively) (Fig. 5). Earlier, a linear relation�
ship between AN and I0 was found in summer in some
areas of the Canadian Arctic [50]. The low level of
insolation largely determined the generally low
(<100 mg C/m2 per day) PPint values in the major part
of the Kara Sea water area.

In a number of studies, light conditions, together
with the content of biogenic elements, are considered
a key factor limiting the primary production in the
Arctic seas in spring and summer [22, 40, 43]. In
autumn, at the end of the vegetative season, the level of
insolation apparently becomes crucial in determining
the conditions for the formation of the primary pro�
duction [26, 34, 50, 63]. In September 1993, the low
level of insolation in the Kara Sea limited PPint in the
Ob Estuary [3]. In the second half of September 2011,
I0 values did not exceed 12 Ein/m2 per day; the lowest
(2–7 Ein/m2 per day) value of incident solar radiation
was recorded in the area of the St. Anna Trough and
near the Novaya Zemlya archipelago in late Septem�
ber to early October [15]. These extremely low I0 val�
ues, together with the low water transparency in these
areas (on average, 10 m according to Secchi depth),
limited the depth of the photosynthetic layer and led to
a decrease in PPint.

Dependence of primary production and assimilation
activity of phytoplankton on the content of main biogenic
elements. In this work, we studied the relationship of the
production characteristics of phytoplankton with the

Table 2. Statistical parameters characterizing the linear (y = a + bx) relationships of logarithms of the production charac�
teristics of phytoplankton in the Kara Sea with biotic and abiotic factors

y x a b N R2 p m F

logPPint logChl0 1.623 0.398 85 0.115 0.001 0.425 7.08
logPPint logANm 1.712 0.999 85 0.635 0.000 0.274 3.53
logPPint logChlphs 0.575 0.935 85 0.340 0.000 0.367 5.42
logPPint logPP0 1.007 0.645 85 0.621 0.000 0.278 3.59
logPPint logT0 1.628 –0.007 85 0.000 0.976 0.453 8.05
logPPint logI0 0.831 1.104 69 0.569 0.000 0.310 4.17
logPPint logPO4 1.248 0.530 81 0.216 0.000 0.399 6.28
logPPint logSi 0.494 0.518 85 0.352 0.000 0.395 6.17
logPPint log(NO2 + NO3) 1.360 0.240 85 0.133 0.001 0.421 6.95
logPPint logUML 1.491 0.157 85 0.009 0.395 0.451 7.98
logPPint logZphs 1.331 0.236 85 0.028 0.129 0.489 9.51
logChl0 logT0 –0.482 0.753 113 0.195 0.000 0.338 4.74
logPP0 logChl0 0.954 1.007 85 0.494 0.000 0.392 6.08
logPP0 logAN0 1.116 1.166 85 0.582 0.000 0.396 6.19
logANm logT0 –0.009 –0.139 85 0.007 0.462 0.359 5.22
logANm logI0 –0.708 0.899 69 0.560 0.000 0.255 3.24
logANm logPO4 –0.358 0.385 81 0.171 0.000 0.335 4.68
logANm logSi –0.793 0.323 85 0.214 0.000 0.319 4.35
logANm log(NO2 + NO3) –0.236 0.135 85 0.066 0.018 0.349 4.99
logZphs logChl0 1.240 –0.543 85 0.432 0.000 0.277 3.58
y⎯Dependent variable, x⎯independent variable, a and b⎯regression coefficients, N⎯number of observations, R2

⎯coefficient of de�
termination, p⎯regression equation accuracy, m⎯standard error of regression, F⎯index of y variability at a given x.
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mean concentrations of biogenic elements (PO4av,
NO2 + NO3av, NH4av, and Siav) in the photosynthetic
layer. Correlation analysis showed a closer correlation
of these indices with PPint and ANm than with the con�
tent of biogenic elements on the surface.

In autumn, the content of PO4av in the Kara Sea
varied from 0.04 to 2.08 µM; the concentration of
NO2 + NO3av varied from 0.04 to 7.79 µM; the content
of dissolved silicon varied from 0.38 to 112.62 µM; and
the content of ammonia nitrogen varied from 0.09 to
4.37 µM. The average concentrations of biogenic ele�
ments in different areas indicate the limitation of the
growth and photosynthesis of phytoplankton by dis�
solved nitrogen forms in September and early October
in almost the entire water area of the Kara Sea, except
for the Ob estuary (Table 3). The concentration of
phosphates in the photosynthetic layer was slightly
higher than the limiting values in the southwestern
area (0.23 µM), 2.2–6.2 times higher in the Ob and
Yenisei estuaries and in the riverine runoff area, and
slightly lower than the limiting values in the northern
WM (0.18 µM) [32]. The content of dissolved Si may
be a limiting factor for phytocene development in the

southwestern region and in the waters of the St. Anna
Trough, despite its mean concentrations in these areas
(2.74–4.77 µM), exceeding the upper limit of the lim�
iting concentrations [32]. It is known that, at low
water temperatures in the Arctic and Antarctic, low
silicon�regeneration rates can limit photosynthesis
even for high Si content [36, 61].

The N/P ratio was less than 16 [53] in all studied
areas of the Kara Sea (Table 3). This result was in
agreement with the notions of the basic role of nitro�
gen as the limiting element in the phytoplankton
development in the Arctic seas [30, 59, 60]. The anal�
ysis of the variability in the Si/N ratio also shows pref�
erential depletion of dissolved nitrogen forms as com�
pared to silicon in the subsurface layer of the Kara Sea
in autumn (Si/N > 1.44).

It is known that riverine runoff in Arctic seas is
enriched in dissolved forms of nitrogen and silicon as
compared to phosphates [33, 47]. Therefore, it can be
assumed that the growth and photosynthesis of phy�
toplankton in the estuarine brackish�water areas of the
Kara Sea will be limited by PO4 [54]. On the other
hand, it was noted that the dissolved phosphorus is
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Fig. 3. Datasets and regression lines characterizing the dependence of the depth�integrated primary production (PPint) on chloro�
phyll a content on the surface (Chl0) in different cold�water areas of the World Ocean: (1) the Kara Sea (present study); (2) Barents
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present in excess in the surface waters of Arctic seas
even in summer, when its concentrations are minimal
[36]. The analysis of the generalized data for the con�
tent of biogenic elements in the Kara Sea in autumn
led us to conclude that the content of PO4 in the pho�
tosynthetic layer was a weaker limiting factor in the
development of the phytoplankton community than
the concentration of NO2 + NO3.

It is of interest to consider the variability of the ratio
of ammonium nitrogen to the sum of its dissolved
forms (NH4/ΣN) as an index of possible compensa�
tion for mineral nutrition with the regenerative forms
of N. The NH4/ΣN ratio increased, on average, by 1.6:
from 0.39 in the Ob Estuary to 0.61 in the southwest�
ern region (Table 3). This ratio and the relatively high
content of NH4 (on average, 0.54–2.11 µM in differ�
ent areas) indicate the major role played by NH4 as a
buffer preventing the nitrogen starvation of phy�
toplankton in autumn. The great importance of the
reduced forms of nitrogen in the mineral nutrition of
phytoplankton has been repeatedly noted earlier for
other Arctic areas [37, 42].

Regression analysis showed that PPint and ANm
directly depended on the content of phosphates in the
photosynthesis layer at low coefficients of determina�
tion (R2 = 0.216 and 0.171, respectively). A weak cor�
relation was also found between PPint and ANm, on the
one hand, and NO2 + NO3, on the other hand (R2 =
0.150 and 0.083, respectively). It is known that a direct
relationship between production characteristics and
biogenic elements in Arctic often cannot be estab�
lished [28, 36, 38]. This phenomenon can be
explained by differences at the time of enrichment of
the euphotic zone with mineral elements and pro�
cesses of intensive synthesis of organic matter, the use
of reduced forms of biogenic elements by phytoplank�
ton, as well as by the successional changes in its species

and size composition. The closest correlation was
observed between PPint, ANm, and the content of dis�
solved silicon (R2 = 0.352 and 0.214, respectively),
which is indicative of the dominant role of diatom
assemblages in the phytoplankton community at the
majority of stations of the Kara Sea [17, 48].

The comparison of the degree of correlation of PPint
and ANm with the level of incident PAR and the con�
tent of the main biogenic elements in the photosyn�
thetic layer showed that, in September and early Octo�
ber, the value of the productive parameters of phy�
toplankton in the Kara Sea were largely determined by
I0 values. The weak correlation with the phosphate
concentration and the sum of nitrite and nitrate nitro�
gen can be explained by the low assimilation activity of
phytoplankton at the end of the vegetative season,
when possible additional supply of biogenic elements
to the euphotic layer, due to local upwelling and vertical
turbulent mixing, does not significantly increase
depth�integrated primary production.
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