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Abstract

Seasonal variations in primary production (PP) in the Kara Sea are underresearched. Previous studies only collected data
during autumn or in late summer. However, the middle of summer is close to the beginning of the growing season, when
PP can contribute significantly to annual water column integrated primary production (IPP). In addition, differences can be
expected in the spatial and vertical distribution of phytoplankton communities in this period. This gap in midsummer data
was addressed within the framework of a multidisciplinary research cruise by the R/V “Akademik Mstislav Keldysh” (from
15 July to 18 August 2016). High values of IPP (> 200 mgC m~2 day~!) and surface chlorophyll a (Chl @) concentration
(Chl, > 1 mg m~>) were associated with the Ob—Yenisey river plume, located in the central part of the Kara Sea. Beyond the
influence of the plume, in the western and southwestern regions of the Kara Sea, well-pronounced subsurface chlorophyll
maxima (SCM) were observed. In some cases, the Chl a concentration in SCM exceeded Chl, by two orders of magnitude.
SCM were often accompanied by subsurface PP maxima (SPM). At stations where SCM was pronounced, IPP values reached
500-800 mgC m~2 day~', and > 30 % of IPP was accounted for by SPM-integrated PP. Thus, in the middle of summer in the
Kara Sea, IPP was linked with the chlorophyll-specific phytoplankton biomass and depended on the strength of the SCM.

Keywords Primary production - Chlorophyll - Chlorophyll-specific carbon fixation rate - Kara Sea - Subsurface chlorophyll
maximum - River plume

Introduction

Contemporary decreases in sea ice cover in the Arctic Ocean
(Stroeve et al. 2007, 2012a, 2012b; Arrigo et al. 2008; Com-
iso et al. 2008; Kwok et al. 2009; Zhang et al. 2010; Leu
et al. 2011; Cavalieri and Parkinson 2012; Comiso 2012) are
especially evident in Siberian seas (Pabi et al. 2008; Arrigo

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00300-017-2217-x) contains
supplementary material, which is available to authorized users.

< A.B. Demidov
demspa@rambler.ru

Shirshov Institute of Oceanology, Russian Academy
of Science, 36 Nakhimovsky av, Moscow, Russia 117997
Lomonosov Moscow State University, Moscow, Russia

Russian Federal Research Institute of Fisheries
and Oceanography, Moscow, Russia

Published online: 14 December 2017

and van Dijken 2015). Increases in the open water area and
duration of the growing season have led to an increase in
annual water column integrated primary production (IPP)
and influenced the long-term variation of productivity
parameters (Arrigo et al. 2008; Pabi et al. 2008; Arrigo and
van Dijken 2011; Bélanger et al. 2013; Petrenko et al. 2013;
Vancoppenolle et al. 2013).

The Kara Sea is different from most other Arctic seas
because of the strong influence of river runoff. Two of the
largest rivers discharging into the Arctic Ocean are the
Ob and Yenisey with combined average annual runoff of
981-1100 km? (Gordeeyv et al. 1996; Holmes et al. 2000,
2012; Dittmar and Kattner 2003; Fiitterer and Galimov
2003; Gordeev and Kravchishina 2009), more than 40 % of
the total river discharge into the Arctic Ocean (Opsahl et al.
1999). The specific conditions for primary production (PP)
are caused by sharp spatial and vertical gradients in environ-
mental factors, high dissolved matter (DOM) and particulate
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organic matter (POM) concentrations, high turbidity, and the
limited depth of the euphotic layer.

Despite scientific interest in the Kara Sea, it is an under-
sampled region and the contribution of Kara Sea data to
the Arctic Ocean PP database remains insufficient (Hill
et al. 2013; Matrai et al. 2013; Lee et al. 2015). Therefore,
obtaining new experimental data is one of the main tasks of
investigations in this region. Field observations throughout
the growing season could enable description of the seasonal
variability in water column integrated primary production
(IPP) values. However, it is often impossible to conduct field
explorations because of poor weather conditions and logis-
tical problems over most of the year. Currently, studies of
the seasonal variability of IPP in the Kara Sea can only be
conducted by using satellite-derived data (Demidov et al.
2017b).

Studies of the Kara Sea PP have been carried out from
August to October in different years (Bobrov et al. 1989;
Vedernikov et al. 1995; Mosharov 2010; Demidov et al.
2014; Mosharov et al. 2016). However, the growing season,
from April to the middle of August, remains unexplored.
The ARCSS-PP database (https://www.nodc.noaa.gov/cgi-
bin/OAS/prd/project/details/633) only contains data from
1998 to 1999 for the St. Anna Trough. Investigations of the
spatial and vertical variability of PP characteristics for the
rest of the Kara Sea have not been performed. Therefore,
results from the period from the second half of July to the
middle of August could expand our knowledge of the sea-
sonal dynamics of PP in regions of the Kara Sea beyond the
St. Anna Trough.

In recent studies of autumn-season PP, quantitative links
were established between the parameters of phytoplankton
productivity and biotic and abiotic factors, and the charac-
teristics of the vertical distribution of PP and chlorophyll
a (Chl a) were explored. These studies showed that, in
autumn, PP depended mainly on phytoplankton assimila-
tion activity. The high values of surface chlorophyll at the
end of the growing season were not an index of water col-
umn phytoplankton productivity; production characteristics
depended mainly on photosynthetically available radiation
(PAR) (Demidov et al. 2014). Also, in autumn, subsurface
chlorophyll maximum (SCM) was not a characteristic of the
vertical Chl a distribution. At the end of the growing season,
Chl a maxima were, on average, observed at the surface.
SCM contributed from 1 to 27 % to water column primary
production (Demidov and Mosharov 2015). The novel data
provided an opportunity to test the following hypotheses:
(1) the impact of PAR and Chl a specific biomass on PP in
summer and autumn is different, and (2) the influence of
SCM on IPP in summer is more significant than in autumn.

The spatial distribution of the Kara Sea PP characteris-
tics largely depends on the spatial variability of river dis-
charge (Demidov et al. 2014). The patterns of PP in regions
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influenced by riverine waters and in areas beyond such influ-
ence are different. The maximum of river flood occurs in
June (Holmes et al. 2012; Le Fouest et al. 2013). Therefore,
it is valuable to compare such contrasting areas in the mid-
dle of summer when the impact of river discharge is close
to maximum.

Thus, the main aims of this study are: (1) to describe the
spatial distribution of PP parameters [IPP, Chl a, chloro-
phyll-specific carbon fixation rate (ngt)], and environmental
factors in the middle of summer; (2) to investigate the char-
acteristics of the vertical variation of these variables and to
estimate the contribution of SCM to IPP in summer; and
(3) to compare the results obtained in summer and autumn.

Materials and methods
Field data, sampling sites, and Kara Sea subregions

PP parameters for phytoplankton were measured in the
open Kara Sea and in the Ob and Yenisey Estuaries dur-
ing the 66th multidisciplinary research cruise of the R/V
“Akademik Mstislav Keldysh” from 15 July to 18 August
2016 (Fig. 1; Online Resource 1). There are hydrological
and biogeochemical differences between different regions
of the Kara Sea. These differences are caused by changes
in the influence of rivers on estuaries and the open sea, and
underlie the classification of the Kara Sea water mass (Pivo-
varov et al. 2003). Based on this classification, we deline-
ated the southwestern subregion (1), the Ob Estuary (2), the
Yenisey Estuary (3), the Ob—Yenisey area of river runoff
(4), and the northern subregion (5) (area of St. Anna and
Voronin Troughs) (Demidov et al. 2014). Subregions 1, 4,
and 5 were demarcated using the mean annual surface iso-
haline of 25 psu (practical salinity units) (Pivovarov et al.
2003). In later studies, the southern boundary of subregion 4
was changed according to the location of a quasistationary
desalinated lens in the vicinity of Novaya Zemlya (Zatsepin
et al. 2010; Kubryakov et al. 2016).

The Ob and Yenisey Estuaries were considered separately
because of previously reported differences in environmen-
tal conditions and PP (Vedernikov et al. 1995; Demidov
et al. 2014). The mean position of the 10-psu isohaline that
was demarcated during earlier Kara Sea expeditions (Ved-
ernikov et al. 1995; Mosharov 2010; Mosharov et al. 2016)
was taken as the northern boundary of the estuaries. It is
known that average salinity in the range of 2—10 psu is a fea-
ture of the Ob and Yenisey Estuaries (Zatsepin et al. 2010;
2017). These areas are known as so-called mixohaline zones
(0.5-30 psu), according to the Venice System (Anonymous
1958). Null salinity was used for the southern boundary of
the estuaries.
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Sampling procedure

Sampling sites were determined using temperature, salinity,
and Chl a, and DOM fluorescence continuous measurements
from a scanning multiparametric probe (Idronaut, Italy) and
a flow fluorometer designed at the P. P. Shirshov Institute of
Oceanology, part of the Russian Academy of Sciences. The
number of stations was increased in frontal zones with high
horizontal gradients of surface salinity (S,). The sampling
depths at the stations were defined after preliminary sound-
ing of temperature, conductivity, and chlorophyll fluores-
cence using a CTD probe (SBE-19 and SBE-32, Seabird
Electronics). Sampling was carried out using a carousel
water sampler equipped with Niskin bottles. The data for
Chl a and PP measured at discrete sampling depths are given
in Online Resource 2.

Measurement of PP

PP was estimated using a radiocarbon modification of the
light and dark bottle method (Steemann Nielsen 1952). At
three stations (5306, 5304_2, and 5403), PP was determined
in situ. Samples were taken in acid-cleaned 160-mL bot-
tles and, after addition of sodium bicarbonate (NaH14CO3,
0.05 pCi per 1 mL of sample), were attached to a buoy and
exposed outboard from solar culmination to sunset. After
exposure, the samples were filtered onto 0.45-um nitrocel-
lulose membrane (Vladipore, Russia). After filtration, sam-
ples were treated with 0.1 N HCI and filtered seawater, dried
overnight, and placed in a scintillation vial with 10 mL scin-
tillation cocktail (OptiPhase HiSafe III). The radioactivity

of the samples was determined after 24 h using a liquid
scintillation counter (Triathler, Finland). Depth-integrated
PP was calculated from the surface to the base of the photo-
synthetic zone using trapezoidal integration of the discrete
depth values. The base of the photosynthetic zone is the
horizon where PP measured in situ was equal to zero.
Samples at discrete depths were not taken at all sta-
tions. At other stations, indirect calculations of IPP were
performed according to the modified method of Ryther and
Yentsch (1957). Surface samples were exposed in a deck
incubator with temperature maintained at in situ conditions.
PP was calculated using the surface value (PP,), the verti-
cal profile of Chl a, the underwater PAR, and the vertical
distribution of the in situ chlorophyll-specific carbon fixation
rate (P°) (Vedernikov et al. 1995). For PP calculations, we
used the relationship between P® and underwater PAR that
was derived by averaging all in situ experiments performed
in the Kara Sea from 1993 to 2016 (Fig. 2). For a specific
site, measured vertical profiles of Chl a and underwater PAR
were used. The vertical profile of PP at that site was retrieved
using the measured surface value and the average relative
value taken from Fig. 2. The PP value at each sampling
depth was calculated using measured Chl a and retrieved PP.
As seen in Fig. 2, the base of the photosynthetic zone in the
Kara Sea coincides, in general, with the depth at which the
underwater irradiance was equal to 0.25 % of surface PAR.

Chl a determination

Chl a concentration was measured fluorometrically (Holm-
Hansen et al. 1965). Seawater samples (500 mL) were
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Fig. 2 Relationship between chlorophyll-specific carbon fixation rate
(P’) and photosynthetically available radiation at different depths )
obtained by averaging in situ experiments in the Kara Sea from 1993
to 2016

filtered onto Whatman GF/F glass fiber filters under low
vacuum (~ 0.3 atm) and extracted in 90 % acetone (at 5 °C
in the dark for 24 h). The fluorescence of the extracts was
measured using a fluorometer (Trilogy, Turner Designs)
before and after acidification with 1 N HCI. The fluorom-
eter was calibrated before and after the cruise using pure
Chl a (Sigma) as standard. Concentrations of Chl a and
pheophytin a (Pheo a) were calculated according to Holm-
Hansen and Riemann (1978).

Light measurements

The intensity of surface irradiance was measured using
a LI-190SA (LI-COR) sensor mounted on the forecas-
tle deck next to the sampling site. The daily PAR was
obtained by integrating the results taken at 15-min inter-
vals (Bin m™?) and were saved in the internal memory
of the LI-1400 module. Underwater irradiance was meas-
ured at discrete depths (5 m in transparent water, 2 m in
turbid water) within the euphotic zone using a LI-192SA
(LI-COR) sensor. The diffuse attenuation coefficient for
downwelling solar radiation in the visible spectrum (K,)
was calculated according to Beer’s law. In the absence of
underwater hydrooptical measurements, K; was calculated
using empirical Kara Sea region-specific relationships
between K, the Secchi depth (Zg), and Chl, (Demidov
et al. 2017a).
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Nutrient determination

Samples for determining pH, nutrients (silicates, phos-
phates, and nitrogen forms), and alkalinity were taken in
0.5-L plastic bottles without preservation, and were treated
immediately after sampling. In areas with a considerable
quantity of POM (estuaries and river—sea interfaces), the
water samples were first filtered through a nuclear pore 1-um
filter (Dubna, Russia). The contents of the main nutrients
[P-PO,, N-NO;, N-NO,, N-NH,, and Si(OH),] were ana-
lyzed according to Grasshoff et al. (1999) and UNESCO
(1983). Nitrates were reduced to nitrites using a column con-
taining cadmium. N-NO, concentration was measured using
the Bendschneider and Robinson method. N-NH, concentra-
tion was determined using a modified Solorzano method.
P-PO, concentration was measured using the Murphy and
Riley method. Silicate was determined using the Strickland
and Parsons method. Colorimetric determinations were per-
formed using HACH Lange DR 2800 and LEKI SS2107UV
spectrophotometers.

Total alkalinity (Alk) was determined using the direct
titration method. Calculations of dissolved CO, and vari-
ous forms of dissolved inorganic carbon were performed by
the pH-Alk method using thermodynamic equations for the
carbon balance with constants for carbonic acid dissociation
(Millero 1995; Hansen and Koroleff 1999) and corrections
for low salinity (Makkaveev 1998).

Determination of subsurface maxima
and boundaries of mixed layer and nitracline

Following the approach of Brown et al. (2015), we define
the SCM as a layer below the pycnocline where the CTD-
mounted fluorometer registered increased values compared
with overlying and underlying layers. SCM locations derived
by discrete sampling were consistent with those obtained
by sounding of fluorescence (Online Resource 3). Chl,./
Chl, > 1.15, where Chl,,, is the depth with maximal Chl a
concentration in the water column, was taken as an indica-
tor of a well-pronounced SCM (Uitz et al. 2006). The SCM
thickness was estimated according to the method of Martin
et al. (2010).

The upper boundary of the subsurface PP maximum
(SPM) was defined as the depth at which PP increased after
decreasing in the upper layer. The depth of the maximal
PP (PP_,,,) was determined using the same approach as for
Chl,,.

The horizon where the water density (o,) exceeded the
surface value by 0.3 kg m~> was taken as the limit of the
upper mixed layer (UML) (Timmermans et al. 2012). The
distribution of nutrients in the UML was homogeneous. The
upper boundary of the nitracline was determined from the
depth of sharp increases in the sum of N-NO, + N-NO;.

max.
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Below this boundary, N-NO, + N-NOj; concentrations
exceeded the limiting value (Fisher et al. 1992; Tremblay
et al. 2006).

Results
Spatial distribution of PP parameters

Along the Ob transect (Fig. 1), the Chl, and the photosyn-
thetic layer integrated Chl a concentration (Chl;) varied by
3 and 2.5 orders of magnitude, from 0.05 to 41.38 mg m™3
and from 3.65 to 148.52 mg m~2, respectively. In general,
the values of Chl, decreased from the Ob Estuary to the
open sea (Fig. 3). The values of Chl, reached a maximum
in the middle part of the estuary and gradually decreased
northward to the open sea and southward to sites with null
surface salinity (stations no. 5321_2, 5323_2, and 5324).
The stations with pronounced SCM (stations no. 5307 and
5308) at the open part of the Ob transect were exceptions,
where Chl, increased.

The spatial variability of IPP along the Ob transect was
consistent with the spatial distribution of Chl ;. The IPP val-
ues varied by a factor of 17, from 63 to 1096 mgC m~> day !
(Fig. 3). The maximal chlorophyll-specific carbon

fixation rate (ngt) increased in the direction of the open
sea (Fig. 4) and changed by a factor of 14, from 0.29 to
4.12 mgC mg Chl ¢! h™!. The exception was the distal
point of the transect (station no. 5306), where ng[ declined
by a factor of 3 compared with the adjacent station (station
no. 5307). At station no. 5307, the lowest values of IPP and
Chlpl1 were observed, and a value of Chl close to the mini-
mum was measured (Online Resource 1).

Along the Yenisey transect (Fig. 1), Chl, increased from
0.07 to 4.90 mg m~? (a factor of 70) while Chl;, increased
from 4.58 to 36.22 mg m~2 (a factor of 8). The values of
these variables tended to decrease towards the open Kara
Sea regions (Fig. 5). The twofold increase of Chl, at station
no. 5350 can be explained by the SCM manifestation in the
euphotic layer (Online Resource 3).

IPP along the Yenisey transect varied by one order of
magnitude and was consistent with Chl,, (Fig. 5). The values
of IPP changed from 115 to 1116 mgC m~2 day~! (Online
Resource 1). The values of ngt along this transect varied by
a factor of 2, from 1.29 to 2.93 mgC mg Chl a~'h7! and
there was no trend that manifested in the distribution of this
parameter (Fig. 6).

Along the transect of the western slope of the St. Anna
Trough (Fig. 1), the variability of the PP characteristics
was lower than along the Ob or Yenisey transects. The
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Fig.3 Spatial distribution of water column primary production (IPP), surface chlorophyll a concentration (Chly), photosynthetic layer integrated

chlorophyll a (Chl,), and surface salinity (S,) along the Ob transect
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values of Chl, and Chl, varied by factors of 5.5 and 3.5,
from 0.10 to 0.54 mg m~ and from 8.70 to 30.14 mg m~2,
respectively. IPP changed by a factor of 7, from 33 to
221 mgC m~* day™", and P}, varied by a factor of 4, from
0.42 to 1.86 mgC mg Chl a~! h™! (Online Resource 1).

In the western and southwestern parts of the Kara
Sea (Fig. 1), the values of Chl, and Chl, changed
by factors of 53 and 7, from 0.03 to 1.60 mg m~> and
from 4.46 to 32.19 mg m~2, respectively. The variabil-
ity of IPP was close to one order of magnitude (from 54
to 514 mgC m~2 day™"), while ngt changed by a factor
of 5 (from 1.32 to 6.50 mgC mg Chl a~! h™") (Online
Resource 1).

The variability of the productivity parameters can be
related to their average values in salinity spans (Table 1).
The average Chl,, values gradually decreased, and the depth
of the photosynthetic layer (Z,) increased; these changes
were in accordance with the increase in surface salinity from
the estuaries (S, = 0-5 psu to Sy > 25 psu). In the ranges
of 0-5, 6-10, and 11-25 psu, IPP and ChlP}1 decreased as a
result of the gradual decline of PP and Chl a from the estu-
aries towards the open sea (Figs. 3, 5). In waters with S, >
25 psu, IPP and Chl, increased as a result of the SCM and
SPM development and increase in Zy, in the open waters
(Table 1).

To explain the spatial distribution of PP and Chl g, it
was necessary to determine the hydrometeorological condi-
tions of the river plume development during the summer
flood (June—September) and its propagation. The river plume
dynamics were calculated using the particle-tracking model
to trace the propagation of the river plume. This model uses
satellite altimetry and reanalysis of wind data (Kubryakov
et al. 2016). The model calculations (Fig. 7) suggested
that, in June, July, and August, the river plume propagation
had been of “central type” (Kubryakov et al. 2016) and its
propagation to the west and north of the Kara Sea was mini-
mal. The simulation results imply that, in the second half
of August, the river plume propagation shifted to the east
(Fig. 7). This type of river plume propagation was respon-
sible for the location of the brackish waters close to the Ob
and Yenisey Estuaries. These waters were characterized by
high Chl,, Chlph, and IPP (Online Resource 1) values, and by
a homogeneous vertical chlorophyll distribution. In contrast,
waters in the west and southwest of the sea and unaffected
by the rivers’ influence were characterized by low surface
Chl a concentrations, and pronounced SCM with associated
SPM. High values of IPP (>200 mgC m? day™~' and in some
cases up to 500 and 800 mgC m? day~") in the western and
southwestern regions can be explained mainly by the pres-
ence of SPM.
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Table 1 Statistics of phytoplankton primary production characteristics and abiotic factors in different salinity ranges

Range of S, Parameter N
psu IPP, Chly, mgm™  Chl, mgm= Z, m N- P-PO, uM  Si(OH),, M
mgC m~2 day™! NO, + N-NO;,
M
0-5 649 + 326 2235+ 1282 860544749 S+1(3-7)  361+383  050+£042 13394492 13
(173-1116) (2.76-4138)  (13.06- (0.13-12.14)  (0.05-1.44)  (64.1-213.0)
148.52)
6-10 281 + 137 2944227 16674645  8+2(5-11) 0304020 0074008  87.49+37.36 10
(103-524) (1.15-830)  (9.44-30.92) (0.13-0.76)  (0-0.25) (52.15-143.99)
11-25 114 + 48 0714038 5254093  14+2(11-17) 0.17+009  006+005 640942129 4
(81-184) (031-1.05)  (4.37-631) (0.08-029)  (0.02-0.13)  (33.21-78.61)
>>25 176 + 183 0224036 173541632 43+ 13(17-67) 025+021  008+0.04  247+596 24
(33-868) (0.03-1.60)  (3.65-83.28) (0.05-0.80)  (0.02-0.14)  (0.21-29.84)

Data presented as mean =+ standard deviation (limits)

IPP water column primary production, Chl, surface Chl a concentration, Chl,, photosynthetic layer integrated Chl a concentration, Z,, pho-
tosynthetic depth, N-NO, + N-NOj;, P-PO,, Si(OH), surface concentrations of the sum of nitrite and nitrate, phosphate, and dissolved silica,
respectively, S, surface salinity, N number of data
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Vertical variability of chlorophyll and PP

The existence of SCM and SPM was a characteristic of the
vertical distribution of chlorophyll and PP in the Kara Sea
from July to August. In general, SCM were observed at 24
sites (47 % of the total number of stations). SCM were reg-
istered at all stations in the western and southwestern areas
of the Kara Sea, with the exception of station no. 5404 in
the vicinity of Vaygach Island (12 sites, 50 % of the stations
with SCM). The rest of the sites with SCM were located in
the offshore parts of the Ob and Yenisey transects. The main
characteristics of SCM and SPM are presented in Table 2.
There were no SCM in the Ob and Yenisey Estuaries or
in the St. Anna Trough, with the exception of station no.
5306_2 (Fig. 1).

Thus, all the stations can be divided into two types: with
SCM (type A) (Fig. 8) and without SCM (type B) (Fig. 9).
The positions of SPM varied in relation to SCM. At type A
stations, the main PP peak was located near the surface, and
a less pronounced ancillary peak was associated with SCM
(Fig. 8a, b). At some stations, a single near-surface PP maxi-
mum was registered, and there were no SPM at the depths of
SCM (Fig. 8c). In other cases, there was a pronounced asso-
ciation between the main SPM and SCM (Fig. 8d-f) at the
base of the euphotic zone (1 % PAR). Type A stations were
located in the west and southwest of the Kara Sea and at the
northern part of the Ob transect. At these (type A) stations,
SCM were developed at low surface Chl a concentrations
(Chl, <0.10 mg m_3) (Online Resource 1).

Type B stations were characterized by either near-bot-
tom increasing Chl a without SPM (Fig. 9a, b) or gradu-
ally decreasing Chl a concentrations with depth (Fig. 9c—f).
At type B stations, a maximum PP was observed near the
surface. Type B stations characterized by near-bottom
Chl,,,, were located on the shelf in the middle of the Ob
transect. There were no SPM associated with near-bottom
Chl a increasing at those sites (Fig. 9a, b). The stations
where Chl a concentrations gradually decreased with depth
(Fig. 9c—f) were mainly located on the Ob—Yenisey shoal or
in the St. Anna Trough.

Discussion

Influence of main environmental factors on PP
during July-August 2016

Nutrient concentrations, and incident and underwater PAR
are the main abiotic factors that limit PP in the Arctic Ocean
(Sakshaug 2004). It has also been shown that, in the oligo-
trophic open Kara Sea in autumn, incident PAR, nutrients,
temperature, and high water turbidity constrain the PP of
phytoplankton (Vedernikov et al. 1995).

Based on literature sources, we took the following values
of N-NO, + N-NO;, P-PO,, and Si(OH), as the limiting
concentrations: 0.9, 0.5, and 2 uM, respectively (Egge and
Aksnes 1992; Fisher et al. 1992; Tremblay et al. 2006). As
shown in Table 3 and Online Resource 1, during the study
period, the N-NO, + N-NO; and P-PO, concentrations
exceeded the limiting values only in the Ob and Yenisey
Estuaries. In contrast, the concentrations of dissolved silica
were, on average, higher than the limiting values. Thus, in
the second half of July and in the beginning of August, dis-
solved nitrogen and phosphorus could constrain phytoplank-
ton growth.

Light conditions are considered to be one of the main
factors limiting PP in the Arctic Ocean in spring and sum-
mer (Hill and Cota 2005; Lee and Whitledge 2005; Ardyna
et al. 2011). It has been shown that insolation is the main
factor controlling the PP rate in the Kara Sea at the end of
the growing season (Demidov et al. 2014). During the study
period, the level of underwater PAR (J,) was high, ranging
from 9 to 39 Ein m~2 day~'. This finding, as well as the lack
of correlation between IPP and [, and between ngt and I
(R2 = 0.01 and 0.04, respectively) indicates that, in the mid-
dle of summer, PAR was not a limiting factor for PP in the
Kara Sea.

Currently, Arctic Ocean IPP estimations are often con-
ducted on the basis of the Chl a concentration as a single
parameter (Hill and Zimmerman 2010; Hill et al. 2013; Mat-
rai et al. 2013). When applying this estimation, it is impor-
tant to determine the relationship between IPP and Chl a. In
previous work, it was shown that, in autumn, IPP primarily
depends on the assimilation activity rather than the chloro-
phyll-specific biomass (Demidov et al. 2014). In the middle
of summer, the opposite results were obtained. Correlation
analysis showed that, in July—August, IPP was closely linked
with surface and depth-integrated Chl a (R* = 0.50 and 0.61,
p < 0.05, respectively). Consequently, there was no reliable
relationship between IPP and ngt (R*=0.04).

Influence of vertical chlorophyll distribution
on water column primary production

In July and August 2016, IPP mainly depended on the verti-
cal Chl a distribution. We reached this conclusion based on
the high contributions of SCM to IPP. According to a study
using autumn data, the SCM integrated PP contributed,
on average, from 1 to 27 % to IPP (Demidov et al. 2014),
and from 60 to 88 % of IPP was produced within the UML
(Demidov and Mosharov 2015). A highly unusual situation
was observed in the summer of 2016, when Chl,_,, exceeded
Chl,, by up to two orders of magnitude (station no. 5307)
and SPM contributed >30 % to water column IPP (Table 2).

Around the Arctic Ocean, SCM are common features in
summer and autumn (Cota et al. 1996; Hill and Cota 2005;
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Fig.8 Vertical distribution of primary production (PP,
mgC m~3 day™), chlorophyll a concentration (Chl a, mg m~3), sum
of nitrite and nitrate (N-NO, + N-NO;, pM), and water density (o,
kg m™3) at stations with well-pronounced subsurface chlorophyll

Martin et al. 2010; 2012; Arrigo et al. 2011; Ardyna et al.
2013; Cherkasheva et al. 2013; Brown et al. 2015). SCM
is formed by the sinking of the vernal bloom or as a result
of the photoadaptive reaction of phytoplankton to low light
intensity. The Arctic Ocean follows global patterns (Cullen
2015) and SCM develop within the nutricline at the bound-
ary of the euphotic zone (1 % of ;). The phytoplankton
growth at these depths results from a compromise between
the nutrient supply and the level of underwater irradiance,
which is close to the compensation point. In contrast with
general global and Arctic Ocean patterns, the results from
Kara Sea autumn expeditions have shown that, in the Kara
Sea, SCM was weakly pronounced and the Chl a maxi-
mum was located at the surface (Demidov et al. 2014;
Demidov and Mosharov 2015). Measurements that formed
the basis of the earlier generalizations were carried out in
1993, 2007, and 2011. In those years, a river plume was

maximum (SCM). a—c stations with PP maximum within the surface
layer; d—f stations where the subsurface PP maximum (SPM) was
associated with SCM. The horizontal line denotes the boundary of
the euphotic layer (1 % of PAR)

observed over an extensive area of the Kara Sea and the
so-called western-type plume propagation was identified
(Kubryakov et al. 2016). As a result, the brackish waters
of the river plume were observed in the western and south-
western parts of the Kara Sea. In these waters, high DOM
and POM concentrations, as well as high surface Chl a
(> 1.0 mg m~%) were the causes of the low water transpar-
ency and shallow depth of the euphotic layer (Hanzlick
and Aagaard 1980; Stein 2000; Dittmar and Kattner 2003;
Amon 2004; Rachold et al. 2004; Vetrov and Romankevich
2004; Holmes et al. 2012; Le Fouest et al. 2013). These
conditions were not favorable for SCM development in
1993, 2007, and 2011. However, in the summer of 2016,
the river plume, as mentioned above, was observed to be
opposite to the Ob and Yenisey Estuaries (Fig. 7), and did
not restrict SCM development in the western and south-
western parts of the Kara Sea under conditions of low
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Fig.9 Vertical distribution of primary production (PP, maximum (SCM). a—d stations in the river runoff region; e, f sta-

mgC m™ day™"), chlorophyll a concentration (Chl @, mg m™>), sum
of nitrite and nitrate (N-NO, + N-NO;, pM), and water density (o,
kg m™3) at stations without well-pronounced subsurface chlorophyll

surface Chl a (<0.1 mg m~>) and high water transparency
(Zg > 15 m).

Environmental conditions strongly determine SCM and
SPM development. The values of the abiotic parameters that
were determined at the depths of SCM and SPM are pre-
sented in Table 3. The values of Chl,, were mainly meas-
ured at depths below the UML and the upper boundary of
the nitracline. The N-NO, + N-NOj; concentrations at the
depth of Chl,,,, were higher than the limiting value in 67 %
of cases. Limiting concentrations of N-NO, + N-NO; at
that depth were measured when the chlorophyll maximum
was registered within the UML. This occurred near the sea-
bed or at sites where the upper boundary of the nitracline
was close to Chl,,, (Table 3). Thus, high N-NO, 4+ N-NO,
values within the SCM suggest that there was no nutrient
limitation in this layer. Low Pheo a concentrations at these
depths (< 38 %) (Table 2) imply that the phytoplankton com-
munities were in perfectly functional condition.

@ Springer

tions on the western slope of the St. Anna Trough. The horizontal line
denotes the boundary of the euphotic layer (1 % of PAR)

When the light conditions at the SCM are considered,
it is noted that the depth of Chl,,, was located close to
the boundary of the euphotic layer (1 % of PAR) and
the compensation depth (Z;). The absolute PAR values
at most sites were lower than 1 Ein m™ day~'. In three
cases, when the Chl_,, concentrations were determined
to be within well-lit layers close to the UML (stations no.
5306, 5335_2, and 5333_2), the PAR values ranged from
1.14 to 5.15 Ein m™2 day_l. At shoal sites, the SCM were
located near the bottom at zero PAR (Table 3).

These findings allow us to propose two hypotheses that
need to be tested in further studies. First, the light and
nutrient conditions for SCM development in the Kara Sea
were the same as in other regions of the Arctic Ocean
(Martin et al. 2010; 2012; Brown et al. 2015). Second,
phytoplankton communities within SCM were viable.
SCM in the middle of summer (July and first half of
August) in the Kara Sea were not formed by the sinking
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Table 3 Environmental characteristics of subsurface chlorophyll maximum in the Kara Sea in July—August 2016

Station no. Depthof UML,m Z,, Zyi» m N-NO, + N-NO;  Absolute 7, at Relative I_ at Absolute 1, at Relative I, at
Chl, . at depth of depth of Chl,,,,,  depth of Chl, depth of PP, depth of PP,
m Chl,,.,, tM Ein m~2 day ™ % Ein m~2 day™! %
5302 35 10 9 24 1.44 0.27 2.30 0.27 2.30
5303 42 10 9 25 5.03 0.40 1.12 0.84 2.36
5305 40 9 8 20 6.01 0.16 0.60 0.38 1.46
5306 12 7 7 4 3.43 5.15 19.79 5.15 19.79
5307 35 6 8 25 3.27 0.22 1.30 0.22 1.30
5308 35 5 9 18 471 0.33 1.94 0.33 1.94
5306_2 42 20 10 22 4.41 0.16 1.50 0.57 5.24
5358 40 20 8 30 2.83 0.29 0.74 0.29 0.74
5299 18 5 5 28 0.17 0.33 2.83 8.60 74.30
5304_2 45 14 8 40 0.68 0.17 0.63 13.83 52.73
5304 50 9 8 35 4.71 0.06 0.17 6.17 17.30
5353 60 14 7 17 4.94 0.01 0.12 0.74 6.86
5357 54 24 8 40 4.16 0.04 0.10 33.60 85.74
5392 45 14 6 30 7.5 0.82 4.33 16.19 85.74
5394 28 15 8 20 34 0.27 2.78 8.30 85.74
5403 25 8 7 20 2.35 0.59 2.83 16.80 80.57
5299 2 30 9 6 12 1.01 0.10 0.63 13.62 85.74
5309 30 3 3 9 1.07 0.00 0.01 13.98 85.74
5310° 27 2 1 - 0.34 0.00 0.00 13.98 85.74
5311% 27 3 2 - 0.18 0.00 0.00 13.98 85.74
5312% 27 3 2 - 0.15 0.00 0.00 13.98 85.74

UML upper mixed layer, Z,, penetration depth (Z,q = 1/K,, where K, is the diffuse attenuation coefficient for downwelling radiation), Z,
of the upper boundary of the nitracline, N-NO, + N-NOj; at depth of Chl

available radiation at depth Z
*There was no manifested nitracline at stations no. 5310-5312

of the phytoplankton bloom from the surface as a result of
nutrient exhaustion.

As mentioned above, SCM and SPM located at dif-
ferent depths and the environmental conditions for
SPM development inside and outside the layer of Chl,,,
could be different. As shown in Table 3, PAR was low
(0.22-0.84 Ein m~2 day™') at the stations where the main
maximum of the PP that exceeded PP was located close
to the depth of Chl_,, (30-40 m). The exception was sta-
tion no. 5306 because of the shallow boundary of the
nitracline and the high position of Chl,,, in the water col-
umn. These low PAR values were lower than the compen-
sation intensity of light for Arctic Ocean phytoplankton
(1.3-1.9 Ein m~2 day~!) (Tremblay et al. 2006; Tremblay
and Gagnon 2009). The assimilation activity in SPM was
also low (0.18-0.85 mgC mg Chl a~! h™!). The high level
of PP under such conditions was provided by the high chlo-
rophyll-specific phytoplankton biomass.

At other stations, SPM were mainly observed within well-
lit subsurface layers (8.6-21.6 Ein m~2 day™'). As can be
observed in Table 3, the significant (> 60 %) contribution
of SPM-integrated PP to the water column IPP occurs in two

max

i, depth
nit
concentration of the sum of nitrite and nitrate, I, photosynthetically

cases. First, when the chlorophyll-specific biomass within
the SPM is formed under conditions of low irradiance and
assimilation activity but with favorable nutrition. Second,
a productive layer has a high Chl a content, but less than
Chl,,,,,, and it is close to the surface within the well-lit zone.

IPP estimations with satellite-derived data are carried
out using the average Chl a within the penetration depth
(Z,q = 1/Ky, where K, is the diffuse attenuation coefficient
for downwelling PAR). As shown in Tables 2 and 3, Z,; < Z
of Chl . and Z of PP_, when the latter is associated with
SCM. Therefore, in our case, a significant part of IPP cre-
ated below Z,; can be missed in the model calculations with
satellite-derived Chl a as an input variable. Our findings
are supported by earlier work that identified divergences
between model and field IPP observations at sites with well-
pronounced SCM and SPM (Arrigo et al. 2011; Ardyna et al.
2013; Hill et al. 2013). However, there are different opinions
regarding the role of SCM in Arctic Ocean IPP estimations.
Some authors emphasize that postbloom SCM facilitate
SPM development or smooth the vertical profiles of PP, thus
significantly affecting annual IPP (Zhai et al. 2012; Hill et al.
2013). Other authors have shown that the SPM contribution
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to annual IPP is negligible (Arrigo et al. 2011; Ardyna et al.
2013). The results of previous Kara Sea studies carried out
in autumn suggested that SPM associated with SCM affects
IPP in specific cases (Demidov and Mosharov 2015). How-
ever, when the average vertical Chl a distribution is taken
into account, the contribution of subsurface maxima to the
IPP is insignificant (Demidov et al. 2017a). Data presented
here reveal that, in the middle of summer in the Kara Sea,
SCM and SPM contributed a significant part to water col-
umn PP at certain stations. It would appear that, in summer,
the influence of SPM on IPP is considerably higher than
in autumn. Nevertheless, we cannot currently estimate the
role of SCM for the total Kara Sea IPP in summer because
of undersampling. Detailed studies of the nature of the Kara
Sea SCM are needed. These studies should be focused on the
structure and functional conditions of phytoplankton com-
munities in SCM.

Conclusions

For the first time, the spatial variability of primary produc-
tion characteristics in the middle of summer was studied
over the vast Kara Sea area. Our results allow comparison
of the features of Kara Sea primary production in summer
and in autumn:

1. Atthe end of July and beginning of August, for the first
time, extremely low values of Chl, (<0.1 mg m~>) were
derived in the west and southwest of the Kara Sea, in
contrast to autumn when the surface Chl a concentration
was always more than 0.1 mg m™.

2. In summer, a close relationship between IPP and Chl a
content was established, as evidenced by high determi-
nation coefficients between Chl, and IPP, and between
Chl;, and IPP (R?>=10.50 and 0.61, respectively). In con-
trast, in autumn, primary production in the Kara Sea
mainly depended on the physiological state of phyto-
plankton, particularly on the assimilation activity rather
than chlorophyll-specific biomass.

3. In the middle of summer under good light conditions,
due to the relatively high solar angle and polar day,
incident PAR was not a limiting factor. As shown in
previous work (Demidov et al. 2014), at the end of the
growing season, primary production depended mainly
on PAR.

4. At the end of July and beginning of August in the open
Kara Sea, well-pronounced SCM were observed. SCM
often accompanied primary production maxima. In that
case, SPM contributed more than 30 % to water col-
umn primary production. In contrast, the vertical dis-
tributions of PP and Chl g in the Kara Sea in autumn

@ Springer

were characterized by surface maxima and gradually
decreased with depth.

Thus, in July—August, the patterns of primary produc-
tion in the Kara Sea were different from those studied
in autumn (Bobrov et al. 1989; Vedernikov et al. 1995;
Mosharov 2010; Demidov et al. 2014; Mosharov et al.
2016). Further investigations of primary production in
the Kara Sea at the beginning of the growing season are
needed to improve knowledge about its seasonal cycle and
the correction of annual IPP estimations.
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