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Spatial distribution of relative electron transport rate (rETR) values, the maximum quantum eﬃciency of PSII
(Fv/Fm), and biomass-speciﬁc primary production (PB, mg C (mg Chl a)−1 h−1) were described for the eastern
part of the Kara Sea in the autumn (September). A characteristic feature of this period was a noticeable decrease
in the length of the day and the elevation angle of the sun, leading to a signiﬁcant decrease in surface photosynthetically active radiation (PAR). Despite low light in the euphotic zone, the phytoplankton maximum
quantum eﬃciency of PSII (Fv/Fm) was high (0.5–0.7) in the upper 30-m layer of the water column, which
indicates a potentially active state of phytoplankton. At the same time, the main productive activity of phytoplankton was linked to the surface 0–3 m and was closely related to the daily incident PAR and the share of
diatoms in the total phytoplankton biomass. Despite a decrease in light level and following a reduction in the
values for productive characteristics of the phytoplankton community, diatoms continued to play a major role in
primary productivity in the eastern Kara Sea at the end of the vegetative season. Comparative analysis of data
obtained by two diﬀerent techniques – ﬂuorescence measurements and experimental carbon ﬁxation estimations
– demonstrated a close relationship between rETR and PB. However, surface values of PB changed more strongly
than rETR, which may, apparently, reﬂect diﬀerent eﬃciency in the use of absorbed light energy in the synthesis
processes. Photosynthetic eﬃciency, reﬂecting the extent of use of the light energy caught in processes of organic
matter synthesis, can be expressed through the ratio between PB and rETR values. The PB/rETR ratio increased in
areas characterized by drastic gradients of hydrophysical conditions: over the external coastal shelf, central shelf
and lower continental slope of the St Anna Trough.

1. Introduction
Primary production in the Arctic seas is strongly inﬂuenced by the
annual light regime, with long dark winters allowing very little or no
photosynthesis. As a result, Arctic marine primary productivity is very
highly seasonal (Alexander, 1995). Short-term rates of primary production are light-limited during spring because of ice (Glud et al., 2007;
Mosharov et al., 2018). Vertical stratiﬁcation has been highlighted as a
key controlling factor of the productivity and structure of marine ecosystems of the Arctic Ocean (Carmack, 2007). During the autumn, at the
end of a growth season, photosynthetically active radiation (PAR) becomes the main factor for primary productivity (Platt et al., 1987;
Hegseth, 1997; Brugel et al., 2009; Yun et al., 2012), corresponding
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with low solar radiation in polar regions in this season.
Investigations of chlorophyll ﬂuorescence parameters and phytoplankton primary production were carried out in two latitude sections
in the Kara Sea in autumn. For a variety of biotopical conditions, the
Kara Sea is a unique basin. It is deﬁned by complicated mechanisms of
interaction among waters of various origin. On the one hand, surface
water over the eastern continental shelf of the Kara Sea is constantly
freshened by enormous runoﬀ from the largest Siberian Rivers – Ob and
Yenisei – during the growth season (Kubryakov et al., 2016). At the
same time, formation of surface-freshened lenses, the distribution of
which depends on wind velocity and direction, is possible all over the
shelf (Zatsepin et al., 2010a). On the other hand, to the north, in the
slope and deep-water areas there are interactions among Kara Sea shelf
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Suggett et al., 2009a; Hancke et al., 2015). In some studies, the interrelations between ETR and C ﬁxation have also been shown to be
species-speciﬁc (Suggett et al., 2009a). Lately, studies have been directed towards deriving the electron requirement for photosynthesis.
Variability of the electron requirement and photosynthetic eﬃciency
has been discussed (Hancke et al., 2015). Lawrenz et al. (2013) compiled a large amount of ETR data obtained using FRRF (fast repetition
rate ﬂuorescence) instruments and compared them to available 14C
uptake rates across diﬀerent regions.
In a situation where relative changes rather than absolute values
will suﬃce, the equation for calculating ETR can be simpliﬁed, and
rETR values are used. The rETR parameter is frequently used as a
measure of photosynthetic rate (Ralph et al., 2002; Morris and
Kromkamp, 2003). Measurement of the rETR value is a fast and simple
procedure, with determination of a minimal set of ﬂuorescence parameters. The value of rETR allows a quantitative estimate of the rate of
solar energy transition to chemical energy, providing biosynthesis of
organic substances in phytoplankton cells. The ﬂuorescence method
(determination of rETR) can estimate photosynthetic potential whereas
the radiocarbon method (determination of chlorophyll-speciﬁc carbon
ﬁxation rate, PB) is an approximate measure of the actual rate of photosynthesis (Öquist et al., 1982). Photosynthetic performance, reﬂecting the extent of use of the light energy caught in processes of
organic matter synthesis, can be expressed through the ratio between
rETR and PB values.
Thus, the rETR value is a convenient parameter for assessment of
the variability of phytoplankton photosynthetic performance with
changing environmental conditions. It should be noted that using
chlorophyll ﬂuorescence (in particular, rETR) to estimate the photosynthetic rate and physiological state of phytoplankton is characterized
by both advantages (non-intrusive character, rapid assessment, nonincubation) and problems. More recently, Suggett et al. (2009b) have
shown strong species-speciﬁc characteristics of variable ﬂuorescence
parameters (mostly Fv/Fm and σPSII) and warned against a strictly
physiological interpretation of these parameters at sea. The quantum
yield of chlorophyll a ﬂuorescence in vivo is highly variable due to a
variety of environmental cues that dictate the physiological responses
and lead to changes in photochemical and non-photochemical
quenching.
Research into the spatio-temporal variability of these parameters in
natural populations of phytoplankton is very interesting not only in
terms of studying the physiological response of phytoplankton to
changes in the hydrological parameters of the water column or anthropogenic inﬂuence but also as an assessment of the potential eﬃciency of food resources for higher links of a trophic chain in diﬀerent
regions of the World Ocean during various seasons.
Polar marine regions are characterized by a short growth season
because of the regional peculiarity of light regimes which are determined by ice cover during most years and by low annual solar radiation. These conditions determine the photosynthetic potential of
Arctic phytoplankton. Spring conditions are the most favourable for
phytoplankton production. However, determination of potential food
resources for higher trophic levels requires an estimate of the primary
production for the growth period as a whole. Estimating the eﬃciency
of solar energy assimilation by phytoplankton and use of it for organic
matter synthesis (primary production) is an actual task.
The aim of this work is to study the spatial variability of phytoplankton ﬂuorescence parameters characterizing photosynthetic activity, such as the maximum quantum eﬃciency of PSII and rETR as
well as the interaction between these parameters and carbon assimilation, and environmental factors in the eastern Kara Sea in autumn.

water, Arctic waters and transformed Atlantic water (Zatsepin et al.,
2015). In addition, the Yamal Current propagates along the 100-m
isobaths, spreading Barents Sea water to the Kara Sea shelf (Zatsepin
et al., 2010b).
In the frame of the long-term Kara Sea ecosystem studies organized
by SIO RAS over the continental shelf, in the St Anna Trough, and in the
Ob and Yenisei Rivers estuaries in 2007–2017, the spatial variability of
phytoplankton structure, distribution of chlorophyll a, and primary
production during the autumn period have been described in detail
(Mosharov, 2010; Sukhanova et al., 2010, 2015a; Demidov et al., 2014,
2015b; Mosharov et al., 2016; Sergeeva et al., 2016).
At present, the modern research methods of phytoplankton communities based on measurement of active chlorophyll ﬂuorescence
parameters are under increasing interest. These parameters characterize the concentration of chlorophyll a in algae populations, their
potential photosynthetic activity, the relative rate of electron transport
utilized via photochemistry, and the quantum eﬃciency of photosynthesis (Krause and Weis, 1991). The ﬂuorescence method, in comparison with standard research techniques for the state and functioning
of phytoplankton, allows acquisition of more information with a higher
accuracy without requiring special sample preparation for a shorter
period. For the last 30 years, a ﬂuorescence method for assessment of
the physiological state of phytoplankton (Bergmann et al., 2002;
Alderkamp et al., 2012) and their photosynthetic ability (Barranguet
and Kromkamp, 2000; Schreiber, 2004), including a balance between
carbon ﬁxation and other electron consuming pathways (Badger et al.,
2000; Beardall et al., 2001; Bukhov and Carpentier, 2004), has been
widely used in the world practice of ecological studies due to intensive
development and improvement of instruments which have become
more sensitive and mobile (Röttgers, 2007; Erga et al., 2014).
The maximum quantum eﬃciency of photosynthesis (Fv/Fm) is often
used as an indicator of nutrient stress (Sakshaug et al., 1997; Kolber
et al., 1990; Falkowski and Raven, 2007), functional state and physiological changes in phytoplankton (Suggett et al., 2009b; Aldercamp
et al., 2012; Garrido et al., 2013; Erga et al., 2014), as well to estimate
photoadaptation and photoinhibition (Alderkamp et al., 2011) in toxicological studies on the impact of various substances on the photosynthetic apparatus of diﬀerent plankton algae types (Matorin et al.,
2009).
Traditionally, primary production has been measured chemically.
One approach is to measure rates of photosynthetic oxygen evolution,
such as in the light and dark bottle method (Strickland and Parsons,
1972). Another common technique uses radioactive 14C as a tracer
(Steemann-Nielsen, 1952). A common disadvantage shared by the
oxygen and 14C uptake methods is that they require that the samples be
incubated in a container, creating artifacts. Another important limitation of both techniques is that the required incubations are time-consuming, and this limits the practical sampling rate.
The ﬂuorescence method of measuring primary production is based
on using multicomponent models including the maximum ﬂuorescence
(Fm), the initial ﬂuorescence when all reaction centres are open (F0), the
reoxidation rate of Qa (τq), and the functional absorption cross-section
of photosystem II (PSII) (σPSII), as well as the initial ﬂuorescence (F′)
and maximum ﬂuorescence (Fm′) under ambient light (Suggett et al.,
2010; Lawrenz et al., 2013). One of the key components of these models
is the relative electron transport rate (rETR), calculated on the basis of
ﬂuorescence parameters for light-acclimated samples (F′ and Fm′).
Carbon ﬁxation does not take place in PSII; however, a fraction of the
electrons passed from PSII to photosystem I (PSI) is used for this purpose. Estimates of carbon ﬁxation rates measured using the 14C uptake
method (primary production) are commonly compared with those derived from variable ﬂuorescence.
The relationship between ETR and C ﬁxation/O2 production has
been compared in a range of studies on algal cultures and pelagic
ecosystems; generally, linear correlations are documented between ETR
and gross C ﬁxation and/or O2 production (Kromkamp et al., 2008;
60
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Fig. 1. Research area and station locations: 1, 2 – coastal zones, 3 –continental central shelf, 4 –shelf edge, 5 –St Anna Trough's continental slope.

2. Material and methods

(bays and river–sea interfaces), the water samples were preliminarily
ﬁltered through a 1 μm Nuclepore ﬁlter. The dissolved inorganic
phosphorous (P-PO4), dissolved inorganic silicon (Si(OH4)), nitrite nitrogen (N-NO2), nitrate nitrogen (N-NO3) and ammonium nitrogen (NNH4) concentrations were measured by using standard procedures
(Grasshoﬀ et al., 1999).

2.1. Research area and sampling procedure
Materials for the study were collected during the 59th cruise of R/V
Akademic Mstislav Keldysh (from 17 September to 29 September 2011)
in the Kara Sea at 24 stations at 73° 43′–78° 28′ N and 69° 59′–86° 39′ E.
The research was carried out in the Yenisei River estuary and over the
continental slope (St. 5020–5026), and in the St Anna Trough both in
the eastern branch (St. 5032–5042) and in the central branch (St.
5043–5049) (Fig. 1).
Water samples were collected from eight depths within the 120-m
surface layer using Niskin bottles settled on a ‘Rozette’ equipped with a
CTD (SBE-19 Plus; Sea Bird Equipment, USA). Sampling depths were
chosen as a result of CTD casts down as well ﬂuorescent proﬁling obtained by the SBE-19 Plus equipped with sensors for measuring ﬂuorescence and turbidity.
The water samples were divided into subsamples, which were used
for measurement of diﬀerent parameters like nutrient and chlorophyll
concentrations, experimental carbon ﬁxation estimations (primary
production), chlorophyll ﬂuorescence, and abundance and biomass of
phytoplankton.

2.3. Measurement of primary production, chlorophyll a and surface
irradiance
Primary production was measured onboard using the 14C uptake
method (Steemann-Nielsen, 1952) at 24 stations in the study region.
Water samples were collected at eight optical depths (100%, 79%, 64%,
49%, 24%, 6%, 3% and 2% of downwelling PAR above the sea surface).
The samples were incubated for 3 h in an ICES photosynthetron (HydroBios, Germany) with circulating water from a HAILEA H-100 aquarium
chiller (China) to keep ambient surface temperature (which varied from
2.9 to 5.7 °C for diﬀerent stations). The samples were exposed to eight
appropriate light levels, which were achieved with neutral density ﬁlters (PAR irradiance values of 300, 237, 192, 147, 72, 18, 9 and 6 μmol
photons m−2 s−1). After incubation, ﬂasks were ﬁltered onto a 0.45-μm
‘Vladipore’ membrane (Russia). Radioactivity of the samples was determined using a Triathler (Hidex, Finland) liquid scintillation counter.
Biomass-speciﬁc PP, PB (mg C (mg chlorophyll a)−1 day−1) was
calculated by normalizing PP at diﬀerent depths to the corresponding
chlorophyll a (Chl a) concentration.
Chl a concentration was measured ﬂuorometrically (JGOFS, 1994).
Seawater samples (500 ml) were ﬁltered onto Whatman GF/F (glassﬁbre ﬁlters) under a low vacuum (∼0.3 atm). For extraction, Chl a
ﬁlters were placed in acetone (90%) and maintained at temperature of

2.2. Nutrient analysis
Fixation of dissolved oxygen and NH4 in the samples was performed
directly after sampling. Samples to determine рН, nutrients (silicates,
phosphates and nitrogen forms) and alkalinity were selected in 0.5-l
plastic bottles without preservation and were treated immediately after
sampling. For work in the areas with a considerable quantity of POM
61
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where E is the actinic light level (μmol photons m−2 c−1), and the
factor 0.5 is to correct for the partitioning of photons between PSI and
PSII, assuming that excitation energy is distributed evenly between the
two photosystems (Lippemeier et al., 1999; Schreiber, 2004).
The Chl a concentration in the samples where active ﬂuorescence
was measured varied from 0.2 to 2.3 mg m−3. The absence of selfshading was checked by diluting a sample 1: 1, or some other convenient ratio, and estimating ‘ﬂuorescence–concentration’ linearity.

+4 °C in the darkness for 24 h. Then ﬂuorescence of the extracts was
measured with a Turner Designs ﬂuorometer (Trilogy Fluorometer)
before and after acidiﬁcation with 1 N HCl. The ﬂuorometer was calibrated before and after each cruise using pure Chl a (Sigma) as a
standard. The concentration of Chl a and phaeophytin a was calculated
according to Holm-Hansen and Riemann (1978).
At all sampling events, surface PAR (400–700 nm) was measured
with a Li-Cor Li-190 Quantum Sensor, and underwater irradiance with a
Li-Cor Li-193 Underwater Quantum Sensor, both attached to a Li-Cor
Li-1400 data logger. Underwater measurements of light were conducted
in the upper 50 m of the water column. The euphotic zone was deﬁned
as the layer restricted by a depth of 1% of the surface PAR. The daily
PAR was obtained from integration in the LI-1400 module for 5-min
intervals (mol quanta m−2) over the all days of study.

2.5. Measurement of abundance and biomass of phytoplankton
Luminescent microscopy was used to count small phytoplankton
forms (linear size < 10–15 μm). Water samples (25–50 ml) were
stained with ﬂuorochrome primulin (Direct Yellow 59, Sigma-Aldrich
Co.), ﬁxed with 3.6% glutaraldehyde solution and ﬁltered through
black 0.4-μm pore-size Nuclepore ﬁlters (Grebecki, 1962; Hobbie et al.,
1977; Caron, 1983), applying our own modiﬁcation of the method
(Sazhin et al., 2007). Just after preparation, samples were frozen and
stored at −24 °C until analysis. Samples were analysed with a Leica DM
500B microscope at magniﬁcations of 200–1000. Small numerous forms
were counted in 50–100 ﬁelds of vision, and rare organisms were observed at total viewing of samples.
For the enumeration of large phytoplankton forms, water samples
were concentrated by the inverse ﬁltration method. Water samples
(50–70 ml) were ﬁltered through a 1 μm Nuclepore ﬁlter and then ﬁxed
with 0.5–1% formalin (Sukhanova, 1983). Identiﬁcation of species and
counting of cells were carried out with a Leica DM2 500 light microscope at magniﬁcations of 100–400. Naujotte (0.1 ml) and Naumann
(1.0 ml) counting chambers were used. During the microscopy investigations, cells were taken into account at the stage of spore formation. This allowed us to determine separately the abundance and
biomass of spores and non-spores of diatom algae. Diatom non-spores
are further named ‘active diatoms’. The constructive metabolism type of
diﬀerent algae species was determined by reference to the literature
(Tomas, 1997; Throndsen et al., 2007).
The wet biomass was calculated by the method of geometric similarity, equating cells to corresponding shapes (cylinder, sphere, ellipsoid of rotation) (Sun and Liu, 2003). Conversion of phytoplankton
biomass into carbon was carried out by following allometric relationships (Menden-Deuer and Lessard, 2000).

2.4. Measurement of ﬂuorescence parameters
Active Chl a ﬂuorescence was measured with a MEGA-25 ﬂuorometer (MSU, Russia). The MEGA-25 ﬂuorometer is equipped with
high-sensitivity system for registration of chlorophyll ﬂuorescence, and
a strong LED source of light for excitation. Three LXHL-PR02 Royal Blue
455-nm LEDs (Luxeon) with light power 700 W each were used. The
sample is irradiated by light of equal instantaneous intensity
(3000 μmol photons m−2 s−1) under diﬀerent pulse widths and intervals, using multiple turnover ﬂashlets. Excitation of the sample with a
series of short pulses (5 μs) at long intervals (100 ms) provides a low
mean intensity of measuring light, which induces a low level of ﬂuorescence from chlorophyll without inducing photosynthesis. In darkadapted cells, this ﬁrst measurement is termed F0. The sample is then
exposed to a long saturating pulse (3000 μmol photons m−2 s−1 for
1.5 s), and the chlorophyll ﬂuorescence rapidly increases to a maximum
(Fm) in dark-adapted cells by triggering the reduction of the PSII primary electron acceptor pool (plastoquinones, Qa). A photomultiplier
(R7400U-20, Hamamatsu) allows recording of the ﬂuorescence with a
high time resolution (0.75 μs). Chlorophyll ﬂuorescence was detected at
wavelengths above 710 nm (Pogosyan et al., 2009).
Prior to measurement, the samples were kept in the dark for at least
20 min (Schreiber et al., 1994) at ambient temperature. The minimum
(F0) and maximum (Fm) ﬂuorescence of the samples was measured. The
maximum dark-acclimated quantum eﬃciency of PSII (Fv/Fm) was
calculated as (Krause and Weis, 1991):
Fv/Fm = (Fm − F0)/Fm

2.6. Statistical analysis

(1)

Standard statistical methods of descriptive, correlation and t-test
analyses were used. Averages in the text below are presented with a
standard deviation ( ± SD). Correlation is given with the coeﬃcient of
correlation (r), number of measurements (n) and the probability of the
null hypothesis (p).

Maximum observed Fv/Fm values for phytoplankton under optimum
growth conditions are between ca. 0.65 and 0.70 and vary considerably
between taxa (Juneau and Harrison, 2005; Suggett et al., 2009b). The
Fv/Fm ratio is related to the potential (maximum) photochemical eﬃciency of PSII and indicates the fraction of the absorbed energy channelled to photosynthesis by PSII reaction centres.
Water samples were exposed in the PAM ﬂuorometer to eight light
intensities as for 14C uptake measurements, for 300 s at each step, and
steady ﬂuorescence (Ft) and maximum ﬂuorescence (Fm′) were measured. The light-acclimated photochemical eﬃciency of PSII (the effective quantum yield of photochemistry in open reaction centre of PSII,
ΔF/Fm′) at a speciﬁc actinic irradiance level was calculated as described
by Genty et al. (1989):
ΔF/Fm′ = (Fm′ − Ft)/Fm′

3. Results
3.1. Research area hydrological peculiarities
From the results of analysis of TS plots based on CTD data, ﬁve areas
with diﬀerent hydrological conditions were deﬁned. Groups of stations
with similar parameters of the water column were chosen along parallel
sections through the central and eastern branches of the St Anna
Trough. A brief description of these areas is given below.

(2)

(1) The Shallow Yenisei shelf (stations 5010, 5020, 5023, 5024 and
5025; depths 30–50 m) was under the inﬂuence of river discharge.
Freshening of surface waters reached 18.0.
(2) Slight desalination of the surface was observed over the eastern
shallow shelf (stations 5028, 5029, 5030 and 5032; depths
40–60 m); the salinity of upper mixed layer was not less than 24.0.
(3) The central continental shelf adjacent to the St Anna Trough

where Fm′ is the maximum PSII ﬂuorescence in light-acclimated cells,
and Ft is the ﬂuorescence yield in actinic light.
Multiplying the number of quanta absorbed by phytoplankton by
the value ΔF/Fm′ provides an estimate of the rETR at a speciﬁc actinic
irradiance level:
rETR = ΔF/Fm′ × E × 0.5

(3)
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3.3. Photophysiology and productive parameters

(stations 5026, 5033 and 5043; depths 70–140 m) was apparently
inﬂuenced by waters of Atlantic origin. In this area, temperature at
a depth of 35–55 m increased by 0.2–0.6°С. At station 5033 at the
same depths, temperature was positive when salinity increased
until 34–34.2.
(4) An abrupt frontal zone between the shallow shelf and deep sea was
observed over the edge of the continental shelf with drastic changes
of the depths (stations 5034, 5035, 5044, 5047, 5048 and 5049;
depths 160–320 m). The salinity gradient of the surface 20-m layer
was 5.5 at a distance of 30 km, and active interaction among
Atlantic origin water, Barents Sea water and Kara Sea water was
ﬁxed. The same situation had been described previously (Rudels
et al., 2004).
(5) The St Anna Trough slope with a smooth change of depth (stations
5037, 5039, 5041, 5042, 5045 and 5046; depths 350–540 m) was
inﬂuenced by Atlantic water. At depths of 30–35 m, there was a
layer with temperature between +0.5 and + 1°С and high salinity
(34.0–34.5). This layer in comparison with the surface was enriched
by nitrate (up to 13 μM) and phosphate (up to 1 μM). In the eastern
branch of the St Anna Trough slope, the vertical stratiﬁcation was
much more drastic, and the salinity gradient was 0.4–0.5, while it
did not reach 0.1 in the central branch.

The quantum yield of PSII in surface samples was high at all stations
(0.55–0.71) except coastal station 5010, where a low surface Fv/Fm
value (0.32) was detected. This low value was likely due to inhibition of
brackish phytoplankton by higher surface salinity (26.3) as compared
with other coastal stations (17.7–24.6). The highest surface Fv/Fm
(0.71) was detected at the coastal station 5020 near the Yenisei estuary
and at the shelf-edge station 5037. Most proﬁle stations showed a
constant or slight decrease in Fv/Fm, with a depth within the 0–25-m
layer, and the main decrease was below 30 m. In contrast, in some
stations there was a gradual decrease in Fv/Fm with depth. The last
stations were in a zone with a strong vertical gradient of salinity and
temperature caused by the eastern Novaya Zemlya Current and Yamal
Current (St. 5033, 5034, 5037 and 5043) and the current along the
Taimyr (St. 5023, 5028, 5029 and 5030). Thus, at all stations, the
maximal Fv/Fm value was detected on the surface or within the upper
25 m. This is also represented in the similar Fv/Fm vertical proﬁles
among the sub-regions, irrespective of diﬀerences in phytoplankton
biomass and composition.
Chl a concentrations ranged between 0.02 and 1.49 mg m−3, with
higher values in the surface or subsurface layers than in the deeper
layers. The highest surface Chl a concentrations (1.35–2.39 mg m−3)
were determined over the shelf edge in the central branches in the St
Anna Trough (St. 5043, 5044 and 5049). The lowest surface Chl a
concentrations (0.20–0.45 mg m−3) were detected in the central area of
the coastal zone (St. 5010, 5024, 5029 and 5032). In half the stations,
the vertical Chl a distribution was characterized by a subsurface
chlorophyll maximum under the UML (10–20 m depth), with a gradual
decrease in Chl a concentrations below the UML. In other stations, there
was a gradual decrease in Chl a concentrations within the UML to
minimal values (< 0.07 mg m−3).
The rETR in PSII within the euphotic zone varied from 0.10 to 38.00
a.u. At all stations, rETR decreased exponentially with depth, related to
the decrease in underwater light. The surface rETR values were more
changeable and varied in a wide range from 4.87 to 38.0. The highest
surface rETR values (28.3–38.0) were found in the continental central
shelf (depths 48–60 m) at stations 5025, 5026 and 5032. The lowest
surface rETR values (4.87–9.67) were found at the deepest stations in
both branches in the St Anna Trough (St. 5041, 5042, 5045 and 5046,
depths more than 400 m).
The vertical distribution of all values of the main primary productive parameters is shown in Fig. 3. It is obvious that most Fv/Fm values
within the upper 20 m were in the range 0.5–0.7 (Fig. 3a). In the 20–30m layer, the Fv/Fm range was widened towards low values. In the
deeper layer, there was a downtrend. This distribution shows that the
maximal quantum yield of photochemistry in the phytoplankton had
high potential from the surface to 30 m depth. The depth-speciﬁc
maximal Chl a concentrations decreased exponentially with depth
(Fig. 3b). The highest values were in the upper 18 m. In deeper layers,
the Chl a concentration did not exceed 0.5 mg m−3. The highest rETR
values (more than 10.0) were in upper 0–3-m layer of the water column
(Fig. 3c). At depths of 3–10 m, more than 80% of rETR values were in
the range of 0–5.0.
Fig. 4 shows data for the eﬀective photochemical eﬃciency of PSII
in actinic light (ΔF/Fm′) compared with rETR calculated from it for
surface samples. ΔF/Fm′ varied from 0.095 to 0.436, reﬂecting the
diﬀerent eﬃciency with which absorbed light drives photochemistry at
various stations. Variability of ΔF/Fm′ and rETR diﬀered because of
changeable light intensity. In particular, at stations 5024, 5025 and
5026 (northern part of the coastal shelf), we detected medium ΔF/Fm′
values and high rETR values caused by higher light intensity
(125–220 μmol photons m−2 s−1) relative to other sites (20–87 μmol
photons m−2 s−1). From these two parameters, rETR was used in this
study as a qualitative characteristic of activity of the initial (‘light’)
photosynthesis stage that is the energy ﬂow for biosynthesis.

Sampling positions in the study areas are demonstrated on the map
(Fig. 1).

3.2. Incident irradiance in the research area
The studies were realized in the one and a half months before polar
night, during a noticeable decrease in day length (from 13.7 to 11.3 h).
The maximum number of cloudy days (80%) and the minimum number
of clear days (10%) is noted at the 76° N latitude in autumn before polar
night (on November 3) (Gavrilova, 1963). It reduces such small ﬂux of
solar radiation at this time. For an annual cycle of total solar radiation,
a very small part of it is in September in the Kara Sea (Fig. 2). During
our study, solar radiation at the sea surface varied from 1.93 to
11.28 mol photons m−2 day−1 (average: 4.03 ± 2.81 mol photons
m−2 day−1; sum for 20 days: 91.89 mol photons m−2 day−1). Accepting total solar radiation in a year in the Kara Sea as 12,300 mol
photons m−2 day−1 (Gavrilova, 1963), total solar radiation during our
study was about 0.7% of annual. Thus, under the terms of irradiance,
we can consider this period as the end of the growth season. Incident
PAR decreased rapidly further north due to decreasing day length and
solar elevation angle.
The depth of the euphotic zone, i.e. the depth of penetration of 1%
of surface irradiance, varied from 5 to 30 m within the study area.

Fig. 2. Total (direct and scattered) solar radiation at 76° N (Gavrilova, 1963).
The dotted line designates the beginning and end of our studies.
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Fig. 3. Vertical distribution of phytoplankton state parameters: а) maximum quantum eﬃciency of PSII, Fv/Fm, b) chlorophyll a, c) relative electron transport rate,
rETR.

Analysis of the relationship between rETR and PB in the euphotic
zone under the same irradiance levels shows a strong positive correlation (r = 0.78, n = 310, P = 0.05) (Fig. 5).
The maximum photosynthetic activity of phytoplankton, expressed
in terms of rETR, during our study was in the surface layer (0–3 m) of
the water column (Fig. 3с). In the same layer, there was also the widest
range of rETR and PB values, which is important for assessment of their
variability and the relation between these parameters. At other depths
(deeper than 3 m), PB values were low (less than 0.25 mg C (mg Chl
a)−1 h−1), which could lead to a high degree of error in estimating
variability in the comparative analysis of rETR and PB values. Therefore, the following analysis of photosynthetic eﬃciency was carried out
for surface data, which characterize the structure and functional activity of phytoplankton in the ﬁve allocated areas.
Average values for biological parameters in surface waters are
presented in Table 1.
PB in surface waters (PB0) varied from 0.14 to 1.91 (average
0.67 ± 0.47 mg C (mg Chl a)−1 h−1). Similar to the surface rETR
(rETR0) distribution, the highest PB0 values (> 1.0 mg C (mg Chl
a)−1 h−1) were found at stations 5025, 5026 and 5032, with total
depths of 30–60 m (coastal shelf) (Fig. 6b). The lowest PB0 values
(< 0.2 mg C (mg Chl a)−1 h−1) were found over the shelf edge at stations 5044–5049 in the central branch in the St Anna Trough (depths
more than 160 m) and at stations 5041–5042 in a deep-water part of the
eastern branch.

Fig. 5. Relationship between primary production, PB, and relative electron
transport rate, rETR, in the euphotic zone throughout the entire study area.

Irradiance, salinity, temperature and nutrients (mineral nitrogen,
phosphates and silicates) as well the contribution of the ﬁve diﬀerent
groups of microalgae (autotrophic dinoﬂagellates, active diatoms, autotrophic ﬂagellates, diatom spores and heterotrophs) to the total
phytoplankton biomass have been considered as the most signiﬁcant

Fig. 4. Eﬀective quantum yield of PSII (ΔF/Fm′, grey) and relative electron transport rate (rETR, white) for surface samples.
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Table 1
Biological parameters (average and standard deviation) for diﬀerent regions in surface waters (0 m).
Area

Date

Depth

rETR0

PB0

Fv/Fm

Chl a

% Phaeo

%DINO

%DIA

%DIA spore

%FLA

%HET

Yenisei shelf
Eastern shelf
St Anna shelf

17–22 Sept
23–24 Sept
22, 25, 28
Sept
25, 28–29
Sept
25–26, 29
Sept

36 ± 8
48 ± 10
110 ± 40

24.3 ± 9.2
23.9 ± 5.8
21.9 ± 8.9

0.80 ± 0.72
1.03 ± 0.25
0.96 ± 0.48

0.59 ± 0.15
0.58 ± 0.08
0.61 ± 0.02

0.80 ± 0.37
0.41 ± 0.25
0.99 ± 0.44

23 ± 4
34 ± 6
27 ± 6

5±5
38 ± 31
20 ± 16

48 ± 20
33 ± 34
13 ± 18

2±2
10 ± 12
0

18 ± 9
7±2
27 ± 16

26 ± 15
12 ± 7
40 ± 16

220 ± 57

15.8 ± 6.1

0.42 ± 0.30

0.61 ± 0.03

1.22 ± 0.59

31 ± 2

35 ± 18

11 ± 10

2±5

26 ± 14

25 ± 15

433 ± 82

10.8 ± 7.5

0.32 ± 0.17

0.62 ± 0.06

0.49 ± 0.05

28 ± 3

22 ± 12

6±9

2±3

35 ± 15

34 ± 6

Edge of St Anna
shelf
St Anna slope

Notes: depth – total depth (m); rETR0 – relative electron transport rate; PB – biomass-speciﬁc primary production (mg C (mg Chl a)−1 h−1); Fv/Fm − PSII eﬃciency;
Chl a – concentration of chlorophyll a (mg m−3); % Phaeo – contribution of phaeophytin a in the total concentration of Chl a + Phaeo; share of diﬀerent algae groups
in the total phytoplankton biomass (%): %DINO – autotrophic dinoﬂagellates, %DIA – active diatoms, %DIAspore – diatom spores, %FLA – ﬂagellates, %HET –
heterotrophs.

with fresher waters.
Perhaps the inﬂuence of salinity on rETR is caused by a decrease in
the diatom share in the total biomass of phytoplankton with an increase
of salinity (Tables 1 and 2), and diatoms determine the total level of
productive activity in this area. Salinity inﬂuences diatom growth indirectly. A freshening level (decrease in salinity) in surface waters reﬂects the inﬂuence of river waters, characterized by an increase in the
content of nutrients, especially silicates, providing diatom growth. The
silicate concentration was negatively correlated with salinity (Tables 1
and 2).
In the surface layer, the total content of mineral nitrogen
(DIN = NO2 + NO3 + NH4) varied in the range 0.42–2.13 μM; for
phosphates, the range was 0.04–0.44 μM, and for silicon it was
0.12–30.65 μM. Correlations among nutrient and rETR values were not
obvious at the surface throughout the entire study area (Table 2).
Within the local areas, however, a positive trend between rETR0 and
DIN (for the Yenisei shelf and eastern shallow shelf) and between rETR0
and DIN/PO4 (for the edge and slope areas in the St Anna Trough) has
been revealed (Fig. 8). For other nutrients, the same trends have not
been revealed. It should be noted that these relationships are statistically unreliable due to the lack of measurements there.

factors impacting values and distribution of rETR0 (see Figs. 1 and 2 in
Mosharov et al., submitted).
The correlation analysis of all considered parameters in surface
waters throughout the entire study area revealed relationships between
rETR0 and daily incident PAR, salinity and diatom share in the total
biomass of phytoplankton (Table 2).
A strong positive correlation (r = 0.8, n = 23, P = 0.05) was observed between rETR and average-day incident PAR (Fig. 7a). When
calculating rETR, an appropriate PAR value was used. Therefore, it is
evident that higher rETR values occurred if there was a higher light
level. However, at similar light intensities, the rETR values diﬀered
greatly, likely characterizing the photophysiological features of phytoplankton at each station (Fig. 7a). Fv/Fm was unaﬀected by PAR
(Fig. 7b).
A strong positive correlation was found between the share of active
diatoms and rETR0 values (r = 0.58, n = 23, P = 0.05). An increase in
the share of diatoms in the total phytoplankton biomass caused an increase in rETR. A high mean share of diatoms in the shelf areas was
followed by high mean rETR0 values (Table 1). On the shelf edge and
slope, both the mean values of the share of diatoms in phytoplankton
biomass and mean rETR0 values were low.
It should be noted that there was a negative correlation between
rETR0 or PB0 and the share of autotrophic ﬂagellates in total phytoplankton biomass. The decrease in the level of productive activity with
an increase in the relative abundance ﬂagellates can be explained by a
decrease in the share of diatoms in the community. Distribution of these
microalgae groups had a strong negative correlation (r = −0.74,
n = 23, P = 0.05). An increase in the share of ﬂagellates followed a
reduction of the diatom share in the phytoplankton community and vice
versa (Tables 1 and 2).
A negative correlation was observed between salinity and rETR0
(r = −0.51, n = 23, P = 0.05) – a higher rETR0 corresponded to areas

4. Discussion
The values of PB0 observed compare with those previously reported
for Arctic (0.83–1.12 mg C (mg Chl a)−1 h−1 in the Chukchi Sea in
summer (Hill and Gota, 2005); 0.72–2.45 mg C (mg Chl a)−1 h−1 in the
Gulf of Alaska (Peterson, 2011)) and Antarctic seas (0.19–2.41 mg C
(mg Chl a)−1 h−1 in the shallow bay of Potter Cove (Schloss, 2002);
0.13–2.23 mg C (mg Chl a)−1 h−1 in the Indian Ocean sector (Jacques,
1983)). Relatively low values have been reported for the polar front of
the Indian Ocean sector of the South Ocean during the austral summer:

Fig. 6. Variation in surface rETR (a) and primary production, PB0 (b) in areas with diﬀerent hydrological conditions along sections in the central (circles) and eastern
(squares) branches in the St Anna Trough: I – coastal, II – shelf, III – shelf edge, IV – slope.
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Table 2
Correlation matrix between abiotic and biological parameters in surface waters.
Spearman rank order correlations MD pairwise deleted. Marked correlations are signiﬁcant at P < 0.05000.

rETR0
PB0
PARav
Sal UML
T UML
% Dino
% Dia
% Flag
DIN
PO4
DIN/PO4
SiO3

rETR0

PB0

PARav

Sal UML

T UML

% Dino

% Dia

% Flag

DIN

PO4

DIN/PO4

SiO3

1.00
0.80
0.80
−0.51
0.42
0.02
0.58
−0.52
0.33
0.39
−0.39
0.50

0.80
1.00
0.75
−0.42
0.30
0.08
0.37
−0.49
0.20
0.35
−0.36
0.42

0.80
0.75
1.00
−0.17
0.21
0.16
0.46
−0.58
−0.07
0.18
−0.35
0.22

−0.51
−0.42
−0.17
1.00
−0.67
0.27
−0.47
0.39
−0.44
−0.85
0.70
−0.91

0.42
0.30
0.21
−0.67
1.00
−0.41
0.28
−0.17
−0.04
0.49
−0.60
0.72

0.02
0.08
0.16
0.27
−0.41
1.00
−0.22
−0.14
0.05
−0.16
0.13
−0.38

0.58
0.37
0.46
−0.47
0.28
−0.22
1.00
−0.74
0.08
0.40
−0.45
0.35

−0.52
−0.49
−0.58
0.39
−0.17
−0.14
−0.74
1.00
0.06
−0.39
0.55
−0.31

0.33
0.20
−0.07
−0.44
−0.04
0.05
0.08
0.06
1.00
0.39
0.09
0.41

0.39
0.35
0.18
−0.85
0.49
−0.16
0.40
−0.39
0.39
1.00
−0.84
0.80

−0.39
−0.36
−0.35
0.70
−0.60
0.13
−0.45
0.55
0.09
−0.84
1.00
−0.68

0.50
0.42
0.22
−0.91
0.72
−0.38
0.35
−0.31
0.41
0.80
−0.68
1.00

Notes: rETR0 – relative electron transport rate; PB0 – biomass-speciﬁc primary production (mg C (mg Chl a)−1 h−1); PARav – average-day incident light (μmol photons
m−2 day−1); Sal UML – salinity in the upper mixed layer; T UML – water temperature in the upper mixed layer (°C); share of phytoplankton groups in the total carbon
biomass (%): %Dino – dinoﬂagellates, %Dia – diatoms, %Flag – ﬂagellates; nutrient data: DIN – dissolved inorganic nitrogen (DIN = NO2 + NO3 + NH4, μM), PO4 –
dissolved inorganic phosphorus (μM), DIN/PO4 – molar nitrogen–phosphorus ratio, SiO3 – dissolved inorganic silicon (μM).

0.67–0.84 mg C (mg Chl a)−1 h−1 (Tripathy, 2015). As shown in previous studies (Mosharov, 2010; Demidov et al., 2014, 2017; Mosharov
et al., 2016), PB0 values in the Kara Sea (August–September) vary from
0.8 to 2.32 mg C (mg Chl a)−1 h−1 in the southwestern region, from
0.46 to 2.59 mg C (mg Chl a)−1 h−1 in the Yenisei estuary and river
runoﬀ zone, and from 0.38 to 1.49 mg C (mg Chl a)−1 h−1 in the
northern region.
The rETRs resembled those for phytoplankton in the Chukchi Sea oﬀ
Point Barrow, Alaska (from 4 to 50; Manes, 2009) and in the North Sea
and South Atlantic (2–40; Röttgers, 2007). Similar data (10–50) were
reported by Schreiber (1998) for phytoplankton from Sydney Harbour.
The study was carried out in the period of low solar radiation caused
by a noticeable decrease in day length and solar elevation angle. Hence,
not enough light penetrates into the depth of the water column, so the
main productive activity of phytoplankton is linked to the surface layer.
Total solar radiation during our study was about 0.7% of annual;
therefore, this period can be considered as the end of the growth season
for phytoplankton under light conditions.
Low values for Kara Sea primary production at the end of the
growth season are caused by a general reduction of incident solar radiation in September–October at high latitudes. Apparently, low PAR
limits primary production more than low nutrients in the photosynthetic layer and deﬁned low (< 100 mg С m−2 day−1) integral PP in
many Kara Sea areas (Demidov et al., 2014). The maximal rate of primary production at most stations in the Kara Sea (27 stations out of 38
in total) in September 2011 was observed in the surface layer; for the

rest of them, it was within the upper 0–3 m (Mosharov et al., 2016). The
spatial variability of PB0 in the studied areas is close to the pattern based
on averaged long-term values for the Kara Sea (0.46–2.32 mg C (mg Chl
a)−1 h−1 (Demidov et al., 2014).
Despite the low PB, the potential for phytoplankton photosynthetic
activity determined by the maximum quantum eﬃciency of PSII (Fv/
Fm) was high in the upper 30-m layer of the water column. Similar
vertical proﬁles and relatively high Fv/Fm are found among diﬀerent
sub-regions across the western Antarctic Peninsula in late summer
(Russo et al., 2018). This indicates a high degree of physiological
plasticity, even considering diﬀerent phytoplankton communities and
the large spatial variability of physical water column features.
The bulk of Chl a was concentrated in the upper 18-m layer of the
water column, with the maximum values at the surface (see Fig. 3).
However, realization of productive potential was observed only in the
surface layer of the water column. The rETR values, representing the
rate of solar energy transition into the chemical energy of a cell, providing processes of biosynthesis of organic matter by phytoplankton,
were at a maximum in the surface layer. PB in the surface layer were
more changeable (a diﬀerence between minimum and maximum PB
values of 14 times) than rETR (8 times) which can reﬂect, apparently, a
greater inﬂuence of changing environmental factors on the eﬃciency of
using of absorbed light energy in biosynthesis processes.
To determine the rETR values for each sample, we set the light level
which corresponded with the native one. During our study, the light
level varied with weather conditions (cloudy or clear sky) and in

Fig. 7. Variability of relative electron transport rate, rETR (a) and PSII eﬃciency, Fv/Fm (b) depending on actual average-day incident PAR.
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Fig. 8. Relationship between relative electron transport rate values, rETR0, and DIN/PO4 over the Yenisei shelf and the eastern shallow shelf (a), and DIN over the
edge and slope in the St Anna Trough (b).

(Fig. 9). As shown in Fig. 9, spatial distribution of PB0/rETR0 parameters
along the sections in the central and eastern branches out of the shelf
zone (depths more than 150 m) was similar. In the direction from the
coast to a deep-water area in the St Anna Trough, the areas with high
values for this parameter were allocated over the external coastal area
(St. 5025 and 5032), over the central shelf (St. 5026 and 5043) and over
the continental slope in both branches (St. 5041 and 5046) of the St
Anna Trough. At the same time, in the central branch of the St Anna
Trough, photosynthetic eﬃciency decreased in comparison with the
eastern branch though time studies in both branches diﬀered only for 3
days (in the ﬁrst case for 28–29 September, in the second for 25–26
September). It is obvious that at the end of growth season when the
level of solar radiation approaches a seasonal minimum (Fig. 3), a daily
decrease in the light level is signiﬁcant for photosynthetic eﬃciency.
Empirical evidence from a range of aquatic systems demonstrates a
linear relationship between ETR and rates of C ﬁxation and/or O2
production; however, deviation from linearity has also been reported
(Suggett et al., 2009a; Hancke et al., 2015). Deviations are reported
under extreme conditions such as very high or low light conditions,
extreme temperature, or nutrient stress (Flameling and Kromkamp,
1998; Hancke et al., 2008; Napoleon et al., 2013). In some studies, the
interrelations between ETR and C ﬁxation/O2 production have also
been shown to be species-speciﬁc (Suggett et al., 2009a).
Despite a decrease in illumination level, and following a reduction
in productive characteristics of the phytoplankton community at the
end of a growth season, the role of diatoms in eﬃciency remains a
major one in the eastern Kara Sea. A strong positive correlation between the share of active diatoms and rETR values was noted. The share
of diatoms in the plankton community at the surface was more closely
related to the level of water freshening and the maintenance of nutrients than for other groups of algae. In local areas, positive trends
between rETR values and DIN concentrations (over the Yenisei and
eastern shallow shelves) and between rETR values and DIN/PO4 relations (over the edge and slope areas in the St Anna Trough) have been
revealed. Most likely, the reaction of diatoms to changing abiotic factors deﬁnes the variability of productive characteristics of the phytoplankton community in the eastern Kara Sea in autumn. It should be
noted that the spring increase in productive characteristics of phytoplankton in the Kara Sea is ﬁrstly connected with diatom bloom
(Makarevich et al., 2015). The same studies were not carried out during
late autumn.
Areas with an increased PB0/rETR0 ratio are characterized by drastic
gradients of hydrophysical conditions caused by diﬀerent factors in
each case. The external shelf area (St. 5025, 5026, 5032 and 5043) is a

connection with decreasing solar elevation angle with every following
day. By deﬁnition, the rETR value is proportionally to light intensity.
Hence, comparison of rETR values at diﬀerent sites (under diﬀerent
light intensities) does not permit the identiﬁcation of physiological
features of variability of this parameter which characterize the activity
of the light stage of photosynthesis. The ratio of rETR and PB measured
under similar light intensities for each sample allows us to compare the
photosynthetic performance of phytoplankton at diﬀerent sites irrespective of the current light conditions.
Between the productive parameters considered in this study – rETR
and PB – a close relationship was observed (r = 0.8, P = 0.05) in the
surface layer (n = 23) and for the whole data set (n = 310). That allows
consideration of them as values reﬂecting the intensity of diﬀerent
stages of photosynthesis – light and dark stages, respectively. Linear
correlations have been documented between ETR and gross C ﬁxation
and/or O2 production across diﬀerent regions (Kromkamp et al., 2008;
Suggett et al., 2009a; Lawrenz et al., 2013).
The photosynthetic eﬃciency (PB0/rETR0) calculated for each station
at the surface (0 m) varied from 0.014 to 0.071 (average
0.034 ± 0.012). Our results were in the approximately same range as
those found for estuarine phytoplankton and microphytobenthos
(Barranguet and Kromkamp, 2000), where values the rETR eﬃciency
for C ﬁxation (EE) varied between 0.04 and 0.16. These authors recalculated published data for cultures and gave EE values varying between 0.007 and 0.02 for diﬀerent marine phytoplankton species.
The maximum value of this parameter was at station 5032 near the
eastern shelf whereas for other areas this value did not exceed 0.05

Fig. 9. Variability of PB0/rETR0 in areas with diﬀerent hydrological conditions
along sections in the central branch (circles) and eastern branch (squares) in the
St Anna Trough: I – coastal, II – shelf, III – shelf edge, IV – slope.
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region where saline water is freshened by the spread of Yenisei River
runoﬀ (Zatsepin et al., 2010a). At the same time, increased water
temperature was observed in the surface layer in this area. A strong
frontal zone is formed over the shelf edge (St. 5034 and 5048) where
two currents (the eastern Novaya Zemlya Current and Yamal Current)
merge and spread along the 100-m isobath to the northeast (Zatsepin
et al., 2010a). In a deep-water zone over the continental slope in both
the western and central branches in the St Anna Trough (St. 5041 and
5046), an upwelling – raising of the Atlantic waters to the top layers – is
formed. The increase of phytoplankton productive activity in frontal
zones of the Yamal Current was deﬁned by us as well in previous works
in the Kara Sea in 2007 (Mosharov, 2010).
In spite of the fact that the depth of the euphotic zone varied from 5
to 30 m, and high Chl a concentrations were in the upper 18-m layer,
the maximum photosynthetic activity of planktonic microalgae has
been deﬁned in the narrow upper 3-m layer. It is obvious that in the
deeper layers (lower than 3 m), Chl a was inactive. At the same time, as
shown in our previous works (Sukhanova et al., 2015a; Sergeeva et al.,
2016), the community of planktonic microalgae in subsurface layers
(deeper than 3 m), was at a stage of sporiﬁcation that is typical of the
ﬁnal stage of seasonal succession of phytoplankton.
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