
FULL COMMUNICATIONS

ECOLOGY

Hydrochemical basis of marine waters biological 
productivity surrounding Svalbard archipelago

Alexey Namyatov1, Pavel Makarevich1, Igor Tokarev2, and  
Ivan Pastuhov1

1Murmansk Marine Biological Institute, Russian Academy of Sciences,  
ul. Vladimirskaya, 17, Murmansk, 183010, Russian Federation
2Centre for X-ray Diffraction Studies, Research Park of Saint Petersburg State University,  
per. Dekabristov, 16, Saint Petersburg, 199155, Russian Federation

Address correspondence and requests for materials to Alexey Namyatov,  
alexey.nmyatov@yandex.ru

Abstract

This study provides a rather new approach to research on a portion of general 
biological production of marine ecosystems, namely on primary production. 
The methodology presented consists of two blocks of techniques. The hydro-
logical block provides for an estimate of the amounts of basic water masses, the 
estimate being based on the salinity and δ18O stable isotope value. The tech-
niques of the ecosystem block provide for a calculation of primary production 
based on the water mass composition, nutrients concentrations in the cores 
of the water masses, and changes in nutrients reserves. The rate of the nutri-
ents reserve change is corrected by the non-productive component caused by 
the inflow or outflow of the nutrient as a result of advection or exchange with 
underlying layers. Another correction is related to nutrient regeneration going 
in parallel to photosynthesis. The technique was tested and verified in the wa-
ters around the Svalbard archipelago. By using a combination of δ18О isotope 
parameter (with an intention to add δ2H in the future), salinity, and nutrients 
composition, the present methodology allows to consider the domain of the 
marine ecosystem comprising its hydrological, hydrochemical, and hydrobio-
logical (phytoplankton) processes as a single system of their relationships.
Keywords: Barents Sea, nutrients, phytoplankton, primary production, new 
production, photosynthesis

Introduction

Due to its geographical position and the peculiarities of its land and marine eco-
systems development, the Svalbard archipelago provides for a unique ground to 
examine the whole range of responses of high Arctic natural environments to 
external impact, both natural and human-induced. Among the purposes of such 
research is revealing and examining the regions that potentially provide the best 
opportunities as a feeding resource for fish and other farming facilities, that is, 
regions with the highest nutrients supply to phytoplankton. Phytoplankton plays 
a crucial role in the development of feeding resources for various hydrobionts, in-
cluding commercial fish (Arzhanova and Zubarevich, 1997). The Barents Sea wa-
ters, including those around the Svalbard archipelago, form a highly productive 
area, accounting for 49 % of the whole primary production of the panarctic shelf 
(Sakshaug, 2004, quoted after Reigstad et al., 2011). Currently, there are several 
approaches to assessing phytoplankton production.

One group of such techniques is based on direct measurements of summer 
primary production by two traditional methods, namely the oxygen and radio-
carbon methods. One of the recent studies “compared three common methods for 
estimating PP in the European Arctic Ocean: (1) production of 18O-labeled oxy-
gen (GPP-18O), (2) changes in dissolved oxygen (GPP-DO), and (3) incorporation 
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rates of 14C-labeled carbon into particulate organic car-
bon (14C-POC) and into total organic carbon (14C‑TOC, 
the sum of dissolved and particulate organic carbon) 
The choice of either method should be guided by the spe-
cific question being addressed. In this way, the methods 
are complementary. For example, the combination of 
14C‑TOC and 14C-POC provides information of food 
supply (as DOC) for the microbial food web, not available 
from the oxygen methods. Furthermore, 14C-POC repre-
sents the phytoplankton carbon production needed when 
quantifying the food available for higher trophic levels. 
The DO methods provide independent estimates of com-
munity respiration (CR) and net community production 
(NCP)” (Sanz-Martín et al., 2019).

Another approach is related to assessing primary 
production using chlorophyll values, both measured di-
rectly in sea water samples and defined based on data 
from remote Earth sensing (Vernet et al., 2021).

The third approach is model calculation, compris-
ing both hydrodynamic and ecosystem models (Reigstad 
et al., 2011; Slagstad, Wassmann, and Ellingsen, 2015). 
In one of the recent studies, “NPP (net primary produc-
tion) is estimated by two independent approaches already 
established as best for estimating Arctic productivity: a 
physically-biologically coupled, regional 3D ocean model 
(SINMOD) and a spectrally-resolved, light-photosynthesis 
model of primary production (UQUAR-Takuvik model) 
that is applied to satellite observations of phytoplankton 
chlorophyll a, which is derived from ocean color remote 
sensing (OCRS)” (Vernet et al., 2021).

The fourth approach is using solid matter particles 
traps with further removal of inorganic carbon (Tame-
lander et al., 2013). Tamelander’s 2013 study demon-
strates a change of stoichiometric ratio in the Arctic 
Ocean. For the Barents Sea, the POC:PON (particulate 
organic carbon (POC) to nitrogen (PON)) atomic ratio 
was 8.5 ± 1.8, while the Redfield-Richards ratio, consid-
ered to be fundamental and typically applied in many 
primary production estimates, is 6.62 (Redfield, 1934; 
1958; Richards, 1958). Not only has an examination of 
POC, chlorophyll a, and phytoplankton to the north of 
the Svalbard archipelago shown that the zone around 
the ice edge is the most productive area in this region, 
but also intense blooming and high rates of POC and 
PON export were registered in the ice-covered waters 
(Dybwad et al., 2021).

The fifth approach is based on estimating nutrients 
consumption and calculating primary production using 
average stoichiometric ratios. A great advantage of this 
approach is the relative simplicity of the chemical analy-
sis required to define nutrients concentrations and a large 
database of these values that has been accumulated over 
the years. Primary production calculation technique is 
based on studies implemented in the previous centu-
ry. In their works, A. P. Vinogradov (1939), R. Fleming 

(Sverdrup, Johnson, and Fleming, 1942), and L. Cooper 
(Cooper, 1937; 1938) provided phosphorus and nitro-
gen concentrations in phytoplankton and in the water. 
A group of authors (V. N. Ivanenkov, V. V. Sapozhnikov, 
V. A. Konnov, Yu. F. Lukashev, I. V. Sokolova, B. V. Vo-
lostykh, A. N. Gusarova) summarised these studies in 
their monograph “Chemistry of the Ocean” (Bordovsky 
and Ivanenkov, 1979). In a later study (Sapozhnikov and 
Metrevely, 2015), V. V. Sapozhnikov and M. P. Metrev-
eli described thoroughly the history of organic matter 
stoichiometric modelling. As they demonstrate in their 
work, “the stoichiometric model has allowed hydrochem-
istry to become a field of quantitative research, providing 
a possibility to calculate primary production based on the 
amounts of phosphates, nitrates, or silicon used up by phy-
toplankton, or to estimate nutrients regeneration rate us-
ing available data on the oxygen consumed, etc.”

Usually, several types of primary production are dis-
tinguished. General, or gross primary production, GPP, 
is the amount of chemical energy, typically expressed in 
terms of carbon biomass, that autotrophic communities 
create in a given period of time. Part of this energy is 
used in the autotrophs breathing. The remaining fixed 
energy (that is, the mass of the photosynthate) is called 
net primary production (NPP).

On the other hand, during the growing season, the 
amount of nutrients in the euphotic layer is replenished 
by their regeneration. Dugdale and Goering (Dugdale 
and Goering, 1967) introduced the concept of “new” 
and “regenerated” primary production; their study was 
based on incubations using 15N-labelled nitrate and am-
monium. Within this framework, general primary pro-
duction (GPP) = new PP + regenerated PP.

Gross primary production (GPP) is defined as pho-
tosynthesis regardless of simultaneous algae respiration 
and of metabolism going on in heterotrophs. Net pri-
mary production (NPP) is GPP minus algae respiration. 
Net community production (NCP) is defined as GPP 
minus algae and heterotrophs respiration (Codispoti 
et al., 2013).

To calculate primary production based on carbon 
mass as a result of nutrients consumption, stoichio-
metric ratios are used, usually the Redfield-Richards 
ratio; Redfield-Richards molar ratio is C  :  Si  :  N  :  P  = 
106 : 23 : 16 : 1 (Redfield, 1958; Richards, 1958).

N. V. Arzhanova et al. showed in their studies (1995, 
1997) that “silicon regeneration is extremely slow as com-
pared to that of nitrogen and phosphorus. Consequently, 
the least production values are, as a rule, equal to the 
decrease of nitrogen and phosphorus in the euphotic lay-
er, while the largest ones to that of silicon. Moreover, an 
estimate of phytoplankton production by silicon concen-
tration change allows to take into account the portion of 
production that was synthesised as part of nitrogen and 
phosphorus recycling”. Nitrates support primary produc-
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tion (new production); they are considered to represent 
the consumption of nutrients that were present in the 
beginning of the vegetation period or were brought to 
the euphotic zone from elsewhere.

To summarise the approach provided by Arzhano-
va et al. (1995) and analysed above, primary production 
calculated based on silicon (NCPSi) corresponds to total 
production, while calculations based on nitrogen (NCPN) 
provide for the “new” production value. In the present 
study, the same definitions and designations are used.

Today’s techniques of biological productivity evalu-
ation that are based on nutrients concentration changes 
rely on finding the difference between the amount of the 
nutrient observed and its amount that “was present in 
the given volume of water at the moment when its physi-
cal and chemical properties were forming in the near-
surface ocean layer”. 

Several studies use the term “preformed” to designate 
such values (preformed phosphates (Pп), preformed ni-
trates (Nп), and preformed silicates (Siп)). The calculation 
of preformed concentrations is based on stoichiometric 
ratios of phosphorus, nitrogen, and silicon to oxygen and 
carbon (Arzhanova and Zubarevich, 1995a; 1997; Kivva, 
2014). Preformed concentrations are nutrient concentra-
tion baselines (maximum concentrations) against which 
concentration decrease during photosynthesis is assessed. 
This technique was used to estimate biological productivity 
of various water bodies that belong to the World Ocean, 
from the Bering Sea (Arzhanova and Zubarevich, 1995b; 
1997; Kivva, 2014), the Sea of Okhotsk (Arzhanova and 
Zubarevich, 1997), the Barents Sea (Nesvetova, 2003; Titov, 
2003) and to the waters surrounding the Antarctic (Batrak, 
2009). To implement the technique, one needs to know 
winter nutrients concentrations that may be observed be-
fore the phytoplankton spring bloom. In the studies on the 
Bering Sea, these concentrations were defined as concen-
trations at the lower limit of the cold intermediate layer. 
The layer location ranged between 40 and 170 m. In the 
studies dedicated to the waters surrounding the Antarctic, 
this concentration was defined as the weighted average in 
the autumn and winter convection mixing layer. Such ap-
proaches may not always be applicable for several reasons:

	— besides photosynthesis, vertical nutrients concen-
tration change may be due to the surface layer con-
taining a different water mass with a different initial 
composition of nutrients; this is characteristic of 
the south-eastern part of the Barents Sea and of the 
Kara and Laptev Seas;

	— besides photosynthesis, oxygen concentration 
change may be related to an exchange with other 
water layers and with the atmosphere;

	— today, to evaluate a nutrient primary production, that 
is carbon consumption, based on that nutrient con-
sumption, Redfield — Richard average stoichiometric 

ratios are used. But applying these ratios to phyto-
plankton with various species compositions can lead 
to major errors because of a significant variation of 
these ratios among different plankton groups. For ex-
ample, the C : P ratio change in the phytoplankton dif-
fers by 37 % between diatom and peridinium plankton, 
C : N ratio change by 24 %, and C : Si ratio change — by 
15 times (Bordovsky and Ivanenkov, 1979);

	— in addition to the “productive” component, the 
“non-productive” component participates in nutri-
ent concentration changes; it may vary due to a sup-
ply of the nutrient examined from the near-bottom 
layer, as well as to other processes.

All the limitations above concern the evaluation of 
a fundamental parameter, the baseline, that is the nu-
trient concentration before spring bloom. The present 
study provides for an alternative technique of marine 
ecosystems biological productivity (phytoplankton pro-
duction) evaluation; this technique allows to avoid the 
limitations above to some extent and is independent 
both of the depth of the lower photosynthetic layer and 
of average stoichiometric ratios.

The fundamental statement, or hypothesis, under-
lying the proposed approach is that the nutrients stoi-
chiometric ratios in the primary dominant phytoplank-
ton groups do vary, and this variation is a significant 
one. The study aims to use this variation to evaluate the 
phytoplankton primary production.

The aims of the study are as follows:

	— To present a technique and to demonstrate the re-
sults of applying the conservativeness of the δ18О 
isotopic parameter to the evaluation of nutrient 
baseline concentrations before the spring bloom, 
which allows to define individual stoichiometric ra-
tios of a particular sample.

	— To compare the results achieved with the results of 
other studies.

Designations used in the text:

GPP		 — gross primary production;
NCPSi	— silicon-based net community production;
NCPN	— nitrogen-based net community production;
PP		  — primary production;
NPP	 — net primary production;
TOC	 — total organic carbon;
POC	 — particulate organic carbon;
PON	 — particulate organic nitrogen;
DO		  — dissolved oxygen

Materials and methods

The methodology presented consists of two blocks of tech-
niques. The hydrological block provides for an estimate of 
the amounts of basic water masses, the estimate being based 
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on the salinity and stable isotope value, namely, in this case, 
δ18O. The techniques of the ecosystem block provide for 
a calculation of primary production based on water mass 
composition and changes in nutrients concentrations.

Primary Production (PP).  
Calculation Framework (Ecosystem Block)

First of all, in order to estimate the primary produc-
tion by nutrients consumption, it is necessary to meas-
ure the consumption of the element’s mineral phase in 
the course of photosynthesis. It might appear possible 
to do this using the difference between early spring 
and summer values. But this is appropriate only if the 
non-production part of the element reserve is insignifi-
cant. If there is a significant non-production portion of 
concentration change (such change being due to vertical 
exchange or to advection), it is necessary to take these 
components into account when estimating the photo-
synthesis-associated concentration changes. E. g., at the 
end of winter, before the onset of the photosynthesis, sil-
icon concentration at the point under consideration was 
300 μg/l. In the summertime, with increased river run-
offs, silicon concentrations could reach 600 μg/l, if not 
for photosynthesis. Assume that as a result of elements 
consumption by photosynthesis, the concentration has 
decreased by 200–300 μg/l. That means, not only would 
merely considering the difference between winter and 
summer values conceal the decrease of the value in 
summer as compared to that in the winter, but in some 
cases even an increase thereof would be possible. Even 
if a decrease in the element concentration is revealed in 
these circumstances, ignoring the advection will cause 
an underestimation of the primary production. Ignoring 
vertical flows of nutrients could cause a similar effect.

As it is the first time that this technique is described, 
we explain it here in the most detail.

An example of a nutrient balance at a point is shown 
in Fig. 1. 

Nutrient concentration measured at a point will 
constitute a combination of conservative and non-con-
servative concentrations (1).

	 meas con non conC C C∆ -= ± 	 (1)

Cmeas: is the resulting (measured) concentration. 
Ccon: is the conservative concentration that depends 

only on the mixing of different waters and neither on 
photosynthetic nor on geochemical activity (sedimen-
tary sedimentation).

ΔCnon-con: is the non-conservative component, con-
sisting of the “productive” component Cphyto and the 
“non-productive” component Csed.

Cphyto: is the concentration change resulting from 
the photosynthesis process or mineralization of organic 
matter — the “productive” component. 

Csed: is the concentration change resulting from an 
exchange with the underlying layers (precipitation of the 
substance in question or its entry from a lower layer) as a 
result of vertical mixing — “non-productive” component. 
Csed also includes the inflow resulting from advection.

	 non con phyto sedC C C∆ - = +
	

(2)

In order to calculate the primary production based 
on the consumption of an element, it is necessary to de-
termine the change in that element’s concentration at a 
point resulting from photosynthesis. To do this, it is nec-
essary to determine all the nutrient balance components. 

Calculation of the conservative component

The conservative concentration can be determined us-
ing the following equation:

	 con a a r r i iC f C f C f C= ´ + ´ + ´ ,	 (3)

	 1a r if f f+ + = 	 (4)

where: Ca  = average concentration of the element in 
question in “pure” Atlantic water; fa  = volume of the 
“pure” Atlantic water in the resulting water mass (%); 
Cr = average concentration of the element in “pure” river 
water; fr = volume of “pure” river water in (%); Ci = av-
erage concentration of the element in the “ice water”; 
i = an index indicating that ice is concerned; fi = volume 
of the sea ice formed corrected by water density, or the 
volume of meltwater in %; for simplicity, we will call this 
parameter “ice water”. 

Concentrations of the nutrient j (Caj, Crj, Cij) in the 
initial water masses are shown in Table 1.

Table 1. Values of the parameters examined (Сaj, Сrj, Сij) 
in the initial water masses (μg/l)

Water mass Р-РО4 N-NO3 Si-SiO3

Atlantic 23.4 114.2 135.3

River 26.2 80.6 3061

Ice 11.1 24.8 30.9

Atlantic water: For this water mass, average values of 
the parameters in question in the Atlantic waters entering 
the Barents Sea were taken, as determined for the layer of 
0–200 m, in February, in the area within 71.5–73.5° N and 
20–25° E. Values were selected from the general NODC 
database (Boyer et, al., 2018; 2019). The period of the year 
and the sample layer were chosen as to ensure maximum 
values of the elements’ average concentrations, such con-
centrations beginning to decrease in spring, with the pho-
tosynthesis becoming more intense.

River waters: for these waters, 10-year (2006–2015) 
averages of the respective annual average concentrations 
in the river basins of the White and Barents Seas were 
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taken, based on the yearbooks of surface water quality 
(Yearbook).

Ice: salinity and elements concentrations were based 
on the materials published in the book “The Seas of the 
USSR. The Barents Sea” (Terziev, 1991), such materials 
having been obtained as part of scientific research imple-
mented on the “Otto Schmidt” icebreaker in 1980s.

The technique for calculating fa, fr, and fi is ex-
plained below, in the hydrological block section.

Calculation of the non-conservative  
component values (ΔCnon–con)

The value of the “non-conservative” component is the 
difference between the measured and the conservative 
values. 

	
,non conj measj conjC C C∆ - = -
	

(5)

where j is the parameter considered (mineral phospho-
rus, silicon, nitrogen, or any other).

Then, if ΔCj < 0, the concentration of a particular 
nutrient is decreasing due to non-conservative factors 
(below, we will not use the non–con index).

Using equations 1–5, one can calculate total non-
conservative concentration, which is a sum of both 
production and non-production components. Since 
the primary production is determined in a volume of 
water occupying a unit area, the values obtained must 
be integrated from the surface to the horizon where the 
concentration measured is equal to the winter concen-
tration. As the lower limit of integration, let us take the 
maximum horizon where water saturation with dis-

Fig. 1. An example of the vertical distribution of nitrogen-nitrate concentrations in one of the regions of the Barents Sea. The red line represents 
summer distribution; the green line shows winter distribution; the blue line shows conservative concentration; the black line is the horizon 
where dissolved oxygen saturation in the water decreases in summer to less than 100 %. Left, Cmeas(winter) < Ccon, indicating an outflow of the 
element related to the non-productive component; right, Cmeas(winter) > Ccon, indicating an inflow of the element related to the non-productive 
component.
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solved oxygen changes from values above 100 % to val-
ues below 100 % in the course of the year. In this case, 
the integration limit should not exceed the maximum 
horizon where such change is observed, otherwise the 
values obtained will be underestimated. But, in order 
to avoid the influence of other processes, it is recom-
mended to use a lower limit of integration that is close 
to the point indicated above. For each calculated point, 
the position of the horizon (h) where the value of water 
saturation with dissolved oxygen would cross the level of 
100 % was determined. In different parts of the sea, this 
position varied from 40 m (or from the bottom layer) to 
100 m. 

For each month, the monthly average of Ccon and 
Cmeas integrated from the surface to the selected horizon 
h was calculated. The dh values are shown above. 

	 0

h
n n
m measQ C dh= ò  and 

0
 n n

c conQ C dh= ò
	

(6)

The index n indicates the month (1, 2, … 12).
For each month, the non-conservative component 

nQ∆  was calculated as the difference between the val-
ues of the integrals n

mQ  and n
cQ .

	
n n n

c mQ Q Q∆ = - 	 (7)

This value reflects total “non-conservativeness”, i. e., 
the total change in the nutrient that is caused by the com-
bination of the processes of photosynthesis and organic 
matter mineralization (the productive component) and 
the processes of biogenic matter exchange, both verti-
cally and horizontally (the non-productive component). 
A positive value (+) indicates the total element consump-
tion; a negative value (–) indicates the total element in-
come. If the change in the nutrient in question depends 
only on the photosynthetic activity processes and the 
mineralization of the organic matter formed, then be-
fore the onset of photosynthesis this value will be equal 
to zero. If it is not equal to zero, this indicates an inflow 
or an outflow of the element caused by other processes, 
such as advection, exchange with underlying layers, etc. 
The minimum value of the nQ∆  for the year, which is 
seen before the onset of photosynthesis (in different ar-
eas of the sea, this is usually February or March), will be 
the value of the non-productive component.

	 ( )min n
sedQ Q∆ ∆=

	
(8)

In this paper, we will assume that this value is con-
stant throughout the year, but varies from region to 
region. If it is positive, then there is an outflow of the 
nutrient from the euphotic layer, and vice versa. In this 
case, the balance of the nutrient at the point can be ex-
pressed as: 

	
0n n n

c phyto sed mQ Q Q Q∆- - - =
	

(9)

The component that depends only on the photosyn-
thetic activity and on the mineralization of the formed or-
ganic matter is calculated for each month using formula (9).

	
n n n
phyto c m sedQ Q Q Q∆= - -

	
(10)

Formula (10) describes the change in the supply of 
a nutrient in the euphotic layer from month to month 
(n = 1, 2, 3 … 12). But, as was shown in some studies 
(Arzhanova and Zubarevich, 1995a; 1995b; 1997; Nes-
vetova, 2003), this value decreases due to the return of 
the element to the marine environment as a result of its 
regeneration. Then, taking into account the regeneration 
of the nutrient, equation (10) can be written as follows:

	 ( )n n n n
phyto c m r sedQ Q Q Q Q∆= - - - ,

	
(11)

where n
rQ  is the increase of the element reserve due to 

the element’s remineralization.
In the primary production estimates performed 

by Arzhanova N. V. for the Sea of Okhotsk, the value of 
silicon regeneration was taken to be 50 % of the amount 
already consumed by phytoplankton. In that study, the 
regeneration was estimated for each region separately. 
This was made by estimating the regeneration rates of 
the elements by the rate of their stock replenishment 
at such points of time when photosynthesis had either 
stopped or was extremely slow, and the replenishment 
of the nutrients stock from the underlying layers was 
hindered by the vertical water density gradient that had 
not yet been destroyed. As will be shown below, this usu-
ally happens in October or November. In formula (12) 

( )1n
phytoQ -  is the value based on which the element regen-

eration for the month n is determined.

	

( ) ( )
( )

1

1
,

n n
phyto phyto

n
phyto

QP Q
Kj

Q

-

-

é ù-ê úë û=

	

(12)

The coefficient Kj for the area in question is deter-
mined using the descending part of the curve (Fig.  2), 
where the decrease of n

phytoQ  from month n-1 to month 
n is the largest in the year. The regeneration coefficient 
is assumed to be constant in the area for the whole year, 
but the absolute value of regeneration will change from 
month to month since it is defined based on the amount 
of the elements already consumed by that time. Of course, 
this value will depend on the water temperature and the 
species composition in the phytoplankton; but an exami-
nation of such dependencies and their application will be 
considered at the next stage of this method improvement. 

As a result, the final amount of nutrients consump-
tion by photosynthesis in the month n will be deter-
mined by the formula:

	 ( )1 *n n n n
phyto c m sed phytoQ Q Q Q Q Kj∆ -= - - +

	
(13)
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In Fig. 2, n can take values that correspond to the 
descending part of the graph (usually, n is 10 or 11). In 
this particular case, n = 11, November; then n – 1 is Oc-
tober. (Kj = (380–220)/380 = 0.42). 

Calculation of primary production

Today, the transition from the nutrients’ consump-
tion to primary production, i. e., to carbon consumption, 
in most cases is performed using the average stoichio-
metric Redfield — Richards ratios, namely, in the molar 
form, C : Si : N : P = 106 : 23 : 16 : 1 (Redfield 1934; 1958; 
Richards, 1958). But applying these ratios to phyto-
plankton with various species compositions can lead to 
major errors. Thus, the ratios of the elements mentioned 
differ significantly across various dominant groups of 
the plankton. For example, the C  :  P ratio change in 
the phytoplankton differs by 37 % between diatom and 
peridinium plankton, C : N ratio change — by 24 %, and 
C : Si ratio change — by 15 times (Table 2). It is especial-
ly important to account for the C : Si ratio change varia-
tions, since, as was mentioned above, silicon production 
calculation reflects total production (NCPSi). 

Table 2. Relative chemical composition in phytoplankton 
systematic groups (Sverdrup, Johnson, and Fleming, 
1942 from Bordovsky and Ivanenkov, 1979)

Plankton C Si N Ph (phosphorus)

Diatom 100 93.0 18.2 2.7

Peridinium 100 6.6 13.8 1.7

In the present study, we attempted using individual 
stoichiometric ratios. Here, we assumed that all phy-
toplankton consisted of two systematic phytoplankton 

groups only, namely diatoms and dinoflagellates. This as-
sumption, too, introduced an error into the calculations. 
But according to the Biological Atlas of the Barents Sea 
(Melling and Moor, 1995), in an evaluation of the entire 
Barents Sea based on an analysis of 1000 samples, the av-
erage sum of the biomasses of these two phytoplankton 
groups was 94 %. That is, the biomass of other phyto-
plankton systematic groups comprises 6 % only. Accord-
ing to the results of some expeditionary field studies, 
the total biomass of these two groups in the Barents Sea 
comprised as much as 99 % (Pautova et al., 2019).

The observed measured (real) stoichiometric ratio 
of carbon to one of the nutrients will be equal to the ratio 
of the amount of carbon to the amount of silicon, nitro-
gen, or phosphorus (index J) involved in photosynthesis:

	

( )
( )
 

n
phyto C

J n
phyto J

Q
k

Q
=

	

(14)

The numerator is the amount of carbon involved in 
photosynthesis; the denominator is the amount of the 
nutrient J involved in photosynthesis.

Since we assume that all phytoplankton consists of 
two systematic groups, namely diatoms and peridini-
ums, we can calculate kJ using the data on the phyto-
plankton relative chemical composition according to 
H. Sverdrup (Bordovsky and Ivanenkov, 1979), as rep-
resented in Table 2.

	 d p jdk pk k+ = ,
	

(15)

where: d = relative contribution of carbon from the dia-
tom plankton biomass in the total primary production; 
p = relative contribution of carbon from the peridinium 

Fig. 2. An example of the final assessment of the element consumption annual cycle. The dotted line 
shows consumption without remineralization, the solid one shows consumption assessment taking 
remineralization into account (Eq. 12).
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plankton biomass in the total primary production; kd 
and kp = stoichiometric ratios of carbon to j-th nutrient 
in diatom and peridinium phytoplankton, respectively, 
calculated based on Table 2.

Since we assume that there are only 2  systematic 
groups of phytoplankton:

	 d + p =1	 (16)

kJ: are stoichiometric ratios calculated based on nutri-
ents consumption in photosynthesis. Index j is Si, N, or 
Ph (phosphorus). In this study, we are using ratios of Si/
Ph and Si/N for further calculations.

	

( )
( )/  

n
phyto Si

Si Ph n
phyto Ph

Q
k

Q
=

	

(17)

Using equations 14–17, it is easy to calculate d and p. 

	
( )

/ Si Ph P

d p

k k
d

k k
-

=
-

	

(18)

In this case, kd and kp are the Si/Ph ratios in diatom 
and peridinium planktons, calculated based on Table 2. 
The value of /  Si Phk was calculated using formula  17. 
Equation (19) describes the calculation of the current, or 
individual stoichiometric ratio of carbon to an element 
after having calculated d and p.

	

( )
( )

n
phyto C

d p n
phyto J

Q
dk pk

Q
+ =

	

(19)

In the end, primary production is calculated using 
equation 19 with known values of d and p.

	
( ) ( ) ( )* n n

phyto phyto d pC j
Q Q dk pk= +  	 (20)

In equations 19–20, index C is carbon consumption 
(primary production). In this case, it corresponds to the 
(NCPSi) value, if calculation for silicon was performed 
(j=Si, kd and kp being stoichiometric ratios of carbon to 
silicon, calculated based on Table 2); or to (NCPN) value 
in case of a calculation for nitrogen (j  =  N, kd and kp 
being stoichiometric ratios of carbon to nitrogen calcu-
lated based on Table 2). 

Calculation technique for fa, fr, and fi  
(hydrological block)

To calculate the conservative concentration (Eq.  3), it 
is necessary to know the composition of the sample in 
question in terms of various water types (Atlantic, riv-
er, and ice waters). Data from the NODC (Boyer et al., 
2018) and NASA (Schmidt. Bigg, and Rohling, 1999) 
public databases were used in the present study.

Calculation of fa, fr, and fi is carried out based on salin-
ity and the isotopic parameter value, taking into account 
corrections that are due to the predominance of ice forma-
tion over ice melting (fi < 0). To estimate the relative vol-
umes of Atlantic, river, and ice waters, a three-component 
system of mixing equations was used in various studies 
(Bauch et al., 2003; Bauch, Schlosser, and Fairbanks, 1995; 
Bauch and Cherniavskaya, 2018; Dubinina, Kossova, Miro-
shnikov, and Fyaizullina, 2017; Dubinina, Miroshnikov, 
Kossova, and Shchuka, 2019; Melling and Moor, 1995; 
Namyatov and Semeryuk, 2019; Namyatov, 2021; Ostlund 
and Hut, 1984; Semeryuk and Namyatov, 2018; etc.):

	 fa Sa fr Sr fi Si Smeas´ + ´ + ´ = ,	

	 fa Ia fr Ir fi Ii Imeas´ + ´ + ´ = ,	 (21)

	 1fa fr fi+ + = ,	
where Sr is salinity of “pure” river waters, which is always 
zero (Sr = 0) (psu); Si is sea ice salinity (psu); Sa is salinity 
of “pure” Atlantic waters (psu); Ia is the value of the isotope 
parameter δ18O for “pure” Atlantic waters (‰); Ir — that for 
“pure” river waters (‰); Ii — for ice waters (‰); fa, fr, and 
fi are the portions of Atlantic, river, and ice waters, respec-
tively (%); Smeas is the resulting (measured) water salinity 
(psu); Imeas is the resulting (measured) value of the isotope 
parameter δ18O (‰). Such system of equations can only be 
used where the ice-melting process predominates (fi > 0) 
(Dubinina, Miroshnikov, Kossova, and Shchuka, 2019). If 
ice formation prevails (fi < 0), the equations system (21) is 
supplemented by two more equations (Namyatov, 2021):

	 faw = fa – k x|fi|/(1 + k)	 (22)

	 frw = fr – |fi| + k x |fi|/(1 + k)	

	 fa/fr = k	
(23)

The use of the equations system (21) in the case of 
ice formation predominance is not entirely legitimate, 
which was for the first time shown in a study by Du-
binina E. O. et al. (2019); but the paper proposed a cal-
culation technique for river waters only.

In this case, faw and frw reflect the portions of Atlan-
tic and river waters, respectively, in the subglacial water 
layer (Namyatov, 2021). fa and fr designate the content 
of Atlantic and river waters, respectively, calculated us-
ing the equations system (21). The final salinity and iso-
tope parameter values to be used in the calculations are 
shown in Table 3. 

Data

For both the hydrological and ecosystem blocks, data 
from the NODC oceanographic data bank and from 
WOA18 were used (Fig. 3), namely the data on salinity, 
phosphorus-phosphate, nitrogen-nitrate, and silicon. 
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In the atlas, the data are given as dataset grids, with 1° 
increment in both latitude and longitude, at standard 
horizons of 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 
65, 70, 75, 80, 85, 90, 95, 100, 125, 150, 175, 200, 225, 
250, 275, 300, and so on. In this study, we used aver-
age monthly values of the parameters above (Boyer et 
al., 2018).

In this study, data on δ18O and salinity from public 
databases were used. These data were collected between 
1972 and 2008 and published on the NASA (Schmidt, 
Bigg, and Rohling, 1999) and NODC (Boyer et al., 
2018) websites. The list of the data used was provided 
in (Namyatov, 2021). In addition, the results of research 
undertaken in 2014 were used. The error of δ18O mea-
surement was 0.03–0.07 ‰ in the studies conducted in 
1993–1995 and 0.1–0.2 ‰ in the studies conducted be-

fore 1989 (Bauch et al., 2011). Finally, the present study 
used data from the parallel determination of δ18O in the 
ice and in the under-ice water layer conducted as a part 
of an expedition aboard the R/V Dalnie Zelentsy in 2021 
in the Barents Sea. The contents of stable isotopes δ18O 
were determined using a Picarro L2130-i laser analyzer 
(manufactured in 2021) at the Resource Center “X-ray 
Diffraction Research Methods” of the St.  Petersburg 
State University Science Park. The standards used are 
USGS50 (δ18O = +4.95 %), USGS45 (δ18O = –2.238 %), 
USGS46 (δ18O  = –29.80 %). The measurement error 
was ±0.025 % for δ18O (Table 3). 

Since we are using data on nutrients and salinity at 
the grid points, we need to know the value of the isotope 
parameter corresponding to each salinity value; but such 
data are unavailable. Many studies have shown that the 

Table 3. End-Member Values Used in Mass Balance Calculations

Ia (‰) Ir (‰) Ii (‰) Sa (psu) 3Si (psu)

0.3543 –14.234 5Values on he surface + 1.96 ‰ 35.1351 5.862

1. Defined by the author based on NODC (Boyer & 2018 & 2018) data for the Barents Sea waters as the median value for 10–17E, 71–75N square 
in the 150–250 m layer, in February;
2. Calculated based on the ice salinity definition 288 provided in the book “The Seas of the USSR. The Barents Sea” (Terziev, 1991);
3. Defined by the author based on the database (Schlitzer, 2021) data for this square (see p. 1);
4. Weighted average for the Kola, Severnaya Dvina, Pechora, and Pinega rivers, taking annual runoff into account, based on the data from co-
author Tokarev I. V.;
5. Determined by the authors using joined determination of δ18O in the sea water under ice and in the ice in the Barents Sea (1.81 ± 0.34 in 
6 samples (see additional information), and combined with the data from Melling and R. M. Moore (Melling and Moor, 1995) (2.09 ± 0.38 in 
7 samples) for the Beaufort Sea.

Fig. 3. Grid nodes positions in the WOA18 oceanographic atlas (Boyer et al., 2018).
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dependency between salinity and δ18O is characterized 
by a correlation factor close to 1. The generalized depen-
dency obtained from the results of 2182 measurements 
at 319 stations in the Barents Sea, based on the results of 
studies conducted by various groups of authors, is pre-
sented in (Namyatov, 2021) (Fig. 4).

In this case, the correlation factor is close to  1 
(R2 = 0.91). Since this graph represents all the data, re-
gardless of the season and sampling horizon, we assume 
that the resulting relationship equation is applicable to all 
salinities, regardless of whether the δ18O value was mea-
sured along with the salinity or not. This hypothesis was 
tested by dividing the series randomly into two subseries, 
with 1100 values each. The equation of the relationship 
between salinity and δ18O was calculated based on the 
data from the first series. Then, applying this equation to 
the second series, δ18O values were calculated based on 
the salinity values. Further, the calculated and measured 
values of δ18O were compared with each other. The sig-
nificance of linear regression between the measured and 
calculated δ18O values was tested using Fisher’s f-test. Stu-
dent’s t-test was used to check the equality of the mean 
values in the two samples. For both tests, the significance 
level was less than 0.05. Therefore, our assumption is val-
id, and it is possible to calculate the δ18O value for each 
salinity value even outside of the area of these parameters’ 
mutual determination. In this study, the values of the δ18O 
isotopic parameter for each salinity value were calculated 
using the equation presented in Fig. 4. 

All data were collected and integrals (Eq.  6) cal-
culated using the Ocean Data View software package 
(Schlitzer, 2021).

Statistical processing, including the calculation of 
linear trends, testing the significance of linear regression 
(Fisher’s F-test), and checking the equality of the means 
in two samples (Student’s t-test), were carried out using 
the EXCEL software package.

In total, for this area, the calculations were per-
formed for values at ~285 grid points (Fig. 3). All cal-
culations for the equations 1–7, including equations 
21–23, as well as the regression equation in Fig. 4, were 
carried out for each month at each calculated point and 
at each horizon (as presented above, from 10 to 25 ho-
rizons). Further, the integration results obtained by for-
mulas 6 and 7 were averaged for regions of 10° in longi-
tude (starting from 0° E) and 2° in latitude (from 68° N). 
About 20 grid nodes were located in each square. There 
were 15 squares in total. Further calculations were car-
ried out for each square.

Results and discussion

Verification of the obtained results

An evaluation of primary production in the waters sur-
rounding the Svalbard archipelago was demonstrated in 
Reigstad et al., 2011. In that study, primary production 
was calculated based on two models: a hydrodynamics 

Fig. 4. The equation of the relationship between salinity (psu) and δ18O (‰) for the Barents Sea.
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Fig.  5. Location of cluster boundaries 
(black lines); general diagram of Atlantic 
water influx (solid red lines); recurrent 
Atlantic water influx (red dashed lines); 
cold waters of the Arctic Ocean influx 
(blue lines) (Moiseev, Zaporozhtsev, Maxi-
movskaya, and Dukno, 2019); provinces 
names and acronyms are used according 
to (Reigstad et al., 2011).
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and an ecosystem one. The hydrodynamics model is a 
large-scale one, with horizontal mesh points located at 
20 km from each other, and with a nested model resolu-
tion of 4 km. “The ecosystem module includes nitrate, 
ammonium, silicate, diatoms, flagellates, microzoo-
plankton, bacteria, heterotrophic nanoflagellates, fast 
sinking detritus, slow sinking detritus and two meso-
zooplankton groups Calanus finmarchicus and Calanus 
glacialis”.

One cannot expect the results of the present study 
to be totally consistent with those of the study described 
above because of the differences in horizontal resolu-
tion, time interval of the input data, etc. Still, some gen-
eral patterns should be visible. In the abovementioned 
study, the authors distinguished between 7 provinces in 
the water area around the Svalbard archipelago, accord-
ing to PP values in these provinces. In this case, for the 
purposes of verification, one should compare province 
boundaries location and average PP values in each prov-
ince (Table 4, Fig. 5).

For the purposes of verification, the results were 
subjected to cluster analysis based on classification by 
Ward’s method and Euclidian distances (Ward, 1963). 
All the input data were rated. The input data comprised 
temperature, salinity, fi, NCPSi and NCPN.

Although our calculations were characterised by a 
much lower horizontal resolution, we were able to reveal 
4 clusters. According to our analysis results, H-E and SN 
provinces were combined to form a single cluster. But, 
as these provinces are separated by the Svalbard archi-

pelago and located far from each other, we will consider 
them as two separate clusters. The boundaries of the 
4 clusters revealed by us practically comprised the wa-
ters of the 7 provinces described in the article above. We 
revealed an additional province, namely the Cold waters 
of the Arctic Ocean (Table 4, Fig. 5).

As concerns the average PP values across the whole 
water area examined, the results were rather consistent. 
Another common pattern was present in both cases, 
namely that the highest PP values were observed in the 
waters that were comprised mostly of Atlantic water, 
while the lowest ones were observed in the water’s in-
coming from the Arctic Ocean.

The PP values were consistent between the two stud-
ies in the regions where the water consisted mostly of in-
coming Atlantic water, namely SS, WSC, FSE, SVBF, and 
SVB (Table 4). In the regions that featured more mixing 
of Atlantic and Arctic Ocean water (provinces SN and 
H–E), the PP values in our study were around 2 times 
higher than in Reigstad et al. (2011). The minimum PP 
values (~20 gCm–2) were observed in the waters incom-
ing from the Arctic Ocean.

This allows to conclude that the PP evaluation 
technique shown in the present study, while providing 
results comparable to those of other evaluation tech-
niques, possesses some advantages.

Discussion

The PP values (NCPSi, NCPN, and NCPP) obtained 
using this technique were the ultimate result of inter-
mediate parameters evaluation and analysis. Analysing 
the intermediate parameters allowed to conceive the 
mechanisms or interactions existing in a system that can 
be divided into a hydrological, a hydrochemical, and a 
hydrobiological blocks. The hydrological block concerns 
water composition in terms of Atlantic, river, and ice 
water masses (fa, fr, and fi, respectively). 

The intermediate parameters of the hydrochemical 
block were the measured nutrient reserve (Qm), con-
servative reserve (Qc), nutrient inflow/outflow in the 
euphotic layer (Qsed), nutrient remineralisation coeffi-
cient (KJ). Using these parameters allowed to obtain true 
stoichiometric ratios C  : Si  : N  : P. It also provided for 
a possibility to calculate relative nutrients reserves/con-
sumption RP, RN, and RSi, that is relative consumption 
of phosphorus, nitrogen, and silicon (%), respectively, 
similarly to water saturation with dissolved oxygen.

The intermediate parameters of the hydrobiologi-
cal block were relative biomasses (in terms of carbon) 
of diatom (d) and peridinium (p) planktons; later, these 
are to be corrected and complemented with total relative 
biomass of the remaining phytoplankton.

An analysis of the hydrochemical regime that 
would consider all the parameters above is a separate 

Table 4. Average values of primary production (NCPSi) 
and standard deviations in the regions of the Svalbard 
(gCm–2)

Reigstad et al., 2011 * Present study

Region** Average ±
sd

Average ±
sd max Cluster 

name

Svalbard waters province 100 ± 7 91 ± 33 138 SW

Western Svalbard Shelf 
(SS)

106 ± 8

90 ± 8 100 AW1West Spitsbergen Current 
(WSC)

134 ± 8

Fram Strait East (FSE) 108 ± 6

Svalbard Bank Frontal 
System (SVBF)

112 ± 8

131 ± 9 138 AW2

Svalbard Bank (SVB) 113 ± 10

Svalbard North (SN) 54 ± 10 90 ± 4 96 SN

Hindlopen Strait (H-E) 67 ± 12 108 ± 9 114 HE

Cold waters of the Arctic 
Ocean (СWAO) no 19 ± 1.4 20 CWAO

N o t e s: * — primary production accumulated during August and Sep-
tember; ** — provinces names and acronyms are used according to 
(Reigstad et al., 2011).
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task which could be described in an additional paper or 
papers.

The results obtained using the present technique al-
lowed for a new view on the analysis of the hydrochemi-
cal and, to some extent, hydrobiological (phytoplank-
ton) regimes of marine ecosystems. Values of some of 
the intermediate parameters above are shown in Table 5. 

By now, a lot of data on salinity and nutrient con-
centration values have been accumulated; this allows the 
present technique to be used to assess the characteristics 
of PP values variations in the water area examined. As 
concerns the waters surrounding the Svalbard archipel-
ago, the distribution of PP values in this area is shown 
in Fig. 5.

It is possible to divide the waters of this area into 
three groups by their origin: Atlantic waters (AW1 and 
AW2), cold waters of the Arctic Ocean (CWAO area), 
and mixed waters (areas HE and SN). Atlantic waters are 
comprised of the Fram Strait and the West Spitsbergen 
Current waters (cluster AW1)  and South Spitsbergen 
Current waters (cluster AW2).

The main hydrological forces influencing the de-
velopment of phytoplankton community in this region 
are the warm waters of the South Spitsbergen Current, 
as well as the existence of a temporary ice edge. In the 
waters of this area, the highest PP values were observed. 
The lowest, near-zero values were observed in Febru-
ary (Fig.  6). At the same time, as compared to Febru-
ary, higher primary production values of 37 gCm–2 were 
observed in January. This PP seemed to be the residual 
non-mineralised part of the PP left from the previous 
photosynthesis cycle. Based on the nutrient concentra-
tion changes, the photosynthesis onset in this region 
may be registered in March. Average primary produc-
tion (NCPSi) values in the region are 12 gCm–2. At this 
time, photosynthesis is driven by nutrients reserves 
established during winter. The NCPSi to NCPN ratio of 
1.36  is not very large. In spring, the pelagic zone con-
tains a group of species that is present during this season 

only: Chaetoceros socialis, Fragilariopsis oceanica, Na-
vicula pelagica, N. vanhoeffenii, Nitzschia frigida, Thalas-
siosira hyalina, Porosira glacialis, Phaeocystis pouchetii. 
These are typical species of the early-spring stage of the 
phytoplankton succession cycle in the Barents Sea (Ma-
karevich, Druzhlova, 2010). In spring, diatoms comprise 
about 90 % of total biomass, but in some years Phaeocys-
tis pouchetii (class Prymnesiophyceae) can reach a high 
rate during its bloom peak, up to 95 % of the total plant 
community biomass.

The highest accumulated primary production was 
observed from August to October. In this period, average 
water temperature across the euphotic layer is 3.32 °C, 
while average total primary production is 131 ± 9 gCm–2.  
Nitrogen recycling rates in these months are the high-
est, which is marked by an increase of NCPSi to NCPN 
ratio up to 2.45. Across the whole area of this province, 
located to the south of the archipelago, an algocenosis of 
a uniform taxonomic composition has developed, with 
a core comprised of species with an all-year vegetation 
period (Makarevich and Oleinik, 2017). The structure of 
the pelagic algal flora in the region in terms of species-
level taxons is dominated by diatoms (around 55 %) and 
dinoflagellates (around 40 %). The remaining nutrients 
reserves do not serve as a limiting factor for photosyn-
thesis, comprising 60 % in case of phosphorus, 40 % 
for silicon and 30 % for nitrogen (Table 5). The relative 
biomass of peridinea in these waters, calculated based 
on nutrients consumption, at the time when photosyn-
thesis reaches its highest rates was 0.73 ± 0.13. There-
fore, calculated relative biomasses of diatoms are within 
20–40 %. 

Later, in November, the photosynthetic activity de-
creases and drops dramatically (NCPSi) to 58 ± 25 gCm–2,  
while NCPSi to NCPN ratio decreases to 1.87. Minerali-
sation processes flow at a slow rate, and residual primary 
production in December is 40  ±  15  gCm–2. NCPSi to 
NCPN ratio is 1.80  in December and as low as 1.27  in 
January. By February, PP drops to zero, which, obvious-

Table 5. Values of some of the intermediate parameters used in PP calculation (August — September)

Province 1C : SI : N : P
2RP 
(%)

3RN 
(%)

4RSi 
(%)

5p 
(%)

NCPSi
gC m–2

NCPN
gC m–2

SW 52.0 : 17.7 : 8.3 : 1 48 ± 10 69 ± 13 73 ± 15 0.66 ± 0.25 91 ± 33 41 ± 13

AW1 54.8 : 9.4 : 7.3 : 1 45 ± 6 59 ± 11  60 ± 11 0.82 ± 0.12  90 ± 8 49 ± 8

AW2 53.3 : 12.3 : 7.8 : 1 40 ± 6 71 ± 10 60 ± 11 0.73 ± 0.13 131 ± 9 53 ± 7

SN 55.2 : 27.6 : 12.5 : 1 44 ± 11 61 ± 8 82 ± 8 0.81 ± 0.04  90 ± 4 40 ± 9

HE 46.5 : 16.0 : 9.3 : 1 56 ± 5 77 ± 4 88 ± 3 0.60 ± 0.03 108 ± 9 40 ± 7

CWAO 37.0 : 40.6 : 7.0 : 1 49 ± 5 64 ± 4 91 ± 2 0 19.0 ± 1.4 17.0 ± 0.6

N o t e s: 1 — stoichiometric ratio (typically, Redfield — Richards stoichiometric ratio is used, which is C : Si : N : P = 106 : 23 : 16 : 1 in molar form, 
or 41.1 : 20.9 : 7.2 : 1 in terms of mass); 2, 3, 4 — relative consumption of nutrients — phosphorus, nitrogen, and silicon, respectively; 5 — relative 
biomass of peridinium plankton (in terms of carbon).
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Fig. 6. Annual cycle of Primary 
Production change in terms of 
silicon, nitrogen, and phospho-
rus in every region
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ly, is not only due to the organic matter mineralisation 
in the surface layer, but also to a vertical exchange that 
happens after vertical density gradients have vanished.

In winter, peridinea algae start dominating in terms 
of biomass, but, being extremely low (compared to the 
total vegetation period), it causes no significant influ-
ence on the structure of total annual biomass of primary 
organic matter synthesised in the pelagic zone.

The waters of the Fram Strait surround the western 
and northern parts of the archipelago and are character-
ised by an inflow of warm Atlantic water brought by the 
West Spitsbergen Current. The West Spitsbergen Cur-
rent is a warm surface current going along the western 
shores of the Svalbard archipelago as a continuation of 
the Norwegian Current. It bears the warm Atlantic wa-
ters into the Arctic Basin, close to the shore of the West-
ern Spitsbergen Island. Its water temperature is 2–4 °C 
in summer and 1–3 °C in winter. Salinity is 34.9 ‰. 
The current velocity at the surface is 20–30  cm/s. To 
the north of the Western Spitsbergen Island the current 
submerges, forming the warm intermediate waters of 
the Arctic Ocean (Great Russian Encyclopaedia). An-
nual cycle of PP values is nearly the same as in the South 
Spitsbergen Current, except that the highest PP values 
are 30 % lower, namely 90 ± 8 gCm–2. NCPSi to NCPN ra-
tio is also somewhat lower during this time, 1.95, which 
points to a somewhat slower organic matter mineralisa-
tion, although average water temperature in the eupho-
tic layer is in fact 4.42 °C, that is 1 °C higher.

The West Spitsbergen Current causes advection of 
warm Atlantic water that plays an important role in the 
colonisation of Arctic surface waters by phytoplankton 
cells; this fact and the absence of an ice edge shape the 
structure of pelagic algocenosis in this province (the wa-
ters of the Fram Strait) in terms of taxonomy. In the wa-
ters of this region, the peridinea algae reach the highest 
diversity in terms of species; their contribution to total 
microalgae biomass during summer, autumn, and spring 
is also the largest (above 60 %). The dominant group in-
cludes the following peridinea algae: Amphidinium fusi-
forme, Ceratium arcticum, Dinophysis acuminata, Gyro-
dinium fusiforme, Gyrodinium lacrima, Protoperidinium 
pellucidum, Katodinium glaucum; diatoms: Thalassiosira 
spp., Chaetoceros borealis, Nitzschia frigida; and crypto-
phytes: Plagioselmis sp., Teleaulax acuta. Relative bio-
mass of peridinea in these waters, calculated based on 
the nutrients consumption when the photosynthesis rate 
is the highest, is 0.82  ±  0.12. The remaining nutrients 
reserves in these waters do not serve as a limiting fac-
tor for photosynthesis, comprising 55 % for phosphorus, 
40 % for silicon, and 40 % for nitrogen (Table 5). Relative 
contribution of peridinea, being very high in these wa-
ters, allows to compare calculated stoichiometric ratios 
of nutrients consumption with the data on their share 
in the peridinium plankton. According to Table  2, the 

stoichiometric mass ratio for peridinium plankton is 
100  :  6.6  :  13.8  :  1.7. In the water area discussed, this 
ratio, calculated based on the nutrients consumption, is 
100 : 17.2 : 13.3 : 1.8. This resulting ratio is rather close 
to that from the table, but the proportion of silicon is 
2.6 times higher. The reason might be that Peridinea do 
not constitute 100 % of the plankton, diatom algae com-
prising an average of 18 %.

CWAO province is adjacent to the north-eastern part 
of the archipelago and expands further into the sea to the 
north-east. Most of the year, this province is either cov-
ered with ice or is featured by seasonal ice drift, which 
definitely impacts the structure and production of its pe-
lagic algocenosis. The annual cycle of PP variation almost 
copies that of the Atlantic waters, the only difference being 
that its maximum value of 19.3 ± 1.4 gCm–2 is 6.8 times 
lower than in the South Spitsbergen Current waters. 

The hydrochemical regime of the waters in this 
province is distinguished by a low rate of organic matter 
recycling. NCPSi to NCPN ratios from May to December 
vary within a range from 1.0 to 1.2. Figures in Table 5 
reflect this phenomenon, providing a good explanation 
thereof. Almost 100 % of the algocenosis is comprised of 
diatoms, whose silicon-rich skeletons and shells decay 
very slowly in the dead algae. Low water temperature 
of an average of 0.11 °C in the euphotic layer in August 
and September also supports this. As diatoms comprise 
nearly 100 % of the algocenosis (p = 0), silicon reserves 
are consumed faster, because C : Si mass ratio in these 
algae is 1.07, compared to 15.15  in peridinium plank-
ton (Table 2). Silicon being consumed almost fully (with 
a remainder of 8 %), phosphorus and nitrogen reserve 
rates are 50 and 35 %, respectively. Should the algoceno-
sis composition be different, for instance with a portion 
of dinoflagellates, nutrients would have been consumed 
more evenly, with a higher PP value. The results obtained 
were confirmed by immediate measuring of phytoplank-
ton parameters. Major primary producers of the pelagic 
zone in this area of the Barents Sea are the diatoms that 
create most of the production potential (being a major 
contribution to the integral biomass) within the whole 
vegetation period. Even though at some succession stag-
es peridinea may show a higher species diversity, dia-
tom algae almost always dominate in terms of number 
and biomass. The species that dominate this region are: 
Chaetoceros concavicornis, Chaetoceros diadema, Gyro-
dinium lachryma/fusiforme, Protoperidinium depressum. 

The results above are unique in that they allow to ob-
tain “true” stoichiometric ratios for diatom phytoplank-
ton in the field. This allows both to verify the calculation 
technique and to compare the data on nutrients content 
in the phytoplankton with those obtained by H. Sverdrup 
as early as in 1942. While Table 2 shows a C : Si : N : P 
ratio of 100 : 93 : 18.2 : 2.7 in diatoms, according to the 
data obtained, this ratio is 100  : 109.7  : 18.9  : 2.7. The 



BIOLOGICAL COMMUNICATIONS, vol. 68, issue 1, January–March, 2023 | https://doi.org/10.21638/spbu03.2023.104	 45

EC
O

LO
G

Y

ratios are rather close to each other. Nevertheless, calcu-
lated silicon consumption is still somewhat higher than 
that in the Table, namely 1.17 times higher.

As was mentioned above, based on the cluster analysis, 
the waters of the НE and SN provinces were combined into 
one cluster, although the provinces are located at a rather 
long distance. This points to the fact that these waters share 
the way their features had developed, driven by the incom-
ing Atlantic waters and cold Arctic Ocean waters. These 
waters bear the characteristics of both types of water.

Average NCPSi in the НE province at the highest rate 
of photosynthesis was 108  ±  9  gCm–2, while in the SN 
province it was 90 ± 4 gCm–2 (in August — September). In 
the water area of the HE province, where South Spitsber-
gen Current waters interact with cold Arctic Ocean waters, 
diatoms contribute 40 % of the total phytoplankton bio-
mass (by carbon), while relative silicon consumption at a 
rate of 88 ± 3 % is rather high. In the water area of the SN 
province, where West Spitsbergen Current waters inter-
act with cold Arctic Ocean waters, diatoms contribution 
to the total phytoplankton biomass (by carbon) is 2 times 
lower, namely 20 %, relative silicon consumption being 
somewhat lower — 82 ± 8 %. In the HE province, where 
PP is higher, relative nutrients consumption is somewhat 
higher, too, at 56 ± 5, 77 ± 4, 88 ± 3 for P, N, and Si, respec-
tively; in the SN province the respective values are 44 ± 11, 
61 ± 8, and 82 ± 8 %. That is, in this case the following 
pattern was confirmed: introducing peridinium plankton 
into the cold Arctic Ocean waters, where algocenosis is 
comprised of diatoms only, leads to higher PP values.

During the photosynthesis peak, NCPSi : NCPN ra-
tio in the HE province was the highest among the waters 
surrounding the Svalbard archipelago, namely 2.9–3.1 
(average temperature in the euphotic layer being as low 
as 0.90 °C), while in the waters located to the north of 
the archipelago (SN province) this ratio varied within 
the range of 2.2–2.4 (at an average water temperature of 
2.53 °C). These data show that mineral nutrients supply 
rate in the euphotic layer does not necessarily correlate 
with the water temperature.

Conclusions

A new approach has been developed and demonstrated to 
assessing a part of total biological production in marine 
ecosystems, that is primary production. The approach 
combines an estimate of relative volumes of basic water 
masses using salinity and δ18O stable isotope with a pri-
mary production estimate based on the volumes of these 
water masses and nutrients (P, N, and Si) concentrations 
therein. The technique allows for a primary production 
estimate based on the nutrients consumption. By using a 
combination of δ18О isotope parameter (with an inten-
tion to add δD in the future), salinity, and nutrients com-
position, the present methodology allows to consider the 

domain of the marine ecosystem that comprises its hydro-
logical, hydrochemical, and hydrobiological (phytoplank-
ton) processes as a single system of their interrelations.

Within this methodology, the primary production 
values themselves are an ultimate result of evaluating 
and analysing a set of intermediate parameters, each pa-
rameter belonging either to the hydrology, hydrochem-
istry, or hydrobiology block.

The hydrology block covers water composition in 
terms of basic water masses, that is, Atlantic, river, and ice 
waters. Hydrochemistry block concerns measured nutri-
ent reserves, conservative reserve, nutrient inflow/outflow 
in the euphotic layer, nutrient remineralization coefficient. 
Using these parameters allows to obtain true stoichiomet-
ric ratios of C : Si : N : P for each sample examined. It also 
allows to calculate relative reserve/consumption of the nu-
trient, similarly to water saturation with dissolved oxygen, 
which in itself provides for new opportunities for analys-
ing the hydrochemical regime of a marine water area. In 
the hydrobiology block, relative biomasses (in terms of 
carbon) of diatoms and peridinium planktons were used 
as intermediate parameters, to be supplemented later by 
total relative biomass of the remaining phytoplankton.

The technique was validated in the waters sur-
rounding the Svalbard archipelago. The primary pro-
duction values obtained were compared to model cal-
culation data published by other authors; not only has 
this verification shown that the results are consistent, 
but also that the technique described possesses several 
advantages. Also, PP values in the Atlantic waters of the 
West and South Spitsbergen Currents were obtained at a 
period when photosynthesis rate was the highest; these 
PP values were 90 ± 8 and 131 ± 9 gCm–2. In these wa-
ters, the remaining nutrients reserves do not serve as a 
limiting factor for photosynthesis development.

In the cold waters incoming from the Arctic Ocean, 
primary production values were several times lower, 
namely 19.0 ± 1.4 gCm–2. It was also shown that in these 
waters diatoms comprised nearly 100 % of the algoceno-
sis, and silicon was a limiting factor of photosynthesis. 
This is a unique situation that allows to obtain a “pure” 
C : Si : N : P ratio. While according to Sverdrup this ratio 
(in terms of mass) in diatoms was 100 : 93 : 18.2 : 2.7, the 
data obtained led to a ratio of 100 : 109.7 : 18.9 : 2.7. The 
ratios are rather close to each other. Nevertheless, calcu-
lated silicon consumption is still somewhat higher than 
that in the Table, namely 1.17 times higher.
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Appendix

Fractionation of δ18O and δD during freezing of seawater under natural conditions.  
Data were acquired in the Barents Sea in the research vessel “Dalnie Zelency” in March 2021.

Stations Water salinity, 
psu

Water (‰) Ice (‰) Fractionation (‰)

δ18O δ18O Change in δ18O

47 34.077 0.087 1.790 1.703

43 34.199 –0.059 1.410 1.469

51 34.711 0.066 2.460 2.394

61 34.659 0.072 2.000 1.928

39 33.874 –0.220 1.650 1.870

57 34.691 –0.050 1.440 1.490

Average value 1.809

Standard deviation 0.343


