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INTRODUCTION

The conditions of functioning of marine ecosystems
in subtropical and tropical latitudes show no significant
seasonal differences in the principal physical parame-
ters of the marine environment (water temperature and
light inteasity) in the surface layer. Here, the activity of
marine microorganisms during the year is permanently
high and depends on the conditions of the supply of
nutrients from the deep layers to the surface and on the
rates of the turnover (recycling) of nutrients in the
marine environment. The near-shore areas of the
regions cited are characterized by quasi-stationary
water upwellings, which define the vertical inhomoge-
neity in the distribution of the biomasses of microor-
ganisms and nutrient concentrations and form particu-
lar conditions for the recycling of nutrients and organic
matter in the marine environment [1, 11].

The objective of this study was to quantitatively
estimate the process of consumption and transforma-
tion of the matter by microorganisms of the lower
trophic chain (bacteria, phyto- and zooplankton) in the
course of the nutrient recycling and to understand how
they integrate this matter into their biomass and how
this biomass depends on the environmental parameters.
This problem may be solved if one applies ecological
models that are capable of reliably reproducing the

mutual interactions between the microorganisms of the
lower trophic levels and accounting for the influence of
the environment conditions of their dwelling on their
development. Nutrients (compounds of elements such
as C, N, P, and Si) serve as the food base for hydro-
bionts, who include them into the composition of their
cellular structure.

In this study, special attention was paid to the esti-
mation of the biological productivity of the marine
environment using the modeling results. As a rule,
when studying marine ecosystems, the greatest atten-
tion is focused on the formation of the primary produc-
tion defined by the phytoplankton activity. It is subdi-
vided into “new” production that is formed by phy-
toplankton from the allochtonous part of the nutrients
supplied from external sources and the “regenerated”
production formed in the course of the recycling of
nutrients in the surface layer. The principal substrates
for the “new” production are the nitrogen of nitrates
(NO

 

3

 

), dissolved gaseous nitrogen (N

 

2

 

), and dissolved
inorganic phosphorus (DIP), while those for the “regen-
erated” production are ammonium nitrogen (NH

 

4

 

) and
dissolved forms of organic nitrogen (DON) and phos-
phorus (DOP) [13].

Nutrient recycling in the euphotic zone is defined by
the particular features of the processes of its transfor-
mation, in which microorganisms of the lower trophic
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levels (bacteria and phyto- and zooplankton) take part.
The nutrient turnover proceeds in the surface layer at
least ten times before a part of it (in the form of partic-
ulate matter) is removed from the cycle by precipitation
processes [13]. The studies of the conditions of func-
tioning of marine ecosystems should concern not only
the issue of the formation of the primary production but
also the production of bacteria and zooplankton, since
a significant portion of the phytoplankton biomass is
transformed into the biomass of other links of the
trophic chain. In the tropical and subtropical regions,
the production cycles of microorganisms of lower
trophic levels develop continuously, which means that
the intensities of the oppositely directed processes that

determine the growth and elimination of the biomass of
microorganisms are approximately equal [4].

The biological productivity (BP) is one of the most
important characteristics of marine ecosystems. Meth-
ods for calculating the primary production rates are
developed on the basis of the changes in the measured
nutrient concentrations [9]. The essence of these meth-
ods lies in the fixation of the initial and final concentra-
tions of mineral components of P and N (or O

 

2

 

), and the
values of the daily production (or the biomass yield
over the season) are calculated accounting for the
assumed intervals of the variability in the concentra-
tions of the above substances. However, this approach
to the estimation of primary production is virtually
inapplicable for subtropical and tropical regions since,
in these areas, the nutrient content in the surface layer
of the ocean is close to analytical zero over the major
part of the year. Precisely this was the reason why the
numerous attempts to find the relation between the phy-
toplankton biomass and the nutrient contents in the sub-
tropical and tropical zones of the ocean failed [13]. An
account of the vertical nutrient transfer from deeper
layers to the euphotic layer allows one to characterize
the “new” production and does not account at all for the
continuous and multiple turnover (recycling) of nutri-
ents, which in low latitudes forms an additional (and
significant) “regeneration” production in the marine
environment. Only the existence of internal nutrient
fluxes due to recycling may help to explain this addi-
tional increment in the phytoplankton biomass at an
actually low total content of nutrients in the oceanic
environment.

In this study, in order to estimate the BP values for
microorganisms, we used the information about the
internal fluxes of organic and mineral nutrient com-
pounds that are involved into the turnover by microor-
ganisms, which were calculated with the model.

According to the FAO classification, the region con-
sidered is called the Central East Atlantic or the region
of the Canary Upwelling. Here, we assess a minor
water area in the near-shore zone of the region conven-
tionally referred to as the Moroccan Sahara (Fig. 1)
from 

 

28° 

 

to 

 

19°15

 

′ 

 

N east of 

 

20°

 

 W. The extension of the
shelf zone is 380 km at a width of 30–80 km; its area up
to the 200-m depth contour equals 65 th. km

 

2

 

 [14]. The
entire area studied is subdivided into four parts
(Table 1).

BRIEF CHARACTERISTICS OF THE CNPSi 
MODEL—AN INSTRUMENT FOR ANALYSIS 

OF OCEANOLOGICAL INFORMATION

The studies of the conditions of the transformation
and recycling of nutrients in the region off the Moroc-
can Sahara were performed with the use of the CNPSi
mathematical model, which describes the interrelated
biohydrochemical cycles of N, P, and Si and the trans-
formation of dissolved organic carbon (DOC) and 
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Fig. 1.

 

 Schematic map of the region of the studies.

 

Table 1.  

 

Morphometric characteristics of the areas distin-
guished off the coasts of the Moroccan Sahara

Region Latitude, N Volume, 
km

 

3

 

Area, km

 

2

 

Mean sea 
depth, m

1 19

 

°

 

15

 

′

 

–21

 

°

 

00

 

′

 

5.3 21.5 247

2 21

 

°

 

00

 

′

 

–24

 

°

 

36

 

′

 

13.2 44.3 298

3 24

 

°

 

36

 

′

 

–26

 

°

 

20

 

′

 

7.4 23.8 311

4 26

 

°

 

20

 

′

 

–28

 

°

 

00

 

′

 

6.1 20.6 296
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a two-layered marine ecosystem [6]. The CNPSi model
is capable of reproducing the differences that exist in
the distributions and concentrations of the chemical and
biological characteristics in different sea areas. It pro-
vides calculations of the concentrations of DOC; O

 

2

 

;
and N-, P- and Si-containing substances in the course of
their biotransformation in an aquatic medium with a
community of microorganisms (bacteria and phyto-
and zooplankton) and at the development of exchange
processes at the water–bottom and water–air interfaces.
In this case, we took no account for the matter transfer
across the boundaries of the area distinguished (shown
by the arrows in Fig. 1); it will be accounted for in
future calculations. Using the modeling results, we esti-
mated the intra-annual variations in the biomasses of
the above-listed microorganisms and in the concentra-
tions of dissolved inorganic forms of P (DIP), N
(ammonium NH

 

4

 

, nitrite NO

 

2

 

, and nitrate NO

 

3

 

), and Si
(DISi); in the organic forms of these elements (DOP,
DON, and DOSi, respectively); and in the detritus con-
tents in the units of P (PD), N (ND), and Si (SiD).

The model reproduces the spectrum of the processes
of biotransformation of organic matter and nutrients
characteristic of aquatic ecosystems and their turnover:
heterotrophic bacteria 

 

Ç

 

 assimilate organic compounds
of nutrients and form a stock of mineral substances in
the aquatic medium, three dominating groups of phy-
toplankton (

 

F

 

1

 

, 

 

F

 

2

 

, and 

 

F

 

3

 

) consume mineral sub-
stances and produce organic matter, and two groups of
zooplankton (phytophagous 

 

Z

 

1

 

 and predatory 

 

Z

 

2

 

) influ-
ence the development of the processes of biotransfor-
mation of the matter affecting the dynamics of the
microorganisms.

In order to maintain the matter balance, the biom-
asses of the microorganisms are presented in units of
organogenic elements (C, N, P, and Si). The biomass of
heterotrophic bacteria is calculated in units of C (

 

Ç

 

ë

 

),
N (

 

B

 

N

 

), P (

 

B

 

P

 

), and Si 

 

(

 

B

 

Si

 

)

 

; the values of 

 

F

 

1

 

 and 

 

Z

 

1

 

 are
presented in units of Si (

 

F

 

1

 

Si

 

 and 

 

Z

 

1

 

Si

 

), N (

 

F

 

1

 

N

 

 and 

 

Z

 

1

 

N

 

),
and P (

 

F

 

1

 

P

 

 and 

 

Z

 

1

 

P

 

)

 

; while those of

 

 

 

F

 

2

 

, 

 

F

 

3

 

, and 

 

Z

 

2

 

 are
given in units of N (

 

F

 

1

 

N

 

, 

 

F

 

2

 

N

 

, and 

 

Z

 

2

 

N

 

) and P (

 

F

 

1

 

P

 

, 

 

F

 

1

 

P

 

,
and 

 

Z

 

2

 

P

 

).

In the model, the marine ecosystem is represented
by two layers. In the upper layer, the dynamics of the
microorganism biomasses is limited by the nutrient
contents, while, in the lower layer, it is controlled by the
light conditions in the aquatic medium. Precisely these
factors are the most important for subtropical and trop-
ical regions of the ocean [13]. The boundary between
these layers is specified from the vertical distribution of
the water temperature.

For each of the areas distinguished (Fig. 1), the
CNPSi model estimates the instant transitional states in
the rates of changes and values of the concentrations of
substances depending on the impacts defined by the
environmental factors. The results of the modeling
allow one to recognize the particular features of the
dynamics of the biomasses and concentrations of

chemical substances with respect to the set of environ-
mental conditions and finally characterize the features
of the development of the processes of biotransforma-
tion of nutrients and organic matter in the marine eco-
systems considered using a rather complete set of cal-
culated characteristics (rates of individual processes,
internal and external matter fluxes, their balance, and
the internal biogenic load caused by the nutrient recy-
cling). Thus, the model allows one to answer the most
important questions of biooceanology: what biomasses
of microorganisms may be formed in the aquatic
medium at corresponding nutrient concentrations, what
are the specific rates of their growth, which environ-
mental factors mainly control them, and which micro-
organisms interact with each other and with the envi-
ronment.

Precisely the application of the CNPSi model,
which was tested when studying marine ecosystems [5,
7, 8], allows us to assess the particular features of the
nutrient dynamics and conditions of the development of
biological productivity with account for the nutrient
recycling and with no account for their supply owing to
the water transport and upwelling. The complete
description of the model equations is presented and dis-
cussed in [6]; in the general form, the model equations
are presented in the Appendix to this paper.

INPUT DATA FOR MODEL CALCULATIONS

In order to study the conditions of the recycling of
nutrients in the Atlantic region considered, we intro-
duced into the model the morphometric characteristics
and the monthly parameters of the conditions of the
environment (the temperature and transparency of the
water, the light inteasity of the sea surface, and the
photic period) for areas 1–4. In our study of the trans-
formation and turnover of nutrients, we took no account
for the parameters of the water exchange at the bound-
aries of the areas distinguished and for the nutrient con-
centrations in the ocean waters neighboring areas 1–4.
The temperature and transparency of the seawater were
estimated based on the scientific reports of various
expeditions of the Atlantic Scientific–Research Insti-
tute for Marine Fisheries and Oceanography held in this
region of the Atlantic during 1960–2000. The other
parameters were specified mainly from reference books
(for example, [2]).

Areas 1–4 differ in their morphometric parameters
(Table 1).

In Table 2, we present monthly values of the param-
eters of the condition of the marine environment for
areas 1–4. In individual months, the vertical position of
the thermocline ranged within 35.0–103.0 m. The
ranges of the surface water temperatures in areas 1–4
were 14.46–19.34, 15.04–19.34, 14.80–19.19, and
18.00–21.33

 

°

 

C, respectively; in the lower layer, the
corresponding ranges were 12.51–15.26, 13.84–16.37,
13.23–15.18, and 13.37–14.36

 

°

 

C. These data indicate
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Table 2   Mean annual values of the parameters of the marine environment over months for regions 1–4 off the coasts of the
Moroccan Sahara

Region Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Depth of the thermocline, m

1 84.9 91.0 44.3 89.4 89.4 89.4 49.5 35.0 44.5 54.0 65.0 74.0

2 103.0 50.5 90.7 76.5 61.5 45.8 51.4 49.6 61.0 71.0 82.0 92.5

3 60.8 49.6 49.5 64.7 27.0 67.1 57.2 75.3 72.0 69.0 67.5 64.0

4 34.0 34.4 36.5 38.0 39.5 42.2 41.6 39.0 37.4 36.5 35.5 35.0

Temperature, °C

1 

2

3

4

 ¨Light inteasity, cal/(cm2 day)

1 143.0 152.0 235.0 281.0 330.0 331.0 295.0 265.0 235.0 210.0 185.0 165.0

2 142.7 152.5 235.8 280.6 330.0 331.0 295.0 265.0 235.0 210.0 185.0 165.0

3 146.0 143.3 205.2 246.3 280.0 295.0 295.0 275.0 245.0 220.0 195.0 175.0

4 127.9 151.7 194.3 249.0 262.0 265.0 240.0 215.0 190.0 170.0 152.0 140.0

Photic period, dimensionless

1 0.463 0.466 0.501 0.544 0.550 0.565 0.561 0.552 0.535 0.515 0.490 0.470

2 0.463 0.466 0.509 0.544 0.550 0.584 0.562 0.552 0.535 0.515 0.490 0.470

3 0.459 0.459 0.500 0.544 0.568 0.576 0.566 0.556 0.532 0.505 0.485 0.459

4 0.464 0.467 0.500 0.538 0.570 0.583 0.572 0.563 0.535 0.510 0.490 0.465

Transparency, m

1 11.0 11.0 9.5 9.0 9.0 9.1 8.3 7.0 7.0 7.5 8.5 10.0

2 12.3 13.3 10.5 10.7 10.5 12.3 12.2 9.0 9.3 9.8 10.5 11.5

3 16.8 17.0 15.3 12.8 11.0 12.0 15.2 16.0 16.3 16.6 16.9 17.1

4 14.7 17.0 10.2 7.5 10.0 12.0 14.7 11.0 12.0 12.6 13.0 14.0

Atmospheric precipitation, km3 × 103

1 0.11 0.04 0.02 0.0 0.0 0.0 0.06 0.56 0.80 0.41 0.11 0.13

2 0.13 0.31 0.13 0.0 0.0 0.0 0.04 0.58 0.22 0.84 0.09 0.31

3 0.31 0.38 0.29 0.10 0.02 0.0 0.0 0.0 0.14 0.29 0.40 0.67

4 0.84 0.47 0.37 0.29 0.06 0.02 0.08 0.04 0.12 0.39 0.76 0.88

Note: Above are the temperature values for the upper layer and below are those for the lower layer.

17.64
14.32
------------- 14.46

14.30
------------- 17.54

14.84
------------- 16.97

12.51
------------- 18.20

13.34
------------- 19.34

14.18
------------- 18.31

14.27
------------- 18.18

15.26
------------- 18.02

15.02
------------- 17.93

14.80
------------- 17.80

14.65
------------- 17.75

14.45
-------------

16.55
13.84
------------- 15.04

15.51
------------- 17.90

14.21
------------- 16.82

14.30
------------- 18.05

15.00
------------- 19.28

15.77
------------- 19.34

16.37
------------- 19.11

15.77
------------- 18.30

15.30
------------- 18.07

14.95
------------- 17.55

14.60
------------- 17.03

14.20
-------------

17.18
15.18
------------- 14.80

13.23
------------- 18.76

14.11
------------- 16.81

14.07
------------- 16.45

14.06
------------- 18.97

14.65
------------- 19.19

14.14
------------- 18.95

14.67
------------- 18.60

14.70
------------- 18.25

14.83
------------- 17.90

14.95
------------- 17.53

15.05
-------------

18.95
13.93
------------- 18.32

13.80
------------- 18.20

13.70
------------- 18.13

13.55
------------- 18.05

13.43
------------- 18.00

13.37
------------- 19.49

13.99
------------- 20.42

14.17
------------- 21.33

14.36
------------- 20.74

14.29
------------- 20.13

14.17
------------- 19.55

14.05
-------------
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that the amplitudes of the variations in the mean
monthly surface water temperatures decrease in the
northward direction from 4.88 to 3.33°C and those in
the lower layer decrease from 2.75 to 0.99°C. The high-
est values of the surface water temperature in areas 1–4
fall in June, July, and September, respectively. In the
lower layer, the months with the maximal temperatures
are August, July, January, and September. The least
temperature values in areas 1 and 3 are observed in the
period from January to April and in area 4 in June. The
light inteasity was highest in June (265–331 cal/(cm2

day)) and the lowest in January (127.9–146 cal/(cm2

day)). For the model calculations, the initial concentra-
tions of individual nutrients were assumed to be equal
in all the areas.

The calculations should demonstrate to what extent
the differing factors of the marine environment in areas
1–4 (at the absence of replenishment of the nutrient
stock by the supply from adjacent regions and water
upwelling) influence the dynamics of the chemical and
biological components. The calculated nutrient concen-
trations and biomasses of microorganisms are deter-
mined by the conditions of the nutrient recycling, and
the particular features of their dynamics are character-
ized by the values of the times of the turnover of the
variables, the internal nutrient fluxes, and the parame-
ters of the productivity of the microorganisms. Note
that the calculated variations in the nutrient concentra-
tions and biomasses of hydrobionts are purely theoreti-
cal since they characterize the conditions at the absence
of the horizontal transport and water upwelling. There-
fore, the calculated nutrient concentrations cannot be
directly compared to those under the actual conditions
in the near-shore zone off the Moroccan Sahara, where
the horizontal transport and water upwelling are char-
acteristic and well-manifested phenomena. Therefore,
the calculated data may be used only for a theoretical
analysis of the influence of environmental factors and
nutrient recycling on the dynamics of chemical and bio-
logical variables.

RESULTS OF THE MODELING 
AND THEIR ANALYSIS

Calculations with the model allowed us to estimate
the theoretical interannual variations in the nutrient
concentrations in areas 1–4. In order to retain the pos-
sibility of functioning of the ecosystems in areas 1–4,
the nutrient losses in the upper layer that are caused by
the detritus sedimentation were replenished by a com-
pensational supply of mineral substances to the upper
layer. Under natural conditions, this nutrient supply is
provided by the processes of transfer (horizontal and
vertical, owing to the water upwelling) and by the nutri-
ent recycling. Figure 2 shows the changes in the con-
centrations of the forms of P (DIP, DOP, and PD) in the
areas considered throughout the year. In areas 2–4, one
can see a clear similarity in the variabilities of the DIP
concentrations: a sharp drop from 40 to 5–10 µg P/l at
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Fig. 2. Calculated intra-annual dynamics of the concentra-
tions of the forms of P (DIP, DOP, and PD) in areas 1–4.
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Fig. 3. Calculated intra-annual dynamics of the concentra-
tions of the forms of N (NH4, NO2, NO3, and ND) in
areas 1–4.

the beginning of the year and a gradual growth by the
end of the year up to 32–40 µg P/l. In area 1, there was
no such growth in the DIP concentrations by the end of
the year, and, at the end of December, it comprised only
12 µg P/l.

The DOP concentrations feature similar changes in
areas 1–4 throughout the year: from the beginning of
the year, an increase in the DOP concentrations from 32
to 40-45 µg P/l is noted and then they gradually
decrease down to 20–21 µg P/l (area 1) and 25–27 µg
P/l (areas 2–4); up to the end of the year, the DOP con-
centrations almost do not change while undergoing
insignificant fluctuations.

Over the greater part of the year, the PD contents in
areas 1–4 slightly change with small oscillations within
5–6 µg P/l (Fig. 2).

The calculated interannual dynamics of the mineral
forms of N (NH4, NO2, and NO3) and ND in areas 1–4
are shown in Fig. 3. In areas 1–3, a similarity in the
amplitudes and dynamics of the concentrations of the N
forms cited throughout the year are noted. Area 4 is
characterized by a significantly lower amplitude of the
variations in the N form concentrations.

In areas 1–3, the contents of the mineral forms of N
at the beginning of the year (the first 7–14 days)
decrease: the content of NO3 falls from 60 to 20–21 µg
N/l and that of NH4 decreases from 28 to 26 µg N/l. By
the end of February, the concentrations of NH4 and NO3
grow up to 40-42 µg N/l. By the middle of the year, a
decrease in the concentrations of NH4 and NO3 is
observed down to 15–17 and 5–7 µg N/l, respectively,
and, by the end of the year, they gradually grow up to
27–28 and 10–12 µg N/l, respectively. The annual
dynamics of the NO2 virtually follow the tendencies in
the NH4 changes, though the range of the concentration
changes is significantly smaller than that of NH4.

In area 4, a clearly expressed decrease in the con-
centrations of NO3 (from 60 to 12 µg N/l) and NH4
(from 28 to 21 µg N/l) is observed at the beginning of
the year. Later on, a certain growth in the concentration
of NH4 up to 25 µg N/l is noted, which is followed first
by a gentle decrease down to 17 µg N/l (by day 252)
and then by a rise in the concentrations of NH4 up to
20 µg N/l at the end of the year. The concentrations of
NO3 throughout the year vary within 5–12 µg N/l and,
by the end of the year, comprise 7 µg N/l. Over the
greater part of the year, the concentrations of NO2 vary
synchronously with those of NO3.

In areas 1–4, the content of ND almost similarly
change throughout the year: from the beginning of the
year, it somewhat decrease and then gradually grow up
to 19 µg N/l in area 1 and up to 20 µg N/l in areas 2–4
(Fig. 3).

The calculated annual dynamics of the biomasses of
the three groups of phytoplankton and of phytophagous
and predatory zooplankton in areas 1–4 are shown in
Fig. 4 in units of N. The seasonal dynamics of the phy-
toplankton biomasses feature individual particularities.
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In particular, in each area, one observes intermediate
peaks and lows in the phytoplankton biomasses; their
values and the times of their appearance also differ.
Meanwhile, on the whole, in areas 1–3, the annual
dynamics of the phytoplankton biomasses demonstrate
certain similar features, while, in area 4, they strongly
differ from those in other areas. The calculated dynam-
ics of the biomasses of the zooplankton show no signif-
icant seasonal differences in different areas (Fig. 4).

In order to characterize the characteristics of the
particular features of the processes of nutrient biotrans-
formation, we calculated the values of the turnover
periods for the phytoplankton biomasses F1N, F2N, and
F3N (   and , respectively) and those of
the mineral components of the nutrients in areas 1–4.

The changes in  throughout the year occur in
the ranges of 4.52–12.02, 4.55–12.21, 4.70–12.14, and
4.94–13.02 days in areas 1–4, respectively. The interan-
nual variations in  are stronger and comprise 4.78–
24.56, 5.67–23.67, 5.28–23.61, and 5.01–18.49 days in
areas 1–4, respectively, and those in  are even
higher being 5.34–28.92, 5.77–29.91, 5.23–28.88, and
4.14–20.88 days in areas 1–4, respectively. The varia-
tions in the turnover periods of the phytoplankton bio-
masses are mainly defined by the daily variability in the
light inteasity of the water surface, which, in low lati-
tudes, has the greatest effect on the phytoplankton
activity and its capability of performing the processes
of nutrient transformation. Another important factor is
the grazing out of phytoplankton biomasses by zoop-
lankton [13].

Since, in the latitudes under consideration, no tem-
perature influence on the phytoplankton activity is rec-
ognized (throughout the year, the temperature remains
high and varies within a narrow interval), the next sig-
nificant factor of the influence on the phytoplankton is
the concentrations of nutrients such as compounds of P,
N, and Si, whose calculated contents in the water sig-
nificantly change throughout the year (Figs. 2, 3). The
calculated values of the turnover periods τ for nutrients
characterize the rate of their turnover in the aquatic
medium; their values are listed in Table 3. Since the val-
ues of τ change throughout the year, in order to more
adequately represent this information, we subdivided
the entire year into four intervals (the beginning of the
year up to 72.8 days, 74.2–151.2, 152.6–259.0, and
260.4–365 days), for which the ranges of the τ variabil-
ity for individual nutrients in areas 1–4 are shown
(Table 3). Different nutrients differ in the values of τ
and the ranges of their variations throughout the year,
which is related to the different conditions of their
transformation and turnover depending of the condi-
tions of the marine environment.

The turnover of the components of detritus (ND and
PD) proceeds at the highest rate; correspondingly, the
values of their turnover periods τPD and τND, as well as
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Fig. 4. . Calculated intra-annual dynamics of the biomasses
of phytoplankton (F1N, F2N, and F3N) and zooplankton
(Z1N and Z2N) in areas 1–4.
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Table 3.  Ranges of the nutrient turnover time (τ, days) changes in areas 1–4 in selected periods of the year (modeling results)

Nutrient 
concentration

 Period of the year, 
days Area 1 Area 2 Area 3 Area 4

DIP, mg P/l 5.6–72.8 0.57–3.38 0.58–3.46 0.63–3.54 0.92–3.03
74.2–151.2 0.49–2.23 0.53–3.72 0.55–3.50 0.91–4.06

152.6–259.0 0.72–3.06 1.38–6.73 1.20–7.88 1.50–7.04
260.4–365.0 0.89–3.45 2.41–8.12 2.95–9.69 2.58–9.40

NH4, mg N/l 1.4–72.8 3.10–6.71 3.54–6.59 3.48–6.67 2.20–5.84
74.2–151.2 1.78–5.78 1.51–5.37 2.01–5.16 1.62–3.93

152.6–259.0 1.49–3.52 1.18–2.94 1.30–3.40 1.05–3.25
260.4–365.0 1.86–4.48 1.41–4.09 1.50–3.94 1.09–3.09

NO2, mg N/l 1.4–72.8 2.75–3.33 2.81–3.15 2.72–3.17 2.55–3.07
74.2–151.2 2.59–2.91 2.58–2.93 2.68–2.98 2.65–2.75

152.6–259.0 2.49–2.74 2.41–2.65 2.45–2.80 2.15–2.75
260.4–365.0 2.66–2.85 2.58–2.92 2.55–2.84 2.14–2.53

NO3, mg N/l 1.4–72.8 0.38–7.12 1.68–7.19 0.68–7.25 0.80–5.14
74.2–151.2 0.62–5.86 0.48–4.72 0.68–4.58 0.57–2.27

152.6–259.0 0.44–1.86 0.36–1.43 0.40–1.65 0.32–1.62
260.4–365.0 0.60–2.77 0.44–2.26 0.48–2.09 0.33–1.55

DISi, mg Si/l 2.8–72.8 26.16–159.7 26.06–149.5 26.35–145.7 28.67–150.3
74.2–151.2 64.63–169.7 62.78–160.2 62.53–153.2 67.54–163.5

152.6–259.0 75.08–170.9 73.00–164.8 70.96–163.2 75.72–175.7
260.4–365.0 67.06–165.9 64.34–161.2 66.64–159.7 83.59–177.0

DOC, mg C/l 1.4–72.8 2.47–18.32 2.42–18.36 2.33–18.32 2.10–18.14
74.2–151.2 3.74–10.52 3.85–11.79 3.67–12.71 3.46–10.67

152.6–259.0 10.55–18.19 11.83–21.15 12.81–23.34 10.72–20.88
260.4–365.0 17.62–27.14 20.53–32.08 22.67–33.24 20.34–29.71

DON, mg N/l 2.8–72.8 8.81–16.61 8.52–16.50 8.50–16.46 9.15–16.10
74.2–151.2 8.86–11.35 8.80–11.91 8.73–12.09 9.20–11.30

152.6–259.0 11.27–11.98 11.92–13.61 12.14–14.57 11.32–13.56
260.4–365.0 11.67–12.96 13.17–15.30 14.08–16.22 13.27–14.89

DOP, mg P/l 1.4–72.8 3.47–7.50 3.49–7.93 3.58–7.74 4.19–7.29
74.2–151.2 2.96–4.60 3.28–4.55 3.32–4.59 3.61–5.29

152.6–259.0 3.01–4.11 3.32–4.27 3.23–4.13 3.40–4.28
260.4–365.0 3.01–4.09 3.31–4.28 3.30–4.21 3.44–4.45

ND, mg N/l 1.4–72.8 0.62–0.84 0.65–0.88 0.66–0.87 0.64–0.85
74.2–151.2 0.62–0.79 0.64–0.82 0.65–0.83 0.65–0.81

152.6–259.0 0.61–0.79 0.64–0.82 0.65–0.82 0.65–0.81
260.4–365.0 0.63–0.80 0.66–0.84 0.67–0.84 0.66–0.83

PD, mg P/l 1.4–72.8 0.54–0.94 0.55–0.96 0.56–0.96 0.57–0.85
74.2–151.2 0.47–0.71 0.49–0.74 0.51–0.76 0.51–0.71

152.6–259.0 0.47–0.68 0.47–0.70 0.49–0.69 0.49–0.70
260.4–365.0 0.50–0.70 0.52–0.72 0.52–0.71 0.51–0.69

SiD, mg Si/l 1.4–72.8 3.14–12.62 3.23–12.57 3.18–12.49 2.88–9.35
74.2–151.2 7.69–11.84 7.87–11.80 8.30–11.63 7.03–9.40

152.6–259.0 6.63–9.86 6.27 –10.06 6.67–11.07 5.84–9.41
260.4–365.0 6.83–9.52 6.42–10.16 6.71–9.65 5.80–7.51
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the amplitudes, are the lowest. For areas 1–4, the total
range of the changes in the τND and τPD values com-
prises 0.61–0.88 and 0.47–0.96 days, respectively.

Meanwhile, the turnover of SiD proceeds slower
than that of ND and PD, and the values of the period of
the SiD turnover (τSiD) are comparable with those char-
acteristic of the organic components (DOC and DON).
In area 4, the turnover of SiD is implemented somewhat
faster than in the other areas studied. Throughout the
year, in all the areas, the rate of the SiD turnover is the
greatest in the period of 152.6–259.0 days.

In the initial period, the dynamics of the τ values for
the organic components in areas 1–4 are the same. Only
in the values of τ for the DOC, DON, and DOP are there
slight differences. From the beginning of the year, the
intensity of the organic component turnover grows,
and, on days 30–70, the highest rate of the organic com-
ponent turnover is reached characterized by the values
τDOC = 2.10–2.47 days, τDON = 8.50–9.15 days, and
τDOP = 3.47–4.19 days. In the subsequent periods, the
rates of the organic components turnover decrease and
the replenishment of their stock proceeds at the expense
of the processes of detritus decomposition and biologi-
cal production, which actively develop throughout the
year. From the beginning of the year, certain differ-
ences in the τ values for organic components in differ-
ent areas become noticeable. The faster and slower
organic component turnovers are observed in areas 1
and 3, respectively, while areas 2 and 4 are character-
ized by intermediate rate values. In the second half of
the year, the amplitudes of the changes in the τ values
for the organic components generally decrease; the
turnover of Ai DOP is the fastest (τDOP = 3.01–
4.45 days), while the turnover of DON and DOC pro-
ceeds somewhat slower (τDON = 11.27–16.22 days and
τDOC = 10.55–33.24 days) (Table 3).

The turnover of the DIP in all the areas is imple-
mented at elevated rates. It is especially intensive in the
period of 74.2–151.2 days: the values of τDIP for this
period vary in the range of 0.49–4.06 days in different
areas. In other periods, the rate of the DIP turnover is
somewhat lower and the amplitude of the τDIP changes
is greater. On the whole, the turnover of the DIP is best
implemented in area 1: here, throughout the year, τDIP
varies in the range of 0.49–3.45 days, while, in areas 2–4,
τDIP changes within 0.53–8.12, 0.55–9.09, and 0.91–
9.40 days, respectively.

The turnover of NH4 is more active in the period of
152.6–259 days; the values of  for this period in
areas 1–4 vary within 1.05–3.52 days. NH4 changes most
rapidly in this period in areas 2 (over 1.18–2.94 days) and
4 (over 1.05–3.25 days) (Table 3).

The turnover of NO2 in all the periods in areas 1–4
proceeds at an approximately similar rate; the total
range of the  changes comprises 2.14–3.33 days.
NO3 is characterized by somewhat lower turnover rates

τNH4

τNO2

and greater amplitudes of the  changes at the

beginning of the year (days 0–70): in areas 1–4, 
changed in the ranges of 0.38–7.17, 1.68–7.19, 0.68–
7.25, and 0.60–5.14 days, respectively. With the begin-
ning of the spring, the turnover of NO3 accelerates. It
proceeds most intensity in the period of 260.6–
365 days (the total amplitude of  in this period is
0.33–2.77 days). In area 4, the turnover of NO3 is gen-
erally faster than in other areas (Table 3).

Note that the calculated values of the turnover peri-
ods of NH4 and NO3 are close to the values estimated
for the Black Sea ecosystem: in the summer, when the
rates of the consumption of NH4 and NO3 by
microplankton are maximal, the turnover periods of the
fractions considered are 0.208 ± 0.125 and ~0.5 days,
respectively [3].

The total range of the changes in τDISi in areas 1–4
comprises 26.06–177.0 days. The highest amplitudes
of τDISi (26.06–159.7 days) fall in the initial period of
the year (0–70 days); later, the amplitude decreases and
the values of τDISi vary within the range of 62.53–
177.0 days. In area 3, the turnover of DISi proceeds
faster than in other areas (Table 3).

The organic and mineral components contained in
the aquatic medium form the matter basis for the forma-
tion of the BP of the community in the sea. For the
microorganisms assessed in the model (bacteria and
phyto- and zooplankton), the values of their BP were
calculated from the internal matter fluxes (in units of C,
Si, N, and P) estimated in the model calculations. Thus,
these calculations imply that the most important envi-
ronmental factors (the temperature, the light inteasity,
the concentrations of nutrients consumed by microor-
ganisms, and their delivery to the medium in the course
of the nutrient recycling) influence the principal pro-
cesses of the nutrient biotransformation and formation
of the biomass of microorganisms. The multiple
cycling of nutrients allows the microorganisms to
maintain their activity even under low nutrient concen-
trations. In this case, the role of the internal processes
of nutrient transformation is estimated from the calcu-
lated fluxes of nutrient transformation in the course of
the nutrient consumption by microorganisms, excretion
of the products of metabolism to the aquatic medium,
formation of detritus, and grazing out of bacteria and
phytoplankton by zooplankton (Table 4).

The calculations show that the consumption of N by
bacteria in the waters of the areas studied comprises
7.849–8.853 g N/(m3 year) (97.6–97.8% is consumed
in the form of DON, and 2.2–2.4% is consumed in the
form of ND). The bacterial consumption of P comprises
2.278–2.722 g P/(m3 year) (in the form of DOP and PD,
74.6–76.8 and 23.2–25.4%, respectively, is consumed).
The N : P ratio in the components consumed by bacteria
is (3.2–3.5) : 1.

τNO3

τNO3

τNO3
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Table 4.  Internal nutrient fluxes provided by the activity of microorganisms in areas 1–4 in the region of the Moroccan Sahara

Name of the flux, 
substance, units

 Areas 1–4 in the region 
of the Moroccan Sahara Name of the flux, 

substance, units

Areas 1–4 in the region 
of the Moroccan Sahara

1 2 3 4 1 2 3 4

Consumption of substances by heterotrophic bacteria B: SiD*, g Si/(m3/year) 7.071 7.318 7.425 6.612

DON, g N/(m3/year) 7.659 8.465 8.631 8.647 Consumption of substances by zooplankton Z1 and Z2:

ND, g N/(m3/year) 0.190 0.199 0.197 0.206 DOP, g P/(m3/year) 0.154 0.175 0.178 0.210

DOP, g P/(m3/year) 1.700 2.002 2.052 2.027 PD, g P/(m3/year) 0.249 0.272 0.277 0.299

PD, g P/(m3/year) 0.578 0.651 0.670 0.612 BP, g P/(m3/year) 0.072 0.081 0.087 0.092

DOC, g C/(m3/year) 17.965 19.216 19.690 19.532 FP, g P/(m3/year) 0.207 0.211 0.215 0.210

O2, g O2/(m3/year) 36.477 39.410 40.011 40.485 DON, g N/(m3/year) 0.249 0.284 0.295 0.275

Release of substances by heterotrophic bacteria B: ND, g N/(m3/year) 0.189 0.211 0.215 0.249

DON, g N/(m3/year) 1.538 1.698 1.731 1.736 BN, g N/(m3/year) 0.227 0.240 0.240 0.264

DOP, g P/(m3/year) 0.135 0.157 0.161 0.157 FN, g N/(m3/year) 0.243 0.247 0.254 0.294

DIP, g P/(m3/year) 1.216 1.416 1.452 1.408 Release of substances by zooplankton Z1 and Z2:

NH4, g N/(m3/year) 0.854 0.944 0.961 0.964 DON, g N/(m3/year) 0.080 0.086 0.088 0.091

UR, g N/(m3/year) 1.025 1.132 1.154 1.157 DOP, g P/(m3/year) 0.066 0.072 0.073 0.078

DISi, g Si/(m3/year) 6.197 6.720 6.826 6.909 NH4, g N/(m3/year) 0.076 0.083 0.084 0.086

Detritus formation B: DIP, g P/(m3/year) 0.116 0.125 0.127 0.130

PD, g P/(m3/year) 0.831 0.867 0.992 0.950 Detritus formation by Z1 and Z2:

ND, g N/(m3/year) 4.120 4.554 4.639 4.628 PD, g P/(m3/year) 0.488 0.528 0.538 0.587

SiD, g Si/(m3/year) 7.795 8.436 8.557 8.654 ND, g N/(m3/year) 0.747 0.809 0.824 0.896

Consumption of substances by phytoplankton F1, F2, and F: SiD**, g Si/(m3/year) 0.183 0.198 0.201 0.202

NH4, g N/(m3/year) 1.544 1.795 1.720 1.996 Individual processes:

NO3, g N/(m3/year) 2.753 2.695 2.777 2.576 Destruction of PD to 
DOP, g P/(m3/year)

1.746 1.958 1.990 2.008

DIP, g P/(m3/year) 1.892 2.081 2.114 2.075 Destruction of ND to 
DON, g N/(m3/year)

6.205 6.988 7.160 7.103

DOP, g P/(m3/year) 0.309 0.231 0.216 0.215 Sedimentation PD, 
g P/(m3/year)

0.530 0.491 0.477 0.479

DISi*, g Si/(m3/year) 6.478 6.733 6.833 6.058 Sedimentation ND, 
g N/(m3/year)

2.144 2.000 1.964 2.044

Release of substances by phytoplankton F1, F2, and F3: Sedimentation SiD, 
g Si/(m3/year)

2.183 1.923 1.887 1.619

DON, g N/(m3/year) 0.143 0.149 0.150 0.136 Oxidation UR to NH4, 
g N/(m3 year)

1.013 1.119 1.143 1.149

DOP, g P/(m3/year) 0.202 0.212 0.213 0.200 Oxidation NH4 to NO2, 
g N/(m3/year)

1.177 1.127 1.198 0.993

NH4, g N/(m3/year) 0.025 0.026 0.026 0.024 Oxidation NO2 to NO3, 
g N/(m3/year)

1.345 1.291 1.363 1.149

Detritus formation by F1, F2, and F3:
Expense of O2 
for oxidation of NH4, 
g O2/(m3/year))

4.025 3.855 4.097 3.395

PD, g P/(m3/year) 1.776 1.869 1.877 1.852 Expense of O2 
for oxidation of NO2, 
g O2/(m3/year)

1.533 1.472 1.554 1.310

ND, g N/(m3/year) 3.841 4.020 4.058 4.057

Notes: *  accounting only for F1;
**  accounting only for Z1.
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As a function of the year, the phytoplankton con-
sumes 4.315–4.605 g N/(m3 year) (in the form of NH4,
NO2, and NO3 35.8–43.3, 0.6–0.7, and 56.0–63.8%,
respectively). The phytoplankton consumption of P lies
within 2.201–2.330 g P/(m3 year); in so doing, the pro-
portions of DIP and DOP consumed by phytoplankton
are 86.0–90.7 and 9.3–14.0%, respectively. The N : P
ratio in the nutrients consumed by the phytoplankton
equals (1.9–2) : 1.

For the zooplankton, the composition of the sub-
strates consumed is rather diverse. The consumption of
N by zooplankton generally lies in the range of 0.908–
1.082 g N/(m3 year). 25.4–29.4% is consumed in the
form of DON; 25.2–27.2% and 24.9–25.0% (in units of N)
is consumed in the form of the biomasses of phy-
toplankton and bacteria, respectively; and 20.8–23.0%
is consumed in the form of ND.

The consumption of P by zooplankton lies in the
range of 0.682–0.811 g P/(m3 year); of it, 25.9–30.3%
is the consumption of the phytoplankton biomass (in
units of P), 36.5–36.9% is detritus, 22.6–25.9% is con-
sumed in the form of DOP, and 10.6–11.3% is the bio-
mass of bacteria (in units of P). The N : P ratio in the
substrates consumed by zooplankton comprises (1.3–
1.4) : 1 (Table 4).

The principal role in the nutrient consumption by
the community belongs to bacteria. They consume
7.659–8.647 and 0.190–0.206 g N/(m3 year) (or 96.7–
96.8 and 45.3–50.1%) in the form of DON and ND,
respectively, and 1.700–2.052 and 0.578–0.670 g P/(m3

year) (or 78.6–83.9 and 67.2–70.8%) in the form of
DOP and PD, respectively. The annual DON consumption
by zooplankton comprises 0.249–0.295 g N/(m3 year) (or
3.1–3.3%), and that of ND makes up 0.189–
0.249 g N/(m3 year) (49.9–54.7%). The DOP consump-
tion by zooplankton is estimated at 0.154–
0.210 g P/(m3 year) (7.1–8.5%), and that of PD is esti-
mated at 0.249–0.299 g P/(m3 year) (29.2–32.8%). The
contribution of phytoplankton to the DOP consumption
is 0.215–0.309 g P/(m3 year) (or 8.8–14.3%) (Table 4).

In the course of their life activity, microorganisms
release products of their metabolism to the aquatic
medium, which are repeatedly involved by them into
the turnover and are used as food. Under the conditions
of the marine environment characteristic of areas 1–4,
the metabolic excretions of bacteria, phytoplankton,
and zooplankton provide 1.538–1.736, 0.136–0.150,
and 0.080–0.091 g N/(m3 year) (or 18.0–19.3%, 1.5–
1.8, and 1%), respectively, in the form of DON. The
bulk of the DON (6.205–7.160 g N/(m3 year) or 77.9–
78.4%) is produced at the destruction of detrital N in
the aquatic medium (Table 4).

The formation of DOP in the aquatic medium owing
to the metabolic excretions of bacteria, phytoplankton,
and zooplankton comprises 0.135–0.161, 0.200–0.213,
and 0.066–0.078 g P/(m3 year) (or 6.3–6.6, 8.2–9.4, and
3.0–3.2%), respectively. The principal way of the DOP
formation in the aquatic medium is related to the

destruction of PD, which provides the formation of
1.746–2.008 g P/(m3 year) (or 81.2–82.9%) (Table 4).

The formation of mineral components of P and N
also occurs because of the activity of microorganisms.
Bacteria and zooplankton release DIP as a metabolic
product at rates of 1.216–1.452 and 0.116–0.130 g
P/(m3 year) (or 91.3–92.0 and 8.0–8.7%), respectively
(Table 4).

The metabolic release of NH4 by bacteria, phy-
toplankton, and zooplankton is 0.854–0.964, 0.024–
0.026, and 0.076–0.086 g N/(m3 year) (or 43.4–43.5,
1.0–1.3, and 3.8–3.9%), respectively. The principal
way of the NH4 formation in the marine environment is
the destruction of urea formed in the processes of the
microorganism metabolism (it represents one of the
first products of destruction of protein compounds). In
this case, the reaction of the urea hydrolysis results in
the formation of (1.013–1.149 g N/(m3 year) or 51.5–
51.7%) salts of NH4 (Table 4).

The total production of NH4 in areas 1–4 comprises
1.968–2.223 g N/(m3 year) and that of DIP is 1.332–
1.579 g P/(m3 year). The NH4 to DIP ratio in the mineral
components formed comprises (1.4–1.5) : 1.

Because of the oxidation of NH4 in the marine
medium, in areas 1–4, 0.993–1.198 g N/(m3 year) are
formed in the form of nitrite N, while, at the oxidation
of Né2, 1.149–1.363 g N/(m3 year) of nitrate N are
formed. The oxidation of NH4 and Né2 takes 3.395–
4.097 and 1.310–1.554 g é2/(m3 year), respectively
(Table 4).

In the marine environment, owing to the activity of
microorganisms, continuous formation of detritus pro-
ceeds. The major contribution to this process is made by
phytoplankton and bacteria. The total amount of PD formed
in areas 1–4 comprises 3.085–3.407 g P/(m3 year); in so
doing, the contributions of bacteria, phytoplankton, and
zooplankton are 55.1–57.4, 26.6–29.1, and 14.3–
16.1%, respectively. The amount of ND formed makes
up 8.708–9.581 g N/(m3 year); the contributions of bac-
teria, phytoplankton, and zooplankton to this value are
47.3–38.7, 42.3–44.1, and 8.6–9.4%, respectively
(Table 4).

During the year, in the marine environment, about
15.049–16.183 g Si/(m3 year) is produced in the form
of SiD and the contributions of bacteria, phytoplankton,
and zooplankton are estimated at 57.8–55.9, 42.8–47.0, and
1.2–1.3%, respectively. The Si : N : P ratio in the total
detritus formed by microorganisms in areas 1–4 ranges
within (4.6–5.0) : (2.8–2.9) : 1. The Si : N : P ratio for the
detritus formed by bacteria throughout the year com-
prises (8.6–9.7) : (4.7–5.3) : 1, that for phytoplankton is
(3.6–4) : 2.2 : 1, and the values related to zooplankton
are (0.3–0.4) : 1.5 : 1 (Table 4).

Calculations show that, throughout the year, in areas
1–4, the losses of PD, ND, and SiD because of sedi-
mentation are 0.477–0.530 g P/(m3 year), 1.964–
2.144 g N/(m3 year), and 1.619–2.183 g Si/(m3 year),
respectively. Note that, on average, these losses are
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lower than PD, ND, and SiD formed owing to the activ-
ity of microorganisms by factors of 6.4, 4.4, and 8.4
(Table 4). In order to keep the conditions stable for the
matter transformation, the values of the matter supply
to the upper layer that compensate for the losses of the
mineral components of nutrients in the course of the
detritus sedimentation were specified for each of the
areas as 0.511 g P/(m3 year) in the form of DIP,
2.227 g N/(m3 year) in the form of Nmin, and 1.826 g
Si/(m3 year) in the form of DISi. The calculations car-
ried out using the maximal gradients of the nutrient
concentrations as estimated in [12] showed that the
possible vertical nutrient flux caused by the upwelling
in this region of the Atlantic may be 3–4 times as high
as the flux that compensates for the nutrient losses from
the upper layer because of the sedimentation processes.
Thus, in this case, we assume that the calculations of
the nutrient dynamics in areas 1–4 indirectly account
for the possible delivery of nutrients to the upper layer
owing to the vertical exchange.

The information acquired during the calculations
suggests a significant contribution of the community of
microorganisms to the implementation of the processes
of nutrient recycling. If no nutrients are supplied from
external sources, its internal recycling smoothes the
differences in the formation of N and P compounds. As
a result, the N : P ratios for individual fractions differ
from their standard values, which indicates changes in
the provision of microorganisms with nutrients. The
components of nutrients and the detritus that are
formed in the marine environment due to the activity of
microorganisms are repeatedly involved into the turn-
over and provide a high activity of the community even
during the periods when the nutrient content in the
medium is the least (close to analytical zero). This gives
grounds to affirm that, in the tropical and subtropical
zones, the activity of the microorganism functioning in
an ecosystem is defined mainly by internal nutrient
fluxes rather than by the concentrations of nutrients in
the aquatic medium. The nutrient recycling also con-
trols the conditions of the BP formation in the marine
environment.

In the model operations, for areas 1–4, the values of
the BP of microorganisms per unit of water volume
were calculated at each step and summed up. This way,
each month, we accounted for the differences in the
environment factors that influenced the regime of the
nutrient recycling and the formation of the biomass of
microorganisms. When processing the file with calcu-
lated BP values per unit of water volume, first, the BP
of the microorganisms was determined for each month
and, then, the annual values were calculated for each
area. These values of the production were then con-
verted to the resulting production for each month with
account for the thickness of the upper (active) layer (in
thousands of tons of the element per month). Later on,
these values were summed up, and, this way, the annual
production was estimated for each of the groups of
hydrobionts in thousands of t (in units of C, Si, N, and

P). The calculated annual values of the BP of the hydro-
bionts for areas 1–4 are presented in Table 5.

The calculations showed that, generally, the values
of the annual BP (per unit of water volume) for bacteria
(BPÇ), phytoplankton of the second (BPF2) and third
(BPF3) groups, and predatory zooplankton (BPZ2) are
higher in area 4, while those for the first group of phy-
toplankton (BPF1) and phytophagous zooplankton
(BPZ1) are higher in area 3. Generally, in area 1, the val-
ues of the BP of microorganisms and those of their
internal fluxes are lower than in other areas. This kind
of distribution of the hydrobionts' production values is
evidently defined by the environmental factors and the
conditions of the internal nutrient turnover. This set of
conditions determines the region of the formation of the
microorganism biomasses and their activity in the
nutrient transformation and maintenance of the contin-
uous nutrient turnover in the marine medium.

On the whole, the estimated weight proportions of
the annual bioproductivity values (in units of C, Si, N,
and P) in different aquatic areas change within narrow
ranges; meanwhile, the differences distinguished allow
one to infer that the conditions of the formation of the
biomasses of microorganisms in the areas studied are
not constant. For example, in areas 1–4, the proportions
of the bacterial production in units of C, Si, N, and P are
B  : B  : B  : B  = (6.3–6.8) : (5.7–6.2)
: (3.3–3.5) : 1, and these relatively small differences in
the proportions of the BPÇ production are caused by the
differences in the bacteria provision with forms of P
(DOP and PD).

For the first group of phytoplankton (diatom algae),
the proportions of the production in units of Si, N, and
P in areas 1–3 are B  : B  : B  = 4.4 : 1.8 :
1, and, in area 4, the proportions are (4.7 : 1.8 : 1).
These proportions suggest an evident distinction in the
turnover conditions of the stock of silicon compounds
in area 4 as compared to areas 1–3 and a constancy of
the conditions of circulation of mineral components of
N and P in these areas. The latter suggestion is con-
firmed by the constancy of the proportions of the esti-
mated total values of the production of three phy-
toplankton groups (primary production) in units of N
and P in areas 1–4, which comprises (B  + B  +

B ) : (B  + B  + B ) = 2.0 : 1. Simi-
larly constant in the areas studied are the proportions of
the total production of zooplankton (phytophagous and
predatory) in units of N and P—(B  + B ) :

(B  + B ) = 1.4 : 1.

On the whole, in areas 1–4, the annual production of
bacteria is higher than that of the primary production by
factors of (1.8–1.9) and (1.1–1.2) in units of N and P,
respectively. The estimated values of the annual pri-
mary production are higher than the annual production
of zooplankton by factors of (4.1– 4.6) and (2.8–3.2) in

PBC
PBNi

PBN
PBP

PF1Si
PF1N

PF1P

PF1N
PF2N

PF3N
PF1P

PF2P
PF3P

PZ1N
PZ2N

PZ1P
PZ2P
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units of N and P, respectively. The proportions between
the values of the microorganism production calculated
in the course of the modeling result from the differ-
ences in the environmental factors in the near-shore
areas (off the Moroccan Sahara) that define the turnover
of nutrients and the proportions of their concentrations.

In order to compare the values of the “regenerative”
production (with account for the changes in the envi-
ronmental factors and nutrient recycling) obtained in
this study with the estimates of the phytoplankton BP
available from publications, the annual values of
B  B , and B  (in units of N) were con-
verted to units of C. To do this, we used the stoichio-
metric atomic ratio C : Si : N : P = 106 : 23 : 16 : 1
known for marine phytoplankton. The above values of
the BP for each of the phytoplankton groups were mul-
tiplied by 106 and 12 (molecular weight of C) and
divided by 16, 14 (molecular weight of N), and 365
(number of days in a year). The total BP values for the
three phytoplankton groups within each area were
summed up, and the values of the total BPFN were
obtained for areas 1–4 equal to 133.4, 139.4, 141.0, and
142.0 g C/(m3 days). Note that our calculated values of
the BPFN are by a factor of 1.6–2.2 higher than those
estimated for individual periods with the use of the
radiocarbon method (64–84 g C/(m3 days) and by a fac-
tor of 1.7–2.4 higher than those estimated from the
drops in the concentrations of phosphates, nitrates, and
é2 [9].

Assuming the thickness of the photosynthetic layer
in this region equal to 25 m [9], we obtain that the val-
ues of the “regenerative” B  in areas 1–4 comprise
3.3–3.6 g C/(m2 days). Taking into account that, in the
regions of intensive water upwellings the values of the
total (“new” and “regenerative”) primary production
comprise 10–20 g C/(m2 days) and more [10], the value
of B  = 3.3–3.6 g C/(m2 days) obtained in this
study, which refers to the entire year and is related to
the “regenerative” component of the primary produc-
tion, may be regarded as quite admissible for the region
considered.

The values of the primary production of the micro-
organisms calculated per unit of water volume were
also converted into total production values (thousands
of tons in units of C, Si, N, and P) for each area with
account for the monthly changes in the volumes of the
subsurface waters in these areas. As the volume in area
2 was greater than in the other areas, the values of the
microorganism production obtained precisely in area 2
were the highest in terms of all the parameters; with
respect to the production values, areas 1 and 3 occupy
an intermediate position, and the lowest annual produc-
tion values are characteristic of area 4 (Table 5).

PF1N, PF2N PF3N

PFN

PFN

Table 5.  Annual values of the bioproductivity of microor-
ganisms in areas 1–4 in the region of the Moroccan Sahara
calculated with the help of the hydroecological model

Microor-
ganisms  Units 1 2 3 4

B1C  

B1Si

B1N

B1P

F1Si

F1N

F1P

F2N

F2P

F3N

F3P

Z1Si

Z1N

Z1P

Z2N

Z2P

g C/m3

th.t  C
-----------------

30.868
456.784
------------------- 33.232

1071.243
---------------------- 33.810

486.175
------------------- 34.208

261.853
-------------------

g Si/m3

th.t  Si
------------------

28.027
413.140
------------------- 30.371

969.669
------------------- 30.381

443.255
------------------- 31.200

239.163
-------------------

g N/m3

th.t  N
-----------------

15.628
222.773
------------------- 17.247

524.960
------------------- 17.563

253.409
------------------- 17.614

136.485
-------------------

g P/m3

th.t  P
----------------

4.533
64.741
---------------- 5.273

161.736
------------------- 5.410

78.138
---------------- 5.245

40.711
----------------

g Si/m3

th.t  Si
------------------

13.949
207.046
------------------- 14.469

475.679
------------------- 14.686

208.804
------------------- 12.996

99.454
----------------

g N/m3

th.t  N
-----------------

5.740
83.437
---------------- 5.972

189.927
------------------- 6.033

85.179
---------------- 5.027

38.871
----------------

g P/m3

th.t  P
----------------

3.169
46.404
---------------- 3.320

106.188
------------------- 3.339

47.007
---------------- 2.775

21.429
----------------

g N/m3

th.t  N
-----------------

1.805
25.483
---------------- 1.861

55.278
---------------- 1.900

27.996
---------------- 2.362

18.245
----------------

g P/m3

th.t  P
----------------

0.813
11.437
---------------- 0.838

24.806
---------------- 0.852

12.556
---------------- 1.064

8.229
-------------

g N/m3

th.t  N
-----------------

1.026
14.401
---------------- 1.128

32.098
---------------- 1.124

16.837
---------------- 1.735

13.397
----------------

g P/m3

th.t  P
----------------

0.405
5.561
------------- 0.446

12.570
---------------- 0.442

6.172
------------- 0.712

5.519
-------------

g Si/m3

th.t  Si
------------------

0.367
5.343
------------- 0.397

12.459
---------------- 0.404

5.800
------------- 0.404

3.113
-------------

g N/m3

th.t  N
-----------------

1.148
6.924
------------- 1.239

38.974
---------------- 1.259

18.037
---------------- 1.234

7.603
-------------

g P/m3

th.t  P
----------------

0.845
11.400
---------------- 0.914

28.103
---------------- 0.928

13.319
---------------- 0.915

5.550
-------------

g N/m3

th.t  N
-----------------

0.706
9.971
------------- 0.786

22.939
---------------- 0.787

11.716
---------------- 0.985

9.971
-------------

g P/m3

th.t  P
----------------

0.527
7.436
------------- 0.571

17.041
---------------- 0.584

8.671
------------- 0.718

7.436
-------------
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CONCLUSIONS

Using systematized data of long-term observations,
a theoretical estimate was performed with a mathemat-
ical model of the influence of the factors of the marine
environment varying throughout the year (such as the
temperature, the light inteasity, the transparency, and
the depth of the thermocline) of the nutrient dynamics,
their internal fluxes, and bioproductivity in areas 1–4 in
the near-shore zone off the Moroccan Sahara. The cal-
culations indirectly accounted for the compensational
nutrient losses owing to the detritus sedimentation.

Areas 1 and 4 differ from other areas in the dynam-
ics of the mineral forms of P and N (in particular, NH4
and NO3). The values of the turnover periods for
organic and mineral components and the ranges of their
variability during the year significantly differ. This is
defined by the different rates of the nutrient transforma-
tion depending on the environmental factors. The fast-
est is the turnover of the detritus components ND and
PD (over 0.61–0.88 and 0.47–0.96 days, respectively).
The turnover of organic components (DOC, DON, and
DOP) rapidly develops at the beginning of the year
(over 2.10–2.47, 8.50–9.15, and 3.47–4.19 days,
respectively). In the middle of the year, the turnover of
organic components is slower, being determined by the
rates of the replenishment of the organic matter stock
from the destruction of detritus and due to production
processes. The turnover of the organic component in
areas 1 and 3 is the most and the least intensive, respec-
tively.

The times of the active turnover of mineral compo-
nents in different areas of the near-shore zone are sig-
nificantly different. The turnover of DIP is most
actively implemented in the period of 74.2–151.2 days,
and the τDIP values in different areas in this period vary
within 0.49–4.06 days. On the whole, the DIP turnover
is faster in area 1. The turnover of NH4 is more active in
the period of 152.6–250 days, and the values of  in
areas 1–4 during this period vary in the range of 1.05–
3.52 days. The fastest is the NH4 turnover in area 2. The
turnover of NO2 in areas 1–4 proceeds at approximately
similar rates with variations in the values of 
within 2.14–3.33 days. The most active NO3 turnover is
observed in the period 260.6–365 days; in this period,
the values of  in areas 1–4 vary in the range of
0.33–2.77 days. The most active turnover of NO3
occurs in area 4. The DISi turnover in areas 1–4 is
implemented over 26.06–177 days, and, on the whole,
it is more active in area 2.

The oscillations in the turnover periods of the phy-
toplankton biomasses are mainly determined by the
daily changes in the light inteasity of the aquatic
medium and by its grazing out by zooplankton. The
fastest biomass turnover is characteristic of the first
group of phytoplankton (over 4.52–12.02, 4.55–12.21,
4.70–12.14, and 4.94–13.02 days in areas 1–4, respec-

τNH4

τNO2

τNO3

tively). The turnover of the biomasses of the second and
third groups of phytoplankton proceeds slower and is
limited by the conditions of the nutrient turnover in the
marine environment.

The values of the N : P ratio in the components con-
sumed by bacteria, phytoplankton, and zooplankton are
(3.2–3.5) : 1, (1.9–2) : 1, and (1.3–1.4) : 1, respectively.
Bacteria play a significant role in the consumption of
organic (dissolved and particulate) substances. The
bulk of the dissolved organic components of N and P
are created at the decomposition of detritus.

Under the subtropical (and tropical) conditions, the
intensity of the functioning of the ecosystem is defined
by the internal fluxes (recycling) of nutrients rather than
by their concentrations. The intensity of the nutrient
recycling controls the conditions of the formation of the
marine environment.

The conditions of the development of bacteria and
phyto- and zooplankton are also characterized by the
calculated values of their monthly and annual produc-
tion in units of C, Si, N, and P (based on the internal
matter fracture zones in different regions). In areas 1–
4, the values of the annual production of bacteria in
units of N and P are generally higher than the total phy-
toplankton by factors of 1.8–1.9 and 1.1–1.2, respec-
tively. The annual production values of phytoplankton
are higher than those of zooplankton by factors of 4.1–
4.6 and 2.8–3.2 in units of N and P, respectively. The
values of the annual production of bacteria, the second
and third groups of phytoplankton, and predatory zoop-
lankton are the highest in area 4, and those of the first
group of phytoplankton and phytophagous zooplankton
are higher in area 3. This is related to the environmental
factors that define the internal nutrient turnover in the
areas studied in the near-shore zone off the Moroccan
Sahara.

The “regenerative” portion of the primary produc-
tion, which is defined by the nutrient recycling at the
given environmental parameters, in areas 1–4, com-
prises 3.3–3.6 g C/(m3 day). This estimate seems quite
reasonable since, according to the published data, the
value of the total (“new” and “regenerative”) primary
production in the regions of intensive water upwellings
comprises 10–20 g C/(m3 day).
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APPENDIX

1. The equation for the description of the changes
in the concentrations of the substances ëijk in the
CNPSi model has the following general form:

dCijk/dt = Rijk + LOADijk + TRijk, (1)

where i is the model counter of the areas distinguished
(the maximal number of areas is 10); j is the model
counter of the layers distinguished (j = 2); k is the
counter of the model components assessed (k = 29); and
Rijk, LOADijk, and TRijk are the rates of the changes in
the concentrations of the substances Cijk owing to the
biotransformation of the components, owing to the
matter supply from external sources, and owing to the
spatial (horizontal and vertical) matter transfer, respec-
tively (all these values are in mg of the element/day).

2. Structure of the equations for the description
of the matter biotransformation, Rijk:

(a) Dynamics of the biomasses Çk:
dBk/dt = (UP – L – S)Bk – GZO, (2)

(3)

PoolC = ΣdkCk; PoolN = ΣdkNk; 

PoolP = ΣdkPk; PoolSi = ΣdkSik; 

L = rUP; r = aUP/(1 + bUP) + (1 – a/b); 

S = q + mr + gB/UP.

(b) Mechanism of the regulation of the microor-
ganism activity:

a. Biomass/substrate relation
(BC/PoolC; BN/PoolN; BP/PoolP; BSi/PoolSi);
b. r = f(UP);
c. S = f(r, UP);
d. L = f(UP), S = f(UP).
c. Dynamics of chemical substances Cijk and

detritus:

(4)

(5)

(6)

where UP, L, S, and G are the specific rates of the total
substance consumption, total release of the products of
metabolism, biomass dying out, and its grazing out by
zooplankton, respectively, with all the values in day–1;
UP = UPo + UPm + UPd (UPo, UPm, and UPd are the con-
sumption of organic fractions, mineral fractions, and
detritus, respectively, by microorganisms (day–1)); L =

UP K T Light,( )/ 1 BC+ /PoolC(=

+ BN/PoolN BP/PoolP BSi/PoolSi ),+ +

Organiv fractions –

dCijk/dt LoBk UPoBk– KkD,+=

Mineral fractions

dCijk/dt LmBk UPmBk– ,=

Detritus D – 

dCijk/dt ΣSkBk KkD– ΣUPdBk– KsedD,–=

Lo + Lm (Lo, and Lm are the release of organic and min-
eral substances, respectively, by microorganisms (days-
1)); PoolC, PoolN, PoolP, and PoolSi are the stocks of
the C, N, P and Si compounds, respectively, for micro-
organisms; and K, dk, a, b, q, m, and g are the constants.

3. Equations for the calculation of the rates of the
matter supply LOADijk:

LOADijk = flijk(QprCr/Vi) + CZijk + Wijk, (7)

(8)

O2n = 14.61996 – 0.4042T + 0.00842T2 – 0.00009T3, (9)

(10)

N2atm = 22.33 exp (–0.0207T). (11)

The first, second, and third terms in the right-hand part
of Eq. (7) show the rates of supply of the substances to
the area studied with the atmospheric moisture, from
distributed sources, and owing to the exchange with the
atmosphere (for dissolved gases), respectively, in mg
element/(l days); Vi is the water volume in the basin
studied, km3; O2n and N2atm are the concentrations of the
oxygen and nitrogen dissolved in the water at their sat-
uration, respectively; í is the temperature of the aquatic
medium, °C; and K014 and K033 are the constants of the
rates of the water aeration by oxygen and nitrogen,
respectively, at the expense of the exchange with the
atmosphere.

4. Equations for the transport term TRijk:
TRijk = flk[TRINijk + TRUPijk + TRSECijk + 

TROUTijk], (12)

TRINk = QWINijCINki/Vij, (13)

TRUPk = abs(QWUPi)(CMki3-j – Yk)/Vij, (14)

TRSECki = [(QWijCMkj) – (QWijYk)]/Vij, (15)

TROUTk = –(QWOUTijYk)/Vij, (16)

where TRINijk, TRUPijk, and TRSECijk are the rates of
the matter supply to the areas considered with water
flows, owing to the vertical exchange with the underly-
ing layer, and owing to the transfer from adjacent
regions within the marine ecosystem, respectively;
TROUTijk are the matter losses with water flows across
the outer boundaries of the aquatic system (all the val-
ues are in mg of the element/(l day); QWINij are the
water discharges of the external flows in corresponding
areas of the sea, km3/month; QWUPi is the component
of the vertical transfer, km3/month; QWOUTij are the
water discharges at the outer boundary of the sea for the
calculations of the matter losses from the marine eco-
system, km3/month; QWij are the water discharges
across the boundaries of the sea areas distinguished,
km3/month; Yk are the instant concentrations of sub-
stances in corresponding sea areas in the water layer
considered, mg of the element/l; CMki3-j are the instant
concentrations of substances in corresponding sea areas
in the upper (or lower) layer of the water column, mg of

WijO2
K014 O2 O2n–( ),–=

WijN2
K033 N2 N2atm–( ),–=
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the element/l (required for the calculations of the
amounts of matter participating in the vertical transfer);
CINki are the concentrations of the components
assessed in the water flows, mg of the element/l; Vij are
the water volumes of the areas and layers considered,
km3; and flk are the parameters controlling the advective
matter transfer (dimensionless).

Thus, the CNPSi models allows one to calculate, for
individual areas of the aquatic ecosystem under consid-
eration, the following parameters: the intra-annual
dynamics of the concentrations of chemical and biolog-
ical parameters of the environmental conditions, the
instant rates of the processes responsible for the
changes in the concentrations of the substances, the
internal and external matter fluxes, the periods of turn-
over for all the chemical and biological components
assessed in the model, the specific production rates of
hydrobionts, and the values of the productivity of the
community of aquatic microorganisms assessed in the
model that implement the biotransformation of nutri-
ents and organic matter. Based on the information
acquired with the CNPSi model, it is possible to cor-
rectly calculate the balances of nutrient compounds in
various areas of the ecosystem under study.
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