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Abstract—The article proposes a hypothesis for the functioning of a diatom population under conditions of
clearly defined water column stratification. It is assumed that cells in the upper illuminated water layer accu-
mulate biomass based on photosynthesis. In the lower layer, which is rich in minerals, cells replenish their
intracellular reserves. Movement from one layer to another allows cells to compensate for lack of resources.
Sinking occurs as a result of sedimentation and lifting results from the release of carbon dioxide microbubbles
during respiration. This hypothesis was used to construct an agent-based model of a diatom population. Cal-
culations have shown that vertical movements maintain the existence of the population. Different regimes of
surface illumination make it possible to obtain various distributions of cell numbers in the upper and lower
water layers, which is consistent with the data of expeditionary observations.
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INTRODUCTION

In recent decades, the ecosystems of Arctic regions
have undergone significant transformations due to cli-
mate change and different anthropogenic impacts.
Detailed studies of the ecosystem of the Arctic seas of
Russia, which have been carried out in the last two
decades during expeditions of the Institute of Ocean-
ology, Russian Academy of Sciences, under the guid-
ance of Academician M.V. Flint, have significantly
expanded our knowledge of the ecological state of this
region. The Kara and Laptev seas are mainly shallow
shelf Arctic basins with a clearly defined density strat-
ification of the water column as a result of a significant
inflow of fresh water from the Ob, Yenisei, Lena, and
other Siberian rivers. The two-layer, almost immisci-
ble hydrophysical structures of waters of the Laptev
Sea have a desalinated layer depth of 6—7 m; in the
Kara Sea, they reach 15—20 m.

One of the most important components of a marine
ecosystem is the phytoplankton community, which
determines its primary production and the functioning
of all subsequent links in the food chain. It is known that
the basins of the Kara and Laptev seas have an
extremely low total biological production [2, 8, 12].
Many authors see the cause of this phenomenon in the
existence of two almost immiscible water layers: the
upper desalinated layer deficient in biogenic elements
and the lower layer, which is more saline and more
enriched with nutrients [13, 25]. The upper layer of
water is sufficiently well illuminated, while the light

intensity in the lower layer is insufficient for photosyn-
thesis. Diatoms (Thalassiosira nordenskioeldii, T. hya-
line, Chaetoceros furcellatus, etc.) make up a significant
part of the phytoplankton biomass in the Arctic seas in
summer. In contrast to many other phytoplankton
groups, diatoms do not have flagella and can not
actively move between immiscible layers of the water
column. This naturally poses the question: how can dia-
tom populations maintain their existence in this system?

Indirect data on the production process and func-
tional state of the photosynthetic apparatus of a phyto-
plankton community based on measurement of param-
eters of algal chlorophyll fluorescence can contribute to
understanding the mechanisms of phytoplankton func-
tioning in the given region. This approach makes it pos-
sible to determine the potential efficiency of photosyn-
thesis and the dependence of the efficiency of photo-
synthesis on the degree of light intensity (the light curve
of photosynthesis), determine the deficiency in mineral
nutrients, and establish the degree of adaptation of
algae to light intensity in the phytoplankton habitat.

The state of the photosynthetic apparatus of indi-
vidual cells of large diatoms ( Thalassiosira nordenskio-
eldii) from waters of the Kara and Laptev seas was
assessed in the summer of 2018 during cruise 72 of the
R/V Akademik Mstislav Keldysh, which was carried out
as part of the long-term program “Ecology of Siberian
Arctic Seas” [16]. This expedition revealed significant
differences in the degree of adaptation of algae in the
upper layers of the water column under conditions of
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Fig. 1. Vertical profiles of chlorophyll @ content obtained at different times of day at station 5945 in Laptev Sea (August 2018,

cruise 72 of R/V Akademik Mstislav Keldysh).

relatively low salinity with a deficiency of mineral
nutrients and algae at depths of more than 20 m, where
the water has a high salinity and a favorable mineral
composition for algae. Cells of algae in the upper water
layer are adapted to a relatively high light intensity.
They have effective protection against excess light.
These cells can move to deeper layers with low light
conditions; however, they cannot immediately adapt
to new conditions. At the same time, the potential effi-
ciency of algal photosynthesis, measured after prelim-
inary adaptation in the dark for 2 h, proves to be quite
high both in cells that were exposed to the upper hori-
zon and in cells that were exposed to the lower hori-
zon. This property of algae is characteristic of their
growth in favorable conditions with no deficiency. It is
well known that, under favorable conditions, many
algal species can store mineral substances in an
amount sufficient to maintain normal metabolism and
subsequent division without experiencing any defi-
ciency [3, 6]. In situ measurements of the chlorophyll
content by the fluorimetric method demonstrate
extremely diverse depth distributions [10]. The maxi-
mum chlorophyll content can be observed near the
surface and at depths below the water density discon-
tinuity or simultaneously in the upper and lower lay-
ers. During repeated measurements, the displacement
of the vessel due to drift significantly changes the dis-
tribution profile (Fig. 1).

It can be assumed that the long-term existence of
phytoplankton under such conditions is possible when
No. 5
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cells move not only from the upper to the lower layer
but also when cells return from the depth to the upper
water layer. Thus, the authors of [4, 7] describe the
vertical movement of diatom macrocolonies based on
buoyancy regulated by gas bubbles. In most cases, we
fail to observe such natural structures, since they can
be destroyed during the selection and further prepara-
tion of phytoplankton samples for study. Academician
V.1. Belyaev [1, 11] studied the effect of turbulence on
phytoplankton photosynthesis based on the kinetic the-
ory of macroscopic particles. However, he did not take
into account the clear separation of the medium into
layers with different characteristics. We tested the
hypothesis of movement of individual cells and the
assumption about the functioning of phytoplankton in a
two-layer sea using the proposed mathematical model.

This paper presents an agent-based model of phy-
toplankton population dynamics, which reflects the
features of functioning of diatom phytoplankton in
some northern seas, in particular, the Kara Sea. In this
region, the distribution of water salinity and density is
determined by a large continental flow of river waters
and ice melting. The distribution of salinity also deter-
mines the distribution of water density. In summer, the
density of the upper layer (5—10 m) is very low and
increases with a very sharp jump in depth. The water
column is, as it were, divided into two layers: sunlight
is available for microorganisms in the upper layer and
necessary elements of mineral nutrition are available
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Fig. 2. Interface of agent-based model. Right, model “scene” (vertical section of water column) divided into two layers, with ran-
domly arranged agent cells. Left, agent counters, set values of model parameters, and graph of changes in total number of agent
cells. Software settings make it possible to display graphs of time changes for all model counters, if necessary.

in the lower layer. Therefore, phytoplankton cells have
to move from one layer to another to survive.

The following hypothesis about the behavior of a
diatom cell is put forward. In the illuminated water
layer, it accumulates biomass based on photosynthesis.
In doing so, the cell increases its density by maintaining
the volume based on the presence of solid silicon valves.
As the density increases, the cell gradually sinks until its
density reaches the level of density of more saline water.
In this layer rich in minerals, the cell replenishes its
intracellular reserves. Once in the absence of light, the
cell begins to spend the accumulated carbohydrates on
different metabolic processes, including respiration.
The released carbon dioxide is retained around the cell
in the resulting mucus sac. At the same time, the spe-
cific biomass of this “formation” (cell + “bag”) gradu-
ally decreases. Upon reaching the critical density value,
the cell floats to the surface and the gas bubble collapses.

This model attempts to explain the mechanism of
functioning of the phytoplankton community and
draw the attention of phytoplanktonologists to the
facts confirming or refuting the proposed hypothesis.

MODELING METHODS

The model was created in a specialized integrated
NetLogo development environment [21].

General Characteristics of the Model

The computer population consists of a set of agent
microalgae cells. The medium is a regular grid (Fig. 2).

Each unit of the grid is characterized by two values:
light intensity and nutrient content. The medium is
divided into two layers: in the upper layer, the nutrient
content is assumed to be equal to zero and the light
intensity decreases with depth (vertically) according to
the exponential law. In the lower layer, illumination is
absent and nutrients are evenly distributed. It is
assumed that the content of all “resources” is suffi-
cient and does not change in a grid unit when con-
sumed by agent cells of microalgae.

The population of algal cells is divided into two
groups: algae cells located in the upper (ups) and lower
(downs) layers of the medium. The state of each agent
is described by two characteristics limited from
above: density (specific biomass) and intracellular
content of minerals. In addition, an agent cell has a
state of adaptation (A) either to light or to darkness.
The following actions are possible for each algae cell:
increase/decrease in density; storage/consumption of
minerals; division; death; transition from one group to
another; movement; and the state of adaptation
changes after the transition to another group in a cer-
tain period of time.

Cells of the upper group absorb light and increase
the specific biomass due to photosynthesis; during this
process they consume the intracellular content of
minerals. Cells of the lower group extract minerals
from the medium and store them in intracellular
depots and reduce their density by consuming organic
substances for different metabolic processes, includ-
ing respiration.

OCEANOLOGY  Vol. 63
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Table 1. Functional dependences and values of parameters describing the state of medium and cells in agent-based model

Medium

Illumination in upper layer | 7 = I, exp(—ky) k, attenuation index, k=03m"!
of model medium 1), illumination of the near-surface

water layer, y, depth

Cells of ups group
Density of cell of ups group mi, = mj ks, coefficient of density increase, | k5 = 0.2;
in ith hour . . S 3
% exp(lk’iet(l _ m;l/mmax)) depe.ndmg on 11.1um1nat10n, Mmax> | m. =1.028 g/cm

maximum possible

cell density
Intrace'llular reserve . . k[l]oose gloose / (1 + 277, coefficient k;‘mse =0.999
of nutrients of cell div1 =9 —=—F 4 . .

o 14 U9 of reduction of intracellular

of ups group in ith hour . . L

reserves, depending on illumination
Pfrobablllty of death of cell P N, number of cells —
Ol ups group _ 1 in ups group in ith hour

1+ lOOexp(—(l/q,-”)IO.1Né’e”s)
Cells of the downs group

Densﬂy O,f;t;“lll of downs mi = mf koo k%% coefficient of density k%% = 0.9999
group in ith hour reduction of cell of downs group
Intrace.llular. reserve @ =q" kfet , coefficient of growth k;"et =0.3;
of nutrients in cell of downs t d of intracellular reserves of cell
group in ith hour x exp(ky" (1 — g /qmax)) . Gmax = 70 g

of downs group; ¢, maximum

possible reserve

Cells of the upper group move down when their
density reaches the upper threshold value (m,,,,).
Their vertical position in the lower layer is determined
randomly. Cells of the lower group move up when their

density decreases to the lower threshold value (m,,;,).
As a result of the transition, the cell finds itself in the
near-surface water layer. Within their layer, cells move
in a random direction.

Functional dependences and parameter values
used in the model are given in Table 1.

Parameters of the Medium

The light intensity / at each point of the upper layer
of the model medium is determined by the Bouguer—
Lambert—Beer law and depends on the /, value, which
corresponds to the illumination of the water surface,
and on the vertical y coordinate.

Illumination is measured in relative units (r.u.).
[llumination that is conditionally favorable for a phy-
toplankton cell (agent cell) is assumed to be equal to 1.
The depth of the upper layer corresponds to 10 m.

The content of nutrients in the lower layer of the
model medium can be set in accordance with the
experimental values. At this stage of modeling, we
No. 5
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believe that they are always in excess. This assumption
is based on the possibility of permanent replenishment
of mineral substances based on their supply from deep
sea layers. The model time is measured in hours.

Agent Cell Parameters

The specific biomass of a cell varies from 1.022 g/cm?
(m,,;,,) to 1.028 g/cm? (m,,,, ), which corresponds to the
water density in the upper desalinated and lower saline
layers of seawater.

The maximum intracellular content of mineral

substances ¢,,,,, is assumed to be 70 pg. Analysis of the
literature data showed that this indicator could vary
thousands of times depending on the species of
microalgae and environmental conditions [5, 9, 14, 15,
17—20, 22—24]. The value of this parameter can then
be set more accurately based on experimental data.

At the initial time, a certain number of agent cells
(the same in each layer) with specified characteristics are
generated in the model. The numerical experiment was
carried out with an initial number of 100 and 1000 cells.
The initial specific biomass in the upper and lower lay-
ers was equal to the minimum value and maximum
possible value, respectively. The intracellular reserves
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Fig. 3. Increase in cell density m/' in upper layer of medium
under conditions of surface illumination /y = 1 r.u. Time

measured in h. Calculation formula given in Table 1.
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Fig. 4. Dependence of probability of cell death pfen, on

level of illumination at N5 = 2000, g/ = 35. Calcula-
tion formula given in Table 1.

of cells were set to be 70 pg in the upper layer and 50 pg
in the lower layer.

Ups cells. The increase in the density (specific bio-

mass, m; ) of an agent cell of the ups group depending
on illumination 7 is described by the discrete logistic
law. Subscript / indicates the current time (h). Param-

eter k2, which characterizes the rate of density
increase, is selected so that this density increases
monotonously and can reach its maximum value at
surface illumination 7, = 1 r.u. in about 50 h (Fig. 3).
When a cell of the ups group accumulates the maxi-

mum possible density (m,,,,), it moves to the downs
group.

max

FURSOVA et al.

The loss of the intracellular reserve of minerals g;'
is proportional to the current value and the coefficient
of proportionality depends on illumination; the higher
the illumination, the more rapid the consumption
rate. The empirical dependence and parameter values
are selected so that a cell in the upper layer loses about
15% of the quota at an illumination of /, = 1 r.u. and
about 35% at an illumination of /, =2 r.u.

The mortality of cells of the ups group is probabilis-
tic in the model. When unfavorable conditions occur
(illumination below 0.1 r.u. and depletion of intracel-
lular reserves of mineral nutrition or extremely low
group population), it is believed that the cell can live
for an arbitrarily long time. This behavior can be cor-
related with a particular metabolic state of the cell
(anabiosis). Otherwise, the probability of cell death is

higher at high illumination /, a low value of quota g;',

and a high group density N_, (Fig. 4).

Parameter A, which characterizes adaptation to
environmental conditions, is assumed to be equal to
1 for ups cells. After the transition of a cell to the

downs group, it changes for 0 after 4 h.
Cells of the downs group. The reduction of the den-

sity (specific biomass mid ) of an agent cell of the downs
group is assumed to be proportional to its value at a
given time with a value of the coefficient of propor-

loose

tionality k,, so that the cell loses its density to a min-
imum value in 60 hours. When the density decreases to
the minimum possible value, the cell of the downs

group m,,;, moves to the ups group.
The accumulation of intracellular reserves of min-

eral nutrition q;j is described by a discrete logistic
growth equation. The set value of parameter of rate

kfet replenishes the reserves consumed by the cell at
surface illumination /, = 2 r.u. to a maximum level in
20 h (Fig. 5).

The possibility of division is given in the model only
for the cells of the lower layer. It is implemented in cases
when the cell has a sufficient reserve of mineral nutri-
tion and a sufficient biomass. During the division, two
daughter cells are formed from one mother cell; their
density is the same as that of the mother cell and their
intracellular quota is equal to half the quota of the

mother cell. The density of 1.0249 g/cm?3 (0.997m

)
max
and the intracellular content of mineral substances at

the level of 56 pg (0.8¢,,,,) Were taken as the threshold
values. They were selected so that the resulting daughter
cells were viable within the rules specified in the model.

The mortality of cells in the lower layer is directly
correlated with their division: every fourth cell capable
of division dies.

Parameter A for downs cells is assumed to be equal
to 0. After the transition of a cell to the ups group, it
changesto 1in 4 h.

OCEANOLOGY  Vol. 63

No.5 2023



AGENT-BASED MODEL OF DIATOM POPULATION DYNAMICS

70.2 -
67.5F o
65.0+ °

w A N

e

wn o W
T T

D
bl
(e}
T
L ]

Intracellular content
of minerals, pg

52.5F

50.0 b° . . . . . .
0 10 20 30 40 50 60
Time, h

Fig. 5. Accumulation of intracellular content of mineral

substances qfi by agent cells in lower layer of medium. Time
measured in h. Calculation formula is given in Table 1.

RESULTS AND DISCUSSION

The key assumption behind the proposed model is
that cells move between two water layers, each of this
layers contains only one of the two resources neces-
sary for life: sunlight or nutrient minerals. In the
model experiment, the prohibition on the movement
of agent cells between the ups and downs groups leads
to the preservation of the minimum number of cells in
the “anabiotic” state in the population, which is estab-
lished by the rules of the model. Therefore, it is the
vertical movement of cells that maintains the existence
of the population.

Data of expeditionary studies indicate a high spa-
tial and temporal heterogeneity of the chlorophyll
content. Model experiments also demonstrate a vari-
ety of behaviors of the population of agent cells.

At the level of near-surface illumination /, = 1 r.u.
in the model experiment, the total number of cells
periodically changes with an interval of about 55 h
(Fig. 6a). At certain points of time the numbers of cells
in ups and downs are equal (Fig. 6b).
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When illumination increases by 2 times (/, = 2 r.u.),
the period of change in the total number of cells
increases to 80 h (Fig. 7a). Excessive light conditions
cause more frequent cell death. In addition, the accel-
erated consumption of intracellular mineral reserves
in the sun leads to a longer period of their replenish-
ment in the lower layer. As a result, the number of cells
of the upper group varies more significantly, periodi-
cally decreasing to 0 (Fig. 7b). Such natural observa-
tions are sometimes recorded in expeditionary mea-
surements (Fig. 1).

When the near-surface illumination decreases to
0.6 r.u., the period of change in the total number of
cells increases to 150 h (Fig. 8a). The maximum num-
bers of the upper and lower cell groups replace each
other (Fig. 8b).

The behavior of the model is significantly influ-
enced by the parameter that sets the distance each cell
moves in a random direction at every moment of time.
Its strong increase can be correlated with the forced
movement of phytoplankton cells under rough sea
conditions. In addition, the presence of phytoplank-
ton at a certain environment point can also be influ-
enced by the factor of turbulence of different types. As
a result, the “availability” of sunlight decreases. The
model experiment demonstrates a decrease in the total
number of cells (Fig. 9a) in comparison with the same
experiment in the absence of significant cell movements
(Fig. 6a). Higher surface illumination (/, = 2 r.u.) leads
to an increase in the total number of cells moving over
long distances (Figs. 9c and 6c¢), since they prove to be
less prone to photodegradation in this case. The
dynamics of the cell numbers of ups and downs groups
also changes: at near-surface illumination of 1 r.u., the
maxima in the numbers of the upper and lower cells
replace each other, which was characteristic of low
illumination (Fig. 9b); at an illumination of /[, =2 r.u.,
the number of lower cells exceeds that of upper ones
(Fig. 9d).

Under natural conditions, the illumination of water
surface varies greatly. In the numerical experiment, we
set its periodic change: the values of 0.6, 1, and 2 r.u.
replaced each other every 120 h for 100 model days
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Time, h
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0 100

Fig. 6. Model calculation of total number of cells (a) and number of cells in groups (b) at illumination of /, = 1 r.u. for 480 h (20 days).
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Fig. 12. Proportion of cells with A = 0 among ups cells that have not yet adapted to conditions of upper water layer.

(Fig. 10). Under such conditions, the total number of
cells fluctuates with a period of about 150 h (Fig. 11a)
and the distribution in the groups demonstrates the
change of the dominance of the upper and lower cells
(Fig. 11b).
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All the model experiments showed that there were
cells with 4 = 0 among the ups cells, for which param-
eter A should be equal to 1. This means that the group
contains agent cells that moved to this group from
another group no more than 4 h ago and are adapted
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to the conditions of the lower layer of the medium.
Similarly, some of the cells are characterized by
parameter A = 1 in the downs group, where they moved
to from the ups group no more than 4 h ago. Figure 12
shows the proportion of cells with A = 0 in the ups
group in the model experiment with a periodic change
in near-surface illumination.

Thus, the data resulting from the agent-based
model of a diatom population support the hypothesis
of the existence of two groups of cells and the ability of
the population to survive based on the movement of
cells between these groups. By changing the condi-
tions of water surface illumination in the model, we
can obtain different distributions of cells in the groups,
which are characteristic of expeditionary observations.
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