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Introduction: Populations of commercially valuable fish species develop in aquatic ecosystems according to internal
mechanisms of their evolutionary adaptations, which do not always suit the environmental conditions which can change
due to anthropogenic pressure. Often the factors of reservoir eutrophication or introduction of new species into the
ecosystem aggravate the competitive confrontation of the populations. The changes spread by domino effect and complicate
the development of a strategy for rational exploitation of biological resources. Species under non-optimal anthropogenic
conditions are vulnerable. Purpose: Developing a model for introduced population dynamics, implemented as a group of
scenarios for a volatile environment. Results: We developed a computational model of a population to describe the scenarios
for its adaptation to environmental conditions. The scenarios include the pace of dimensional development and nutrition of
fish. The model includes a unit for calculating diets, taking into account the hydrological situation factors: the oxygen content
and the activity of hydrogen ions. The model is capable of operating in two modes: under standard environmental conditions
(without specifying the hydrological situation) and with preset conditions for anthropogenic changes. Our approach allowed
us to predict changes in the population structure with variability in abiotic factors. The model demonstrate the risk of taking
out the fish which make the greatest contribution to the biomass growth rate. Practical relevance: The model was identified
using the data on whitefish population in the Lake Sevan. It is suitable for computer simulation experiments, which made it
possible to describe specific features of scenarios of population dynamics for the cases of increased fishing, limited feeding
and changes in the hydrological conditions of the lake.
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Introduction

In our previous work [1], we used mathemati-
cal methods to analyze the dynamic balance of the
main biogenic elements which form the first level of
an ecosystem. We developed a computational model
for the consequences of excessive accumulation of
nitrogen and phosphorus in the bottom sediments
of a large reservoir. As more nutrients flow into the
reservoir due to human economic activity, eutroph-
ication processes start (algal bloom and oxygen de-
ficiency). We successfully parameterized the model
by real waterbody data and calculated a forecast of
hydrochemical indicators. Ecosystems are high-
ly prone to domino effect. Transformation of the
trophic status of a reservoir from oligotrophic to
eutrophic type after a certain time interval is also
manifested in its aquatic community. Species adapt-
ed to the local conditions cannot change quickly, so
the advantage is given to active unwanted invaders,
less demanding of low oxygen content.

In another work [2], we developed a continu-
ous-discrete model in the form of a differential
equation system with a redefinable computational
structure in order to describe sturgeon reproduc-
tion efficiency on the basis of various survival fac-
tors at juvenile development stages. For an exploit-
ed population with adaptive cyclicity, we described
a computational scenario of degradation in the form
of a sudden collapse. This paper is a logical contin-
uation of our research in mathematical biology. It
represents an aggregated model of fish population
dynamics associated with environmental condi-
tions by the key hydrological indicators through the
efficiency of biomass accumulation and the rates
of linear growth, taking into account unbalanced
feeding. It should be noted that fishery forecasts
are formed on the basis of statistical processing and
averaged observation data for the previous period,
but statistical methods for assessing the stock re-
plenishment efficiency are often unpromising when
the trophic status of a reservoir undergoes drastic
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shifts. We took into account possible methodologi-
cal errors in mathematical analysis [3, 4]. Note that
Coregonus fishes are typical representatives of the
Arctic ichthyofauna [5—9], therefore their habitat
in middle latitudes is possible only in high moun-
tain lakes like Issyk-Kul, Sorulukel or Sevan.

Characteristics and Components of the Model

The population model structure unites three sub-
models: 1) a model of individual weight dynamics;
2) a model of age group size dynamics; 3) a model of
spawn yield dynamics with continuous calculation
of fry loss. These submodels are adjusted for joint
calculations, but they can be used independently to
calculate particular problems, for example, analyz-
ing the data on fish nutrition energetics and respi-
ration (important for the case of reservoir eutroph-
ication), or estimating the coefficients of natural
and commercial mortality by fish age groups.

The interaction of the submodels is organized in
such a way that they can describe important intrap-
opulation mechanisms: dependence of the diet and
weight on the size of fish age groups; dependence
of the fish spawn yield on the diet; dependence of
the natural mortality coefficients on the actual di-
et; dependence of the natural mortality coefficients
on the participation in spawning; dependence of the
fecundity on the fish weight and age. To set up the
initial state, parameters for the standard environ-
mental conditions are specified.

We accept that abiotic factors directly affect two
population indices: the diet of the fish and the mor-
tality of their eggs; and indirectly they affect the
weight of individuals, their mortality and fecundi-
ty, which was shown by the example of Coregonus
fishes [4, 10, 11]. In our model, the temperature of
the water and the concentration of dissolved O, af-
fect the amount of food and the mortality of eggs;
the water pH has a predominant effect on the egg
mortality.

The general algorithm of our model implies that
initially for all age groups, on the base of the initial
data on individual weight, we determine the max-
imum amount of food, the expenditure on respira-
tion, and the increase in fish weight corresponding
to the maximum food amount. After that, based
on the scenario data, the actual amount of energy
received by afish age group is calculated, and the
weight value is corrected, taking into account the
diet. The next step is to calculate the size of the age
groups in accordance with the natural mortality
and fishing seizures. It is assumed that all the fish
that have reached the given weight by the time of
spawning participate in the reproduction, and the
spawn amount is proportional to the weight and age
of the spawning fish.

Calculationunits for Individual Indicators

The maximum amount of food and the body
weight gain for fish are determined within a month,
provided that their nutritional needs are fully met.
The internal time step of aunit is considered equal
to a day. Since the mortality of juveniles is extreme-
ly high, the calculation of the daily amount of food
is carried out according to their actual number tak-
ing into account the daily mortality. For other age
groups, the food amount is calculated on the basis
of a fixed abundance in each month. The weightgai-
nis calculated as follows:

W, (t+1) =W () + AW, (t +1),
AW, (t+1)=C,, xU - R,

where W, W, are the actual and maximum weights
of a fish; AW,, is the maximum gain; C,, is the
maximum amount of food; U is the food assimilation
coefficient; R is the expenditure on respiration. The
standard amount of food corresponds to an average
monthly amount at which a fish gains the given
standard weight. On the basis of biological data[12,
13], we define the food amount as a power function
of weight:

Cp =09 xCeyq xW,

where C.; is the standard food amount for a fish
weighing 1 kg; o is acorrection for the excess of
the maximum food amount over the standard food
amount; oy € [1/2, 2/3]; C,, is the maximum food
amount for a fish weighing W kg.

The standard amount of food is calculated based
on the average monthly water temperature and oxy-
gen content in water: C.;; = oy x A; x A, where oy is
a constant coefficient, and 4,, A, are corrections for
temperature and oxygen.

The dependence of the food amount on tempera-
ture is nonlinear; when the temperature is optimal
for a given fish species, the curve has a maximum.
When the temperature reaches the limit, the food
amount drops to zero, and the nutrition stops. In
the model, the dependence is approximated by the
following formulas:

0<T<Typ, A =agxT? —oy xT?;

2
Topt <T < Tnaxs Ap =1—05 (T =Ty )5
T >Thax,T <0, A; =0.

Let us assume that when the oxygen concentra-
tion is more than a given limit value Oy > Oy lim,
this factor is not a limiting factor anymore. As the
oxygen content in water drops during eutrophica-
tion, the food amount first quickly decreases from
normal down to 0.1, and then gradually decreases
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down to zero. The dependencie sare approximated
in the model as follows:

Ozmin < 02 < 02 hm, Ak =g + 07 X

X (02 —Ozmin +og (02 —Ozmin)z —0Og (02 —Ozmin)g;
02 < Ogmin, Ak =010 ><O2.

The calculation of energy consumption is based
on the assumption that the expenditure on respi-
ration consists of two components which are the
expenditure related to the maintenance of the ich-
thyomass and the expenditure related to its growth
according to the formula R=A(W) x (R, - Rp).

Tofigure out the structure of the dependencies
of expenditure on respiration, the Brett and Groves
scheme was used [14], which defines the ratio of
active and standard metabolism as a function of
temperature. We took into account the data on the
change in the ratio of active and standard metab-
olism, and the distribution of the energy supplied
with food to biomass and respiration in fish ontog-
eny [15, 16].

It has been found that the maintenance expendi-
ture is proportional to the biomass, increasingas the
temperature increases according to the Krogh func-
tion: R, = K(T) x W x 044, where K(T) is the Krogh
function, and oy¢ is an empirical coefficient. The
expenditure related to growth is proportional to the
food amount, decreasing linearly as the temperature
increases, according to the law R, =C(1 — ay7) x ayg.

Food spectrum calculation unit. The model
identification approach uses the data on the food
biomass and the priorities of its consumption by
whitefish age groups. The data are represented in
tables of average annual changes in the food spec-
trum depending on the age of the fish. The unit
calculates the actual food amount for the fish in ac-
cordance with the available food biomass, and with
the requests for a particular food type from all the
competing whitefish age groups [17]. The average
monthly biomass of various food types is represent-
ed in proportion to their share in the diet, ensuring
the constant tension in the food relations. The abso-
lute value of the food biomass is given by a periodic
function in order to provide the standard amount
of food for the fish at their normal level of eating
(30—40 % of the average monthly biomass). Note
that a sharp change in conditions can force white-
fish to drastically change their food spectrum, up
to becoming predators sometimes [18—20].

Biomass increment correction algorithm. An
iterative algorithm corrects the biomass increment
and the expenditure on respiration, taking into ac-
count the actual diet:

W (t+1)=W(t)+AW,, (¢)xC /Cp3
R(t+1)=R, (t+1)xC/C,,.

It is assumed in the calculations that the food
distribution structure does not depend on the food
amount. Separately, a weight correction is intro-
duced after spawning for the age groups involved
in reproduction.

Calculation of natural mortality coefficients.
A very important component of the simulation mod-
el is the estimation of biological resource loss. The
curve of natural mortality has a U-shape. Mortality
in the first age group is large, then it decreases,
reaching its minimum before spawning, and grows
again, approaching the maximum during the 10th
year of a whitefish’s life [5, 21]. Let us assume that
the mortality of fish depends on the degree of satis-
fying their nutritional needs. The loss from the lack
of food can be simulated by the following depend-
ence:

C/C,>2Kg, KCg=0;
Cc/C, <Kg, KCg=

:l—exp(—ocls x(Cp, / C— 019 ) X
xAW (t+1)/ Wy, (t+1)+ W (1)),

where KCg is the mortality coefficient which
depends on starvation, and Kg is the starvation
threshold. In the exponential factor we take into
account the dependence between the mortality
and the relative monthly increment. The natural
mortality coefficient KC as a whole by groups can
be found by the following formula:

KC=1-(1-KCct)x(1-KCner)x(1- KCg),

where KCct is the mortality without spawning,
at normal feeding conditions; and KCner is the
spawning loss. We have to calculate the loss asso-
ciated with density and competition.

Method for Evaluating
the Reproduction Efficiency

Let us separately introduce an estimate of the
loss at the earliest stages of development, which
would additionally depend on the initial spawn
density N(0). The well-known Ricker function R =
= EN(0)exp(—bN(0)) is not suitable here because the
iteration trajectory shows chaotization properties
with the increase of £ > e2 which is an unexplained
mode for biology [2]. For our calculations we will
use the implementation of a continuous segment
in the iterative model construction. Here we apply
a modification of our reserve-replenishment model
for a decrease in the abundance from N(0) down to
R =N(T) in the form of a system of equations on a
time interval which makes up a continuous vulner-
ability interval ¢ € [0, T']:
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‘ii_];’ =—(yw()N(t) + O(S)B) N(1);
dw g ®

o) =(1-e5) ",

E_«/Nk(t)—i-c

v is a coefficient of mortality which depends on the

group density; P is a coefficient of neutral loss; w(t)

is a parameter of individual development in early

ontogeny under the influence of group huddling.

O(S) reflects the drop in spawning efficiency for a

small population after overfishing: ;im 0(S)=1.
—>00

A computational solution of the Cauchy problem (*)
will provide a calculation of the loss from spawn to
fry, by a dependence with a pronounced maximum
which will be the most efficient size of a spawning
group. With an increase in the reserve size, the
reproduction efficiency decreases, though with a
non-zero horizontal asymptote.

Only the use of empirical dependencies for each
type in tabular form can allow us to perform predic-
tive calculations of the model in order to study the
survival of spawn taking into account the changes in
the environment parameters. The death of eggs, apart
from predation, is associated with the water tempera-
ture and the amount of oxygen dissolved in the water.
For the reservoir eutrophication scenario [5], we can
use corrections based on the algorithm for calculating
the oxygen content in the model of the biogenic ele-
ment balance described in our previous paper.

In calculating the total number of eggs N(0) for
the system of equations (¥), it is assumed that a fish
participates in spawning if by the spawning time
it reaches the weight Wner. The amount of spawn
N(0) is defined proportional to the fish weight and
age: N(0) = agg + 091 X W(L) + 099 x L, where L is the
age of a spawning fish; W is the fish weight, and
W > Whner. If by the spawning time the fish gains a
weight larger than Wner, it can spawn again; if not,
it has to miss the spawning season.

The balance of the size of age groups is calculat-
ed at the end of each month, taking into account the
natural mortality and the share F € [0, 1] of the fish-
ery (which can be legal and unaccounted): N(t + 1) =
=N@®)x(1 — (1 — KC)x (1 — F). Finally, the iterative
algorithm calculates the transition of the fish to
their next age group and the population replenish-
ment by the fish which have survived the juvenile
stage when they are most vulnerable. Mature white-
fish have no natural enemies.

Identification of the Population Model

The population model was identified based on
data on the whitefish population in the Lake Sevan,
Armenia. This whitefish is a hybrid between Core-

gonus lavaretus maraenoides and Coregonus lavare-
tus ludoga which were both introduced into the Lake
Sevan during the 1920s. After their natural hybrid-
ization, many morphological and biochemical indica-
tors allow us to consider Sevan whitefish as a single
population in our model [22]. Long after their intro-
duction, they did not play a large role in the fishery,
but since the 1960s increased their abundance, and
in 1980s became the most important fish for the lo-
cal fishing industry. The fishery intensification has
changed the population age structure, and now fish
older than 8 years are rare. In accordance with this,
the maximum age of afish in our model is specified
as 10 years. The average weight of fish in catches is
equal to 840 g at the age of 3 years. Available litera-
ture data describe the fish nutrition spectrum in the
Lake Sevan quite fully [23]. We managed to determine
the daily daily food ration SR for whitefish, calculat-
ing it according to A. V. Kogan’s method [24]. It was
found equal to 4.3 % of a fish body weight. The daily
fullness index is 1/4 of a daily food ration. Taking into
account the food in relation to the water temperature,
a table of annual changes in the diet was compiled. On
average throughout a year, a daily food ration is 1.9 %
of a fish weight, and the annual ration is about 7 fish
weights. Similar values describe the feeding of white-
fish in a fry nursery model [4].

It is interesting to see how the energy obtained
from food is distributed between body weight
gain, gonads, respiration and other expenditures.
Juvenile whitefish use their food most efficiently:
the ratio of ichthyomass increment to assimilat-
ed food can be as high as 60 %; then it decreases
down to 35 % by the end of the first year of their
life and down to 20 % by the third year. The per-
centage of assimilated food in whitefish is about
80 % of their diet. With these ratios of energy ex-
penditure for biomass increment and respiration,
the fish can get the necessary food volume at plausi-
ble daily amounts of food. Theoretically, according
to the model, whitefish have an opportunity to gain
weight of 6 kg by 10 years of age. In fact, the max-
imum weight of whitefish varies within 2—4 kg, be-
ing limited by interspecific competition.

At the initialization, three age groups dominate
in a spawning stock: 3+, 4+ and 5+, which together
account for more than 80 % of the stock popula-
tion. Males mature at the age of 2+ when they reach
a weight of more than 480 g; females mature at the
age of 3+ when they reach a weight of 650-1000 g.
The model assumes that fish participate in spawning
when they reach a weight of 700 g. With an equal sex
ratio in the spawning stock, we assume that about
22.5 % of the spawning fish weight is consumed for
reproduction. Each participation in spawning leads
to a decrease in survival. Usually 1/3 of the spawn-
ing fish die. A similar post-spawning death of white-
fish has been observed in nature [5, 6, 9, 11].
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Our identification method was used to choose a
step-by-step approach which presumed decompos-
ing the model, overbuilding the unit structure, and
subsequently taking into account the internal rela-
tionships, as well as external influences in simula-
tion experiments.

At the 15t step, the submodels were adjusted for
the standard conditions. The submodel of individual
weight dynamics selected and adjusted the functions
which determine how the food amount and respira-
tion expenditure depend on the fish weight, based
on the data about standard diet, distribution of the
energy obtained from food, and growth rate. A good
agreement between the actual and calculated data
was obtained when choosing power-law dependencies
of the food amount and respiration expenditure on
the fish weight with a constant distribution of the
obtained energy for fish of 2—-10 years of age. In the
submodel of age group size dynamics, the value of
natural mortality coefficient (KC) in a stable popu-
lation was determined based on data about the age
structure, the above-mentioned assumptions about
the age changes in KC and the standard catch rate
F =0.45. The submodel of spawn yield dynamics de-
termined how the number of spawned eggs depends
on the fish weight and age based on data about the
fecundity of whitefish in the Lake Sevan.

At the 21d step of the identification, the submod-
els were united and jointly adjusted. The influence
of the population abundance on the fish weight
was taken into account by introducing actual diet
which depends on nutritional needs of the fish and
the food availability. The maximum amount of food
was considered equal to the amount which allowed
a whitefish to gain the weight of 6 kg by 10 years
of age. The natural mortality coefficient was de-
composed into three components: normal mortality
with the standard diet and no spawning, reproduc-
tive mortality, and starvation mortality. To deter-
mine the starvation mortality, we used the data on
fluctuations in the fish weight over the age groups.
Let us assume that the fish which fail to reach the
minimum weight die. Mortality was determined de-
pending on the ratio of the actual amount of food
to the maximum one. The threshold is equal to the
ratio at which a whitefish could only gain the mini-
mum weight. Mortality is known to be higher in the
situation of food deficiency and excessive juvenile
density during the introduction into the reservoir
[4], as our model for sturgeons confirmed.

At the 3*d step, the identification closely consid-
ered the influence of external abiotic factors on the
standard amount of food calculated by the average
monthly water temperature and the content of oxy-
gen in it determined by a balance equation accord-
ing to G. G. Vinberg’s method [12].

Eggs and juveniles are most sensitive to chang-
es in the reservoir trophicity. Some environmental

conditions suitable for mature fish can be disastrous
for eggs. The model took into account the effect of
temperature, pH and dissolved oxygen content on
the egg mortality coefficients. When calculating
the natural mortality of mature fish, it operated
with the boundary values of abiotic factors known
for this particular species.

Adjustment of the model showed that intro-
duction of only few cause-and-effect relationships
allowed us to reflect the main ecological aspects
of a whitefish population in a certain stable state.
Forage limitations keep the population from grow-
ing to infinity. The influence of population densi-
ty on the growth rate allows the whitefish to gain
their weight; malnutrition leads to a slower growth
and late maturation of the fish; in extreme cases it
can lead to their death. In the model, a fish almost
never can get as much food as it wants, so the actual
amount of the consumed food is equal to 0.6 of the
maximum amount, on average. The model success-
fully took into account some well-known ecological
facts: 1) the life expectancy of an individual de-
pends on the age of its first spawning; 2) whitefish
can miss some spawning seasons; 3) spawning re-
duces the chances for survival.

Results of Computational Experiments

Standard environmental conditions are chosen
for the convenience of setting up the model and con-
ducting experiments. For the initial state of the mod-
el population, the number N of the fish and their bio-
mass B were taken (by age groups) from a population
of 16.4 million fish with a total mass of 7124 tons, as
estimated for 1980. After that, the age groups iter-
atively change their number / biomass. The greatest
changes occur in the group of underyearlings where
the average weight increases by 5 orders of magni-
tude and the number decreases by 3 orders of magni-
tude. With 6.64 billion larvae in the beginning, the
total mortality of whitefish larvae and fry is 99.8 %.
By the end of the year, out of all the larvae hatched
7800 million individuals remain. The high mortali-
ty rate cannot prevent a rapid increase in the popu-
lation biomass. The weight gain rate drops sharply
during the winter months. The relative weight loss
caused by spawning is constant in all age groups
from 3 to 10 and equal to 22.5 %.

The average annual expenditure on respiration
is 31 % in the first age group and 68 % in the sec-
ond one. In older groups, it almost does not change,
making up about 80 % of the diet. The coefficient
of food use efficiency (P/A) varies little with age,
ranging from 19.4 to 19.8 %.

An important computational scenario considered
howa whitefish population would react to changes
in fishery and forage. Let us assume that intensive
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fishing takesup the majority of the population, with-
out selection between fish sizes. The abundance and
biomass of the population fall sharply, decreasing in
10 years by about 100 times. Fishery undermines it-
self: by the 20t year it can take up just 0.7 tons when
the population is about 1 thousand fish. In nature,
such a decline in population size usually results in
irreversible degradation; this is what happened to
Canadian cod or Caspian starry sturgeon. Similar
influence of overfishing was observed in the Lake
Sevan during the 2000s. But some peculiarities of
Coregonus fish population structure (formation of
local subpopulation groups) give them chances to re-
store their abundance on the base of reproductively
isolated groups which have partially survived. The
population of the whitefish in the Canadian part of
Lake Ontario successfully restored its abundance in
the 1990s [25] after overfishing in the 1960s. In our
model, a ban on fishing from the 215t year allowed
the population to gradually restore its abundance.
Calculations have shown that a population can be de-
stroyed in 10 years, and the restoration would take
more than 20 years without any fishing.

Fishery as intense as AF =[0,30; 0,45] keeps the
population at the level of 20—40 million fish with a
biomass of 12—-18 thousand tons, maintaining stable
catches at the level of 3000 tons. Increasing the inten-
sity of fishing and reducing the minimum weight of
fish caught rapidly deplete the biological resources.
Excessive fishing decreases the population abundance
especially badly in the case of sharp fluctuationsin the
food supply. The ecological niche is occupied by spe-
cies-concurent of lower value. Recent works on other
Coregonus populations confirm the conclusions about
the influence of density factors on the fish growth
rate [26], the significance of eutrophication for the
welfare of lake populations in Canada and Germany
[27, 28], and the effect of temperature [29].

Conclusion

Using the data on the introduced Sevan white-
fish, a segmented model has been developed which
simulates the dynamics of abundance and biomass
for fish population age groups depending on the
fishery and such environmental factors asfood
availability, temperature, pH of the water and
dissolved oxygen concentration. The model can
be classified as simulative, deterministic and dis-
crete-continuous. The model was identified and ver-
ified with a mandatory biological substantiation of
its results by the data on whitefish stock [17, 23].
The model can work in two modes: under standard
environmental conditions (without specifying the
hydrological situation) and with a scenario of an-
thropogenic changes. The scenario approach allows
you to use lake eutrophication data for predicting
changes in the fish population structure when abi-
otic factors change. Ultimately, a shift in the upper
level of the trophic chain will affect the entire bi-
otic community of the lake. Scenarios demonstrate
that it is unreasonable to take out the individuals
which make the greatest contribution to the bio-
mass growth rate. A depleted population will recov-
er with a rate lower than the anticipated value.

This research confirms the conclusion made in
our previous RFBR projects on Caspian sturgeon
reproduction efficiency. Even small fluctuations in
fish mortality rate during early ontogeny lead to
changes in the population size, which is difficult
to take into account in fishery forecasts based only
on statistical averaging of a data set which may be
large but obtained under different conditions of the
population existence and unstable hydrological sit-
uation caused by hydropower industry needs [30].

The research was supported by RFBR grant 17-
07-00125.
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IlocTanoBKA MPOOGIEMBIL: TOMYJIAINHI I[EHHLIX IIPOMBICIOBBIX BIIOB PI6 PA3BUBAIOTCA B BOAHBIX 9KOCHCTEMAX 10 BHYTPEHHUM MeXa-
HU3MAaM 9BOJIIOIMOHHBIX afalTaliii, He BCeraa COOTBETCTBYIONNM N3MEHEHHBIM 13-3a aHTPOIIOTEHHOTO JaBJIeHUA YCJIOBUAM cpeabl. Ya-
cT0 (haKTOP 3BTPO(GUPOBAHNS BOJOEMA UJIU BCEJIEHUS B 9KOCUCTEMY HOBBIX BUIOB 000CTPAET KOHKYPEHTHOE IIPOTUBOGOPCTBO MOMYJISAIIIHA.
VzsMeHeHNA PACIIPOCTPAHSAIOTCA 3(PHEKTOM JOMUHO U OCIOMKHSIOT BEIPAOOTKY CTPATETMH PAIIIOHAIBHOM K CILIyaTanuu 6uopecypcos. Bu-
Bl B HEOIITUMAJIbHBIX AHTPOIIOTEHHBIX YCJIOBUAX Pa3BUTUA opranusaMa ya3BuMbl. Ilesb: paspaboTka Mogen JUHAMUKYU UHTPOLYIIUPO-
BaHHOU MONMYJIALVN, PeaJu30BaHHON B (D)OPMe I'PYIIIIbI ClieHapUeB IJIs U3MEeHUYUBOI cpebl. Pe3yabpTaThl: padpaboTaHa BEIYUCIUTEIbHAS
MOZIeJIb TIOMYJIANUNA JIs ONUCAHUSA ClIleHAPUEB ee aJalTalun K yeIoBuaM cpeabl. ClieHapuu BKJIIOYAIOT TEMIIbl PA3MEDPHOTO PA3BUTUA U
nuTaHusa ocobeil. B Mozesib BKIOUEH OJIOK pacuera PaliioOHOB MMUTAHUA C YIETOM (haKTOPOB I'UAPOJOTUUECKON 06CTAHOBKU: COMEPIKAHMUS
KHUCJIOPO/ia M aKTUBHOCTH NOHOB Bogopoa. Moessb crioco6Ha paGoTaTh B ABYX PEXKUMAaX: IIPYU CTAHJAPTHBIX YCIOBUAX cpebl (6e3 3aJanus
MHOOPMALUY O TUAPOJIOTUUECKON 00CTAHOBKE) U IIPU 3aJJaHUH YCJIOBUI aHTPOIOIeHHBIX N3MeHeHn. [I01X0/1 IT03BOINI TPOTHO3UPOBATh
M3MEHEHUs B CTPYKTYPe MOMYJIAINN IPA BAPUATUBHOCTU a6MOoTHYeCKUX (hakTOpOB. Mo/eb ITOKAa3bIBAET OMMACHOCTh U3BATUS PbIO, 00e-
CIIeunBarOIIuX HaH6OJII;]J.IHI>’I BKJIaJ B TEMIIBI IIDHUPOCTAa 6I/IOMaCC]:I. Hpalc'ruqeclcaa 3HAYMMOCTB: MOJeJIb I/I,Z_'[eHTI/I(I)I/II_H/IpOBaHa II0 JAHHBIM
IUIA TOMYJIALUYA UHTPOAYIeHTa cura CeBaHa ¥ IPUTOIHA AJIA UMUTAIIMOHHBIX BEIUNCIUTEIbHBIX 9KCIIEPUMEHTOB, UTO II03BOJIMJIO OIIUCATD
cneuncbnqecmue OcoﬁeHHOCTI/I CIleHapueB HOHyJIHILI/IOHHOﬁ AVHAMUKHU IIPU YCUJIEHUU IIPOMBICJIOBOT'O U3'BbATUA, OTPAHNYEHHOCTU INTAHUA
1 USMEHEHUA T'IPOJIOTUUYECKUX yCJIOBPIfI BOJOEMaA.

KimroueBsie cioBa — HeJMHENHBbIE MOAENU MOMYJIANNN, MOLEJIN POCTA, PACUET SHEPTreTHUECKOro GalaHca, CIeHAPUU IIPOMBICIOBOM
9KCILIyaTalun, 9BTPOPUKAIA.
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