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Purpose. The work is aimed at constructing an adaptive model of the ecological-economic system of
the sea coastal zone intended to control the volume of consumption of marine assimilation and biological
resources by the coastal socio-economic system.

Methods and Results. The model based on tracking the integral balance of the rates of marine
environment pollution and its purification due to the natural physical and biogeochemical processes and
to the environmental actions is proposed. The average multi-year values of the ecosystem variables are
used in the applied concept of stationary state of the marine ecosystem. To describe the conditions
forming the polluted area in the coastal marine environment, proposed is the algorithm taking into
account the ratio between the rate of growth of concentration of the pollutants inflowing from the coastal
sources and the rate of their destruction resulting from natural purification of marine environment.
Coastal pollution runoff was managed by the penalties imposed on the economic system, which was
forced to reduce the generalized product output simultaneously increasing its prime cost. In the marine
ecosystem model, the main lower links of the food chain were used: concentrations of phytoplankton,
zooplankton and bacterioplankton. Their weighted sum constituted the marine biodiversity index, which
was taken as a concentration of bio-resource consumed by the coastal economic system. It was believed
that there was an inverse relationship between the biodiversity index and the pollution concentration.
Therefore, the maximum permissible pollution concentration was assessed based on the permissible
values of the biodiversity index. Along with control of the economic efficiency of marine resource
consumption, the model provided for the biodiversity index monitoring so that it did not fall below its
permissible vales. In this case, the management agent included in the model, limited production.
The model equations are constructed by the method of adaptive balance of causes, which preserved
the material balances resulting from the interaction between the environmental and economic processes.
The modular equations of the method permitted to use the known stationary state of the ecosystem to
obtain the estimates of the influence coefficients. It is shown that the forecasted scenarios provide
the compromises between the efficiency of the coastal economic system and the ability of marine
ecosystem to restore the consumed assimilation and biological resources.

Conclusions. The proposed model makes it possible to forecast the scenarios of the ecological and
economic processes that provide a balance of consumption and reproduction of marine resources.
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Introduction

Housing construction, the development of industry, agriculture and other
forms of intensive development of coastal territories increase the coastal pollution
runoff into the sea and stimulate an increase in the consumption of marine
resources in the coastal zone of the sea. This leads to a change in the marine
environment ecological state. Therefore, one of the main problems of the coastal
zone ecological economy is to manage the balance of consumption and
reproduction of marine resources [1-3].

A large number of scientific works are devoted to the problem of monitoring
the state of marine resources. In the most general formulation, this problem is
considered in the models of social ecological and economic systems of the coastal
zone of the sea [4-10]. An important aspect of these studies was the assessment of
the ability of a complex marine ecosystem to reproduce its equilibrium ecological
state under anthropogenic load. In [11-14], a systematic approach to the integral
control of the balance of pollution rates and self-purification of the marine
environment from pollution supplied to the sea by the coastal economic system was
developed. This approach is based on the application of the systemic principle of
mutual adaptation of processes in the ecological and economic systems “coast —
sea” to each other and to external effects. It allows one to control the permissible
volumes of resources taken from the marine environment for the economic use.
In particular, an adaptive model of the ecological-economic system “coast — sea”,
in which the management of the intensity of marine biological and assimilation
resources consumption depends on ecological parameters — the biodiversity index
and the marine environment pollution level [12], was proposed.

The purpose of this study is to construct an adaptive model for managing
the ecological and economic processes of consumption and reproduction of
the marine environment assimilation and biological resources using a new model
for the formation of pollutant concentration in the sea getting from the coastal
runoff.

Methods and results

The marine environment assimilation capacity was defined as the maximum
possible rate of self-purification from pollution, at which irreversible changes do
not begin in the marine ecosystem, preventing its return to an equilibrium
stationary state. In the general case, the resource capacity was represented by
the limiting value of consumption and recovery rates of the concentration of
a particular type of resources, when these rates are still equal, but are already at
the upper limit of their possible values.

In order to construct a dynamic model of control over the consumption and
reproduction of marine resources, quantitative measures of the consumed resource
per unit volume of the marine environment have been introduced: the biodiversity
index (BD) for the biological resource and the pollution level index (PL) for

the assimilation resource. A multitude of positive and negative factors that form
the scenarios of changes in the concentration of each type of resources have
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determined the scheme of cause-effect relationships of the marine ecosystem
model. The resource concentration was expressed as a weighted sum of
the concentrations of those substances that are included in the material balance
equation that forms a given type of resource in a specific environment volume.
The dynamic ecosystem model consists of differential equations of adaptive
balance of causes method [11], preserving the indicated material balances.
Therefore, the research objectives include the development of a method for
determining the effect coefficients in the equations of the marine ecosystem
adaptive model and carrying out computational experiments to test the adequacy of
the proposed model to the existing ideas about the coastal pollution runoff impact
on the scenarios of ecological and economic processes in the sea coastal zone.

The general property of natural ecosystems adaptation to external effects is
known. It is expressed in the fact that the system tends to maintain a stable
equilibrium state, in which a balance of forces (effects) takes place and
the dynamic mode “action equals counteraction” is maintained. In adaptive models
of marine ecosystems, the equality of the rates of resource consumption and its
reproduction is provided by a negative feedback between the amount of
the consumed resource and its reproduction. A decrease in the resource
concentration causes (within certain limits) an increase in the rate of its
reproduction to a level that compensates for the increased rate of the resource
consumption.

Integral model for the formation of concentration variance scenario
of marine environment pollutants

Now we are to consider one of the possible variants of an integral model for
the formation of a concentration variance scenario of the coastal marine
environment pollutants, which come from a distributed coastal source. In this case,
we are talking about the consumption of the marine environment assimilative
resource and its assimilation capacity. The concentration variations are the result of
two opposite processes — the accumulation of pollutants and self-purification from
them due to biochemical destruction. For the sake of simplicity, it can be assumed
that the pollution level index is represented by PL concentration of one particular
pollutant type.

We assume that a pollutant flux with PL, concentration begins to get into
a marine environment limited volume with a constant (background) concentration
of pollutants PL,. Then scenarios of pollutant concentration variation in
the volume of the environment will begin to form according to a certain law. We
will assume that this law is determined by two main factors: mixing, which evenly
distributes pollutants throughout the entire volume of medium, and biochemical
decomposition reactions of pollutants occurring in the marine ecosystem. We also
accept PL,<<PL,, i.e. the background concentration of PL,pollutants in the sea
is much less than the concentration of pollutants in the runoffs PL,entering
the sea. These assumptions mean that the concentration of pollutants in the marine
environment varies within PL, < PL < PL,.
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Without taking into account biochemical self-purification reactions that
decompose the pollution, the concentration PL™(t) will increase due to marine
environment dynamics from an initial value PL, to PL, value according to
the exponential law with saturation:

PL® (t) = PL, +[PL, — PL,][1—exp(-at)] . (1)

The exponent o determines the rate of pollutant concentration increase in
the sea under effect of molecular and turbulent diffusion, i.e., the rate of
consumption by the pollution source (coastal social-economic system) of
the marine environment assimilation resource.

Along with this process, the biochemical self-purification reactions of
the ecosystem will strive to return the pollutant concentration to the equilibrium

background value PL, decreasing it fromPL"(t)to PL.. In this case,

the reproduction rate of the assimilation resource will determine the parameter 3 in
the formula

PL(t) = PLY (t) +[PL, — PLY) (1)][1 - exp(—pt)]. (2)

Taking into account the variable power of the pollution source,
the concentration of pollutants is a time function PL,(t) . Substituting in (2) instead

of PL™)(t)its expression (1), we obtain the general law of in the pollutant

concentration variations in the sea under effect of both dynamic and biochemical
factors:

PL(t) = PL, +[PLA(t) — PL,][1—exp(—at)]exp(—Bt) ]. (3)

Thus, the dynamic balance of the environment pollution and self-purification
rates is determined by the parameters a and 3, which set the rates of consumption
and reproduction of the assimilation resource. At a constant marine environment
pollution source PL,, differentiating the last equality and equating the derivative
to zero, we find a condition linking the time of reaching the maximum
concentration of pollutants with the assimilation resource consumption and
reproduction rates:

t=tin®P @)

o P

In the ecosystem steady state, when the assimilation capacity consumption and
reproduction rates coincide (o = B), the time for reaching the maximum

concentration pollutants PLa is t* = a*In2 arbitrary units.
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The proposed mechanism for the formation of concentration variance scenario
of marine environment pollutants should exist within the ecosystem capabilities to
resist the pollution increase when the concentration of pollutants does not exceed
the approximate permissible level PL*. This value is critical by definition, since at
it the reproduction rate of marine biodiversity index begins to lag behind the rate of
its consumption. When the pollution level exceeds PL* value, the biochemical
reactions of pollution destruction begin to weaken, which can cause
the degradation of the marine ecosystem. It is natural to assume that
at PL(t) > PL" the rate of self-purification from contamination will decrease.

In order to take this circumstance into account, it is necessary to include in formula
(2) a control agent B(t), which will slow down the rate of biochemical self-

purification by changing the value of B coefficient when PL > PL":
PL(t) = PL, +[PLA(t) - PL,][1—exp(—at)]exp[-B(0)t], (5)

B(t) =B"IF[PL < PL";L;exp(—y1)], (6)

where B” is a parameter in the ecosystem stationary state.
Thus, the dynamics of the pollution level is limited to segments of
0<PL(t)<PL" <PL,values, the limits of which depend on the ratio of

consumption and reproduction rates of the marine environment assimilation
resource.

Self-purification rate control in the pollutant concentration equations

Expression (3) can be used as an external effect source in the right side of
the dynamic equation for the pollutant concentration, constructed by the adaptive
balance of causes method [11]. In the adaptive equation, the variation rate in
the pollutant concentration is associated with a negative second-order feedback
[13, 14] with the concentration itself:

dPL

T 215 PL{Cp —[PL—(Ap —Cp )]}, (7
where rp, is a relative rate of PL concentration variation; A is an external
source deviating this concentration from the stationary (mean) value C, .

We will assume that at the initial time moment the concentration of pollutants
has a stationary background value PL, = Cpr, Which corresponds to the mean long-

term values (C;) of the marine ecosystem model variables (u;). Then from
the formula (3) the external pollution source Ap, in the equation (4) will be
determined and it will take the following form:
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ddPL = 21y PL(Cp —{PL —[PL,(t) - Cp ][1 - exp(-at)]exp[-B(0)t)}) . (8)

o

To test the proposed model for the scenario formation of the pollutant
concentration variance, computational experiments were carried out. Equation (8)
is represented in finite differences with sampling interval in time At. For
simplifying the solution algorithm, an additional condition 2r, C, At =1, which can
always be satisfied by choosing a time interval At, was adopted. As a result,
the following iterative process was proposed:

PL = 2PL*(1- (2Cp, ) PL" ~[PL} ~ Cp, J1L-exp(-aAtk)]exp[-B(ALALKT}.  (9)

In Fig. 1 the scenarios of concentration variation of pollutants obtained under
various conditions are given. As follows from formula (3), with constant
coefficients a and [, these scenarios have a single maximum, the position of which
is determined by expression (4). Concentrations of pollutants should tend to
a stationary value PL, =C, att—>oo0.
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F ig. 1. Change of the pollutants PL concentration in the marine environment with constant (a, b)
and variable (¢, d) sources of pollution PL4s by the scenarios according to which: the rates of
the environment self-purification are different (a); control of the environment self-purification rate
(graph Control) is turned off (b, ¢); control is on (d)

This conclusion is confirmed by a family of scenarios (Fig. 1, a) obtained at
different rates of the medium self-purification, when the stationary value of pollutant
concentration, the source intensity, and the rate of the concentration increase in
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the sea are constant. Fig. 1, b — d demonstrates the graphs of functions (forming
the scenarios of the pollutant concentration in the sea), which have the following
notations: +PL is an increase in concentration according to formula (1), —PL is
a decrease in concentration according to formula (2), Control is an ecosystem self-
purification rate control by formula (6). In order to simulate random variations in
the pollutant concentration in the sea, a random function PL,, depicted in Fig. 1, c,

d, was applied. Comparing the scenarios PL in Fig. 1, a, b, it follows that controlling
the rate of the ecosystem self-purification led to an increase in pollution during

periods of time when PL(t) > PL". Thus, computational experiments have confirmed

the correctness of the concept of the marine environment pollution level formation,
laid down in the model (8) — (9).

Adaptive model of the “cost — sea”
ecological-economic system management

A conceptual model for managing the balance of consumption and
reproduction of marine environment assimilative and biological resources is given
in Fig. 2. The model consists of two interconnected subsystems — economic
(“coast”) and ecological (“sea”). Management of the “coast — sea” system is carried
out by the agents AG, and AGg,, which manage the economic profitability of
the marine environment assimilative and bioresource capacities use by the coastal
social-economic system [12], taking into account the proposed above model of
the sea pollution level formation.

The main condition for managing the system is that the biodiversity index BD

does not fall below the estimated permissible value BD®, which is taken as
the “normal” ecological state of the marine environment. It is assumed that there is

an inverse functional relationship between the biodiversity index BD" and

the estimated permissible pollution level in the sea PL". The integral balance of
accumulated and assimilated pollution S over the time interval (O, t) is controlled

by the agent of the marine environment resource capacity R(t):

(10)

R(t) = IF<PL <PL L IF{TX ooy < TX o Xp(—0g1); >

R(t) +[1-R()][1-exp(-Brt]}

The logical management operator (10) monitors the excess of the pollution
level PL" with regard to the difference in the rates of pollutant accumulation in
the block S,..and their assimilation in the block S, (Fig. 2). The agent for
marine environment purification from pollution activates the runoff purification
exceeds the TX

acc acc

mode when the value of the treatment fund TX value.
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F i g 2. Scheme of cause-effect relations in the adaptive model of managing the balance of
consumption and reproduction of the assimilation and biological resources of marine environment

The system of the model equations describing the relations between
the elements of u; ecosystem demonstrated in Fig. 2, consists of n modular
equations of the adaptive balance of causes method [12-14], which have
the following general form:
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(i;J'[i =2ru{C -[u; - ay (U —Cy) + Zail (u -C)-Al} (11)

k=1,k=i I=m+1,1i

For estimating the effect coefficients in (11), the assumption that the average
long-term values C; of all the model variables are known and the variability
intervals of variables have the form 0 <u; < 2C; was used. Equations (11) describe
the processes of adaptation of the “coast — sea” system wu; products to its
resources — positive (u,) and negative (u,). The adaptation processes reflect

the system model reaction to the deviations of its variables from the mean
(stationary) state under the influence of external effects. The effect coefficients
q; and a, show what increase in product concentration gives an increase in

the resource affecting it:u; —C; =g;(u; —C;). The assumption of a known

stationary state of the “coast — sea” system allows one to introduce the estimates of
the effect coefficients for this state and extend them to arbitrary times with
corrections for the current values of the variables.

In order to obtain such estimates of a; coefficients, the processes u i affecting
the process u;, are reduced to the dimension of this process by the following
transformation: u; = a{jCiCj‘luj . Next, the normalization of dimensionless factors
a;; , taking into account the current values of all affecting processes, is carried out.
Then the system of equations (11) can be represented as

W 2nuC, [ -08 Y Ciu (Y Clu) O ~C)+

(12)
+0,5 > Ci'u;( D Cllu)CCt(u -C) - Al

j=m+1, j=i l=m+1, j=i

The equations for each variable of the ecological-economic system model,
taking into account the intrasystem and external effects shown in Fig. 2, are as
follows:

dPP , , ,
= 2MeePP{Crp ~[PP ~ Cpp (2:NO} + a5 NH, — a5 — 2,5 DON’ -

—ay,D'—ayxPL;)1},

dZ ’ ’ ’ ’ ’ !
at 2r,Z{C; —[Z —C7(ayP'+a,5B" —a,sNH), —a,,DON" —a,, D"~ a,PL; )1},
dB ’ ! ! !
at 2rgB{C; —[B-Cp(azsDON’— a5, 2" — a5 NH), —a55PLg)]},
dNO ' ' '
at S= 2Iy0,NO3{Cyo, —[NO; —Cyp, (a;sNH} +a,DON"+a,5PL{o )1}
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dNH,

=21y, NH,{C\y, —[NH, —Cyyy, (852" +a53B" + a5s DON' — a5, P —

dt

— a5 NO3 + a5 PLyy, )1}

dDON ' ' , '
dt = 2150y DON{C oy —[DON —Cpop (a6, P’ + 86, 2" + 85, D" —ag3B" -

—agsNO; —agsNH), +agsPLpoy )1}

dBtD = 2rzpBD{Cqp ~[BD - AGgy, (PP, ZP, B)]},

(13)
AGg, (PP, ZP,B) = Cyp argmin (Cop PP;C,s ZP; C,'B),

dPL YA
e 215 PL(Cp —{PL—[Cp (ap yCy'V') -

—Cp 11— exp(—at)]exp[-B(t)1)] + AG[TX 1ce, TX i 1D,

AG (Txacc 7Txefcc) = IF{TXacc 1<TX:cc ;0; CPL[]-_ exp(—ﬁr)]},
t
TX oo (1) = j TX (7)dt,
0

dPD ,
"5t = 2MopPDICop ~(PD-+ 55, PP)]

(?T\: =2r,V{C, -V -a,,,pPD'+ AG, (P,E) + AG, (BD,BD")]},
AG(P,E)=IF{P>E;0; C,[L-exp(-ay ,pD)]},
AG, (BD,BD") =IF{BD > BD";0;C, [1—exp(-0y g T)]},

d;tx = 20 TX{Cry ~[TX ~Crx Co PL'~ AGry (PL, PL") - AGyy (BD,BD") - TX "1},

AG;y (PL,PL") = Cyy IF{PL < PL";0; kry,[1 - exp(-a7y )]},
AG 1, (BD,BD") =C 1, IF{BD > BD";0;K 1y, [1 - eXp(~ir 7)1}

The dashes in equations (13) denote the deviations of the variables from their
mean values, and the asterisks denote the given values. The agent
AGgp (PP, ZP, B) in the equation for the biodiversity index limits this index by
the value of the minimum living objects concentration in the ecosystem.
The efficiency of the marine environment resource consumption is assessed
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integrally by the ratio of the incomes of economic system Il (t) and its costs
E... (t) for the time period (0, t):

1+1,,
1+E

acc

e = [PV, Eg=[ E@V@®dt, EF=In (14)

The effect coefficients in the equations of the marine ecosystem were
calculated using the normalized ratios of the mean values, as shown in the system
of equations (13).

Managing the process of marine environment purification from the pollutants
in the adaptive model of the “coast — Sevastopol Bay”
ecological-economic system

The integral management of the marine environment pollution level by
the coastal runoff into the Sevastopol Bay is considered in [12-14] without taking
into account the environment self-purification model proposed in this study in
the equation for the pollutant concentration. In order to construct the scenarios of
ecological and economic processes, we use the mean values of the concentrations
(in mgN/m®) of the modeled substances in the bay ecosystem known from long-
term observations, which were taken as the ecosystem stationary state:
phytoplankton — 37.74, zooplankton — 18.87, bacterioplankton — 12.0, nitrates —
42.35, ammonium - 5.60, dissolved organic forms of nitrogen — 18.0, detritus —
15.0. We assume that the coastal economic subsystem produces a generalized
product and directs into the bay the pollution flux, proportional to the production
volume. The system of equations is written down in finite differences for
constructing iterative cycles similar to (9). The estimates of the effect coefficients
of the bay ecosystem equations are calculated by the normalized ratios of
the average values of the variables by the formulas used in the system of equations
(12). A system of dimensionless economic variables, reduced to a single scale
(0, 10), is applied. The calculations are performed for one year (365 time steps).

In Fig. 3 the scenarios of ecological and economic processes in the *“coast —
Sevastopol Bay” system are given. They were reconstructed by the model (12) -
(14), when the bay was not polluted by the coastal economic subsystem, and,
consequently, there was no control and management of the pollution level.

Output of products V repeats the predetermined seasonal variation of demand
for it PD (Fig. 3, a). The rates of consumption and reproduction of the bay
resources are equal, and the values of the biodiversity index BD are significantly
higher than the permissible level BD* (Fig. 3, b). Despite the absence of pollution
in the bay, the system continues to impose a pollution penalty proportional to
production volume. It is considered as an environmental tax that replenishes
the TXacc fund for the runoff purification from pollution (Fig. 3, c). The production
profitability reaches a stable maximum (Fig. 3, d), and the bay ecosystem is in
a stable stationary state (Fig. 3, e, ).
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F i g. 3. Scenarios of the processes in the ecological-economic system "“coast — Sevastopol Bay" in
case the marine pollution is absent

In the next experiment, the mechanisms for managing the consumption and
reproduction balance of the marine environment assimilative and biological
resources are tested according to the criteria of pollution level and the biodiversity
index. For this purpose, the mechanisms for monitoring and managing the levels of
pollution and biodiversity of the bay marine environment are turned on, but
without taking into account the dynamics of the marine environment.
The experimental results are shown in Fig. 4. The production volume V and
the pollution flux related to it are limited in the first part of the experiment
(Fig. 4, a, c) for a number of reasons. The first limitation occurs at the 75" step,
when the biodiversity index falls below BD * value (Fig. 4, b); the — second at
the 125" step, when TX penalties reach the maximum values (Fig. 4, ¢) and
the production cost E exceeds the cost of the generalized product PP (Fig. 4, a).
Subsequent restrictions are due to the drop in the biodiversity index value and with
the reaction of the of the resource capacity agent R(t) to this (Fig. 4, b).
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Fig. 4. Managing the balance of consumption and reproduction of marine resources in the “coast —
sea” ecological-economic system based on the criteria of the pollution level and the biodiversity index

with no account of the marine environment dynamics. The runoff purification mode is on at the 148t
step of calculations

In the second part of the experiment, the funds accumulated in TXacc runoff
purification fund were sufficient to start the purification mode (Fig. 4, ¢), and AGp.
(TXaec) agent turned on this mode at the 148" step. As a result, the pollutant
concentration decreases sharply and, in accordance with formulas (6) and (8),
the self-purification rate increases. In the subsequent period of time,
the development processes acquire positive dynamics, since the production output
increases to the of seasonal demand value.

Due to the reduction of fines (Fig. 4, c¢), the production cost decreases
(Fig. 4,a), and its profitability is steadily growing (Fig. 4, d). As a result,
the ecosystem model biochemical variables take their stationary values
(Fig. 4, e, ).
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Fig. 5. Influence of marine environment dynamics on the balance of consumption and reproduction
of its assimilation and biological resources in the “coast — sea” ecological-economic system based on
the criteria of the pollution level and the biodiversity index

The influence of the marine environment dynamics on the scenarios of
Fig. 4 was considered during the experiment, the results of which are
demonstrated in Fig. 5. The main influence on the pollutant concentration in
the sea upper layer is exerted by the transfer and diffusion of water masses, as
well as wave processes caused by random fluctuations in the wind velocity
module. In order to simulate the wind effect on the pollutant concentration,
a random function PL, was added to the equation for PL system of equations
(13), which was used earlier in the model (8) for the formation of pollutant
concentration variation scenario (Fig. 1, c, d).
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From a comparison of the scenarios of ecological and economic processes in
Fig. 4, ¢ and 5, c it follows that the duration of the periods and the values of
the excess concentration of pollutants in the approximate permissible level of
pollution PL" become significantly higher. In accordance with the adopted model
(5) - (6), the marine environment self-purification rates at PL > PL" slow down.
As a result, the fines and production costs increase, which leads to a limitation in
output and a drop in its profitability (Fig. 5, a, ¢, d). The dynamics of pollutant
concentration significantly complicates the scenarios of biochemical processes in
the marine ecosystem (Fig. 5, e, f). This entails variations in BD biodiversity
index. Note that, by definition, the biodiversity agent AGgp(PP, ZP, B) in
the system of equations (13) reacts to the minimum values of the biological
variables of the model managed by it. Since the scenario of zooplankton
concentration variation (Fig. 5, €) has the minimum values, the biodiversity index
scenario is formed under the effect of this concentration (Fig. 5, b).

Conclusion
The purpose of this study was to develop an adaptive model for managing
the ecological and economic processes of consumption and reproduction of
the marine environment assimilation and biological resources. This goal was
achieved by applying an additional mechanism for managing the rate of marine
environment purification from pollution, which reacted to changes in its
ecological state. When the pollutant concentration exceeded the value of
the indicative pollution permissible level, and the biodiversity index fell below its
permissible level, the special agent slowed down the rate of environment self-
purification from pollution getting from the coastal runoff. The ecosystem
transition into a mode of imbalance in the consumption and reproduction of
marine environment assimilation and biological resources is presented.
Verification of the proposed mechanisms for coastal runoff management by
analyzing the predicted scenarios of pollution level and the environmental
biodiversity index shows that they provide a compromise between the coastal
economic system profitability and the marine ecosystem ability to recover

consumed assimilative and biological resources.
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