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Purpose. Complexity of biochemical processes in marine environment entails the problem of
parameterizing their interactions in constructing the marine ecosystem mathematical models. The aim
of the investigation is to simplify solution of this problem by applying the concept of the ecosystem
stationary state and the hypothesis on balance of the processes’ mutual influence based on the matter
balances of biochemical reactions in substance transformations.

Methods and Results. To simplify the ecosystem model, applied is the method of the adaptive balance
of causes which now is being developed by the authors. The method equations contain negative
feedbacks between the ecosystem model variables and the velocities of their change. These feedbacks
stabilize the equations’ solutions and make the model adaptive to the external effects on
the ecosystem. The concept of the solutions’ convergence to the stationary state permitted to propose
a simple methods (based on the normalized relationships between their average values) for estimating
the coefficients of the processes’ mutual influences. To test these methods, the adaptive model of
the Sevastopol Bay ecosystem was constructed. The data of multi-year observations of the chemical
processes in the bay were used for assimilating the observations of the nitrate and ammonia
concentrations in the model. The data were assimilated both through their reducing to the dimension
and scales of the variability corresponding to the model variable, and their including to the right parts
of the model equations as the additional sources and sinks. The numerical experiments carried out
using the integral model of the Sevastopol Bay ecosystem showed that application of the normalized
relationships between their average values as the estimates of the processes’ mutual influences
permitted to reproduce the scenarios of all the processes in the ecosystem based on the limited
observational data. The model response to the external effects at the constant and varying normalizing
factors in the model coefficients is studied. It shows that the variable factors provide the model with
higher sensitivity to the external effects.

Conclusions. The adaptive models of marine ecosystems constructed by the method of the adaptive
balance of causes provide fast solutions’ convergence to the stationary state. According to the laws of
the matter balances’ conservation in the biochemical reactions in substance transformations,
the adaptive model tends to establishing dynamical balances in the external and intra-system
influences. Therefore the proposed methods of estimating the intra-system relationships’ coefficients
in the marine ecosystem adaptive model permit to reconstruct the scenarios of those processes in
which only their average values are known.
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Introduction

The models of marine ecosystems describe processes in the sea that
characterize the life cycles of living objects and the chemical reactions of substance
transformation in the marine environment. Due to the complexity of these
processes, in the mathematical modeling of ecosystems a problem of
parameterization of the of biochemical process mutual influences exists. In order to
solve it, it is necessary to use observational data. In a number of studies,
the concept of the ecosystem stationary state was used for this purpose, adopting
the hypothesis of an adaptive balance of mutual causes of processes when their
values deviate from the stationary state [1]. In this case, it becomes possible to
apply the adaptive balance of causes method [2-3] to construct the of
the ecosystem model equations, which significantly simplifies them compared to
the traditionally used parameterization of cause-effect relationships [4-12].

A hypothesis on maintaining a balance of causes allows us to express
assessments of the influence coefficients in the model equations using the ratios of
stationary values of the concentrations of the ecosystem simulated substances.
In the present work, this approach is considered on the example of an integral
model of the sea upper layer ecosystem. The aim of this work is to develop
a method for assessing the influence coefficients in an adaptive ecosystem model,
based on the relationship of the average values of simulated processes. Earlier in
[2, 3, 13], a method for normalizing dimensionless factors that appear in front of
average relations, when the affecting functions are reduced to the variability scale
of the ecosystem model main variable, was proposed. The factors were considered
constant and were selected inversely proportional to the number of affecting
functions. Particularly, in [3, 13] this method was applied in the problem of
reconstructing the intra-annual variability of nitrification processes in
the Sevastopol Bay. In this work we propose a modification of the method using
variable normalizing factors that take into account the dynamics of biochemical
substance concentrations in the marine environment. It is shown that both
approaches make provide the assessment of effect of external factors on
the variability of those biochemical processes for which there are no long-term
series of observations but there are assessments of ecosystem stationary state.

Adaptive balance of process interaction in the marine environment

We suppose that according to long-term observations the average
concentration values of a system of interconnected biochemical substances in
the marine environment are known. We consider such averages to be the ecosystem
model stationary state. The stationary state concept is a consequence of
the assumption that the ecosystem is stable to the external impacts affecting it.
Taking these averages as the system stationary state, we divide the temporal
variability of biochemical processes into two components: stationary and dynamic.
The modeling problem is to construct the equations for the dynamic component
using information about the stationary one as more provided with archived
observational data.

The systemic integrity principle [14] involves the construction of a system of
ordinary differential equations for functions representing simulated processes.
An important role is played by negative feedbacks, which make model variables
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dependent on the variation rates of these variables and therefore serve as factors of
ecosystem stability. They automatically maintain the balances of internal and
external effects in the ecosystem model. Due to the balances, the ecosystem has
the property of living organism adaptation to the changing conditions of their
existence [9, 11].

We denote the ecosystem model variables asu;, and their (stationary) average
values asC,. If the variables u,are considered as products of reactions of
biochemical processes interaction, then all other variables u ; can be considered

potential resources for the formation of these products. The equations of
the reactions of resource transformation into the products should be subject to
the mass conservation law, which links the deviations of concentrations
of ecosystem variables from their stationary values:

u -G = Zn: a;(u;—-C))+A. 1)

j=1, j#i

The influence coefficients a; for n simulated processes take into account

the contributions of resource concentrations to the formation of ecosystem products
under effect of external impacts A applied to it. Adaptation of variables to each
other and to external effects, in which the material balance conservation law (1) is
satisfied, should be incorporated into the structure of the model equations.
This property is possessed by equations constructed by the adaptive balance of
causes method [1-3]:

%zZI}U-[Ci—Fi+(Ui|Uj"A‘1)]v (2)

where 1, is relative rates of u; variables change; F"(u;,u;, A)are functionals

from the variables u; arising from the conservation conditions of material balances

of biological and chemical reactions of substance transformation in the marine
environment (1):

Fi+(ui’uj’ ):Cizui__zn;_aij(uj_cj)_Ai' ©)
J=1 =

As in general case each ecosystem variable is affected by m of positive and
n —m of negative effects, the functionals (3) take the following form:

n

FrUuA) =t - Y a,@-C)+ 3 aM-C)-A. @

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

Substituting expression (4) into equations (2), we obtain the system of
equations of the adaptive balance of causes method
du m n
d_tlzzriui{ci [ - z _aik(uk -G+ Z ay(u, —C)—4]1}- ®)

k=1,k=i I=m+1,1=i
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Marine ecosystem model constructed by means of modular equations (5) can
be called adaptive, since its variables are automatically adjusted to each other and
to external effects in such a way that the conditions for maintaining material
balances are satisfied (1).

Method of variable normalizing factors of the influence coefficients
Since the influence coefficients determine the contribution of u; resource to

the formation of productu; , we assume that the ratios U, = a;u; take place, as they

show on average how much substances involved in the reactions interact with each
other. The assumptions introduced allow us to express the influence coefficients
in terms of the ratio of average values. To this end, we bring all the processes

that affect the formation of the process u, to the dimension of this process by
transformation:

’ -1
u =a;CGCu;. (6)

Then the coefficients aj; become dimensionless normalizing factors and

the expression CiCj’lu ; plays the effect function role on the variability scale of u,

variable.

In [3, 13] such a transformation was applied in order to reconstruct the scenario of
intra-annual variability of nitrite concentration in the Sevastopol Bay. Observations
of ammonium, nitrites and nitrates concentrations, as well as their average annual
values, were used. The comparison of scenario with the observational data made it

possible to confine ourselves in the first approximation to constant factors ai'j at
average value ratios as assessments of the influence coefficients in the adaptive model
equations (5).

In this study a modified approach to determining the factors a{j :
become variables, since the normalization method takes into account not only

the ratios of average values of the processes, but also the relative weight of
the current effect is proposed. When normalizing the factors, the current positive

definite values of the resources u; were used.

when they

For example, for the case of a balance of three interconnected processes, we
define variables normalizing factors ai’j as follows:

C,lu C, , C:lu C, ,
ul — Cl + < 2 271 1 U2 + - 3 371 1 U3- (7)
C,u,+C;u, C, C,u,+C;u, C,

If the equation has both positive and negative effects, in order to maintain this

condition each group of effects must be normalized to 0.5. In general case,
the system of the method equations with variable normalizing factors has the form
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%:miui{ci S -05 Clu (> Clu)CCuy +

t j=1, j#i k=L, j#i ®)
+05 3 Cilup( Y Clu)'CCu-AlL}
j=m+1, j=i l=m+1, j=i

Adaptive version of the integrated model of the sea upper layer ecosystem

In order to test the proposed methods for assessing the influence coefficients,
we used a modified ecosystem model of Fasham, Ducklow, and McKelvie [12] for
the nitrogen cycle in the sea upper layer (hereinafter referred to as the Fasham
model). The modification consisted in the fact that the calculated parameters of
classic Fasham model were supplemented by three previously disregarded
processes of dissolved organic matter destruction with the formation of ammonium
ions, dissolved organic matter destruction with the formation of nitrates and
a simplified nitrification process (ammonium oxidation to nitrates).

As external sources of effect on the simulated processes one can include
information on the surface layer temperature and chlorophyll a concentration
obtained from the sea upper layer satellite observations, as well as the data on
transport and diffusion of substances obtained from calculations using
hydrodynamic models [6, 15]. The scheme of intra-system relationships in
the adaptive model of biochemical processes is represented in Fig. 1.

|
DON |._ P | NO.,
|

NH, ‘_—_:}\_ ___I':::.'.
=R\

Fig. 1. Scheme of basic intra-system relationships in the integral model of biochemical processes
in the sea upper layer based on the Fasham, Ducklow and McKelvie model [12]

In the scheme the following notations of parameters were used: P is
phytoplankton concentration; Z is zooplankton concentration; B is bacterioplankton

concentration; NO,and NH,is the content of nitrogen inorganic forms (nitrate
ions and ammonium ions) in the water; DON is a concentration of nitrogen
organic forms; Dis a content of inert organic matter (detritus); A is external

effects on the ecosystem caused by wvarious factors, including the marine
environment dynamics. All model variables are non-negative and are expressed in
milligrams of nitrogen per cubic meter.

To construct the model, we use the system of equations (8). In the equation for
phytoplankton concentration the variation rate of concentration is determined by
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the consumption of nutrients by phytoplankton cells a,,NO,+a,.NH,,
expenditures on vital activity (—a,;,DON)and natural mortality (—a,;D) as well as
grazing of phytoplankton by zooplankton (—&,,Z):

dP - ’ - ’
o 2r,P{C, -[P-C,, (314CN%33N03 "'5'5‘15(:N|1-|4 NH, - ©)
_aizcz_lz - aiecls_éN DON’ - a17c|51D’)]}

The processes of phytoplankton sedimentation and its removal outside
the system were not taken into account in this model. The limitation of
phytoplankton biomass growth rate by other nutrients (phosphates, silicates),
temperature and illumination was not taken into account.

The variation rate of zooplankton concentration is determined by the processes
of its growth due to nutrition of phyto- and bacterioplankton organisms and

detritus (a,,P +a,;B+a,,D), as well as expenses on vital functions

(—a,sNH, —a,,DON) . The zooplankton grazing by organisms of higher trophic

levels was not taken into account in this model. The equation for zooplankton
concentration was used in the following form:

dZ -1lpr -l - ’
o 2r,Z{C, —[Z - C, (a,,C;'P' +a,,C;'B'+a,,C;'D' - (10)
~a,5Ci, NH4 — aCpoy DON)I}
Variation rate of bacterioplankton concentration is determined by the
consumption of ammonium and dissolved organic matter by the bacterioplankton

cells (a;sNH, + a,,DON), its grazing by zooplankton (—a,,Z) and expenditures
on natural mortality (—as,D):

‘Z—?zerB{cB —[B —Cg(agsCriy, NH; + | )

+245Cpoy DON' - a5,C;'Z" — 8,,C'D)]}

Inorganic forms of nitrogen are spent on the phytoplankton growth — (a,,NO;)

and (a;sNH,). The pool of nutrients is replenished due to the excretion of

undigested part of food (a,,Z)by zooplankton and dissolved organic matter

destruction with the formation of nitrates (a,;DON)and ammonium (a;;DON).

In addition, there is a redistribution of substance from ammonium (—a,,NO,)to
nitrates (+a,;NH,) during the nitrification process:

dNG,

- 2rNO3 NO3{CN03 —[NO, - CNO3 (a45C§,144 NH, + (12)

+8,6C o0y DON' ~2,,C,'P)]}
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dNH,

=201, NH.Cs, ~[NH ~Co, (35eC2 2"+ 266Co0u DON' =

~a5,Cp P’ ~a5,Cy'B' ~ a54C|§lo3 NO;)I}

The concentration variation rate of nitrogen dissolved organic forms is
determined by the release of vital activity metabolites (a5,P +as,Z) by
phytoplankton and zooplankton and the decomposition (mineralization) of detritus
to dissolved organic matter (a5,D), as well as dissolved organic matter
consumption by bacterioplankton (—a4,B)and the destruction of dissolved organic

matter with the formation of nitrates (—a,,NO,) and ammonium (—a,NH,) :

999N<=250NDON{CMW—{DON-—Cmm(amcﬁP'+a&CjZ’+awC§D“—
(14)

~a5;Cs B’ — a5, Crio,NO; — agsCy, NH{)I}

The detrital pool is replenished due to phytoplankton and bacterioplankton
natural mortality (a,,P +a,,B), and is consumed as a result of bacterial
decomposition (mineralization) of detritus to dissolved organic matter
(—a,;DON) and zooplankton nutrition (—a,,Z) :

I 21, DICy —[D —Co (@GP + 2,,CslB
t (15)

_a72C£lZ - a76CI5%)N DON')}

The finite-difference representation of the system of equations (9)—(15) under
the additional condition 2Atr,C, =1, where At is a time step of calculations, takes
the following general form:

¥ 1 \
Ut =2u - ——[uf - > a;(uf-C,)-A‘l}. (16)
2Ci j=1, j=i

The system of equations was supplemented by logical conditions that
controlled the variability limits of the model variables:

u, = IF[u, <0;0; IF (u, > 2C;;2C,;u.)]. (17)
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Assimilation of hydrochemical observation data in the integral model of
the Sevastopol bay ecosystem

As an example, we consider the application of the integrated ecosystem model
(9)-(15) to observations of biochemical processes in the Sevastopol Bay. The data
on the content of nitrogen inorganic forms (nitrate ions and ammonium ions) in
the water were taken from [3, 13] and are consistent with long-term values [16—
18]. The following average values for the concentrations of phytoplankton,
zooplankton, bacterioplankton, nitrates, ammonium, dissolved organic forms of
nitrogen and detritus, respectively, were obtained from the archival data of long-
term observations of biochemical processes in the bay: 37.74; 18.87; 12.0; 42.35;
5.60; 18.0 and 15.0 mgN/m?®. These average values are taken as the ecosystem
stationary state and their normalized ratios are used in the expressions for
the influence coefficients in the finite-difference representations (16) of model
equations of (9) — (15). The calculations were performed at 300 steps in time
(dimensionless days).

The experiment results are represented in Fig. 2, a and b.

A comparison of the scenarios revealed the fact that both options provide
the establishment of the specified average values of processes already at the first 15
steps of iterations. The greater the initial deviation from the simulated substance
average concentration, the longer the transition process of establishing a stationary
state. The nature of transient attenuation in the case of constant factors is aperiodic,
and in the case of variable factors it is periodic. As follows from Fig. 2, ¢ and d,
the graphs for dissolved organic forms of nitrogen and bacterioplankton,
the identification of variable factors in the ecosystem model equations occurred
simultaneously with the calculation of scenarios of these processes. Thus, during
the iterations the variable factors provided a differentiated recording of current
values of the resources that form the values of the simulated processes.

The variable factor method was applied to assimilate the data of long-term
observations of nitrate and ammonium concentrations in the Sevastopol Bay in
the ecosystem model (9)-(15). In Fig. 3, a and b the measured concentrations are
shown by circles and the results of their polynomial approximation are shown by
dashed lines. In Fig. 3, c and 3, d the graphs of the averaged intra-annual variation
of nitrate and ammonium concentrations, obtained by moving averaging of time
series of observations over a time interval of 30 days are given. These averaged
series of observations were used in experiments on assimilation of observations in
an ecosystem model.

Unlike the classical approaches to data assimilation [19-21], the adaptive
models are characterized by a simpler way of observational data assimilation
inthem [2, 3, 13]. Observations are included as additional source functions
in parentheses of model equations (9)-(15) after they are brought to
the corresponding variability interval of the variable by transformation (6).
The assimilation results of nitrates and ammonium observation time series in
the model, depicted in Fig. 3, ¢ and d are presented in Fig. 4, a and b. It should be
pointed out that the adaptive model turned out to be sensitive to external effects of
ammonium and nitrate concentration observations. Scenarios of phyto-, zoo- and
bacterioplankton concentrations shown in Fig. 4, a deviate from their average
values by 2040 %.
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It was of interest to compare the observation data of nitrate and ammonium
concentrations with the scenarios of these variables reconstructed by the model
based on the results of assimilation of observations (Fig. 4, ¢ and d). Visual
assessment confirms their close match. However, it should be taken into account
that the nitrate and ammonium concentration scenarios are formed not only by
the direct effect of assimilating observations on them, but also by multiple
feedbacks with other model variables. The variances of the differences between
the observations and the scenarios of nitrate and ammonium concentrations were
8.3% for nitrates and 5.6% for ammonium from the variances of the corresponding
observation time series.

Conclusion

The construction of integral models of marine ecosystems by the adaptive
balance of causes method is based on the use of logistic type equations (5), which
provide quick convergence of solutions to a stationary state due to negative second-
order feedbacks available in each of the model equations. Similar models describe
the ecosystem response to external effects. The essence of the reaction is
the mutual adaptation of the model variables to each other and to external effects.
An important property of adaptive models is the preservation of the material
balances of biological and chemical substance transformation reactions in
the marine environment. Following the material balance conservation laws,
the adaptive model tends to establishment of dynamic balances of external and
intra-system effects.

The presented parameterization of intra-system effects is of fundamental
importance for striking the material balances in the modeling of marine ecosystems
using the adaptive balance of causes method. In the adaptive models the traditional
parameterization of relationships between biochemical processes, which is based
on attracting large amounts of information and a number of bulky formulas, can be
used. However, in such a case the main advantage of adaptive models over
traditional ones (the simplicity of the system of modular equations and
the guaranteed stability of their solutions) will be significantly weakened.
Therefore, the idea of using the known stationary state of an adaptive model to
obtain simple assessments of the influence coefficients realized in this work is of
practical interest.

Computational experiments carried out with the integrated ecosystem model of
the Sevastopol Bay confirmed the hypothesis that the use of normalized ratios of
average process values as assessments of mutual effects of processes allows
reproducing scenarios of processes in the ecosystem. The reaction of the model to
external effects with constant and variable normalizing factors, which showed that
variable factors provide higher model sensitivity to external effects, is studied.
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