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ENVIRONMENTAL MANAGEMENT:
ASSESSING THE RELIABILITY OF ECOSYSTEMS
TO ENSURE THEIR ENVIRONMENTAL SUSTAINABILITY

Purpose. Development of a methodology for ensuring the environmental sustainability of anthropogenically load-
ed hydroecosystems based on the reliability theory.

Methodology. An integrated approach is used with the application of standardised methods of field and laboratory
research, as well as methods of statistical processing of experimental research results and methods of mathematical
modelling. Based on the theory of reliability, a methodology for studying the state of reliability of ecosystems has been
developed to ensure an adequate level of their environmental safety through the restoration of natural mechanisms of
environmental sustainability.

Findings. The authors consider the possibility of improving the environmental management system through the
use of a system for assessing the reliability of ecological systems to ensure their environmental sustainability. The pa-
per presents a proven algorithm for ensuring the environmental sustainability of ecosystems subjected to intensive
anthropogenic pollution through the assessment of their environmental reliability, a practical tool for ensuring an
adequate level of environmental safety of ecosystems. The issues of distribution and redistribution of anthropogenic
pollutants are studied by the example of hydroecosystems of the Dnipro basin and the reaction of living organisms to
the impact of pollutants is determined by mathematical modelling. The statistical and mathematical models describe
the mechanism of loss of stability of hydroecosystems depending on the level of disturbance of intra-watershed pro-
cesses caused by structural and functional changes. The results of mathematical modelling of ecosystems reliability
are presented, which are used to assess the risks of loss of ecological stability of anthropogenically loaded ecosystems.
An algorithm for managing ecosystem reliability to restore their ecological sustainability through the use of phyto-
technologies has been developed.

Originality. On the basis of mathematical modelling, an applied tool for the environmental management system
has been developed that will allow controlling the level of pollution of surface water bodies through the use of an eco-
nomically sound methodology for assessing the reliability of ecosystems with a high level of anthropogenic load. For
the first time, it is proposed to improve the level of ecological safety of ecosystems by ensuring their ecological sus-
tainability, by restoring biotic potential and ecological stability.

Practical value. The obtained results make it possible to recommend the methodology for assessing the reliability
of ecosystems for use to assess the state of ecosystems with a high level of environmental hazard. The developed meth-
odology allows improving the environmental management system, since this assessment is more economically feasi-
ble compared to expensive methods for assessing the level of anthropogenic transformation of natural ecosystems.

Keywords: environmental management system, environmental sustainability, biotic potential, environmental reliability

Introduction. Over many centuries, in the process of recover and regenerate itself even under the most unfa-
its evolutionary formation, each ecosystem has devel- vourable conditions of development and destructive im-
oped a number of natural mechanisms that allow it to pacts (both internal and external). The ability of ecosys-
tems to self-heal and self-regenerate is realised by them
© Madzhd C., Nychyk O., Togachynska O., Lunova O., Maksy- through their own biotic potential, which they possess
menko O., 2025 and which ensures the balance of their structural and
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functional development. The mechanisms of biotic self-
regulation of ecosystems ensure their environmental
sustainability to the external impact of anthropogenic
pollution, without disrupting internal interconnections
and interactions of self-healing mechanisms. However,
this biotic potential of ecosystems is not unlimited, and
in the case of excessive anthropogenic chemical load,
which ecosystems cannot cope with and counteract its
harmful destructive effects, ecosystems lose their resis-
tance to the effects of destructive factors and enter an
‘altered’ state of functioning.

Today, under the conditions of intensive human ac-
tivity, mainly due to the process of technogenesis, most
ecological systems on the planet have undergone de-
structive structural and functional changes, which is in-
evitably accompanied by a violation of their natural
mechanisms of self-healing and loss of their ability to
resist the destructive effects of anthropogenic pollut-
ants. The increasing dynamics of accumulation of an-
thropogenic pollutants — ‘foreign’ elements in natural
ecosystems — causes their irreversible changes due to the
destruction of evolutionary natural mechanisms.

The main negative consequence of the destruction of
natural self-healing mechanisms for ecological systems
is the loss of their reliability, and thus their environmen-
tal resistance to anthropogenic pollutants. In general,
there are three forms of ecosystem resilience to anthro-
pogenic pollutants: plasticity, inertia, and regenerative
capacity. Plasticity is a form of ecosystem resilience that
is ensured in space and time by the transition of the eco-
system from one stable state to another, in which it is
able to regenerate itself. Inertia is a form of ecosystem
sustainability in which, under intense anthropogenic
impact, an ecosystem is able to remain within a range of
relative stability in space and time. Restorability is a
form of ecosystem sustainability in which an ecosystem
is able to return to a relatively stable state after anthro-
pogenic impact, within a certain period of time.

Thus, in the context of increasing anthropogenic
impact on ecosystems, there is a need to develop an al-
gorithm for determining the level of ecosystems’ resis-
tance to anthropogenic factors to ensure their environ-
mental sustainability. After all, today there are no uni-
versal means of protecting natural ecosystems in the
event of their complete loss of natural mechanisms of
self-regeneration [1, 2]. In addition, in the context of in-
tense anthropogenic pressure on natural ecological sys-
tems, the issues of distribution and redistribution of
chemical pollutants in the components of ecosystems
and the reaction of living organisms to the harmful ef-
fects of pollutants in the context of their loss of biotic
potential remain unresolved.

Addressing the issues of assessment, forecasting, and
risks of ecosystems losing their ecological sustainability
to a certain extent determine the ability of the biosphere
as a whole to ensure the reliable functioning of evolu-
tionary mechanisms of self-healing [3] and allows the
development of modern practical tools for improving
the environmental management system. Since the as-
sessment of the state of the biotic component of natural
ecological systems can serve as a practical tool for as-
sessing the ecological sustainability of ecosystems under
conditions of intensive intake of pollutants of anthropo-
genic origin. If the biota in an ecosystem is sufficiently

robust, then such an ecosystem is able to perform the
following life-supporting functions [4, 5]:

- to ensure the conditioning of its habitat;

- to ensure survival by balancing.

Under such conditions, when the biotic component
of the ecosystem is able to perform its functions, the
ecosystem is able to launch self-purification mecha-
nisms from anthropogenic pollutants and resist their
harmful effects using its own biotic potential. It is clear
that a high reliability parameter does not guarantee the
sustainable functioning of the biotic component, but it
does allow guaranteeing the survival of biota in a loaded
environment that changes in space and time and has un-
dergone anthropogenic transformations. And the eco-
system, due to the sustainable vital activity of its biotic
component, provides itself with safe conditions for de-
velopment, even under stressful conditions.

Ecosystem security is understood as their ability to
determine the risk of loss of ecological sustainability,
dynamic equilibrium, and reliability [6, 7]. At the same
time, the concept of ecosystem reliability is reduced to
the ability of the ecosystem [8]:

- to resist changes in environmental parameters;

- to maintain a state of homeostasis;

- to adapt, survive, reproduce, and function in
changing environmental conditions;

- to adapt, survive, reproduce, function in changing
conditions of the internal environment;

- to maintain the ability to function in different envi-
ronmental conditions throughout life;

- to maintain the ability to function under different
conditions of internal states throughout life;

- to ensure sustainable vital activity during ontogen-
esis by performing physiological and biochemical func-
tions.

Reliability is the dominant property of natural eco-
systems, which is mutually consistent with such con-
cepts as ‘sustainability’, ‘balance’, and ‘resilience’.

Resilience is the ability of an ecosystem to withstand
changes (caused by anthropogenic impact), resist an-
thropogenic pressures and recover from these impacts.

Equilibrium is the ability of an ecosystem to remain
stable within certain limits under anthropogenic pres-
sures.

Resilience is the ability of an ecosystem to regenerate
itself [9, 10].

Literature review. From the standpoint of environ-
mental sustainability, the task of studying the reliability
of ecological systems is to find out how their constituent
elements function in interaction with each other and un-
der what conditions reversible or irreversible changes can
occur that can lead to negative consequences for ecosys-
tems, disruption of their dynamic equilibrium, failure of
their basic functions and loss of their environmental reli-
ability and environmental sustainability [11, 12].

Changes in the state of ecosystems aimed at preserv-
ing ecological sustainability and stability of their func-
tioning are carried out taking into account a limited
number of possible alternatives. In an ecosystem, after
the onset of structural and functional changes, when it is
in the so-called ‘exacerbation’ mode of functioning, it
becomes necessary to launch a mechanism for choosing
an alternative state of functioning [13, 14]. However,
positive alternative states of development may not al-
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ways be ‘switched on’ in ecosystems. Changes in the
ecosystem can lead to the emergence of such extremely
undesirable phenomena as natural accidents, crises, di-
sasters and cataclysms [15, 16].

The crisis state in an ecosystem indicates that
changes in external and internal conditions that have
occurred in the ecosystem are significant for it and
force it to change, namely to adapt to changing condi-
tions. When a crisis occurs in an ecosystem, it is an in-
dication of the need to launch mechanisms for renewal,
‘repair’ of its structural and functional state. At the
same time, crises do not lead to the loss of important
properties of ecosystems and are characterised by mi-
nor ‘damage’ to it [17].

In contrast to crises, the phenomenon of disasters is
much more undesirable and dangerous for ecosystems,
since the occurrence of a catastrophic state leads to the
loss of viable functions and properties of the ecosystem,
accompanied by a radical restructuring of its structural
and morphological features [ 14, 18].

The changes that occur to an ecosystem during a
cataclysmic event are even more radically destructive.
The processes that occur in ecosystems as a result of ca-
tastrophes are accompanied by their collapse and lead to
the termination of the existence of such ecosystems. The
functioning of ecosystems in the event of cataclysms is
usually conditioned by perturbations and homeostasis
[19, 20].

Today, the world pays increased attention to the
study of theoretical and practical aspects of the imple-
mentation of the reliability theory in practice. Domestic
research is mainly aimed at studying the theoretical as-
pects of environmental reliability [13] and modelling the
mechanisms of environmental sustainability [18].

Unsolved aspects of the problem. As alrecady noted,
the main focus of the study of ecological systems reli-
ability is to establish how the structural elements of eco-
systems function in a mutually consistent manner and
under what conditions the mechanisms of reversible or
irreversible changes in them can be “triggered”. When
studying the reliability of ecosystems, special attention
should be paid to the study of patterns that can inevita-
bly lead to a violation of the structural and functional
properties of ecosystems, to the failure of the main
mechanisms of their functioning, to the death of the bi-
otic component and, as a result, to the loss of ecosys-
tems’ ecological sustainability [14].

As a result of the excessive intake of anthropogenic
pollutants into natural ecosystems, research aimed at
studying the distribution and redistribution of these pol-
lutants in them and studying the reaction of biota to
their harmful effects is extremely relevant. These studies
are currently not sufficiently covered in the available lit-
erature, and therefore need to be implemented, as they
allow determining the state and dynamics of pollution of
natural ecosystems and developing mechanisms to re-
store their ecological sustainability and an appropriate
level of environmental safety, respectively, and as a re-
sult, improve the mechanism of the environmental
management system [16, 21].

The issue of assessing and predicting the risks of en-
vironmental sustainability that have undergone struc-
tural and functional changes as a result of excessive an-
thropogenic pollution is poorly understood.

The issue of assessing the state of ecosystem biota
under conditions of intense anthropogenic pressure has
not been adequately studied, although it is the state of
the biotic component of natural ecological systems that
can serve as a practical means of assessing their reliabil-
ity [22, 23]. And this is extremely important, since, as
already mentioned, biota is quite reliable and capable of
performing two very important functions in ecosystems.
It is when biota fulfils these functions that ecosystems
are able to restore natural mechanisms of self-regenera-
tion, in the face of a constant flow of pollutants into
their composition [24, 25]. Although the high reliability
of ecosystems does not guarantee life-supporting func-
tions to biota, it allows it to survive under stressful con-
ditions, and thus restore its ecological sustainability over
time provided that the intensity of anthropogenic pres-
sure is reduced [26].

Purpose. The aims of this work are to develop a
methodology for assessing the ecological sustainability
of anthropogenically loaded ecosystems based on the
reliability theory.

Methodology for conducting environmental sustain-
ability research. It is known that ecosystems are the basis
of life on our planet. In different ecosystems, due to the
importance of the functions performed by them, the
leading place belongs to the system of living organisms,
because they, in comparison with other structural ele-
ments of the ecosystem, directly affect their environmen-
tal sustainability. And since aquatic ecosystems are more
dynamic than other ecosystems and the structure of hier-
archical organization is most clearly visible in them, the
vector of our research was aimed at determining the eco-
logical sustainability of hydroecosystems that are under
intense influence of anthropogenic pollution. According
to the authors, the study of the entire hierarchical sys-
tem — “small-medium-large” rivers — is the most infor-
mative in the direction of researching violations of natu-
ral regimes, reliability and environmental sustainability
of hydroecosystems, which, in turn, does not contradict
and is fully consistent with the hierarchical concept of
system formation and development [27, 28].

Since the Dnipro River basin is one of the most an-
thropogenically impacted basins, its structural elements
were chosen as an example to implement a methodology
for assessing the environmental sustainability of anthro-
pogenically impacted hydroecosystems. In addition, the
Dnipro’s constituent elements are interconnected by
trophic and functional links, which provides a homeo-
static mechanism for their development at different hi-
erarchical levels and allows for an integrated approach to
environmental sustainability.

The mechanism of pollutant redistribution in the
river systems of the Dnipro basin was studied by model-
ling based on data on the survivability of their biotic
component. The research was also carried out using
analytical methods for physical processes. This is due to
the fact that, in accordance with Pauson’s law, natural
processes in hydroecosystems are subject to structural
and functional failures that can manifest themselves
progressively, unpredictably, and suddenly.

The hierarchical river systems of the Dnipro basin
were assessed based on the reliability theory, taking into
account the spatial and temporal hierarchy of develop-
ment. Since the concept of ecological sustainability of
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ecosystems is not interpreted unambiguously, the as-
sessment of the sustainability of ecosystems in the Dni-
pro basin was carried out according to the following
manifestations [12]:

- the influence of a group of factors;

- influence of external factors;

- difference of states;

- variability of the difference between states from the
baseline;

- time range of changes.

The signs by which ecosystem sustainability is as-
sessed are more or less formed; however, the methods,
principles, and mechanisms for implementing ecosys-
tem sustainability assessment are still insufficiently de-
veloped and therefore require further research.

The significance of the results regarding the relation-
ship between the two variables was determined by com-
paring the calculated values with the Student’s criterion.
The t-test was calculated using the formula

where r is the correlation coefficient; # is the number of
levels of the dynamics series under consideration.

The larger the calculated value of the t-test, the more
significant the relationship between the two variables
and the more significant the correlation coefficient.

Research results. In the functioning of ecosystems,
the desire of a system of living organisms for self-re-
generation and self-healing is extremely important.
Therefore, for all ecological systems, including hydro-
ecosystems, the key features are their sustainability and
stability.

The most well-known mechanism of ecosystems
maintaining their ecological stability is associated with
the Le Chatelier Brown principle. According to this
principle, an external impact causes the ecosystem to
launch a “reformatting” mechanism aimed at weaken-
ing the effect of this impact and offsetting its harmful
consequences.

When ecosystems are in a stable state, they have the
ability to maintain their structural and functional prop-
erties in a low-variable state. Changes in ecosystems,
even if they are not significant, are usually accompanied
by a “sharp” structural and functional restructuring.
This is due to the fact that natural compensatory mech-
anisms of self-regulation are no longer able to “guaran-
tee” ecosystems to remain in a relatively stable state, and
in the new state, ecosystems lose their stability due to
radical restructuring, loss of properties and dysfunction.

In order to preserve the biotic potential, and thus
maintain environmental sustainability, the choice of the
vector of changes in the states of ecological systems is
based on limited scenarios and limited prospects. Most
often, the most optimal scenario for the development of
the ecosystem state is chosen when the ecosystem is
functioning at the “peak” of its capabilities. The func-
tioning of the ecosystem “at the limit of its own poten-
tial” is extremely dangerous for the ecosystem, since the
inevitable consequence of such a mode of functioning is
that sooner or later irreversible changes will begin to oc-
cur in the ecosystem, which will lead to the loss of its
natural mechanisms of biotic self-regulation, which will

eventually manifest itself in crises, accidents and disas-
ters. The manifestation of accidents, crises and disasters
for an ecosystem is so “stressful” that in most cases of
such manifestations, ecosystems are unable to restore
natural mechanisms of self-regeneration and, as a re-
sult, destructive processes are intensified and the eco-
system ceases to exist. Such commonly studied indica-
tors as homeokinesis and homeostasis allow one to
characterize ecosystems in such a period of their de-
structive structural and functional changes.

As for the biotic component of an ecosystem, the
system of its living organisms is a derivative factor of the
functional dependence of wildlife factors on inanimate
nature. That is, biota, which is in constant interconnec-
tions and interactions with environmental and anthro-
pogenic factors, contributes to the formation of a natu-
ral mechanism of self-regulation of ecosystems and its
integral indicator — biotic potential, which reflects the
resistance of living organisms to the pressure of anthro-
pogenic pollutants. In addition, biotic potential allows
us to characterize the response of biota to habitat chang-
es caused by anthropogenic impacts.

By the example of the rivers of the Dnipro basin, at
different hierarchical levels, the reaction of aquatic or-
ganisms to changes in their habitat was studied in labo-
ratory conditions, these results are presented in the au-
thors’ previous works [ 11, 12]. Based on the results of the
experimental studies, it was found that the lifestyle of
aquatic organisms and the level of their functions de-
pends on the internal structure of the hydroecosystems
of the Dnipro basin under study and the functions of the
intra-watershed processes that occur in them. A sche-
matic representation of the self-regulatory capacity of
hydroecosystems is shown in Figure.

Since it is the ecological sustainability of ecosystems
that should be taken into account when determining
quantitative indicators of anthropogenic pressure on
them, the authors, based on the reliability theory, pro-
pose a universal methodology for assessing the ecologi-
cal sustainability of anthropogenically loaded ecosys-
tems (by the example of the Dnipro basin hydroecosys-
tems).

The dynamics of the mechanism of loss of stability
by hydrobionts in hydroecosystems with a high level of
anthropogenic load, depending on the level of distur-
bance of intra-water processes, can be described by sta-
tistical and mathematical models. Modelling of struc-

— -

Inside the system

‘Water mass
Phytocoenosis | Zoocenosis
Natural water mass
[
Bottom deposits Microbiocenosis Groundwater

Tntra-water bodies and mammoregulatory functions

Fig. Structural and functional features of self-organiza-
tion of hydroecosystems
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tural and functional changes in complex multicompo-
nent ecosystems, such as hydroecosystems, involves the
creation of a mathematical model of ecological reliabil-
ity and its further study. The model of ecological reli-
ability of ecosystems should be presented as a simplified
representation of the object under study. Mathematical
models of ecological reliability are of particular practical
value in cases where it is impossible to conduct experi-
mental studies directly in real conditions, in ecosystems
with a high level of anthropogenic pollution (especially
in ecosystems where human presence poses a threat to
life and health).

The authors propose to describe the mathematical
model using approaches that reflect the fulfilment of
Fick’s generalizing law, according to which, in the pro-
posed mathematical model, the functions of many vari-
ables in complex multicomponent systems are described.
The solution of the equation allows us to determine the
average indicator of structural and functional changes in
ecosystems, for example, hydroecosystems, and to de-
scribe the dynamics of the mechanism of their loss of
stability, under conditions of constant anthropogenic
pollutants

dc dc dc dc| d d d
—=q{—+—+—}——(mx>——(my>——(mz>,
dt dx dy dz| dx dy dz

where ¢ is the mixing coefficient (for medium river eco-
systems as the most informative) — 0.8; x, y, z are bio-
logical mass criteria; ¢ is the concentration of pollutants;
m,, m,, m_ are water pollution indices at sampling sites.

This model makes it possible to practically establish
interdependencies between ecological and anthropo-
genic factors in ecosystems with a high level of anthro-
pogenic pressure and is the initial stage in determining
the ecological sustainability of natural ecosystems to
the impact of high levels of anthropogenic pressure on
them [1].

The following indicators and criteria were used to
describe the mathematical model of environmental reli-
ability of hierarchical hydroecosystems in the Dnipro
basin:

- water pollution index (1.9—2.0 units);

- index of anthropogenic impact (1.7—1.9 units);

- ecological index (2.7—3.1 units);

- total organic carbon index (0.98—0.99 units);

- biota viability coefficient (2.5—2.7 units);

- criterion of loss of natural resources (29 units);

- criterion of biotic self-regulation (25.0—27.0 units);

- criterion of residual ecological balance (29.6—
30.8 units);

- bioaccumulation criterion (4.9 - 107—6.5 - 10~ units);

- criterion of ecological capacity (26.7—35.0 units);

- criterion of efficiency of metabolism of chemical
compounds (2.8—3.0 units);

- criterion of technology intensity (13.0—15.0 units);

- external development risks (2.3 units);

- internal development risks (1.3 units).

The calculation of the equation of the mathematical
model of ecological reliability for multicomponent eco-
systems allows us to describe the dynamics of the mech-
anism of loss of stability under conditions of constant
inflows of anthropogenic pollutants into the river sys-
tems of the Dnipro basin, which is about 20 units. This

result indicates a violation of their ecological stability,
but also indicates the natural potential of the rivers of
the Dnipro basin and shows their ability to self-regener-
ate over time.

The reliability criterion for anthropogenic and tech-
no-natural systems and the measure of their existence is
the range of 0—1. However, natural ecosystems, in con-
trast to man-made and techno-natural ecosystems, have
much higher ecological reliability. This is because natu-
ral ecosystems, due to the presence of biological systems
in them, function according to the principles of natural
mechanisms of biotic self-regulation, which allow them
to resist the destructive effects of anthropogenic factors
and offset their harmful impact.

The high biotic potential of natural ecosystems is due
to a much longer period of residence of biological sys-
tems in space and time. Well-established mechanisms of
self-regeneration in natural ecosystems significantly ex-
ceed the time of functioning of anthropogenic systems
created by humans on the principles of reproduction of
natural mechanisms of natural ecosystems. However,
even in such multicomponent stable systems as natural
ones under the influence of anthropogenic factors,
structural and functional failures can be recorded.

In accordance with the basic postulates of the math-
ematical theory of reliability, two types of systems are
distinguished:

- a system of a sequential type;

- parallel type system.

The individual structural elements of these systems
are characterized as reliable or unreliable due to the
probability of their failure-free existence.

Based on the theory of modelling physical systems,
the authors propose five groups of parameters to estab-
lish the probability of failure-free existence of elements
of systems of these types in the context of the probability
of their use in mathematical models of environmental
reliability:

- input parameters:

X = (x}, Xy, ..., X;) — parameters for establishing the
impact on which there is no influence;

- output parameters:

Y=y, »,,..., V) — parameters of the state of “reli-
ability” of ecosystems;

- disturbance parameters:

Z=(z, 2,..., 7)) — parameters that create “unpre-
dictable” changes in space and time;

- estimating paramefters:

V=(p\,ps, ..., p,) — numerous parameters of the to-
tal impact of pollutants, input, control factors and the
total impact of intrasystem factors, the value of which is
determined by the mode of current functioning of eco-
systems;

- control parameters:

U= (uy, u,,..., u) — parameters of direct influence
that allow ecosystems to be managed from the stand-
point of self-healing.

The developed mathematical apparatus makes it
possible to successfully establish the reliability of eco-
systems by determining the probability of failure-free
existence of elements of multicomponent systems.

Regarding the above-mentioned main types of sys-
tems, the lowest reliability is that of the sequential type,
since the failure of at least one element can inevitably
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lead to the failure of the system as a whole. Mathemati-
cally, the reliability of a sequential type system (Cy,puemiar)
is proposed to be determined by the formula

=H P,

i=0

C

sequential

Regarding the parallel system, namely its reliability,
it should be noted that this type of system can fail only
under such conditions when all its structural compo-
nents are in a failed state. After all, this type of system is
characterized by the fact that all components of the sys-
tem function independently of each other, and thus par-
allel systems are highly reliable, even if the reliability of
the elements of multicomponent systems is insignificant.
Accordingly, under the condition of a probable suspen-
sion of the functioning of a component system, it is P,
As for the probability of the systems’ failure-free exis-
tence, this ability is expressed as 1 — P,. The mathemati-
cal expression of the reliability of parallel-type systems
(Cparanies) 1s proposed to be determined by the formula

c

parallel

=1-H(-B).

The river systems of the Dnipro River basin, which
were studied using mathematical models of environmen-
tal reliability, belong to this parallel type of systems and
have a high probability of existence in a fault-free state
under the external influence of anthropogenic pollutants.
Hydroecosystems are multi-component and have under-
gone a long process of evolutionary formation, so they
are environmentally sustainable and highly reliable even
if they contain such unreliable ‘elements’ as a system of
living organisms that are very sensitive to the harmful ef-
fects of anthropogenic pollution and are unable to resist
this harmful impact for a long period of time.

However, the assessment of the risks of losing envi-
ronmental sustainability, given the intensive flow of an-
thropogenic pollutants into hydroecosystems, even if
they are highly reliable, is very high and manifests itself
in the probabilistic failure of certain elements. That is
why there is a need to develop an algorithm of actions to
restore the biotic potential of disturbed ecosystems,
which will improve the environmental management sys-
tem and increase the level of environmental safety of sur-
face water bodies with a high level of anthropogenic load.

In the theory of reliability, restoring the functioning
of a broken system is defined as ‘repairing’ its failed struc-
tural components. Therefore, in the authors’ opinion, to
ensure the reliability of the system, it is advisable to intro-
duce a redundant or reserve “element” into its structure.
In hydroecosystems, for which the key element of regu-
lating environmental sustainability is the system of living
organismes, it is appropriate to use phytotechnologies as
such an ‘element’, which will be perceived by the system
as a ‘repair’ of its element. Phytotechnologies are harmo-
niously ‘built in’ to the in-water processes as a backup
‘element’, since the principle of their functioning is based
on natural mechanisms of self-regeneration, taking into
account the mechanism of plastic metabolism of chemi-
cal compounds of anthropogenic origin.

The advantages of using phytotechnologies to im-
prove the ecological sustainability of anthropogenically
loaded ecosystems by increasing their biotic potential
are obvious, since human-made phytotechnologies be-

long to natural-anthropogenic systems, which, unlike
natural systems, can be clearly ‘programmed’ for a posi-
tive result in one way or another at the design stage, and
can be set the necessary parameters by combining dif-
ferent species of higher aquatic plants, coastal vegeta-
tion and aquatic organisms.

Phytotechnologies are understood as technologies for
the treatment of wastewater in natural conditions, based
on the use of natural mechanisms of self-purification of
water bodies using higher aquatic plants and microorgan-
isms. The results of experimental research on the use of
phytotechnologies as ‘built-in’ elements of the hydroeco-
system to improve their environmental sustainability will
be presented by the authors in further publications and
have already been presented in published papers. In this
paper, we consider it appropriate to present only the ad-
vantages of using phytotechnologies to restore the eco-
logical sustainability of ecosystems that have experienced
a high degree of anthropogenic pressure. These advan-
tages include a high level of purification, environmental
safety, economic profitability, low construction costs and
low operating costs. Another advantage is that phytotech-
nologies increase the area covered by vegetation, which
in turn contributes to the environmental sustainability of
the region in which they operate.

Conclusion. In the context of growing disruptions in
the reliability of natural ecological systems, it is neces-
sary to create a system for assessing the state of reliabil-
ity to ensure their environmental sustainability.

The developed universal methodology for assessing
the ecological sustainability of anthropogenically load-
ed ecosystems, based on the use of reliability theory, al-
lows one to practically implement measures aimed at
ensuring their ecological sustainability through the res-
toration of the biotic potential of anthropogenically
loaded ecosystems that have undergone structural and
functional changes.

The article studies the issues of distribution and re-
distribution of anthropogenic pollutants by the example
of hydroecosystems of the Dnipro basin and establishes
the reaction of living organisms to the impact of pollut-
ants using the method of mathematical modelling. The
mechanism of loss of stability of hydroecosystems with a
high level of anthropogenic load, depending on the level
of disturbance of intra-watershed processes caused by
structural and functional changes, is described using a
statistical and mathematical model. Namely, a mathe-
matical model of the ecological reliability of river sys-
tems in the Dnipro basin as ecosystems subject to high
anthropogenic pressure has been created. To describe
the mathematical model, the authors propose an ap-
proach based on the application of Fick’s law. Accord-
ing to this law, the proposed mathematical model de-
scribes the functions of many variables in complex mul-
ticomponent systems. This model allows us to practi-
cally establish interdependencies between ecological
and anthropogenic factors in ecosystems with a high
level of anthropogenic load.

The described dynamics of changes in the biotic poten-
tial and reliability of hydroecosystems gives grounds to as-
sert that under conditions of intensive pollutant input, even
hydroecosystems classified as highly reliable are capable of
probable failures of the functions of their specific elements,
and hence failures of the properties of the entire system.

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2025, N2 2 169



The results of the model’s calculations allowed us to
describe the dynamics of the mechanism of stability loss
for river systems in the Dnipro basin, which is about 20
units, and therefore indicates a violation of their eco-
logical sustainability and indicates their high biotic po-
tential for self-healing over time.

The following indicators and criteria are proposed to
describe the dynamics of stability losses in anthropo-
genically loaded hydroecosystems: water pollution in-
dex, anthropogenic impact index, ecological index, to-
tal organic carbon index, biota viability coefficient, cri-
terion of loss of nature capacity, criterion of biotic self-
regulation, criterion of residual ecological balance, cri-
terion of bioaccumulation, criterion of ecological ca-
pacity, criterion of efficiency of chemical compounds
metabolism, criterion of technology intensity, external
development risks, internal development risks.

To determine the stability of multicomponent sys-
tems and establish the probability of failure-free exis-
tence of their elements, five main groups of parameters
are identified: input, output, disturbing, evaluating and
controlling.

Based on the results of establishing the reliability of
hydroecosystems, the risks of losing their ecological sus-
tainability were assessed and an algorithm for ecological
management of ecosystem reliability was proposed to
restore their natural ecological sustainability through
the use of phytotechnologies as a backup element of the
disturbed system.
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Merta. Po3pobneHHs1 MeTonuKu 3a0e3Me4eHHs eKO-
JIOTIYHOI CTIAKOCTi aHTPOINOTreHHO HaBaHTAXKEHUX TiIpO-
€KOCHCTEM Ha OCHOBI BUKOPUCTAHHSI TeOopil HaAilAHOCTI.

Metoauka. BukopucTtaHO KOMIUJIEKCHUM Migxin i3
3aCTOCYBaHHSIM CTaHIAPTU30BAaHUX METO/IB ITOJIHOBUX
i 1a00paTOPHUX JOCIIIIKEHb, a TAKOX METOIIB CTaTUC-
TUYHOI 0OPOOKU Pe3ybTaTiB €eKCITEPUMEHTATbHUX 10-
CiIXKeHb i METOIiB MaTeMaTUYHOIO MOJEJIIOBAHHSI.
Ha ocHoBi Teopii HamiltHOCTI po3pobsieHa MeToAauKa
JIOCiIKEHHS CTaHYy HaliifHOCTi eKOCHUCTeM J1JIsl 3a0e3-
MeYeHHs HaJIeXKHOTO PiBHS IXHBOI €KOJIOTiUHO1 Oe3Ie-
KM, yepe3 BiZHOBJIEHHS MPUPOAHUX MEXaHi3MiB €KO-
JIOTiYHOI CTiKOCTi.

Pe3ynmbTat. ABTOpamMu pO3IJISIHYTA MOXKJIUBICTH
YIOCKOHAJIEHHSI CUCTEMM €KOJIOTiUHOrO YIIpaBJIiHHSI
yepe3 BUKOPUCTAHHSI CHCTEMU OIIiHIOBaHHS CTaHy Ha-
IMIIAHOCTI €KOJIOTIYHMX CHUCTEM IS 3a0e3MeUeHHs 1X-
HbOI €KOJIOTIUHOI CTiliKOCTi. ¥ po0OTi IpencTaBieHO
BilMpallbOBaHUl aJITOPUTM 3a0€3MEUYEeHHST €KOJIOTiv-
HOI CTIMKOCTi €KOCUCTEM, 1O 3a3HaJIM IHTEHCUBHOTO
AHTPOIIOTEeHHOI0 3a0pYAHEHHSI, Yepe3 OLIiHIOBaHHS X
€KOJIOTiYHO1 HaliltHOCTi — MPAaKTUYHOTO iHCTPYMEHTY
3a0e3MeUYeHHs HaJIeXKHOTO PiBHS €KOJIOTiYHOI Oe3MeKur
ekocucTteM. BuBUYeHi muTaHHS pO3MOJiIy il repepos-
MOALTY 3a0pyIHIOIOYMX PEYOBUH aHTPOIOTEHHOTO 0~
XOIKEHHSI Ha TIPUKJIaMi TiZpOeKOCUCTeM OaceiiHy piu-
Ku JIHiTnpo Ta BCTaHOBJIEHA peakilisl X)KUBUX OpPTraHi3MiB
Ha BIUIMB 3a0pyqHIOBAYiB METONAMU MaTEeMAaTUYHOTO
MonemoBaHHS. CTaTUCTUIHO-MaTEMAaTUIHUMH MOJIC-

JISIMU OMUCAHO MEXaHi3M BTpPaTU CTiMKOCTI TigpoeKo-
CHUCTEM Y 3aJIeXKHOCTi Bill piBHSI MOPYLIEHb BHYTPIlll-
HbOBOJIOMMHMX IMPOLIECiB, O0YMOBJIEHUX CTPYKTYPHO-
¢yHKLUioHaNbHUMKU 3MiHaMu. HaBeaeHi pesyabraTtu
MaTeMaTUYHOIO MOJE/IOBaHHS HAIiHOCTI eKOCHC-
TeM, 3a pe3yJibTaTaMU SIKMX 3[iliCHEHE OLIiHIOBaHHSI
PU3UKIB BTpaT €KOJIOTIYHOI CTiKOCTi aHTPOMOreHHO
HaBaHTaXXCHUMH €KocucTeMaMmu. Po3pobiieHo anro-
PpUTM yHOpaBJliHHSI HAAiMHICTIO €KOCUCTEeMU ISl Bil-
HOBJIEHHSI iXHbOI €KOJIOTiUHOI CTIMKOCTi yepe3 3acTo-
CyBaHHS$ (DITOTEXHOJIOTIM.

HaykoBa HoBu3Ha. Ha ocHOBi MaTeMaTUYHOIO MO-
JIeJIIOBaHHSI PO3pO0JEHO TMPUKIAIAHUIA IHCTPYMEHT
CUCTEMU €KOJIOTIYHOTO YMpaBJiHHS, IO J03BOJUTh
KOHTPOJIIOBATHU PiBEHb 3a0pyIHEHHS IOBEPXHEBUX BO-
TIOiM, Yyepe3 3aCTOCYyBaHHs €KOHOMIYHO OOIPYHTOBa-
HOI METOMOJIOTii OIliHFOBaHHSI HAMiliHOCTI €KOCUCTEM
3 BUCOKHMM DPiBHEM aHTPOIIOT€HHOTO HaBaHTaXKCHHSI.
VYnepiie 3anpornoHOBaHO YAIOCKOHAJIUTU PiBEHb €KO-
JIOTIUHOI Oe3IMeKM eKOCUCTEeM Yepe3 3a0e3IeYeHHs iX-
HBOI €KOJIOTIYHOI CTIMKOCTI, IIJISIXOM BiTHOBJIEHHS Oi-
OTHUYHOTO MOTEHLIiaay Ta €KOJOTiYHOI CTIMKOCT.

IIpakTuyna 3naumMicts. OTpuUMaHi pe3yabTaTH 1a-
I0Tb MOXKJIUBICTh PEKOMEHIYBATU 0 3aCTOCOBYBAHHS
METOJIMKY OLIiHIOBaHHSI HaHiHOCTI €KOCUCTeM [JIs
3MiAICHEHHSI KOHTPOJIIO CTaHYy €KOCHUCTEM 3 BHUCOKUM
piBHEM eKoJIoTriuHoi Hebe3neku. Po3pobieHa MmeToau-
Ka JTO3BOJISIE YIOCKOHAJIUTU CUCTEMY €KOJOTiYHOIO
VIIPaBIiHHS, OCKIiJIbKM TaKa OLliHKA € €KOHOMIiUuHO
OLIbII OOI'PYHTOBAHOMO Y MOPIiBHSIHHI i3 1OpOTroOBapTic-
HUMM METOJAMU OLIIHKU PiBHSI aHTPOIIOT€HHUX TIepe-
TBOPEHb IPUPOJHUX EKOCUCTEM.

KiouoBi cioBa: cucmema ekonoeiuno2o ynpaeninus,
eKonoeiuHa  cmilKicme, OlomuuHuii  nomexyian,
eKon0eiuna Haoiinicme
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