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Hocnidxceno ocnosnuii napamemp Qynxuio-
HY6anus 2i0poexocucmem — eKON02IMHY E€MHICMb.
Hapamemp € epexmusnum noxasnuxom nopywen-
HS CMPYKMYPHO-PYHKUIOHANLHUX 3MIH MEXHO2EHHO
mpanc@opmosarnozo 6001020 06’ckxmy. 3acmocoseana
aoanmosana KoHyenmyaivHa Mooeib Cucmemu inou-
xamopis: “/lii — Cmany — Hacaioxie”.

Bionogiono do pospobaenoi xaacuirxayii cucme-
Mu induxamopis, 6ananc exonoziunoi emHocmi 2iopo-
eKocucmemu GUCMYNAE HACMUHON THMEZPATLHOZ0
noxasnuxa cmamy 600HOi exocucmemu, K HaAcai00kK O
€K302eHHUX (PaKmopie aHMPON02eHH020 NOXOOHCEHHSL.
3asosxu 3acmocysantio inmezpanrvHUX cucmem iHou-
Kamopie cmano MojiCAueUM Hadamu He Juue AKiCHY,
a il KibKICHY Xapaxmepucmuky exoi02iuHoi EMHOCH.

B axocmi 00’ckma odocaidxcenv obpano eupino-
8y OinaAnKY cepeonvoi pieHUNHOT piuKu, AKA eucmy-
nae HaubdinbW penpeseHMamueHolo ii CKaA006010,
ma 6i003epKranioe HACAIOKU aAHMPONOZEHH020 6NAU-
8y axi eidbysaromovcs 6 Gaceiini piuku. Bpaxoeyiouu
iepapxiunicmo pieHie PO36UMKY GOOHUX CucmeM,
00Ci0IHCeHHA cmany Cepeonix pitoKx Ha JOKANLHO-
MYy pieHi 00360UmMb PO3POGUMU 60000XOPOHHI 3AX0-
0u, AKi cnpusMUMYmMv> NOKPAUEHHIO AKOCMI 8EIUKUX
pivox. Pospooaena memoouxa modxce Gymu ycniwmno
aoanmoeana 0N IHWUX MeXHO2ZEHHO IMIHEHUX PIMOK
PI8HUHHUX mepumopiil.

Pesyavmamu nposedenux mamemamuvnux pos-
paxynkie npedcmasieni y eueasndi epadixie 3anednc-
HOCMI €eK0J102i14HOT €EMHOCMI Ma MeXHOEMHOCME 610
YUCIEHHUX napamempie Qynxuionyeanmns 2iopoexo-
cucmemu. Iloxazano oumamixu 3miH uux napame-
mpie 3a 2009-2017 poxu. Pesyavmamu docnioicen-
Ha ceiduamv, wo 6ioma adanmyeanacr 00 Ne6HO20
pisna mexnozennozo 3abpyonenns i 6 nepioo 2012—
2016 poxy exonoziuna emuicmo Oyna cmadinbHo0
(27-37), wo € onmumanvHUMU YMOBAMU ICHYBAHHS
2idpoexocucmemu. Y3azanvnena ouinka 3min 3a 6eco
docnidcysanuii nepiod dae nidcmasu cmeepoicy-
eamu, wo 6i00ynacs empama exon02iMHoi eMHOCmI
(Bruscyemoca do 13,3) enacaidox nonadnopmamue-
H020 MeXHO2eHNH020 6NJUGY HA PiuKosy 2i0poeKocu-
cmemy, i ue cmeoproe nepedymosu 0as Popmyeanis
mexnoemnocmi. Sk Hacaioox, Pikcyemvcsa 3HUNCEHHA
PiBHA 3AIUMK08020 €K0N02IMH020 pe3epey, Heo0Xi0-
H020 013 6i0HO06IEHHA MeXHO2eHHO 3MiHenoi 2idpoe-
Kocucmemu piuxu

Kmouogi cnosa: exonoziuna emuicmo, exojoziu-
HuUil pezepe, MexHO2eHHO 3MiHeHa 600HA eKocucmema,
exon0zivni indexcu
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1. Introduction

Excessive anthropogenic impact on aquatic ecosystems vi-
olates their stable functioning. One of the main causes of river
degradation is technogenic conditionality of development as
a result of influence of urbanized areas. Because of anthropo-
genic impact, many parameters of water medium in natural
aquatic ecosystems have changed which has led to destruction
of homeostasis and biogeochemical cycles, loss of environmen-
tal capacity of aquatic ecosystem and other changes.

Assessment of water quality based on hydro-chemical pa-
rameters cannot be sufficient for ecological characterization of
aquatic ecosystems. Studies aimed at development of ecological
indicators which would make it possible to obtain a generalized
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quantitative and qualitative estimate of ecological state of wa-
ter ecosystems of rivers should be considered urgent.

It is important to note that the problem of stable func-
tioning of aquatic ecosystems is characteristic of virtually
all European river basins. Despite EU laws and numerous
directives, only 40 % of surface water bodies surveyed by
the European Environment Agency (EEA) correspond just
to “good” ecological status [1].

2. Literature review and problem statement

The problem of stability, ecosystem homeostasis, is cen-
tral problem of present-day ecology which, unlike the “old




ecology”, focuses on detecting hidden interrelations based
on establishment of general laws [2]. Stability of aquatic eco-
systems is associated with an ability to withstand changes
caused by exogenous effects and return to the original state
while maintaining structure and functional characteristics.
Contradictions arise when it turns out that influence of some
factors leads to minor changes in the structure and function-
ing of the ecosystem and its biocenoses. At the same time,
other factors cause significant violation of interconnections
that have already developed in the ecosystem and now suffer
destruction of their equilibrium [3].

That is why two types of stability are distinguished in
ecosystems [4]: elastic stability (rapid return of the system
to its initial state) and resistance (ability to avoid changes).
Stability of the ecosystem should not be considered from the
standpoint of stability of mechanical systems as it is typical
for ecosystems to have several equilibrium states. After
stressful effects, they often return not to the lost state of
equilibrium but to a new state in which the initial structure
was subjected to certain violations but did not lose its sta-
bility [4]. In this regard, a question arises about obtaining
a quantitative estimate of the span and limits of possible
pressure of technogenic factors that can affect stability of
the aquatic ecosystem under study. That is why the authors
refer to the notion of environmental capacity of ecosystems.

The notion of environmental capacity is derived from
the notion of “carrying capacity” which was widely used in
numerous studies of various scientific fields from the end of
the nineteenth century [5]. At the current stage of scientific
studies, the notion of capacity has become quite complex
going beyond definition of the quantity of living beings in a
certain space.

Simultaneous rapid growth of anthropogenic impact on
the state of aquatic ecosystems has led to the use of the notion
of environmental capacity of aquatic ecosystems which arose
from the notion of maximum load on environment [6, 7].
A comprehensive approach to assessing environmental ca-
pacity of the Wun district in the Thai Lake basin was
proposed in [8]. Large volumes of various data were used to
assess the basin state: the MODIS model, images of NDVI
series, geoinformation systems and technologies, aquatic
network maps, population statistics and economic indica-
tors. Indicators characterizing population density, economic
growth, water consumption and environmental load were
also indispensable in this estimation. In this case, the envi-
ronmental capacity describes importance of critical factors
in relation to the progress of human activity. Calculations
and forecasts of the upper limit of population and economic
growth for normal functioning of the area under study were
made in [8]. This approach to assessment of the environ-
mental capacity is not effective for application to Ukrainian
water basins as there are no standardized procedures and
corresponding databases that would involve all indicators
needed for calculations. To do this, it is necessary to reform
the national monitoring system. In this case, the notion of
environmental capacity is used more to account for econom-
ic losses from reducing water resources and not for their
qualitative control with subsequent restoration.

Environmental capacity of water resources for Liaoning
province with the use of a system of indicators was deter-
mined in [9]. Such system makes it possible to fully reflect
state of the city’s socio-economic and ecological environ-
ment and water resources and ensure coordination between
them. On the example of the Liaoning province, the system

of indicators can reflect basic situation of regional environ-
mental capacity of aquatic ecosystems which is the basis
for finding dominating factors of influence on the aquatic
ecosystem. However, the study was focused mainly on qual-
ity of water for the water supply system but assessment of
environmental indicators to maintain dynamic equilibrium
of aquatic ecosystems was ignored [9]. Self-purifying ability
of aquatic ecosystems was not taken into account in similar
studies and an aquatic ecosystem was generally considered
as a water body, that is, as an abiotic component without
taking into account the biotic component.

A notion of matter-energy approach was taken in [10]
as the basis for determination of environmental capacity
of the ecosystem. This approach reflects the idea of ecosys-
tem functioning as a process of transformation of energy
and matter coming from environment and returning to
it. However, dynamic and metabolic characteristics of the
biotic component of the aquatic ecosystem were considered
without taking into account aquatic and hydro-chemical
characteristics of the basin.

Environmental capacity is the maximum amount of
energy and matter that can be involved by the ecosystem
within a cycle in a certain period of time without significant
violation of its structure and functions. Essence of the en-
vironmental capacity consists in the basin’s ability to take
a certain amount of load and transform it without apparent
harm to the ecosystem. It is namely this ability that ensures
absorption and neutralization of ecotoxicants of anthropo-
genic origin.

At the current stage of socio-economic development, in-
tensity and nature of technogenic activity determine direc-
tion and basic parameters of functioning of the aquatic eco-
system. That is, they directly affect environmental capacity
of the aquatic ecosystem thereby violating its self-organiza-
tion. Under natural conditions, the ecosystem is in a steady
dynamic state when arrival of biogenic components in the
system is balanced by their outflow and transition to other
ecosystems ensuring global cycles in the biosphere. Violation
of balance of energy and matter in different ecosystems or
their individual components aggravates loss of internal sta-
bility [4]. The process of transformation of natural aquatic
ecosystems and the formation of techno-capacity commence
under the effect of ecotoxicants of anthropogenic origin.

According to [11], such newly created ecosystems cannot
be considered completely natural, so it is advisable to apply
the notion of technogenic altered aquatic ecosystems of
varying degrees of pollution. Altered aquatic ecosystems no
longer have necessary internal stability and the mechanism
of self-regulation is destroyed in them.

According to the European classifications [12], the tech-
nogenically altered aquatic ecosystems can be considered
rivers with water corresponding to quality Classes 11T and
IV. They are characterized by excessive content of pollutants
in ecosystems [13], structural and functional violation of
intra-basin processes [11] and hydrodynamic regime, bottom
accumulation of ecotoxicants and their toxic effects on the
components of aquatic ecosystems. Ecologically dangerous
endo-risks are the final stage of formation of technogenically
altered aquatic ecosystems regarding their development.

Difficulty of characterizing the technogenically altered
aquatic ecosystems consists in distinction of the processes
of matter and energy circulation in such aquatic ecosystems
compared with those in intact ones. This is because of viola-
tion of ecological balance of the system towards degradation



of its structure and functions. This is caused by reduction
of ecological reserve of the ecosystem (determined by the
change of the environmental capacity balance) and metabol-
ic regress (determined by effectiveness of the mechanism of
plastic metabolism of chemical compounds) as well as wors-
ening efficiency of intra-basin processes [11]. That is, the
environmental capacity characterizes balanced functioning
of the aquatic ecosystem [2], resistance to the effect of natu-
ral and anthropogenic factors and, consequently, the level of
natural and technogenic safety of water bodies.

Analysis of published data indicates lack of information
that would make it possible to characterize structural and
functional violations of technogenically altered aquatic
ecosystems. Thereupon, it became necessary to study fun-
damental changes of river ecosystems through the use of the
indicator of environmental capacity. It is one of the funda-
mental notions that adequately reflect ability of individual
ecosystems to adapt to technogenic loads. The environmen-
tal capacity should be considered as an environmental stan-
dard for surface waters based not on the maximum permissi-
ble concentration (MPC) but on the regulatory background
concentrations of chemicals in the main components of the
basin. i.e. water, bottom sediments, hydrobionts.

3. The aim and objectives of the study

The study objective was to develop a procedure for de-
termining environmental capacity as the main parameter of
functioning of aquatic ecosystems with the help of integral
indicator systems.

To achieve the objective, the following tasks were set:

— develop information and methodological base of eco-
logical indicators used in the control of structural and func-
tional intra-basin process changes in technogenically altered
aquatic ecosystems;

— calculate environmental capacity and determine level
of ecological reserve for the object under study.

4. Materials and methods used in creation of an
information and methodological base of ecological
indicators of control of the technogenically altered

aquatic ecosystem

4.1. Methods for determining ecological state of
aquatic ecosystems

Standardized procedures based on application of MPC
of substances and the procedure of environmental control in-
dicators have formed basis of the procedure for determining
the main indicator of existence of aquatic ecosystems.

A river or its certain section is usually monitored at
the first study stage. Water samples are taken and exam-
ined or available monitoring information is analyzed and
systematized. On their basis, a retrospective database of
ecological state of the studied aquatic ecosystem is formed.
Indicators that significantly effect change of the environ-
mental situation are determined, e.g. it may be toxic metals,
radionuclides [13] or ammonium nitrogen compounds. Due
to application of procedures based on regulation of MAC of
harmful matters, water quality class is determined by the
index of water pollution (IWP) and ecological state of river
ecosystem, i.e. general ecological index (I,) is determined
according to the procedure considered in [14].

The complex ecological index of state of river ecosys-
tems, I,, depending on the value of various parameters is
determined as follows:
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where I, is the maximum value of the hydro-chemical
parameter which includes water mineralization, contents
of sulfates and chlorides; I is the set of ecological and
sanitary characteristics including content of suspended
matter, chemical oxygen consumption (COC), biochemical
oxygen consumption for 5 days (BOCs), dissolved oxygen,
ammonium nitrogen, nitrate ammonium, nitrite ammonium,
phosphates, phytoplankton biomass, saprophytic index; tox-
icological index, I, i.e., a set of specific characteristics of
toxic and radiation action of copper, chromium, manganese,
zine, phenols, nickel, etc. Indices Iy, Ip, I¢ are calculated by
the formula:
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where C; e is the actual concentration of the i-th hy-
dro-chemical or trophic-saprobiological factor; C; . is the
optimum concentration of the i-th hydro-chemical factor
(or MAC).

The degree of water pollution in the body under study
is characterized according to the generalized indicator of
water pollution (IWP) which is equal to the arithmetic
average:
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where C; is concentration of the i-th normalized compo-
nent, mg/dm? MPC; is the maximum permissible concen-
tration of the i-th normalized component for the correspond-
ing basin type, mg/dm3; n is the number of indicators used
to calculate IWP.

These procedures do not provide a detailed character-
istic of quantitative and qualitative assessment of violation
of structure and functioning of a technogenically altered
aquatic ecosystem, they just ascertain the fact of pollution
and the system state worsening. However, it is impossible to
provide a preliminary assessment of the aquatic ecosystem
state and identify causes of its worsening without them.
In the last decade, a shift in emphasis when assessing state
of aquatic ecosystems towards assessment of the state of
environment not as a resource but as a human and biota
habitat was observed in the worldwide practice. The prob-
lem of quantitative and qualitative assessment of the state of
technogenically altered aquatic ecosystems is closely linked
with development of monitoring indicators [16] which allow
one to trace step by step dynamics of changes in these eco-
systems.

The Pressure-State-Response (PSR) model proposed by
the Organization for Economic Cooperation and Develop-
ment (OECD) and United Nations Environment Program
(UNEP) was adapted [17]. The point is to apply a conceptu-
al model of the system of environmental indicators divided
into three groups: indicators of pressure, state and response.

Therefore, an information and methodological base of en-
vironmental indicators was developed following recommen-



dations of the OECD and UNEP [18]. It makes it possible to
track changes in aquatic ecosystems using the ecosystem
approach and the basin management principle. Taking into
account the goal orientation and in accordance with pecu-
liarities of development and functioning of technogenically
altered aquatic ecosystems, indicators are divided into
three groups:

— action indicators: estimation of influence of techno-
genic factors on the object under study: the index of tech-
nogenic effect, the index of plastic metabolism of chemical
compounds, the general ecological index;

— state indicators: the state of environment subjected to
anthropogenic action: the index of balance of the environ-
mental capacity, the index of techno-capacity;

— response indicators: response of the aquatic ecosystem
to violation of sustainable functioning: the criterion of biotic
self-regulation of water, the index of ecological reserve.

To calculate the indicators, an optimal number of indica-
tors was selected. It is difficult to arrange a large number of
indicators in real time, analyze and determine relationships
between characteristics of the natural system and the factors
bringing about change of these characteristics. Therefore,
in order to calculate balance of the environmental capacity,
a limited number of accessible, simple, understandable and
informative indicators were used to reflect basic ecological
situation of the aquatic ecosystem under study. This is an
important stage in theoretical support of the regional man-
agement of water resources in Europe and worldwide. Indi-
cators characterizing ecological hydrology of a water body,
structural and functional properties of aquatic ecosystems,
anthropogenic load on aquatic ecosystems and self-purifying
capacity of water were used.

Such study approach makes it possible to assess state of
a particular area of a water body that needs to be studied
and identify sources of anthropogenic influence for taking
necessary measures [19]. It is effective when applied to tech-
nogenically altered aquatic ecosystems of small and medium
rivers, plain areas with temperate continental climate.

4. 2. The procedure for calculating environmental
capacity of an aquatic ecosystem

In accordance with the proposed classification of in-
dicators, environmental capacity of the aquatic ecosystem
acts as a part of an integral indicator of state of the aquatic
ecosystem after action of exogenous factors of anthropogenic
origin. Thus, environmental capacity characterizes in a cer-
tain sense ability of the ecosystem to transform, migrate and
accumulate matters involved in the cycle. It serves as an im-
portant criterion for balanced functioning of the ecosystem,
numerically corresponds to the maximum technogenic load
that a set of recipients and ecological systems of the basin
can endure for a long period without harm to their structural
and functional features.

To calculate balance of the environmental capacity, we
suggest to use the following formula:
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where Kry;,., is the criterion of biomass which characterizes
survivability of hydrobiocenosis in conditions of their habi-
tat change; [ is the index of self-purification; Cy, Co, C, are
pollutant concentrations; 7 is the quantity of pollutants; K,

is the cumulative rate of water self-purification (Table 1);
K, is the compound coefficient of river and sewage waters:
0.8 for medium rivers, 0.6 for large rivers.

Table 1

Tentative values of coefficients of rate of self-purification of
river water from some pollutants

Matter and indicator of Water temperature, °C
chemical composition of water <10 10-15 >15
NH;4 0.9 1.8 2.7
Cu 0.6 1.2 1.8
Zn 0.1 0.3 0.6
Fe 0.1 0.2 0.3
Crb* 0.1 0.2 0.3
BOC; 05 1.0 15
BOCy; 0.2 0.3 0.7
CcOoC 0.1 0.2 0.3

Self-purifying ability of an aquatic ecosystem is charac-
terized to some extent by its environmental capacity. It can
express potential ecosystem’s adaptability and resistance
to new condition of existence. Self-purifying ability is the
consequence of this ability and characterizes results of the
ecosystem functioning in concrete conditions. Thus, one
can assert that the self-purifying ability is one of the main
quantitative indicators of the environmental capacity. To
evaluate efficiency of the process of self-purification of the
river section under study from hard-oxidized compounds, it
is proposed to use the following formula:

IS :;y (5)
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where R is the amount of substrate used for plastic purposes;
COCiyir. is chemical consumption of oxygen in the river water
in the initial location; BOC;,;;. is the total biochemical con-
sumption of oxygen in the initial location.

The mechanism of plastic metabolism characterizes
amount of substrate that can be used for plastic purposes
and is calculated from formula:

R=(coC,, -BOC,,)-(COC,,,, ~ BOCut), (6)
where COC;y;. is chemical consumption of oxygen of the
river water in the initial location; BOCj,;; is total biochem-
ical consumption of oxygen of the river water in the initial
location; COCfinse. is chemical consumption of oxygen of
the river water in the final location; BOCyiy; is complete
biochemical consumption of oxygen of the river water in the
final location.

The index of techno-capacity characterizes the amount
of matter of anthropogenic origin which can be neutralized
by ecosystem and is determined by:

I, =2, )

where I, . is the environmental capacity of the ecosystem; ;.
is the index of technogenic influence.



3. The results of application of the procedure of
ecological indicators for controlling structural and
functional changes in the aquatic ecosystem

5. 1. Analysis of the ecological state of the studied
section of the aquatic ecosystem

A 45 km long section of a medium river, the Irpin River
(the right inflow of the Dnipro River), was selected as an
object for testing the proposed procedure. Retrospective
database was formed based on our own studies and official
monitoring data [20, 21] for the period from 2006 to 2017.
Water quality class was determined according to the proce-
dure of [16] with application of (1) in accordance with the
legislation of Ukraine. The requirements to establishment
of European water quality standards are given in Article
13 of Directive 2008/105/EC [17]. Methodical techniques
of determining maximum permissible concentrations MPC
used in Ukraine and European Union for establishing
water quality standards virtually coincide. However, the
European procedure defines criteria not only for water but
also for bottom sediments and biota. Comparison of values
of concentration of some pollutants adopted in Ukraine
and Europe for various classes of water quality is given in
Table 2. Class IV by European classification [12] of water

quality corresponds to Classes IV and V specified by stan-
dards of Ukraine [14].

The following results were obtained in the study of the
river section according to the IWP procedure (3):

—class IIT of quality: water is moderately polluted
(in 40 % of cases);

— class IV of quality: water is polluted (in 40 % of cases);

—class V of quality: water is highly polluted (in 10 % of
cases).

The results of calculation of complex I, (1) by the average
values of indicators for the studied section of the Irpin River
in the observation period (2006—2017) are shown in Fig. 1.
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Fig. 1. Dynamics of /. changes in the studied section of the
Irpin River over 2006—2017

Table 2

Characteristics of various classes of surface water quality in Ukraine and EU countries by some hydro-chemical indicators

Water quality classes
Indicator, mg/dm? Ukraine EU Ukraine EU Ukraine EU Ukraine
1(1)* I 11 (2) 11 11 (3) 1 111 (4)
Nitrate nitrogen <0.2 <1 0.2-0.3 <1.5 0.31-0.50 <2.5 0.51-0.70
Nitrite nitrogen <0.002 <0.01 0.002-0.005 <0.05 0.006-0.01 <0.1 0.011-0.020
Ammonia nitrogen <0.10 <0.04 0.1-0.2 <0.1 0.21-0.3 <0.3 0.31-0.5
Phosphate phosphorus <0.015 <0.02 0.015-0.030 <0.04 0.031-0.05 <0.1 0.051-0.1
Dissolved oxygen >8 >8 7.6-8 >8 7.1-7.5 >6 6.1-7.0
Chlorides <20 <25 21-30 <50 31-75 <100 76-150
Sulphates <50 <25 51-75 <50 76-100 <100 101-150
BOC <1.0 <2 1.0-1.6 <3 1.7-2.1 <5 2.2-4.0
CcOC <9 «0» 9 <10 16-25 <25 26-30
EU Ukraine EU EU Ukraine EU Ukraine
Indicator, mg/dm?
1111 111(5) 111 HI-1v 1V(6) v \Y%
Nitrate nitrogen <5 0.71-1.00 <10 <20 1.01-2.5 >20 >2.5
Nitrite nitrogen <0.2 0.021-0.050 <0.4 <0.8 0.051-0.100 >0.8 >0,1
Ammonia nitrogen <0.6 0.51-1 <1.2 <24 1.01-2.5 >2.4 >2.5
Phosphate phosphorus <0.2 0.101-0.2 <0.4 <0.8 0.201-0.300 >0.8 >(0.300
Dissolved oxygen >5 5.1-6.0 >4 >2 4.0-5.0 <2 <4
Chlorides <200 151-200 <400 <800 201-300 >800 >301
Sulphates <200 151-200 <400 <800 201-300 >800 >301
BOC <10 4.1-7.0 <20 <40 7.1-12.0 >40 >12.0
CcOC <50 31-40 <100 <200 41-60 >200 >60

Note: I (1)*=Class I, Category 1



Three characteristics of the river aquatic ecosystem
were taken into account in calculation of the ecological
index, I,: hydro-chemical, trophic-saprobiological and
radiation. The results of calculation given in Fig. 1 show
that for the period 2006 to 2007, water quality corre-
sponded to the Class IT with the index value of 2.6-2.8.
There was worsening of quality, water belonged to the
Class III in the period from 2008 to 2017 since the value
of the I, index was 3-3.6. The worst indicator was the set
of ecological and sanitary characteristics according to
which quality of the river water generally corresponded to
water quality Categories 4 and 5 (Table 2). The observed
tendency to worsening was caused by exceeding permis-
sible concentrations of pollutants: concentration of Cr (VI)
was 0.0037-0.01 mg/dm? (at MPC 0.001 mg/dm?), con-
centration of ammonia nitrogen was 0.4-3.6 mgN/dm?
(at MPC 2.0 mg/dm?), the indicator of COC was 25.7—
44 mgO/dm3 (at MPC 25mgO/dm?).

3. 2. Results of calculation of environmental capacity
of the aquatic ecosystem

Intra-basin changes in the aquatic ecosystem were ob-
served at the next stage of the study using the developed
procedure of ecological indicators. The environmental ca-
pacity of the aquatic ecosystem and its deterioration by
excessive techno-capacity were quantitatively determined.
Visualization of the balance of environmental capacity (4)
and techno-capacity (7) is presented in Fig. 2. Calculations
were made using a retrospective database for the studied
river section in a ten-year observation period.

Environmental capacity of the aquatic ecosystem serves
as a part of the integral indicator of hydrosphere reaction to
exogenous factors of anthropogenic origin. It is evident from
Fig. 2 that the value of I, was worsening in recent years but
fluctuated practically within the limits of one class of water
quality (Class III). This was caused by intensive technogen-
ic impact of economic activities of numerous enterprises and
farms located in the river basin. Technogenic impact on the
aquatic ecosystem is expressed by /;; and is in the ranges of
1.7-1.9 and 2.0-2.5 for the Class 111 and Class IV of water
quality, respectively.
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Fig. 2. Dynamics of changes in the balance between
the environmental capacity and techno-capacity for the
studied river section over 2008 2017

Balance between the environmental capacity and
techno-capacity was characterized by the level of eco-
logical reserve and was in the range of 11.7-17.0 for
water quality of Class III. At the same time, there was a
violation of structural and functional organization of the
aquatic ecosystem. In accordance with the principle of Le

Chatelier Brown, dynamic equilibrium of development
of aquatic ecosystem is shifted towards the least techno-
genic load and hydrobionts are adapted to new conditions
of existence. This results in restructuring of biocenoses
associations in the direction of strengthening of B, a-sap-
rogenous species, reduction of the species diversity of
hydrobionts. Thus, further growth of technogenic impact
will disturb dynamic equilibrium of the aquatic ecosystem
breaking the ability of biota to self-regulation: j;or serr. Was
25.0-27.0 for water quality of Class III and 17.0-6.0 for
water quality of Class IV.

The multi-index approach to assessing the environmen-
tal capacity and development of the aquatic ecosystem is
effective since it can maximally integrate relevant factors
and changes in the aquatic ecosystem. It makes it possible to
provide on-line quantitative information on alteration of the
ecological state of the aquatic ecosystem, thereby providing
theoretical support for the bodies of regional management of
water basins in European countries.

Since rivers with water quality of Class IIT and IV should
be considered technogenically altered water ecosystems, the
calculation results were systematized according to these
classes (Table 3).

Table 3

The values of calculated indices for the prevailing water
quality classes of the technogenically altered aquatic
ecosystem of the medium river

. Water quality | Water quality of
Indicator of Index of of Class T1T Class IV
the technogenic 1.7-1.9+ 20-2.5%
impact 1.8 29
action the mechanisrn 2.8-3,0 0.5-1,5
of plastic me- — 1
tabolism
the,bfﬂancet‘)fl 26.7-35.0 13.3-17.8
R 30.85 15.55
state P y
the balance of 15.0-18.0 6.7-7.12
techno-capacity 16.5 6.91
thc ]evc] ()f eco- 11.7-17.0 6.6-10.8
logical reserve 14.35 8.7
response
biotic 25.0-27.0 6.7-17.0
self-regulation 26.0 11.5

(minimum value — maximum value)
average value

Note: *

The study data presented in Table 1 confirm regular-
ities in reducing the balance of environmental capacity
and growth of techno-capacity in the aquatic ecosystem
of the river. This causes reduction of the balance of the
ecological reserve which characterizes the potential lev-
el of restoration of the technogenically altered aquatic
ecosystem functioning. Biochemical activity of the water
biota decreases with respect to the pollutant matters as
evidenced by a decrease in the value of the biotic self-reg-
ulation index. The obtained data can serve as a benchmark
for determining parameters of existence of other techno-
genically altered aquatic ecosystems of small and medium
peneplain rivers.



6. Discussion of the results obtained in calculation
of ecological and technical capacities of the aquatic
ecosystem of the mouth area of the Irpin River

It was shown that functioning of a technogenically
altered aquatic ecosystem is determined by the consistent
change of interaction of environmental and anthropogenic
factors. First, emergence of ecologically dangerous exo-risks
is associated with the altering effect of technogenic factors
on effectiveness of the mechanism of plastic metabolism of
chemical compounds of anthropogenic origin. Secondly,
emergence of ecologically dangerous endo-risks is caused
by biochemical activity of the water biota in relation to the
substances of water pollutants. Compensatory mechanism
of the water biotic self-regulation is their integral indicator.

In order to ensure natural and technogenic safety of de-
velopment of the aquatic ecosystem, main parameters of its
functioning were assessed with the help of an information
and methodological base of ecological indicators. The ap-
plied method is based on the three-dimensional orientation
of the quantitative characteristic of structural and function-
al disturbances of technogenically altered aquatic ecosys-
tems. The consecutive set of indicators includes indicators
of action (assessment of impact of technogenic factors on the
object under the study: the index of technogenic impact, the
index of plastic metabolism of chemical compounds, the gen-
eral ecological index), indicators of the state (state of envi-
ronment as a result of technogenic action: the balance index,
environmental capacity, index of technology), indicators of
response (response of the aquatic ecosystem to violation of
sustainable functioning: the criterion of biotic self-regula-
tion of water, index of the level of ecological reserve).

It was established on the basis of systematization and
formalization of data of ecological monitoring that the basis
of development of aquatic ecosystems of rivers is charac-
terized by environmental capacity. It should be noted that
the environmental capacity is changing in the course of its
development because of excessive technogenic impact and is
transformed into a residual ecological reserve. Quantitative
values were calculated using environmental monitoring in-
dicators (Table 3). This is important for the control of trends
in the change of structural and functional peculiarities of
development of technogenically altered aquatic ecosystems,
detection of the laws of qualitative and quantitative viola-
tions. Reduction of the environmental capacity indicator
shows violation of self-regulation of the aquatic ecosystem.
The obtained information on the balance of environmental
capacity presented in the Table 3 testifies development of
the technogenically altered aquatic ecosystem in the studied
section of the river within its class of water quality (Class
IT1, sometimes Class IV).

In this study, environmental capacity was first con-
sidered as an indicator that quantitatively represents an-
thropogenic impact and violations that occur in the aquat-
ic ecosystem. Environmental capacity gets violated and
decreased as a result of an increase in techno-capacity. It
equals to 1,,=26.7-35.00 at [,,=15-18. With growth of
techno-capacity, mechanisms of biotic self-regulation and
plastic metabolism of chemical compounds are violated in
hydrobionts. This is evident from the dependence (the index
of technogenic impact — the index of biotic self-regulation —
the index of the mechanism of plastic metabolism): 6.91-2.9-26
for Class I11; 16.5-1.2-11.5 for Class IV. However, the aquat-
ic ecosystem is capable of maintaining the required level

of natural and technogenic safety due to conservation of
the ecological reserve which is quantitatively expressed by
difference between the environmental capacity and tech-
no-capacity as well as due to re-adaptation of biota to new
conditions of existence.

The concept of this study consists in the study of the
technogenically altered aquatic ecosystems of peneplain
rivers which include more than half of the rivers in. Europe.
The offered approach has allowed us to establish state of the
aquatic system under study, make quantitative estimation
of technogenic factors and forecast consequences of their
influence. This will enable future development of a system
of environment protection measures in order to return the
technogenically altered aquatic ecosystems to a state of dy-
namic equilibrium [13, 19].

However, the study involves formation of an individual
set of criteria for each type of aquatic ecosystems, ensure
availability of monitoring data for at least 10 years, monitor-
ing patterns of development of the aquatic ecosystem under
study. Therefore, the set of indicators is individual for each
aquatic system type and adaptable only for medium and
small rivers.

The procedure for calculating environmental capacity
and the search for regularities in reduction of the balance
between the environmental capacity and techno-capacity
of medium and small rivers require further improvement.
Further development of this study may consist in develop-
ment of a procedure for calculating environmental capacity
and techno-capacity for large rivers. The principle of Le
Chatelier Brown requires detailed future studies to elucidate
intra-basin changes occurring in technogenically altered
aquatic ecosystems.

7. Conclusions

1. A methodological base of ecological control indicators
was developed which enables detection of quantitative and
qualitative changes in structural and functional features of
development of technogenically altered aquatic ecosystems.
The procedure makes it possible to determine pressure of
technogenic factors on a water body (the index of technogen-
ic effect: 1.7-1.9 for Class I1I; 2.0-2.5 for Class I'V; change of
the mechanism of plastic metabolism: 2.8-3.0 for Class III;
0.5-15 for Class I'V. State of the aquatic ecosystem resulting
from the change of ecological situation is characterized by
the fundamental indicator of ecosystem functioning: envi-
ronmental capacity 26.7-35.0 for Class III; 13.3-17.8 for
Class 1V; techno-capacity 6.7-7.12 for Class III, 15.0-18.0
for Class I'V. Response of the aquatic ecosystem to violation
of stable functioning is characterized by the biotic water
self-regulation index: 25.0-27.0 for Class III, 6.0-17.0 for
Class I'V; balance of ecological reserve 11.7-17.0 for Class III,
6.6-10.8 for Class I'V.

2. Based on analysis, systematization and formalization
of the data on ecological state of the river aquatic ecosystem,
it was established that the basis of their development is relat-
ed to the environmental capacity. The environmental capaci-
ty varies in the process of its development and is transformed
into a residual ecological reserve. Loss of environmental
capacity as the main parameter of the aquatic ecosystem
was quantitatively estimated. Consequences of a ten-year
anthropogenic alteration of the studied river section were
analyzed. The study confirmed reduction of the environmen-



tal capacity balance (35—17.8), increase in techno-capacity
(6.7—18) and reduction of ecological reserve (17—6.6).

3. The high level of functionality of the integrated sys-
tems of indicators makes it possible to quantitatively char-
acterize structural and functional changes in the intra-basin
processes of the technogenically altered area of the aquatic
ecosystem under study. With their help, it is possible to
determine optimal parameters of existence (27.6 for environ-

mental capacity; 6.3 for techno-capacity) which will not lead
to ecosystem changes in the future.

4. A scale of limit parameters of functioning of aquatic
ecosystems for Classes 1T and IV of water quality was built.
The level of ecological safety of a technogenically altered
aquatic ecosystem was found as acceptable (for the Class I11
of water quality) and moderately permissible (for the Class IV
of water quality).
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