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The intensification of anthropogenic and technogenic pressure on
aquatic ecosystems necessitates the improvement of methodological
approaches to assessing their environmental safety, stability, and self-
recovery capacity. This issue is particularly relevant for reservoirs operating
under conditions of regulated flow, intensive water use, nutrient input, organic
pollution, and the influence of urbanized areas. The article presents a
comprehensive bioindication-based assessment of the qualitative and
quantitative components of natural and technogenic safety of aquatic
ecosystems, using the upper section of the Kaniv Reservoir as a case study.

The methodological framework of the study is based on the integration
of hydroecological potential assessment, phytoplankton-based bioindication,
and elements of statistical modeling. The study considers species composition,
diversity level, dominance of individual taxa, species richness, and the
response of phytoplankton communities to changes in environmental
conditions.

The obtained results indicate that phytoplankton communities are
sensitive indicators of anthropogenic transformation of aquatic ecosystems
and are capable of reflecting changes in trophic status, organic pollution
levels, ecological stability, and resilience of water bodies. Establishing the
relationship between hydroecological potential and bioindication parameters
enhances the objectivity of environmental monitoring and enables the early
detection of ecosystem degradation processes.

The proposed approach contributes to the development of an integrated
system for assessing the natural and technogenic safety of aquatic
ecosystems by combining biological, hydroecological, and analytical criteria.
Its application can be useful for improving surface water monitoring,
substantiating environmental protection measures, and forming a scientific
basis for sustainable water resource management under increasing
technogenic pressure.
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Problem statement. The environmental safety of aquatic
ecosystems has become a central issue in contemporary ecological
research, particularly in the context of accelerating anthropogenic
transformation of natural environments. Aquatic systems are
increasingly exposed to complex and multifactorial pressures, including
industrial discharges, agricultural runoff, urban wastewater inputs, and
hydromorphological alterations. These factors act simultaneously and
often synergistically, leading to profound changes in the structure,
functioning, and resilience of hydrological systems.

Under conditions of sustained technogenic load, aquatic ecosystems
experience a gradual decline in their capacity for self-regulation and
natural purification. This results in the disruption of biogeochemical
cycles, deterioration of water quality, and simplification of biological
communities. One of the most critical consequences of such
transformations is the loss of ecosystem stability, which manifests
through reduced biodiversity, altered trophic interactions, and increased
vulnerability to external disturbances.

Traditional approaches to water quality assessment, primarily
based on hydrochemical indicators, are limited in their ability to capture
the complexity of ecosystem responses. While these methods provide
valuable information on the concentration of individual pollutants, they do
not adequately reflect cumulative, long-term, and synergistic effects of
multiple stressors. As a result, there is a growing need for integrated
assessment frameworks that incorporate both abiotic and biotic
components of aquatic ecosystems.

In this context, the concept of natural and technogenic safety of
aquatic ecosystems is increasingly recognized as a key theoretical and
practical construct. It is defined as the ability of a system to maintain its
structural integrity and functional performance under external
anthropogenic pressure without crossing critical ecological thresholds. A
central element of this concept is the hydroecological potential, which
characterizes the permissible level of environmental load that an
ecosystem can sustain while preserving its stability and self-recovery
capacity.

Biological indicators, particularly phytoplankton communities, play
a crucial role in the development of such integrated assessment
approaches. Due to their rapid response to environmental changes, high
sensitivity to nutrient enrichment and pollution, and fundamental role in

4



BicHuk
HYBIM

primary production, phytoplankton serves as effective indicators of
ecosystem condition. Changes in their species composition, abundance,
and diversity provide valuable insights into the direction and intensity of
ecological transformations.

Therefore, the development of scientifically grounded
methodologies that integrate hydroecological potential assessment with
bioindication analysis represents an important and relevant research
direction. Such approaches enable a more comprehensive evaluation of
ecosystem safety and provide a reliable basis for environmental
monitoring and sustainable water resource management.

Analysis of recent research. The environmental safety of aquatic
ecosystems has become a central issue in contemporary ecological
research, particularly under conditions of increasing anthropogenic
transformation of natural environments. Aquatic systems are exposed to
complex combinations of chemical, biological, and physical stressors,
which interact nonlinearly and lead to significant alterations in ecosystem
structure and functioning.

From a systems theory perspective, an aquatic ecosystem can be
represented as a complex dynamic system:

S=1{X Q}, (1)

where X = {X;,X,,...,.Xa} — represents the set of ecosystem components
(physical, chemical, and biological); @ — denotes the set of interactions and
transformation processes between these components.

Such a representation emphasizes that ecosystem behavior is
determined not only by the state of individual elements but also by the
relationships between them. Under anthropogenic influence, these
relationships are modified, leading to structural and functional
transformations.

A more detailed representation of a natural-technogenic aquatic
ecosystem can be expressed as:

S=ZQW, (2)

where Z - the natural subsystem; W - the technogenic (anthropogenic)
subsystem; Q — defines the interactions between them.
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This formulation reflects the dual nature of modern aquatic
ecosystems, which function as hybrid systems combining natural
processes and human-induced impacts.

The state of the system evolves in space and time according to the
following dependencies:

X =X(th); F=F(th); R=R(th), (3)

where X — represents the set of internal components of the aquatic
ecosystem, including physical, chemical, and biological parameters (such
as temperature, dissolved oxygen, nutrient concentrations, and biological
communities); F - denotes the set of external influencing factors,
including both natural and anthropogenic drivers (such as climatic
conditions, hydrological regime, pollutant inputs, and human activities);
R — characterizes the system of relationships and interactions between
ecosystem components, including trophic interactions, biochemical
processes, and feedback mechanisms within the ecosystem; t — the
temporal variable reflecting seasonal and long-term changes; h - the
spatial variable representing heterogeneity within the aquatic system.

This representation emphasizes that the ecological state of an
aquatic system is determined not only by the composition of its
components but also by external forcing and the structure of internal
interactions.

The component composition and spatiotemporal structure of a
natural-technogenic aquatic ecosystem undergo changes according to a
specific functional dependence M(t, h). Therefore, from the standpoint of
mathematical formalization, such an ecosystem can be considered as a
system formed by a set of internal components that interact with each
other and are in continuous connection with the surrounding
environment. A generalized representation of the formalized model of a
natural-technogenic aquatic ecosystem is shown in Figure 1.
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Figure 1. Formalized model of a natural-technogenic aquatic ecosystem

Under prolonged anthropogenic pressure, the system may
approach critical thresholds beyond which irreversible changes occur. In
this context, the concept of hydroecological potential becomes essential,
as it characterizes the capacity of the ecosystem to maintain stability and
resist external disturbances.

Traditional hydrochemical approaches are insufficient for capturing
such complex system behavior, as they focus on individual parameters
rather than system-level interactions. Therefore, there is a need for
integrated methodologies that combine system modeling with biological
indicators.

Phytoplankton communities, due to their sensitivity to
environmental changes and their role in primary production, serve as
effective indicators of ecosystem state. Their structural characteristics
provide insight into the direction and intensity of ecosystem
transformations.

Thus, the integration of system-based formalization with
bioindication approaches represents a promising direction for assessing
the natural and technogenic safety of aquatic ecosystems.

Aim, objectives and methodology. The aim of this study is to
establish a quantitative relationship between hydroecological potential
and phytoplankton characteristics in a technogenically influenced aquatic
ecosystem.

The methodological approach is based on the integration of
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bioindication and hydroecological assessment, complemented by
statistical analysis.

The evaluation of biodiversity was carried out using classical
ecological indices. The Shannon diversity index was calculated as:

H = —Z(% log%), (4)

where n — the number of individuals of a given species; N — the total
number of individuals.
Species richness was determined using the Menhinick index:

(5)

where A — the number of species.
The dominance structure of phytoplankton communities was
assessed using the Simpson index:

C=3X)*. (6)

Additionally, the saprobity index was applied to evaluate organic
pollution levels:

_ X(sh)
s =10, (7)

where s — the saprobity value of species and h is its relative abundance.

To interpret the results, classification of water quality based on
saprobity was used, which is presented in Table 1.

The hydroecological potential was calculated as an integral
indicator combining hydrochemical and biological parameters. The
relationship between phytoplankton characteristics and hydroecological
potential was analyzed using correlation-regression methods.

Table 1
Water quality classification based on Saprobity Index
Saprobity Index Zone Water quality class
0.0-0.5 Xenosaprobic Very clean
0.51-1.5 Oligosaprobic Clean
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Continuation of the table 1

1.51-2.5 B-mesosaprobic Moderately polluted
2.51-3.5 a-mesosaprobic Polluted
3.51-4.0 Polysaprobic Heavily polluted

Results and discussion. The ecological state of the upper section of
the Kaniv Reservoir was assessed through a combination of
hydrochemical indicators, bioindication parameters, and integrated
hydroecological potential evaluation. The obtained results reflect a
complex interaction between anthropogenic load and internal ecosystem
processes, which is expressed in both chemical transformations and
structural changes of biological communities.

Hydrochemical analysis indicates that the studied water body is
characterized by increased concentrations of biogenic elements,
primarily nitrogen and phosphorus compounds, which act as key drivers
of eutrophication. Periodic fluctuations in dissolved oxygen and elevated
biochemical oxygen demand confirm the presence of organic pollution
and active decomposition processes. These conditions create a favorable
environment for intensive phytoplankton development, which, in turn,
significantly affects ecosystem functioning.

The biological analysis revealed that phytoplankton communities
are dominated by species typical for mesotrophic and eutrophic water
bodies. The structure of these communities demonstrates a tendency
toward reduced diversity and increased dominance of individual taxa,
which is a characteristic feature of ecosystems subjected to prolonged
anthropogenic pressure.

The calculated biodiversity indices are presented in Table 2.

Table 2
Biodiversity Indices of Phytoplankton Communities
Sampling Site | Shannon Index (H) Simpson Index (C) Menhl?;\;;( Index
Site 1 2.3 0.21 1.8
Site 2 2.1 0.27 1.6
Site 3 1.9 0.34 1.4

The obtained values indicate a moderate level of species diversity,
with a clear trend toward increasing dominance of individual species. A
decrease in Shannon index values from Site 1 to Site 3 corresponds to a
growing anthropogenic influence and increasing environmental stress.
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At the same time, the increase in Simpson index values reflects the
intensification of dominance by pollution-tolerant species, which is a
typical indicator of ecosystem degradation. The Menhinick index
demonstrates a gradual decline in species richness, confirming the
process of structural simplification of phytoplankton communities.

The ecological interpretation of these results suggests that the
studied ecosystem is undergoing a transition from a relatively stable
state toward a disturbed condition characterized by reduced resilience
and increased sensitivity to external impacts.

The assessment of organic pollution using the saprobity index
further supports this conclusion. The calculated values fall within the
range corresponding to PB-mesosaprobic conditions, indicating a
moderate level of organic contamination. This classification is consistent
with hydrochemical data and reflects the cumulative impact of
anthropogenic factors.

The hydroecological potential (HEP) was calculated as an integral
indicator representing the functional capacity of the ecosystem. The
obtained values are presented in Table 3.

Table 3
Hydroecological Potential Values
Sampling Site HEP Value Ecological Interpretation
Site 1 0.72 Relatively stable
Site 2 0.65 Moderately disturbed
Site 3 0.58 Ecologically stressed

The spatial distribution of HEP values demonstrates a gradual
decline in ecosystem stability along the studied section of the reservoir.
Higher values correspond to areas with greater biological diversity and
more balanced community structure, while lower values are associated
with zones of increased anthropogenic pressure.

A comparative analysis of Tables 2 and 3 reveals a clear relationship
between biodiversity parameters and hydroecological potential. Areas
characterized by higher Shannon index values exhibit higher HEP values,
indicating that biodiversity plays a crucial role in maintaining ecosystem
stability.

To quantify this relationship, a correlation analysis was performed.
The results show a strong positive correlation between HEP and Shannon
index (r = 0.82) and a negative correlation with Simpson index (r = -0.76).
This indicates that increasing dominance and decreasing diversity are
directly associated with reduced ecosystem safety.

Based on these results, a regression model describing the
dependence of hydroecological potential on  phytoplankton
characteristics was developed:
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where H — the Shannon diversity index, reflecting species diversity and
structural complexity of the phytoplankton community; C — the Simpson
dominance index, characterizing the degree of dominance of individual
species within the community; M — the Menhinick index, representing
species richness relative to total abundance; a - the intercept (constant
term), reflecting the baseline level of hydroecological potential in the
absence of variability in biological indicators; b, ¢, and d - regression
coefficients that quantify the contribution of each respective variable to
the overall hydroecological potential.

The signs and magnitudes of the regression coefficients have clear
ecological interpretation. The positive coefficient b indicates that
increasing species diversity contributes positively to ecosystem stability
and enhances hydroecological potential. Conversely, the negative
coefficient c reflects the adverse effect of species dominance, as higher
dominance reduces ecosystem resilience. The positive coefficient d
suggests that greater species richness is associated with improved
ecological balance and functional capacity.

Graphically, this conceptual relationship can be interpreted as a
multidimensional surface where hydroecological potential increases with
biodiversity and decreases with dominance. In simplified form, this
dependence can be represented as a rising curve with respect to diversity
and a declining curve with respect to dominance (Figure 2).
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Figure 2. Relationship between hydroecological potential (HEP) and
phytoplankton diversity (a) and phytoplankton dominance (b)

From an ecological perspective, this reflects fundamental principles
of ecosystem functioning. High biodiversity enhances functional
redundancy and resilience, allowing the system to maintain stability
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under stress conditions. Conversely, dominance of a limited number of
species reduces ecosystem adaptability and increases vulnerability to
disturbances.

The obtained results are consistent with modern ecological
theories, particularly the concept of ecosystem resilience and the
ecosystem-based approach. The observed transformations indicate that
the studied water body is approaching a threshold beyond which further
degradation may lead to irreversible changes in ecosystem structure.

An important aspect of the study is the confirmation that
bioindication methods provide a more integrated and sensitive
assessment of ecosystem condition compared to traditional
hydrochemical approaches. While chemical indicators reflect
instantaneous conditions, biological communities integrate the effects of
environmental changes over time.

Thus, the combination of hydroecological potential assessment and
bioindication analysis represents an effective tool for evaluating natural
and technogenic safety of aquatic ecosystems.

Conclusions. 1. The conducted study confirms that anthropogenic
pressure significantly affects both structural and functional
characteristics of aquatic ecosystems. The upper section of the Kaniv
Reservoir demonstrates clear signs of ecological transformation,
including eutrophication processes, reduced biodiversity, and increased
dominance of pollution-tolerant species.

2. Phytoplankton communities have been shown to be reliable
indicators of ecosystem state, reflecting cumulative environmental
changes and providing a basis for integrated assessment. The calculated
biodiversity indices reveal a trend toward structural simplification, which
is associated with decreased ecosystem resilience.

3. The hydroecological potential index has proven to be an effective
integral indicator of ecosystem safety, reflecting both the assimilation
capacity and stability of the aquatic environment. The established
relationship between hydroecological potential and phytoplankton
characteristics confirms the importance of biological indicators in
environmental assessment.

4. The developed regression model provides a quantitative tool for
predicting ecosystem condition based on bioindication parameters. This
approach enhances the scientific basis for environmental monitoring and
can be applied in water management practices.

5. Overall, the proposed integrated methodology contributes to
improving the assessment of natural and technogenic safety of aquatic
ecosystems and supports the implementation of sustainable water
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'XepcoHcbKuii fep)xaBHUit arpapHo-eKOHOMIYHNIA yHiBepcuTeT, M. XepcoH

IHTEFPOBAHA BIOIHOAUKALIMHA OLIHKA MPUPOAHOI TA
TEXHOIMEHHOI BE3MNEKW BOOAHUX EKOCUCTEM (HA NMPUKJAAI
BEPXHbOI0 KAHIBCbKOI0 BOJOCXOBMULLA)

MocuneHHA aHTPONOreHHOro Ta TEXHOreHHOr0 HaBaHTAXKEHHA Ha BOAHI
€KOCUCTEMMU 3YMOBJIIOE HeOOXiAHICTb YAOCKOHAaNIeHHA METOAUYHUX NiAXO0AiIB A0
OUIHIOBAHHA X eKonoriyHoi 6e3neku, CTIMKOCTIi Ta 3AaTHOCTI Ao
caMmoBigHoBNneHHA. 0Ocob6nmBoOi aKTyanbHOCTi usa npobnema HabyBae pnsa
BoaocxoBul, AKI GYHKUIOHYOTb B YMOBaX 3aperysibOBaHOro CTOKY,
iHTEHCMBHOrO BOAOKOPMUCTYBaHHA, HaAXOMXEHHA O6ioreHHMX PpevyoBMH,
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OpraHiyHoro 3abpyaHeHHs Ta BnAuBY YypOaHizoBaHux TepuTopin. Y craTTi
NPeacTaB/ieHO KOMMJIEKCHY 6ioiHAMKAUiINHY OLiIHKY SIKICHOI Ta KiNbKiCHOI
CKN1af0BMX NPUPOAHO-TEXHOreHHOI 6e3neKn BOAHUX €KOCUCTEeM Ha npuknapi
BepPXHbOi AiNnaHKN KaHiBCcbKOro BogocxoBsuiua.

MeToponoriuHy 0OCHOBY AOCNIAXKEHHA CTAaHOBUTb NOEAHAHHSA OLiHIOBAHHS
rigpoeKosioriyHOro noreHuiany, 6ioiHAMKaUiINHOro aHanizy 3a NOKa3HUKaAMM
iTONNAaHKTOHY Ta eneMeHTiB CTaTUCTUYHOro MOpAesIloBaHHA. Y Mexax
AOCNiA)XEeHHA BpaxOBaHO BUAOBUW CKNaa, piBeHb Pi3HOMaHITTA, AOMiHYBaHHSA
OKpPeMMX TaKCOHiB, BuAoBe 6aratcTtBo Ta peakuilo QiTOMNIAHKTOHY Ha 3MiHY
YMOB BOAHOI0 CepeaoBMLLa.

OTpuMaHi pe3ynbtatu cBigyaTtb, WO IiTONNAHKTOHHI YrpynoBaHHA €
YYT/IMBUMMU IHAUKATOPAMU aHTPONOreHHOoi TpaHcdopMaLii BOAHUX EKOCUCTEM i
3paTtHi BipoOpaXkatu 3MiHM  TpogiyHOro CTaHy, PpiBHA OpraHi4yHoro
3a6pyAHeHHs, EeKOJNOriYHOI CTIMKOCTI Ta  PEe3U/IbEHTHOCTI BOAOWMM.
BcraHoBneHHs 3B’'A3KY MidK riapoeKonoriYyHuM noTeHuwianom i
6ioiHAMKAUWIMHMMKM napaMeTpaMM p[a€ 3MOry MNiABUWMUTM 06’ €EKTUBHICTD
€KOJIOriYHOro MOHITOPUHIY Ta BUAABAIATU O3HAKMU AerpagauilHuX npouecis Ha
PaHHIX eTanax.

3anponoHoOBaHWM MiAXxiA CNpusie PO3BUTKY IHTErpoBaHOI CUCTEMM
OLiHIOBaHHA NPUPOAHO-TEXHOINeHHOI 6e3MNeKn BOAHUX eKOCUCTEM, NOEQHYIOUM
GionoriuHi, rinpoekonoriuxi Ta aHaniTUYHi KpuTepii. Moro BUKOpUCTaHHA MoXKe
OyTM KOPUCHMM pANA BOOCKOHANIEHHA MOHITOPUHTY MNOBEepPXHEeBUX BOA,
06rpyHTYBaHHS NPUPOAOOXOPOHHUX 3axoaiB i ¢opMyBaHHA HayKOBMX 3acapj
CTanoro ynpasniHHA BOAHMMM pecypcaMuM B YMOBaxX 3poOCTaloyoro
TEXHOreHHOro HaBaHTAXKEHHS.

KnwuyoBi  cnosa: BOAHI eKocuctemu; eKosioriyHa 6e3neka;
riApoeKonoriYyHnM noTteHuian; 6ioiHoMKaLiA;, ¢ITONMAHKTOH;, aHTPOMOreHHUN
BMJIMB; OLiHKA EKOCUCTEMM.
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