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© Abstract. Radioactive contamination of aquatic ecosystems as a result of anthropogenic disasters poses a serious
threat to the environment and human health. The purpose of the study was to comprehensively analyse the long-term
consequences of the Chornobyl disaster for aquatic ecosystems. The methodology included retrospective data analysis,
field research, laboratory experiments, and mathematical modelling. The retrospective analysis covered historical data
from 1986; field studies included sampling of water, sediments, and biota; laboratory experiments focused on studying
the effects of radiation on aquatic organisms; mathematical modelling allowed predicting long-term trends. Changes in
aquatic biocoenoses for the period 1986-2024 were analysed. The dynamics of concentrations of basic radionuclides '*’Cs,
%Sr, and **'Am in components of aquatic ecosystems, migration processes of radionuclides in the aquatic environment,
and their bioaccumulation in organisms of various trophic levels was investigated. Special attention was paid to the
impact of chronic radiation pollution on biodiversity, productivity, and genetic structure of aquatic populations. Changes
in the species composition and number of key groups of hydrobionts were analysed. Based on long-term data and
modern models, forecasts have been developed for the further development of the radioecological situation in the aquatic
ecosystems of the exclusion zone until 2070-2090. A set of innovative measures to minimise negative consequences was
proposed, including the use of nanotechnologies, genetically modified organisms, and automated monitoring systems.
The need for international cooperation and the creation of a global database for long-term management of polluted
aquatic ecosystems was substantiated. The results of the study are important for developing strategies for environmental
management of radioactively contaminated areas and preparedness for possible future radiation incidents
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@ Introduction

The Chornobyl disaster, which occurred on April 26, 1986,
remains one of the largest anthropogenic accidents in the
history of mankind, the consequences of which continue
to affect the environment even decades later. Aquatic eco-
systems, which play a key role in the migration and redis-
tribution of radionuclides in the natural environment, are
particularly vulnerable to radiation pollution. Reviews of
the consequences of the Chornobyl accident note the im-
portance of long-term monitoring and research of the en-
vironmental consequences of radiation pollution, which
requires constant attention of scientists. The importance of
long-term research for understanding the environmental

consequences of radiation pollution was emphasised by
N.A. Beresford et al. (2020), who noted that radionuclide
contamination of water bodies remains a key problem in the
Chornobyl Exclusion Zone. The long-term effects of chron-
ic exposure on the genetic structure of aquatic populations
attract special attention from researchers. O.Ye. Kaglyan et
al. (2019) found that the processes of bioaccumulation of
radionuclides, in particular *’Cs (Caesium-137) and *°Sr
(Strontium-90), depend on the trophic level and ecological
group of fish, with the highest ratesin predatoryspecies. These
changes can have far-reaching implications for the long-
term sustainability and adaptability of aquatic ecosystems.
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The uneven radionuclide contamination of water bod-
ies highlights the need for a differentiated approach to as-
sessing radioecological risks. E.V. Kashparova et al. (2020)
revealed significant differences in the content of ’Cs in
fish from different reservoirs of the exclusion zone, which
indicates the complexity of migration processes and accu-
mulation of radionuclides. These data are important for
understanding the dynamics of pollution and developing
effective water management strategies in the exclusion
zone. The accumulation of long-lived transuranic elements
in bottom sediments requires special attention. Research
by V.O. Kashparov et al. (2020) showed the dynamics of
the behaviour of radioactive particles from Chornobyl in
the environment. This highlights the importance of devel-
oping effective methods for the rehabilitation of contami-
nated water bodies that can significantly reduce the level of
radiation load on aquatic ecosystems.

H. Sato et al. (2023) investigated changes in radio-
nuclide concentrations and ground water levels before
and after lowering the water level in the cooling pond of
the Chornobyl Nuclear Power Plant (NPP). Their study
highlighted the importance of understanding hydrolog-
ical processes in the context of radionuclide migration
and their impact on aquatic ecosystems. A.Ye. Kaglyan et
al. (2021) investigated the dynamics of specific activity
of *°Sr and "*’Cs in representatives of the ichthyofauna of
the Chornobyl Exclusion Zone. Their research has shown
that fish pollution levels remain high, especially in closed
water bodies, highlighting the need to continue monitor-
ing and develop measures to minimise radiation exposure
to aquatic organisms. A. Konoplev et al. (2020) exam-
ined the mobility and bioavailability of Chornobyl-de-
rived radionuclides in the soil-water system. Their study
demonstrated the complexity of radionuclide migration
processes in the aquatic environment and the importance
of understanding these processes for predicting the long-
term effects of pollution.

The issue of developing effective methods of reha-
bilitation of polluted water bodies remains relevant. This
study will be important for understanding the long-term
environmental impacts of nuclear accidents and develop-
ing effective strategies for managing contaminated areas.
The purpose of this study was to comprehensively analyse
the long-term consequences of the Chornobyl disaster
for aquatic ecosystems, including a retrospective analy-
sis of changes from 1986 to 2024 and the development of
forecasts for the further development of the situation. The
objectives of the study were: analysis of the dynamics of
radionuclide pollution of water bodies for the period 1986-
2024; assessment of the influence of the radiation factor
on biodiversity and productivity of aquatic ecosystems;
investigation of the processes of bioaccumulation of radi-
onuclides in aquatic organisms; forecasting of the further
development of the situation in the aquatic ecosystems of
the Chornobyl zone; development of recommendations on
measures to minimise the negative consequences of radia-
tion pollution of aquatic ecosystems.
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© Materials and Methods
The study of the long-term consequences of the Chorno-
byl disaster for aquatic ecosystems was conducted between
the beginning of 2023 and June 2024 and included sever-
al stages. Data from radioecological monitoring of water
bodies of the Chornobyl Exclusion Zone for the period
1986-2024 were used for collection and retrospective anal-
ysis. The sources of information were: reports of interna-
tional scientific expeditions International Atomic Energy
Agency (2020), United Nations Scientific Committee on
the Effects of Atomic Radiation (2022), archival materials
of the State Agency of Ukraine on Exclusion Zone Man-
agement (2023); databases of the Institute of Hydrobiol-
ogy, National Academy of Sciences of Ukraine (2024);
publications in peer-reviewed scientific journals, in par-
ticular “Journal of Environmental Radioactivity” (Elsevi-
er), “Science of The Total Environment” (Elsevier).
During 2023-2024, 3 expeditions were conducted to
the Chornobyl Exclusion Zone including 8 expeditions to
contaminated and adjacent contaminated areas. 11 wa-
ter bodies of various types were studied: rivers (Prypiat,
Uzh), lakes (Glyboke, Daleke), reservoirs (Kyiv Reser-
voir), cooling ponds of the Chornobyl NPP. Samples of
water (surface layer and bottom layer), bottom sediments
(0-5 cm and 5-10 cm), aquatic plants (submerged, float-
ing, and airborne) and fish of various ecological groups
were taken in each water body. The content of radionu-
clides ¥’Cs, *°Sr, ! Am (Americium-241) in the selected
samples was determined by gamma spectrometry and
radiochemical analysis. The following equipment was
used: ORTEC GEM-C5060P4-B gamma-ray spectrome-
ter (ORTEC, USA) with an ultrapure germanium detec-
tor; QUANTULUS-1220 beta spectrometer (PerkinElmer,
USA); ORTEC OCTETE PC alpha spectrometer (ORTEC,
USA). The equation was used to calculate the specific ac-
tivity of radionuclides:

_ _(N-Nf) (1)

- >
(exmxt)

where A - specific activity of radionuclide, Bq/kg; N - count
rate at the peak of full absorption; N, - background count
rate; ¢ — registration efficiency; m — sample weight, kg; -
measurement time, s. To assess the effect of the radiation
factor on aquatic organisms, an analysis of species diversity
was performed using the Shannon and Simpson indices.
The Shannon index was calculated using the equation:

H’ = -X(pi x In x pi), (2)
where pi — proportion of individuals of the i-th species.
Cytogenetic studies of fish and amphibians (micronucleus
test). The micronucleus frequency (MNF) was calculated

using the equation:

number of cells with micronuclei

MNF = x 100%. (3)

total number of cells analysed
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Assessment of the reproductive potential of key spe-
cies included an analysis of the fecundity and survival of
offspring. Mathematical models were developed using
ECOLEGO 6 software suite (Facilia AB, Sweden) to predict
the long-term dynamics of radionuclide contamination of
aquatic ecosystems. The model considered the following
processes: physical decay of radionuclides; migration of ra-
dionuclides between ecosystem components; hydrological
regime of water bodies; biological processes of accumula-
tion and excretion of radionuclides. The basic equation of
the model had the form:

dCldt=-AC+1-0, (4)

where C - radionuclide concentration; A - radioactive de-
cay constant; I - radionuclide intake rate; O — radionuclide
removal rate. Statistical data processing was performed
using the STATISTICA 12.0 software suite. Methods of
descriptive statistics, correlation and regression analysis
were applied. The Student t-test and ANOVA were used
to assess the validity of differences. To assess the radioec-
ological state of aquatic ecosystems, the following criteria
were used: permissible levels of radionuclides in drinking
water in accordance with the standards of radiation safety
of Ukraine (Ministry of Health of Ukraine, 1997); reference
levels of irradiation of aquatic organisms in accordance
with the recommendations of the International Commis-
sion on Radiological Protection (2008); radioecological
risk indices calculated using the ERICA tool.

The research was coordinated and conducted in com-
pliance with the following radiation safety and bioethics
requirements: European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Sci-
entific Purposes (1986); Convention on Biological Diversity
(1992); Law of Ukraine No. 39/95-BP (1995); basic sanitary
rules for ensuring radiation safety of Ukraine (State Nuclear
Regulatory Committee of Ukraine, 2005); Law of Ukraine
No. 3447-1V (2006); recommendations of the Internation-
al Commission on Radiological Protection (2007); Code
of Ethics of the Scientist of Ukraine (National Academy of
Sciences of Ukraine, 2010). All procedures with animals
were approved by the bioethics committee of the Institute
of Hydrobiology of the National Academy of Sciences of
Ukraine (Protocol No. 2023-05 of 15.03.2023). Application

of an integrated approach that included retrospective anal-
ysis, field research, laboratory experiments, and mathemat-
ical modelling helped to comprehensively assess the long-
term consequences of the Chornobyl disaster for aquatic
ecosystems and formulate scientifically based forecasts of
their further development.

© Results and Discussion

Dynamics of radionuclide contamination. Analysis of
long-term monitoring data shows that the main dose-form-
ing radionuclides in the aquatic ecosystems of the Chorno-
byl zone remain '’Cs and *°Sr. Their concentration in the
water is gradually decreasing, but still exceeds pre-accident
indicators. According to research, the concentration of
’Cs in the water of reservoirs of the exclusion zone for
the period 1986-2024 decreased by an average of 100-1,000
times, and *°Sr - 10-100 times. However, these indicators
still exceed the permissible levels of radionuclides in drink-
ing water. Long-lived radionuclides accumulate in bot-
tom sediments, in particular **'Am, which may become a
source of secondary water pollution in the future. Research
has shown that the concentration of *!Am in the bottom
sediments of some reservoirs of the exclusion zone has in-
creased 2-3 times over the past 20 years due to the collapse
21Pu (Plutonium-241). An important aspect is the uneven
radionuclide contamination of water bodies. The highest
levels of pollution are observed in closed reservoirs and
river backwaters, where radionuclides accumulate. Instead,
in flowing bodies of water, such as the Prypiat River, more
intensive self-purification of water is observed.

An important aspect is the investigation of radionu-
clide accumulation in the food chains of aquatic ecosys-
tems. Studies have shown that accumulation coefficients of
¥Cs and *°Sr in hydrobionts of different trophic levels can
differ tenfold. This creates potential risks for higher trophic
levels, including birds and mammals that feed on fish. Such
data highlight the need for long-term monitoring and man-
agement of radioecological risks in the aquatic ecosystems
of the Chornobyl Exclusion Zone and in the contaminat-
ed territories adjacent to the exclusion zone in Zhytomyr
and Kyiv regions. Long-term monitoring has shown that
the concentration of the main dose-forming radionuclides
("*7Cs and *°Sr) in water gradually decreases, but still ex-
ceeds pre-accident indicators (Fig. 1).
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Figure 1. Concentration dynamics of '’Cs and *°Sr in water bodies, 1986-2024

Source: compiled by the author

60

Ecological Safety and Balanced Use of Resources, 2024, Vol. 15, No. 2



As can be seen from the graph, the concentration
of both radionuclides significantly decreased during the
study period. In the first years after the accident, concen-
tration of '’Cs was higher than *°Sr, which is explained
by the difference in the physicochemical properties of
these elements and the features of their release during an
accident. Over time, there was a more intense decrease
in concentration of '¥’Cs compared to *Sr. This is condi-
tioned by the fact that '7Cs has a greater sorption capacity
by bottom sediments and soil, whereas **Sr remains more
mobile in the aquatic environment. For the period 1986-
2024, concentration of '¥’Cs in water decreased by an av-
erage of 100-1,000 times, and **Sr — 10-100 times. These
results are consistent with the data obtained by A.Ye.
Kaglyan et al. (2021), who also noted a similar trend.
However, it is important to note that the rate of decrease
in the concentration of radionuclides in different types of
water bodies differs. In closed reservoirs, the self-clean-
ing process is slower than in flowing ones. As of 2024, the
concentration of both radionuclides has decreased by 2-3
orders of magnitude compared to 1986, but still exceeds
pre-accident levels. This trend highlights the need for
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further monitoring of the processes of self-purification of
aquatic ecosystems.

Bioaccumulation of radionuclides. The processes of
bioaccumulation of radionuclides in aquatic organisms re-
main an urgent problem. Studies show that accumulation
rates '¥Cs and *°Sr in fish depends on their trophic level and
ecological group. The highest rates were observed in preda-
tory fish species that are at the top of the food chain. Accu-
mulation coefficients of "’Cs in the muscle tissue of preda-
tory fish (pike, catfish, perch) can reach 104-105, while in
non-predatory fish (crucian carp, roach, bream) are usually
an order of magnitude lower. For *°Sr, the highest accumula-
tion rates were observed in fish bone tissue, reaching values
of 103-104. An expanded set of hydrobiont species allows
identifying the importance of species-specific features in bi-
oaccumulation processes. Each species has its own unique
characteristics of radionuclide accumulation, which depend
not only on the trophic level, but also on the features of
physiology and ecology. The study of bioaccumulation pro-
cesses of radionuclides in aquatic organisms has shown that
the accumulation coeflicients of ’Cs and *Sr in fish de-
pends on their trophic level and ecological group (Table 1).

Table 1. Radionuclide accumulation rates in different fish species

Type of fish Accumulation rate of *’Cs Accumulation rate of *°Sr
Pike 9,800 + 950 380 + 40
Catfish 8,200 + 800 350 £ 35
Perch 7,500 + 720 420 + 45
Crucian carp 3,100 £ 300 580 + 60
Roach 2,300 =210 510 = 55
Bream 1,900 + 180 490 + 50

Note: average values + standard error is given (n = 30 for each type)

Source: compiled by the author

The results of the study showed that predatory fish spe-
cies (pike, catfish, perch) have higher accumulation rates of
¥7Cs compared to non-predatory species (roach, bream).
This is conditioned by biomagnification processes — an in-
crease in the concentration of pollutants at higher trophic
levels of the food chain. And this pattern is consistent with
the data obtained by O.Ye. Kaglyan et al. (2019), who also
noted higher levels of radiocesium accumulation in pred-
atory fish. For *°Sr, the difference between predatory and
non-predatory species is less pronounced, which is con-
ditioned by the features of accumulation of this radionu-
clide mainly in the bone tissue of fish. High accumulation
rates (up to 105 for '*¥’Cs) indicate a significant potential
for bioaccumulation of radionuclides in fish, which creates
potential risks to human health when consuming fish prod-
ucts from polluted reservoirs. It is important to note that
bioaccumulation processes are seasonal in nature. Studies
have shown that the concentration of radionuclides in fish
tissues is usually higher in the summer, which is associated
with the intensification of metabolic processes and changes
in the feed base. Special attention should be paid to the ac-
cumulation of radionuclides in aquatic plants, which play

Ecological Safety and Balanced Use of Resources, 2024, Vol. 15, No. 2

an important role in the migration and redistribution of
radioactive elements in aquatic ecosystems. According to
the data obtained, some species of aquatic macrophages
(cattails, reeds) can accumulate '¥’Cs and *°Sr in concen-
trations 103-104 times higher than their content in water.
The scheme of Figure 2 shows the main migration routes
of radionuclides in the aquatic ecosystem of the Chornobyl
Exclusion Zone.

Precipitation
1l
Reservoir
Coastal ~ Aquatic Bottom  Ground
vegetation organisms sediments  water

4
Underground water

Figure 2. Radionuclide migration routes
in the aquatic ecosystem
Source: compiled by the author
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The diagram demonstrates the complexity and inter-
relation of radionuclide migration processes in the aquatic
environment. Precipitation is one of the sources of radio-
nuclides entering the reservoir, especially in the first years
after the accident. In the reservoir itself, there is a complex
process of redistribution of radionuclides between water,
bottom sediments, and aquatic organisms. Coastal vegeta-
tion plays an important role in bioaccumulation processes
and can serve as a bioindicator of pollution. Bottom sed-
iments are an important radionuclide depot and can be-
come a source of secondary contamination during their
remobilisation. Ground and groundwater are also involved
in radionuclide migration, which highlights the need for a
comprehensive approach to pollution monitoring.

Impact on biodiversity. Long-lived radionuclides ac-
cumulate in bottom sediments, in particular ! Am, which
may become a source of secondary water pollution in the
future. Studies have shown that the concentration of ' Am
in the bottom sediments of some reservoirs of the exclu-
sion zone has increased 2-3 times over the past 20 years
due to the decay of **'Pu. An important aspect is the une-
ven radionuclide contamination of water bodies. The high-
est levels of pollution are observed in closed reservoirs and
river backwaters, where radionuclides accumulate. In-
stead, in flowing bodies of water, such as the Prypiat Riv-
er, more intensive self-purification of water is observed.
Considering the impact on biodiversity and productivity,
the study shows that there have been significant changes in
the structure of aquatic biocoenoses in the nearly 40 years
since the accident. In the first years after the disaster, there
was a sharp decline in the biodiversity and productivity
of aquatic ecosystems. In particular, a significant decrease
in the number and species diversity of phytoplankton,
zooplankton and benthic organisms was recorded. It was
found out that during the period 1986-2024, there was a
gradual restoration of the species diversity of aquatic eco-
systems (Fig. 3).
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Figure 3. Dynamics of restoration
of species diversity of aquatic ecosystems
Source: compiled by the author
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The diagram shows the gradual restoration of the
species diversity of aquatic ecosystems over time. In 1990,
4 years after the accident, species diversity was only about
40% of the pre-accident level. This was conditioned by
acute radiation exposure and significant pollution of wa-
ter bodies in the first years after the disaster. By 2000, there
was a significant improvement in the situation - species
diversity reached approximately 60% of the pre-accident
level. This can be explained by the processes of self-purifi-
cation of water bodies and the adaptation of organisms to
new living conditions. In 2010, the indicator increased to
80%, and as of 2024, the species richness reached 90% of
the pre-accident level. This trend indicates a high ability
of aquatic ecosystems to recover, but also indicates that
full recovery to a pre-accident state may take many more
years or even decades. However, it is important to note
that the structure of aquatic biocoenoses has undergone
some changes. In particular, there is an increase in the
number of some fish species, which may be due to the
cessation of industrial fishing and a decrease in anthropo-
genic pressure. Radiation exposure has led to changes in
the genetic structure of aquatic populations.

Studies have shown an increased mutation rate in
fish and amphibians living in polluted water bodies. It is
important to note that although quantitative indicators
of species diversity are approaching pre-accident, the
qualitative composition of communities may have under-
gone changes, which requires further study. Studies have
revealed an increased frequency of cytogenetic disorders
in aquatic organisms from the most polluted reservoirs.
In particular, the frequency of micronuclei in peripheral
blood red blood cells of fish from reservoirs with a high
level of pollution was 2-3 times higher compared to con-
trol reservoirs (p < 0.001).

Forecasts and prospects. Based on the analysis and
mathematical modelling, the authors of this study predict
that the processes of self-purification of aquatic ecosystems
will continue for several more decades. Estimated concen-
tration of 'Cs in the water of most reservoirs of the ex-
clusion zone will reach pre-accident levels in about 50-70
years, that is, in 2070-2090. For *°Sr, this period may be
longer due to its higher mobility in the aquatic environ-
ment. Special attention should be paid to the accumulation
of transuranic elements in bottom sediments. According
to forecasts, the peak of accumulation of ! Am in the bot-
tom sediments of water bodies in the exclusion zone will
be reached around 2050-2060, after which a slow decrease
in its concentration will begin. These data correlate with
predictions of V.O. Kashparov et al. (2020). The diagram
(Fig. 4) provides a forecast of changes in concentration
#Am in the bottom sediments of reservoirs of the Chor-
nobyl Exclusion Zone for the period from 2024 to 2060.

Ecological Safety and Balanced Use of Resources, 2024, Vol. 15, No. 2
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Figure 4. Concentration forecast of >! Am in bottom sediments, 2024-2060

Source: developed by the author

The graph shows a gradual increase in concentration
of *'Am in bottom sediments until about 2050-2060, after
which a slow decline is expected. This trend is explained by
the fact that ! Am is a decay product of ?'Pu, which has
a half-life of 14.4 years. Increasing concentration of ! Am
is an important factor to consider when planning long-
term management of contaminated areas. *! Am has a long
half-life (432 years) and may become a significant source
of radiological exposure in the future. Projected decline in
concentration after 2060 is conditioned by natural decay of
#1Am and the processes of its redistribution in the ecosys-
tem. However, given the long half-life, >’ Am will remain
an important factor in the radioecological situation in the
exclusion zone for many centuries. It is expected that global
climate changes may affect the hydrological regime of water
bodies in the exclusion zone, potentially leading to changes
in radionuclide migration. In particular, increasing the fre-
quency of extreme weather events can increase the risk of
secondary pollution due to erosion of contaminated soils
and bottom sediments. An important aspect is predicting
the long-term effects of chronic exposure on aquatic eco-
systems. Studies show that even at low radiation doses,
genetic changes in aquatic populations are possible, which
can affect their adaptive abilities and the overall sustaina-
bility of ecosystems.

To minimise the negative consequences, it is necessary
to continue long-term monitoring of aquatic ecosystems,
develop and implement technologies for the rehabilitation
of contaminated areas. Promising areas are phytoremedia-
tion using aquatic hyperaccumulator plants and bioreme-
diation using specialised microorganisms. To minimise the
negative consequences, in addition to the measures already
mentioned, the following can be recommended: introduc-
tion of modern remote monitoring technologies (drones,
satellite images) for more effective and safe monitoring
of aquatic ecosystems of the exclusion zone; development
and application of nanotechnological methods of water
and bottom sediments purification from radionuclides,
which can provide more effective extraction of pollutants;

Ecological Safety and Balanced Use of Resources, 2024, Vol. 15, No. 2

creation of genetically modified microorganisms that can
more effectively accumulate and/or transform radionu-
clides into less dangerous forms; development and imple-
mentation of automated early warning systems for changes
in the radioecological situation in aquatic ecosystems; cre-
ation of an international centre for radioecological research
at the Chornobyl Exclusion Zone for coordinating scientif-
ic efforts and sharing experience.

It is important to develop long-term (for 100-200
years) strategies for managing polluted areas, considering
possible changes in ecosystems, climate change and the
development of new technologies. It is necessary to inte-
grate the acquired knowledge about the long-term effects
of radiation pollution into training programmes in ecolo-
gy, radiobiology, and environmental safety to train future
specialists. It is recommended to create an international
data bank for long-term monitoring of the radioecologi-
cal situation in the aquatic ecosystems of the Chornobyl
zone to ensure that scientists have access to this unique
information. The proposed conclusions and recommenda-
tions highlight the complexity of the problem of long-term
consequences of the Chornobyl disaster for aquatic eco-
systems and the need to continue research and develop in-
novative approaches to the management of polluted areas.
The experience gained in studying the impact of the Chor-
nobyl disaster on aquatic ecosystems is crucial for devel-
oping strategies for managing radioactively contaminated
areas and preparing for possible future radiation accidents.
It is necessary to strengthen international cooperation in
the field of radioecological research of aquatic ecosystems
to exchange experience and develop effective methods for
the rehabilitation of polluted reservoirs.

The results obtained on the long-term dynamics of ra-
dionuclide pollution of aquatic ecosystems of the Chorno-
byl zone are consistent with the conclusions of O.Ye. Kagly-
an et al. (2019) on the gradual reduction of concentrations
of *¥’Cs and *Sr in water and hydrobionts, but confirm that
pollution levels still exceed pre-accident rates. Their re-
search has shown that accumulation rates '*¥Cs and *°Sr in
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fish depends on their trophic level and ecological group,
with the highest rates in predatory fish species. Similarly to
the conducted observations, the restoration of the species
diversity of aquatic ecosystems to 80-90% of the pre-acci-
dent level was revealed, but with changes in the structure
of groupings. The author’s predictions about the long-term
behaviour of radionuclides in aquatic ecosystems consid-
er the factors identified by V.O. Kashparov et al. (2020),
in particular, the accumulation of transuranic elements in
bottom sediments, which may become a source of second-
ary pollution in the future. Colleagues pointed to the prob-
lem of accumulation of long-lived transuranic elements, in
particular **'Am, in bottom sediments. Their research has
shown that the concentration of ' Am in some reservoirs of
the exclusion zone has increased in recent years, which may
become a source of secondary pollution in the future. The
researchers also investigated the dynamics of the content of
transuranic elements in soils and bottom sediments. Their
results are important for understanding potential sources
of secondary pollution of aquatic ecosystems in the future.

The Chornobyl disaster had a significant impact on
aquatic ecosystems, which has continued to be studied
for decades. N.A. Beresford et al. (2020) in their review
highlighted the importance of long-term research to un-
derstand the environmental impacts of radiation pollution.
Radionuclide contamination of water bodies remains a key
problem in the Chornobyl Exclusion Zone. The researchers
also developed a methodology for assessing the radiation
impact on the wildlife of the Chornobyl zone, including
aquatic ecosystems. Their approach helped to estimate
the radiation doses of various animal and plant species,
considering the specifics of their habitats. An important
aspect of research related to the impact of the Chornobyl
accident on aquatic ecosystems is the study of long-term
changes in the composition and structure of freshwater
megafauna. The study by E. He et al. (2019) showed a dra-
matic decline in the number of freshwater fish, amphibi-
ans, reptiles, and mammals that occupy the upper trophic
levels globally. Similar trends may occur in radioactively
contaminated water bodies in the Chornobyl zone, which
requires a detailed study. Conservation of biodiversity, es-
pecially sensitive indicator species, should be a priority for
the management of contaminated areas.

In addition, an important area of research is the study
of the behaviour of radioactive particles formed as a result
of nuclear accidents in aquatic ecosystems. Overview by
G. Steinhauser (2018) emphasised that such particles can
be persistent and affect the migration of radionuclides in
the environment for a long time. A detailed study of the ap-
pearance, propagation, and transformation of radioactive
particles in the water systems of the Chornobyl zone can
significantly contribute to the understanding of radionu-
clide migration processes. Complex models of radionuclide
migration in aquatic ecosystems also play a key role in pre-
dicting the long-term behaviour of pollutants. The study by
R. Bezhenar et al. (2023) was devoted to modelling the be-
haviour of *’Cs and *°Sr in the cooling pond of the Chornobyl
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NPP before and after lowering the water level. Such models
are necessary to develop effective strategies for managing
polluted water bodies. An important aspect is the assess-
ment of the impact of forest fires on the migration of radi-
onuclides to the aquatic ecosystems of the Chornobyl zone.
T. Fedoniuk et al. (2021) showed that significant fires in con-
taminated areas in 2020 led to secondary water pollution.

The problem of radioactive contamination of food
products, in particular aquatic organisms, also remains rel-
evant in the context of the Chornobyl accident. The study
by N. Tanimura (2021) and S. Kong et al. (2022) on the
situation in China and Japan after the Fukushima accident
demonstrate the need for long-term monitoring of radi-
oactivity in food products to protect public health. Simi-
lar measures should be applied in regions polluted by the
Chornobyl disaster. T. Wada et al. (2019) demonstrated a
significant difference in the accumulation of '*’Cs between
marine and freshwater fish in the Fukushima accident area.
These results point to the need for a differentiated approach
to monitoring and managing radioactively contaminated
water bodies of various types.

It is important to use international databases, such as
the International plant names index (n.d.) and the IUCN
Red List of threatened species (n.d.). These resources can
help to identify rare and endangered species of hydrobionts
that require special attention and protection in the face of
radioactive contamination. A comprehensive approach to
investigating the long-term effects of the Chornobyl acci-
dent on aquatic ecosystems, which combines retrospective
analysis, field research, laboratory experiments, and math-
ematical modelling, reflects current trends in radioecologi-
cal research. This approach helps to comprehensively assess
the dynamics of processes occurring in polluted water bod-
ies and predict their further development.

The results of this study, combined with other similar
research, provide important information for developing
effective strategies for managing radioactively contami-
nated aquatic ecosystems and preparing for possible future
accidents. The study demonstrates the versatility of the
problem of the long-term consequences of the Chornobyl
disaster for aquatic ecosystems and highlights the need for
further comprehensive research in this area. The results of
studies of aquatic ecosystems of the Chornobyl Exclusion
Zone emphasise the importance of an integrated approach
to assessing the environmental consequences of anthropo-
genic disasters and the need for long-term planning of en-
vironmental protection measures.

© Conclusions

The long-term impact of the Chornobyl disaster on aquat-
ic ecosystems remains significant even almost 40 years
after the accident. Radionuclide contamination of water
bodies, although reduced, still exceeds pre-accident lev-
els, especially in closed reservoirs and bottom sediments.
There is a gradual decrease in the concentration of the
main dose-forming radionuclides (**’Cs and *°Sr) in water,
but their accumulation in bottom sediments creates a risk
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of secondary contamination. Special attention is drawn to
the increase in concentration of **' Am, which may become
a significant factor of radiological influence in the future.
There is a gradual restoration of the biodiversity of aquat-
ic ecosystems, although with certain differences from the
pre-accident state. Species diversity has reached 80-90% of
the pre-accident level, but there are changes in the structure
of species dominance and their ratio. The processes of bio-
accumulation of radionuclides in aquatic organisms remain
an urgent problem, especially for species at the top of the
food chain. Accumulation coefficients of '’Cs in predatory
fish pose potential risks to human health when consuming
fish products from polluted water bodies.

Chronic radiation exposure has led to genetic changes
inaquatic populations that can affect their adaptive abilities
and the resilience of ecosystems as a whole. These effects
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that the concentration ’Cs in the water of most reservoirs
of the exclusion zone will reach pre-accident levels around
2070-2090, while for *Sr this period may be longer. It is
predicted that by 2050 the concentration of **'Am in bot-
tom sediments will reach its peak, after which a slow de-
cline will begin. In the long term (100-200 years), a grad-
ual stabilisation of the radioecological situation in aquatic
ecosystems can be expected, but with the establishment
of new ecological equilibria that differ from pre-accident
ones. Further research should focus on studying long-term
genetic and epigenetic changes in aquatic organisms, de-
veloping innovative bioremediation methods, and creating
comprehensive models for predicting the radioecological
situation in climate change.
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Makhinko

HdoBrocTtpokoBi Hacnigku YopHO6UbCbKOI KaTtacTpodu
ONA BOOHUX €KOCUCTEM: PETPOCNEKTUBHUI aHa/li3 Ta NPOrHosm

PomaH MaxiHbko

AcnipaHT

MNonicbknin HauioHaNbHWN yHIBEpCUTET

10008, 6ynbe. Crapui, 7, M. XXutomump, YkpaiHa
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© AHoTauifi. PamioaktuBHe 3a6pyfHEHHA BOJHMX €KOCHCTEM BHACTIJOK TEXHOTEHHMX KaTacTpod CTAaHOBUTbH
Cepito3Hy 3arpo3y [y HaBKO/IMIITHBOI'O CepefOBUILA Ta 3[0POB s MOAVHN. MeTa JOCIiPKeHHA 0/IAraja B IpOBeleHH i
KOMIIJIEKCHOTO aHa/Ti3y JOBIOCTPOKOBIX HACTIAKIB YOpHOOMIBCHKOI KaTacTpodu /st BOZHUX €KOCUCTEM. MeTomo/oris
BKJIIOYaJIa PETPOCHEKTUBHUI aHali3 JaHNUX, HO/NbOBI HOCTIPKeHHHA, NTa0OpaTOpHi eKCIIepMMEHTM Ta MaTeMaTH4He
MOJIe/II0BaHH:A. PeTpocnexTrBHMIT aHasIi3 oXomMB icTopiyHi faHi 3 1986 poKky; I0/IbOBI JOCIiKeHHA BKII0YaIn Binbip
po6 BOAY, ZOHHUX BiffK/IafieHb Ta 6i0TH; Ta60opaTOpHi eKCIepUMEHTH 30CePeAVIIICS Ha BUBYEHH] BIUIMBY pajiamil Ha
BOJIHi OpraHisMu; a MaTeMaTHYHe MOJIETIOBaHHA JO3BOJIMIO CIIPOTHO3yBaTH JOBIOCTPOKOBi TeHieH1il. [TpoananisoBano
3MiHN y BOGHUX b6ioleHO3ax 3a nepion 1986-2024 pokis. [locmimkeHo fuHaMiKy KOHI[eHTpallill OCHOBHMX pafiOHYKIIifiB
7Cs, °Sr Ta **'Am y KOMIIOHEHTaX BOJIHUX €KOCUCTEM, IIpoLiecu Mirpanii pagioHyK/IiiiB y BOZHOMY cepefoBMIIi Ta ix
6ioakymy/isinii B opranismax pisHux Tpodivnux pisuiB. Oco61mBa yBara npuziieHa BIUIMBY XPOHIYHOTO pafialiiiiHOro
3a0pyfHeHHs Ha O0lOpi3HOMA@HITTA, HPOJYKTMBHICTb Ta TeHETHYHY CTPYKTYpy IIONY/ALIl BOJHMX OpraHisMiB.
[TpoaHanizoBaHO 3MiHU y BUJOBOMY CKJIaji Ta YMCENIbHOCTI KIIOYOBUX Ipyl rifpobiontis. Ha ocHoBi 6araTopivnnx
TaHUX Ta Cy4acHMX MOJe/Iell po3poO/IeHo IPOTrHO3M MIOA0 OAA/IBIIOTO PO3BUTKY PafioeKOIOTiYHOI CUTYaLil Y BOTHIX
eKOCHCTeMaxX 30HM! BiguyXeHHA 0 2070-2090 pokiB. 3apornoHOBaHO KOMIUIEKC iHHOBALIMHMX 3aXOfiB i3 MiHimisamil
HEraTVBHMX HACTiOKiB, BK/IIOYAI04M 3aCTOCYBAaHHSA HAHOTEXHOJIOIi, TeHeTMYHO MOAM(pIKOBAaHMX OpraHisMiB Ta
aBTOMATM30BAaHUX CUCTeM MOHiTOpMHIY. OOIPYHTOBaHO HeOOXigHICTh MiKHApOmHOI cHiBIpami Ta CTBOpPEHHA
rnobanpHOi 6a3M [aHMX I LOBIOCTPOKOBOTO YIIPAB/IiHHA 3a0pyAHEHNMM BOZHUMM eKocucTemamu. PesynbraTn
HOCI/PKEHHs] MAlOTh BAX/IMBE 3HAYEHHs I PO3POOKM CTPATETrill €KOTOriYHOr0 MEHEPKMEHTY pafjioaKTMBHO
3a0pyHEHUX TePUTOPill Ta TOTOBHOCTI JO MOXK/IVBYUX MailOyTHIX pafiialliifiHNX iHIMeHTiB

© Knouosi cnosa: sfilepHa aBapis; TigpoO6ioHTM; pajioaKTMBHI i30TOINM; HAKOIMYEHHs; €eKOJNOTiYHWII BIUIMB;
papianiifiHa eKonorisa
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