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Abstract: In this study, the long-term (i.e., over a 27-year period) dynamics of '3’Cs content are
presented for seven species of fish in both the cooling pond (CP) of the Chornobyl Nuclear Power
Plant and the Kaniv Reservoir (KR). The decline of '3Cs specific activity in fish exhibits various
patterns. For certain years in the KR, fish belonging to different ecological groups experienced an
increase rather than a decrease in specific activity levels of 137Cs. From 2012 to 2014, the concentration
of 1¥Cs in all studied species in the KR ranged from 4 to 23 Bq/kg. In the CP during 2012-2013, fish
still showed high contamination levels, ranging from 770 to 8300 Bq/kg. The ecological half-life (Teco)
was determined for all the studied fish species. For most fish species (i.e., P. fluviatilis, B. bjoerkna,
A. brama, S. lucioperca, A. aspius), the shortest 13’ Cs Teco values were obtained in the CP, being a highly
radiocaesium-contaminated waterbody. In contrast, two fish species (R. rutilus and S. glanis) in the
CP exhibited a considerably slower rate of 13’Cs removal from their bodies compared to even the
relatively cleaner KR. Moreover, the 137Cg Teeo in R. rutilus and S. glanis was nearly twice as long
as that observed in other species within the CP. We assume that the redistribution of 1%Cs in the
body of fish is affected by multidirectional mechanisms: accumulation, retention, and/or excretion.
The functioning of these mechanisms can vary among different fish species. The observed level of
137Cs content in a particular fish species at a given time point results from the combined effects of
these mechanisms. Fish likely have the ability to absorb and accumulate radiocaesium in their bodies
selectively, and this demand appears to be species-specific.
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1. Introduction

The total release of radioactive substances from the damaged Unit 4 of the Chornobyl
Nuclear Power Plant (ChNPP) accident in 1986 was about 14 x 108 Bq. 137Cs and other
cesium radioisotopes were released at approximately 0.085 x 10'8 Bq [1].

1.1. 1% Cs in Fish of the Cooling Pond (CP) of ChNPP

The cooling pond of the Chornobyl Nuclear Power Plant serves as a vital component of
the plant’s cooling system, playing a crucial role in regulating the temperature of the reactor
cores and auxiliary equipment. Investigations after the ChNPP accident revealed that up
to 7.4 x 101° Bq of various fission products were initially released into the CP [2]. During
the Chornobyl accident and the elimination of its consequences, radioactive substances
penetrated the CP in different ways. The primary sources of contamination at the CP were
solid and liquid aerosols generated during the reactor explosion and subsequent burning,
which were then deposited onto the reservoir’s water surface. The liquid effluents from
the nuclear power plant itself, which contained fuel and irradiated materials resulting
from the accident, also contributed to the contamination of CP. During the elimination
of the accident, fire suppression and cleanup of the industrial site irradiated building
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structures, pieces of graphite and fuel (and heterogeneous contaminated “debris”) fell
into the water. Dust formation and waste from the work at the Chornobyl nuclear power
plant during the sarcophagus (shelter structure) construction contributed to the additional
ingress of radioactive substances into the CP. The location’s proximity (approx. 2-3 km)
to the destroyed power unit contributed to significant radioactive contamination of the
CP [2—4]. In addition, the significant accumulation of radioactive substances by various
environmental objects was facilitated by the relative isolation of the CP, which made it one
of the most contaminated reservoirs in the Chornobyl Exclusion Zone [5].

Immediately after the onset of '¥’Cs influx into open waterbodies, a commonly ob-
served trend is the rapid accumulation of this radionuclide by aquatic organisms. In the
initial minutes and hours, bacteria and filamentous algae become saturated with this ra-
dionuclide, followed by higher aquatic plants over a period ranging from several days to
several weeks. The peak concentration of *’Cs in nonpredatory fish species was observed
within 1-3 months, while in predatory fish species, it was recorded within 2-15 months
after the entry of this radionuclide into the waterbody [6-8].

Absorption of radionuclides in fish occurs through the gill apparatus and digestive
tract [9,10]. Over the past decades, research on the mechanisms of '¥Cs uptake in fish
organisms has identified the predominant pathway of this radionuclide entering their
bodies as food ingestion [11-16].

Before the Chornobyl accident, the 13’Cs specific activity in fish living in CP was:
Blicca bjoerkna: 2-14, Carassius Carassius: 2-25, Cyprinus carpio: 1-12, Abramis brama: 0.3-9,
Rutilus rutilus: 0.4-9, Sander lucioperca: 3-30 Bq/kg. After the accident, the amount of '3’Cs
in fish in CP significantly increased. The benthophagous fishes reached the maximum
specific activity of 137Cs (up to 276,000 Bq/kg in B. bjoerkna) during the years 1986-1987.
By the time the water level began to decrease in 2013, the content in benthophage fish had
decreased by about 100 times, and in 2012-2013 was at the level of 800-3400 Bq/kg [17].

The specific activity dynamics of 13’Cs in fish of higher trophic levels exhibit distinct
patterns. In the case of Perca fluviatilis and Silurus glanis, unlike fish of lower trophic
levels, the highest specific activity of 1¥Cs was observed two years after the accident
(1987-1988). From 1986 until now, fish with higher trophic levels consistently exhibited
higher radiocaesium content levels than nonpredatory fish species [17]. Changes in the
specific activity of 1%Cs in fish largely depend on the trophic level effect [18].

The studies on the distribution of radiocaesium in various organs of fish in the water
reservoir have indicated that stable relationships in the radionuclide content in fish organ-
isms were established within 14 years of the accident. Specifically, the highest levels of
specific activity of 1¥Cs were found in the muscles, while the fat exhibited the lowest [19].

1.2. 17 Cs in Fish of the Kaniv Reservoir (KR)

Before the Chornobyl Nuclear Power Plant accident, the contamination of the KR
with artificial radionuclides was solely attributed to global fallout stemming from nuclear
weapons testing. After the ChNPP accident, the contamination of the KR occurred in three
stages. The first stage (starting on 30 April 1986) was the short-term acute period caused
by the deposition of radioactive aerosols onto the reservoir water’s surface. The second
phase of increased radionuclide influx occurred from 16 May to 22 May, 1986, resulting
from the transportation of contaminated radionuclides from the northern catchment areas
to the water masses. Following the completion of this period of intense influx, the third
stage began, characterized by the chronic influx of 13’Cs and *°Sr into the KR, originating
from the Kyiv Reservoir catchment areas and the Desna River. Since 1987, 13’Cs and *Sr
have contributed to water contamination with artificial radionuclides [20,21].

As a result of the transfer of 137Cs through the food chain, the content of this ra-
dionuclide in the muscle tissue of most nonpredatory fish species in the KR reached its
peak within 2-6 months of the accident, reaching levels of 100-200 Bq/kg. Due to an
unavoidable delay in the passage of 13’Cs through the food chain in ichthyophages, the
highest levels were registered 5-12 months after the accident. In the muscles of Esox lucius,



Ecologies 2023, 4

465

the 137Cs content reached 200 Bq/kg; they reached 250 Bq/kg in S. glanis and S. lucioperca,
300 Bq/kg in P. fluviatilis, and 600 Bq/kg in Aspius aspius [20]. Following the initial peak,
the concentration of '¥Cs in fish from the KR gradually decreased over time. The specific
activity levels of radiocaesium in fish of KR were 2.5-40.0 Bq/kg (2012-2014), which is
below the regulatory food safety norm [22].

1.3. 137Cs in Fish after an Accident at Fukushima Dai-ichi Nuclear Power Plant

Subsequent investigations conducted after the Fukushima Dai-ichi nuclear accident in
2011 have provided further evidence supporting the previously observed general trends
in the '%Cs contamination of various fish species following the Chornobyl accident. The
determinant factor of 13Cs content in fish is the level of environmental contamination,
whereby higher levels of radioactive contamination in waterbodies and their catchment
areas result in an increased contamination of the fish. Studies have shown that freshwater
fish exhibit significantly higher levels of 13Cs accumulation than their marine counterparts,
with concentrations exceeding approximately a hundredfold. Additionally, several factors,
such as the route of entry into the fish’s organism (mainly through food consumption), as
well as species-specific characteristics, have been identified as influencing the concentration
levels of radiocaesium in fish [23].

One study [24] reported that the highest radiocaesium concentration was detected in
the muscles of predatory fish species. This distribution pattern of radiocaesium among fish
organs is likely characteristic of when this radionuclide enters fish organisms during any
accident involving the release of radiocaesium into waterbodies. After the release of cesium
radioisotopes into freshwater waterbodies in Japan, there was a delay in reaching peak
levels in predatory fish compared to herbivorous and planktivorous species [25]. This peak-
level delay was also observed in the CP and the KR after the Chornobyl accident [17,20].
Furthermore, according to [25], predatory salmonid fish exhibited longer ecological half-
lives for radiocaesium (Teco: 1.2-2.6 years) compared to phyto- and planktivorous fish (0.99
and 0.69 years, respectively). The ecological half-life (Teco) of 1¥’Cs refers to the time it
takes for the specific activity of radiocaesium in an ecosystem or environmental object to
decrease by half.

The main pathway of radiocaesium uptake in fish is through their food consumption.
This applies not only to freshwater fish but also to marine species. Studies conducted on
marine fish species off the coast of Japan after 2011 indicate that the primary source of
contamination in olive flounder was the composition of their diet. This species” estimated
Teco Of radiocaesium is approximately 5-6 months [26]. Subsequent investigations have
revealed that the Te, is influenced by the sampling location, with a maximum Tee, of
0.49 years observed at the Fukushima Dai-ichi Nuclear Power Plant port, compared to
0.38 years in other coastal areas of Japan [27].

According to [28], the duration of the radiocaesium half-life in fish is influenced by
the sampling location and the specific fish species. Among three fish species—fat greenling,
marbled flounder, and red stingray—a more rapid decline in !3’Cs content was observed
at the Fukushima Dai-ichi Nuclear Power Plant port compared to the surrounding area,
resulting in shorter Tec, values (ranging from 0.24 years to 0.53 years) compared to fish
from the 20 km radius zone (which ranged from 0.70 years to 1.16 years). In contrast, the
Japanese flounder exhibited a notably longer period of ecological half-life of 13’Cs at the
Fukushima Dai-ichi Nuclear Power Plant port (0.88 years) compared to the 29 km radius
area (0.66 years).

In the case of Plaice, a species of marine flatfish, the ecological half-life of !3’Cs can
exceed 0.22 years, indicating the persistence of risks for humans for an extended period
after the accidental release of radiocaesium into waterbodies [29].

Similarly, comparable half-life periods for 3’Cs were observed in other marine or-
ganisms following the Fukushima Dai-ichi Nuclear Power Plant accident. The mollusks
showed half-life periods of 0.52 years for two-shelled mollusks and 0.28 years for gas-
tropods. However, in higher crustaceans (Malacostraca) and polychete worms (Polychaeta),
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the decrease in 1Cs concentration was more slight, resulting in more extended half-life
periods of 0.57 years and 1.33 years, respectively [30].

1.4. Ecological Half-Life of 3 Cs in Fish

The duration of the ecological half-life of 13”Cs in different fish species was estimated
in lakes across Europe after the Chornobyl accident [31]. For the same fish species, Perch
(P. fluviatilis), the Teco varied in different waterbodies: 2 years in Lake Hillesjon (Sweden)
and only 1 year in IJsselmeer (The Netherlands). In Lake Hillesjon, Pike (E. lucius) exhibited
a Teco Of 2.4 years, while in the Finnish Lake Iso Valkjarvi, it was 4.6 years. The authors
attributed the differences in Tec, to temperature influences. The time elapsed since water
contamination, lake characteristics, and fish species can also affect this parameter.

In a study [32], Pike in Lake Vorsee (Germany) showed a 137C8 Teeo 0f 2.1 years, which
is comparable to the results presented in [31]. For Small Cyprinidae from the same water-
body, the authors calculated two half-life periods: an initial short-term period (immediately
after contamination) lasting 0.64 & 0.1 years, and a significantly more extended period of
6.7 & 2.2 years.

In the Savannah River (USA), the effective half-life (Tog) of 1¥’Cs in largemouth bass,
sunfishes, and catfishes was determined to be 7.6-8.1 years, which was significantly shorter
than the T, of 137Cs in soil and vegetation [33]. The authors also noted that T is lower in
waterbodies with high water turnover compared to relatively stagnant reservoirs, where
Tege for bullheads (Ameiurus spp.) may exceed the physical half-life. For largemouth bass
and sunfishes, it may be 13.4 to 16.7 years.

Based on the analysis of reported studies and scientific publications, it can be con-
cluded that the period of the ecological half-life of '¥Cs in fish organisms depends on
several factors, including the level of contamination of the waterbody with this radionu-
clide and the ecological group to which the fish belongs. The primary objective of this
study is to determine the ecological half-life of '*’Cs in freshwater fish species inhabit-
ing two waterbodies contaminated with radiocaesium following the Chornobyl nuclear
accident. In this work, we included fish with different feeding habits found in the cool-
ing pond of the Chornobyl nuclear power plant and the Kaniv Reservoir of the Dnieper
River cascade.

2. Materials and Methods
2.1. Sampling Sites

Fish sampling was conducted in the cooling pond of the Chornobyl Nuclear Power
Plant and the Kaniv reservoir (Figure 1).

Figure 1. Fish sampling sites: (A) CP (No. 1) within the Chornobyl exclusion zone and (B) KR (No. 2)
in the Kyiv south region, both located in Ukraine. Scale bars represent a distance of 5 km. Maps were
created using Google My Maps (Google LLC).
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Coordinates of the sampling sites:

The Cooling Pond of ChNPP: 30.1429120 E, 51.3732884 N, (point No. 1);
Kaniv Reservoir: 30.9694639 E, 50.0493128 N, (point No. 2).

The Chornobyl Nuclear Power Plant’s cooling pond is an artificial reservoir located
southeast of the nuclear power plant site. It was created by separating a section of the
Pripyat River floodplain using an enclosing dam. The shape of the CP is close to oval,
surrounded by a dam along its perimeter, with a stream-dividing dam running along its
longitudinal axis. The coastal pumping station is northwest of the CP, replenishing water
losses by drawing from the river. Before the commissioning of the first phase of the nuclear
power plant in 1982, the area of the CP was 12.7 km?, with a volume of 59 million m3. In
1982, with the launch of the third unit of the second phase of the nuclear power plant,
the area of the CP expanded to approximately 22.9 km?, with a water volume of about
150 million m3. The average width is 2 km, the length is 11.4 km, and the average depth is
6.6 m, reaching a maximum of 20 m. The length of the enclosing dam is 21.6 km. Almost
40% of the water volume is located below the average depth of the reservoir, and depths
exceeding 10 m account for 28% of the total water mass. These areas of the CP are typically
closed basins where the deposition of radionuclides mainly occurs [34]. A drainage channel
is constructed along the downstream slope of the dam, consisting of two main sections: the
northern section (water discharge of 1-1.2 m?3/s) and the southern section (water discharge
of 0.9-1 m3/s). Drainage water from the northern drainage channel is released through
stone-filled filtering prisms directly into the Pripyat River. In contrast, drainage water
from the southern drainage channel flows into the Hlynitsa Stream and the Pripyat River.
Filtration losses from the CP amount to 70~100 million m?/year and ultimately flow into the
Pripyat River [35]. Fish catching was conducted in the northern part of the CP (Figure 1A).

The Kaniv reservoir (KR) is the youngest among the cascade of reservoirs created on
the Dnieper River. It was filled with water from 1974 to 1976. The KR covers an area of
675 km?, with a length of approximately 123 km and a maximum width of 8 km (Figure 1B).
Its maximum depth is 21 m. Shallow waters characterize the shoreline of the KR. The
major rivers that flow into it are the Desna, Stuhna, and Trubizh. The largest cities along
the coast of the KR include Kyiv, Ukrayinka, Pereyaslav, and Kaniv. The reservoir dam
is located east of Kaniv and comprises the Kaniv Hydroelectric Power Plant and a lock.
The dam was constructed between 1972 and 1978 and stretches 16 km [36]. The water level
in the reservoir fluctuates within a range of 0.5 m, and complete water exchange occurs
17-18 times per year. The primary water sources for the KR are the Desna River and the
Kyiv Reservoir, fed by the waters of the Dnieper, Pripyat, and Teteriv rivers.

2.2. Preparation of the Fish Samples

For the study, seven fish species commonly found in large reservoirs in Ukraine [37]
were selected (Table 1).

Table 1. Fish species and range of samples periods.

Binomial English Ukrainian Sampling Duration Range
Nomenclature Name Name cr KR

Abramis brama (L.) Bream JIstag 1987-2011 1986-2014
Blicca bjoerkna (L.) Silver bream T'ycrepa 1986-2012 1986-2014
Aspius aspius (L.) Asp Bimrssa 1988-2009 19862012
Perca fluviatilis (L.) Perch OxkyHb 1986-2012 1986-2014
Sander lucioperca (L.) Pikeperch Cynmak 19862011 1986-2013
Rutilus rutilus (L.) Roach TTiorsa 1988-2012 1986-2014
Silurus glanis (L.) European Catfish Com 1987-2012 1986-2013

Fish catching was primarily conducted during the summer and autumn using recre-
ational fishing gear, such as spinning rods, fishing rods, and fyke nets (with mesh sizes
ranging from 14 to 120 mm). In 1986, the sampling took place from late August to Novem-
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ber, while in 2013 and 2014, it occurred in May and June. Not all fish species were sampled
in 1986 in the CP of the ChNPP.

Cessation of water supply from the Pripyat River and subsequent large-scale trans-
formations of the cooling pond could have led to unpredictable changes in the specific
activity levels of '¥Cs in fish. Therefore, this study utilized data on the accumulation
of this radionuclide in fish only until 2013, which marked the beginning of the gradual
transformation of the CP.

In this study, we determined the '3’Cs content for fish of various feeding types:

e  Benthophages: B. bjoerkna (Silver bream), A. brama (Bream), and R. rutilus (Roach) are
characterized as benthic feeders. Their diet primarily comprises benthic invertebrates,
such as mollusks, small crustaceans, mosquito larvae, worms, and organic detritus
that settle on the bottom.

e  Mixed type of nutrition (Omnivores): P. fluviatilis (Perch) and S. glanis (European
Catfish) exhibit versatile dietary behavior. As they mature, these species have the
capacity to adapt their feeding preferences, gradually incorporating other fishes into
their diet. Their feeding habits can also be influenced by seasonal variations and
the availability of food resources, allowing them to adjust and expand their feeding
spectrum dynamically.

e  Ichthyophages: S. lucioperca (Pikeperch) and A. aspius (Asp) are prominent piscivorous
species, exhibiting a predatory feeding strategy focused on consuming fish.

For the determination of '3’Cs content, fish specimens of similar size and mass were
used for each species. Primary sample preparation at the capture site involved species
identification, weighing, and length measurement. Data were recorded in a field diary.
Whenever feasible, each captured fish was placed entirely in a polyethylene bag. In cases
where packaging the entire sample was not possible due to its size, a portion of the carcass
was separated at the capture site. Fish samples were then transported to the laboratory for
further processing.

In the laboratory, the fish were additionally cleaned of debris and scales. For fish
weighing up to 1 kg, the head and fins were removed, the resulting carcass was cut
open along the belly, and all internal organs, spine, ribs, and skin were removed. If the
fish weighed more than 1 kg, muscles from the near head, middle, and posterior parts
were excised. When multiple fish of the same species were selected, an average sample
was prepared.

Subsequent sample preparation involved homogenization using a blender. The ob-
tained mass was thoroughly mixed, and a required amount (100-250 g) was stored for
gamma spectrometric analysis. The selected sample was placed in calibrated plastic contain-
ers and stored in a freezer at a temperature of —18 °C until the quantitative determination
of radionuclides was performed. Prior to measurements, the samples were taken out of the
freezer and left to thaw at room temperature in the laboratory for approximately 12 h. Each
fish sample consisted of 1-7 individuals.

2.3. Radiometry

To determine the ecological half-life (Teco) of 13’Cs in fish species, specific activity data
of this radionuclide were obtained through gamma spectrometric measurements. From
1986 to 2002, the quantification of 137 Cs was performed using gamma spectrometry methods
with germanium coaxial drift detectors (type DGDK-40 or DGDK-180) with an energy
resolution of 3.5-4.5 keV for ®*Co (1332 keV line) and multichannel analyzers ICA-70,
AFORA, NOKIA, NOKIA LP4900B. To allow '¥Cs quantification in relatively “clean” fish
samples from the KR, the spectrometer was protected with a metal shield with a thickness
of 150 mm, made from the hull materials of ships built before 1945, i.e., before the release of
radionuclides into the environment due to nuclear explosions. From 2001 to 2003 and from
2009, measurements were conducted using a “CANBERRA” gamma spectrometer based
on a germanium coaxial detector GC-6020 with a resolution of 1.8 keV for 60Co (1332 keV
line) and an efficiency of 60%. The digital processor DSP-9660 by “CANBERRA” was used.
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The detection unit was shielded with a 100 mm lead shield to prevent the influence of
background gamma radiation.

The duration of specific activity measurements for fish samples varied depending
on the sampling site. For CP samples, the range was 600 to 14,400 s, and for KR samples,
7200 to 86,400 s. The measurement errors did not exceed 10%. The fish samples were not
subjected to any thermal treatment (heating) or drying. The measurements of 13 Cs specific
activity were conducted for raw mass, and the specific activity data of the fish samples
were also calculated for the fresh weight (Bq/kg fresh weight).

2.4. Calculation of the Ecological Half-Life of 13" Cs

To describe the process of radionuclide extraction from the environmental object,
the time required for the radionuclide activity in the object to decrease by half has been
considered. For this purpose, two calculated parameters are used: the ecological half-life
(Teco) and the effective half-life (Tqg).

The sum of the reciprocals of T/, (the physical half-life of the radioactive element)
and Teco (the ecological half-life of the same isotope) determines the reciprocal value of the
effective half-life, i.e., 1/Tegs = 1/Teco + 1/T1 /2. The ecological half-life (Teco) represents an
integral value that sums up all processes contributing to the reduction of radioactivity in
the environment (object) beyond physical decay [32]. The physical half-life (T ») for 1¥Cs
is 30.05 years [38]. Teff, Teco, and Ty have the dimension of time (years).

The activity of the radionuclide at a given time t is determined using the formula:
A(t) = A(0) 27 Ht, where A(0) represents the specific activity of the radionuclide at time zero,
and p is the coefficient that characterizes the rate of activity decay over time. A higher coeffi-
cient indicates a faster decay of the radionuclide. When t = 1/, 2~ becomes equal to 1/2,
and A(t) = A(0)/2. If 1/ is denoted as Teg, then A(t) = A(0) 2t/ Teff The equation describes
the logarithmic representation of the power law: L(t) = In(A(0)) — In2(t/Teg) = b — at,
where b represents In(A(0)) and a represents (In 2)/Teg (the tangent of the slope angle
of the line). Hence, Te = (In 2)/a. Thus, we arrive at the formula mentioned above:
1/Teff = 1/T1/2 + 1/Teco [39]-

For a better overview, we also provide the T and 3 values. 3 is defined as the
reciprocal of the ecological half-life, i.e., 1/Teco. p parameter represents the rate at which
the specific activity of the investigated radionuclide (in our case, 1¥Cs) decreases in the
studied environmental object. The dimension of 3 is expressed as 1/year. The starting
(zero) point for the calculations was the year in which the maximum levels of radiocaesium
content were recorded for each fish species and each sampling site.

3. Results
3.1. Dynamics of 13 Cs Content in Fish from the Cooling Pond of ChNPP and Kaniv Reservoir

Figure 2 depicts the dynamics of 13Cs content in the studied fish species. Significant
decreases in specific activity levels of this radionuclide were observed in all fish species
during the observation period. In the CP, the decrease in '3’Cs content occurred more
intensively, ranging from 27 to 108 times. Among all fish species, S. glanis showed the
slightest decrease in '3’Cs content in the CP, reducing by only 9.5 times between 1988 and
2012. In the KR, the reduction in specific activity of 13Cs in fish was not as intense, ranging
from 5 to 14 times. B. bjoerkna stood out among the investigated species, exhibiting the
highest intensity of concentration decrease in the CP and KR, with reductions of 143 and
27 times, respectively. By 2013-2014, the specific activity levels of 1¥Cs in all fish species
in the KR had decreased significantly below the permissible limits for fish consumption
established in Ukraine, which is 150 Bq/kg [22]. The lowest radiocaesium content was
found in benthophagous fish, ranging from 4 to 7 Bq/kg. Ichthyophages and fish of mixed
type of nutrition had higher concentrations of 13’Cs, ranging from 12 to 23 Bq/kg.

Even 26 years after the accident (in 2012), the content of '*’Cs in fish remains very high
in the CP. This is particularly evident in ichthyophages and fish of mixed type of nutrition,
where the specific activity of 13’Cs reaches values of 3060-4900 Bq/kg. The highest radio-
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caesium concentration was recorded in S. glanis, with 8300 Bq/kg. Benthophagous fish
exhibited lower specific activity levels of this radionuclide, ranging from 770 in R. rutilus
to 1700 in B. bjoerkna, while A. brama occupied an intermediate position with 930 Bq/kg.
The decrease in '¥Cs content in fish follows an exponential pattern. This is particularly
evident in the CP for all species without exception. For benthophage fish in the CD, the
most pronounced, 10-25-fold decrease in specific activity of '3Cs occurred in the first
5 years after the accident, from 1986-1987 to 1990-1991. Subsequently, the decrease in
specific activity of 13Cs slowed down, and over approximately 20 years, from 1990-1991
to 2011-2013, it decreased by no more than 10 times.

In the KR, the dynamics of 13Cs content in some fish species belonging to different
ecological groups showed a saltatory pattern, meaning that the decrease in the 13Cs
activity was not smooth but rather occurred in sudden jumps or leaps, especially in the
first 10-15 years after the accident. Relative stabilization of radiocaesium content levels in
this reservoir occurred later than in the CP. In the KR, it took place around the year 2000,
while in the CP, it occurred on average by 1997. For fish species at higher trophic levels
(S. glanis, S. lucioperca, and P. fluviatilis), maximum levels of 13 Cs content were recorded in
1987-1989, in contrast to benthophagous fish, where the maximum specific activity of this
radionuclide was recorded in 1986-1987.

3.2. Calculation of Teco of 137¢g

The results of calculating the ecological half-life (Teco), B, and effective half-life (Te¢)
of 137Cs in fish species in the cooling pond of Chornobyl Nuclear Power Plant and Kaniv
Reservoir are presented in Table 2.

The minimum values of Tec, for most (five out of seven) investigated species were
determined in CP. This means that in the highly contaminated reservoir, the rate of decrease
in 137Cs specific activity (B) in fish of different trophic levels was greater, compared to the
relatively “clean” KR (Figure 2, Table 2).

In KR, the duration of the Tec, is generally longer. In this reservoir, the maximum du-
ration of the ecological half-life was observed in fish of mixed type of nutrition, P. fluviatilis
(9.92 years) and the benthophage fish A. brama (9.11 years). In contrast, in CP, these same
species have a minimum ecological half-life of 5.58 and 5.84 years, respectively.

An exception to this trend is the ecological half-life of 13’Cs in R. rutilus (benthophages)
and S. glanis (fish of mixed type of nutrition). In these species, the decrease rate of the 13’Cs
specific activity  in the CP is considerably slower than in the KR. It should be noted that
the ecological half-life of radiocaesium in R. rutilus and S. glanis in the Kaniv Reservoir was
practically the same as the Teco for other species.

Table 2. Teco, B, and T values in fish species in CP and KR.

Fish Specie Ccp KR

Teco B Teg Teco B Tetf
(years) (years—1) (years) (years) (years—1) (years)

A. brama 5.84 0.17 4.89 9.11 0.11 6.99
B. bjoerkna 6.67 0.15 5.46 8.56 0.12 6.66
A. aspius 6.94 0.14 5.64 7.12 0.14 5.76
P. fluviatilis 5.58 0.18 471 9.92 0.10 7.46
S. lucioperca 6.15 0.16 5.11 8.40 0.12 6.56
R. rutilus 11.94 0.08 8.54 8.72 0.11 6.76
S. glanis 11.50 0.09 8.32 7.06 0.14 5.72
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Figure 2. The content of '3Cs in studied fish species in the cooling pond of ChNPP (CP) and Kaniv
Reservoir (KR), A(t) in Bq/kg fresh weight. (a) A. brama; (b) B. bjoerkna; (c) A. aspius; (d) P. fluviatilis;
(e) S. lucioperca; (f) R. rutilus; (g) S. glanis.

Among the fish species examined, it was found that in five species, there was an
inverse relationship between the ecological half-life of '¥Cs and its content in the fish’s
body. This means that higher levels of specific activity of radiocaesium corresponded to a
faster removal rate () from the body. However, the relationship is direct for two species
(R. rutilus and S. glanis), where higher concentrations of 1¥Cs in the fish resulted in longer
ecological half-life periods.

4. Discussion

The accumulation of 137Cs by fish following the Chornobyl accident can be divided
into several stages. In most species, the accumulation followed a two-stage pattern. A sharp
decrease in radiocaesium concentrations characterized the first stage, while the second stage
exhibited a slower decline in the levels of this radionuclide. For ichthyophages and fish of a
mixed type of nutrition, three stages can be distinguished: the first stage is characterized by
an increase in '3’Cs content in the first few years following the accident, the second stage
exhibits a rapid decrease in the concentrations of this radionuclide, and the third stage
shows stabilization of radiocaesium levels. These dynamics of '¥Cs accumulation are
likely influenced by the trophic levels effect, which implies a certain delay in the uptake
and elimination of 13”Cs by fish occupying higher trophic levels compared to those at lower
trophic levels [18]. This effect can be attributed to the fact that, in the case of ichthyophages,
137Cs enter the fish body in a form processed by organisms in the previous trophic chain,
making it more biologically accessible.

Another reason for the higher concentrations of *’Cs in predatory fish, compared
to nonpredatory fish species, can be attributed to the increased acidity within their gas-
trointestinal tracts. Higher acidity promotes the dissolution of 13Cs and, consequently,
increases its availability for absorption in the gastrointestinal tract [40].

The decrease in 13”Cs specific activity in fish of CP occurs at a faster rate compared to
fish in the KR. This difference is particularly notable among benthophages fish in the years
following the accident. In certain years, an increase is observed instead of a decrease in
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the 13Cs specific activity in fish from the KR (B. bjoerkna, R. rutilus) (see Figure 2). In one
study [41], possible explanations for these observations were examined, including specific
radioactivity of 1¥Cs in the water, different levels of radionuclide water contamination at
different spots of the reservoirs, the size effect, seasonality, water temperature, trophic level,
species-specific characteristics and dietary spectrum, and key indicators of water quality.
However, the influence of these factors on the recorded faster excretion of radiocaesium
from the body of fish in the CP, in comparison with the rate of the excretion of this
radionuclide from fish in KR, was not established. An exception could be the more rapid
decrease in '¥Cs specific activity in the CP, which, mediated through food chains, may
determine the levels of 13”Cs specific activity in aquatic organisms, including fish. The
study also hypothesized the existence of other factors or a combination of factors that affect
the dynamics of specific activity of 13Cs in fish.

The different duration of the ecological half-life of 1*’Cs in fish of the same species but
in waterbodies with different pollution levels (see Table 2) can be interpreted as evidence
of the manifestation of the phenomenon of radiation hormesis [42]. Hormesis is associated
with the positive effects of low doses of toxic substances on organisms. It is consistent
with the Arndt-Schulz law, which states: “For every substance, small doses stimulate,
moderate doses inhibit, large doses kill” [43]. Radiation hormesis has been studied in
various organisms, ranging from viruses and bacteria to primates and humans [43-45].
Its effect involves the beneficial influence of ionizing radiation within a specific range of
doses, which can manifest as accelerated growth and development in irradiated biological
entities and increased fertility [43]. Radiation hormesis can occur both in the case of
external exposure and internal irradiation caused by incorporating radioactive isotopes
into biological tissues [46]. Animal experiments have demonstrated that pre-exposure
to low doses promotes the occurrence of a radioadaptive effect [47]. Studies have been
conducted on the combined effects of low doses of ionizing radiation and heavy metals
on the Danio rerio (Zebrafish). Positive effects of low doses of ionizing radiation on the
adaptive response of fish to the action of heavy metals have been observed [48]. Another
study [49] demonstrated the radiation stimulation of embryonic development in fish using
low doses of radiation.

Today, there is no unified conceptual framework for the phenomenon of radiation
hormesis. One of the explanations for the manifestation of radiation stimulation is that
it is a secondary response to damage. It can be considered as the recovery mechanism at
different levels of biological organization (repair, cell repopulation, regeneration, organism-
level repopulation) [43]. Our experimental results are difficult to explain with this concept
of radiation hormesis. Here, we observe an effect when small amounts of 13’Cs are retained
by the body of fish of the same species for a longer time compared to large amounts of
radiocaesium in a more polluted reservoir. This is true for five out of the seven studied
fish species that belong to different ecological groups (P. fluviatilis is a fish of mixed type
of nutrition, B. bjoerkna and A. brama are benthophages, S. lucioperca and A. aspius are
ichthyophages). In these species, the rate of decrease in 13’Cs concentrations () is lower in
KR than in the CP.

Experiments on plants indicate that the phenomenon of hormesis is more frequently
observed in certain species and varieties [50]. It can be postulated that such a conclusion
extends to other biotic entities, particularly fish, indicating the manifestation of species-
specific responses of organisms to the effects of ionizing radiation. In our research, this
species-specific manifestation has been represented using the Tec, values for two fish
species belonging to different ecological groups: the benthophagous R. rutilus, and fish of a
mixed type of nutrition, S. glanis. These two species exhibit a duration of Tec, in the CP that
is almost twice as long as in other species (Table 2). Additionally, the value of Teco Of 137¢s
for these species in the KR does not significantly differ in duration from the Tec, of other
species. Since these two species belong to different ecological groups, the differences in Teco
of 1%Cs cannot be explained using the trophic level effect or the high amount of radioactive
cesium in their nutrition, as these factors also influence other fish species. The observed
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phenomenon may likely be attributed to an increased demand for '¥Cs in R. rutilus and
S. glanis, indicating the species-specific responses to the level of 137Cs in their food and,
indirectly, in their habitat.

Another manifestation of species-specific responses to ionizing radiation can be ob-
served in P. fluviatilis (a fish of mixed type of nutrition) and the benthophagous A. brama.
These two species demonstrated the shortest Tec, 0f 137Cs in the CP (5.58 and 5.84) and the
longest Teco in the “clean” KR (9.98 and 9.11). This indicates that these two species also
exhibit a specific reaction to the content of 13Cs in their food: the rates of decrease in the
concentration of this radionuclide are the lowest in the “clean” waterbody and highest in
heavily contaminated environments.

The existence of two distinct mechanisms responsible for the interaction between
fish and !¥Cs can explain the parameters of radiocaesium accumulation and removal
from the fish body. The first mechanism regulates the absorption of *’Cs from food,
while the second mechanism is responsible for the release of this radionuclide by fish.
Both mechanisms operate continuously, and their relative influence likely depends on the
degree of environmental contamination and the fish species involved. The dominance of
one mechanism at a given time leads to a decrease, increase, or stabilization of the 137Cg
concentration in fish at a consistent level.

The values of Tec, in fish, indicating the prolonged retention of small quantities of
137Cs, can be attributed to the favorable effects of this radionuclide on the fish organism (the
manifestation of the radiation hormesis effect). At the organism level, there is a selective
accumulation of this radionuclide from food. The relatively extended retention of '*’Cs in
small quantities by fish can be considered a rule, with exceptions observed for species that
require significant amounts of this radionuclide.

5. Conclusions

Towards the end of the fish sampling for this study and prior to the water level
reduction in the CP (2013) and the KR, there was a notable decrease in the detected levels
of 1%7Cs in fish across various ecological groups compared to the early postaccident years.
The reduction of '3Cs concentrations in fish was carried out according to the exponential
law in the CP and, to a lesser extent, for KR. The relative decrease in radiocaesium content
is more pronounced in fish of different species of CP than in KR.

After the onset of a period of relative stabilization, the levels of 137Cs specific activity
in predatory fish and fish of a mixed type of nutrition (S. lucioperca, A. aspius, R. rutilus,
S. glanis) had higher levels of radiocaesium in the CP and KR, compared to with nonpreda-
tory species (B. bjoerkna, A. brama, and R. rutilus).

The duration of Tec, varies among different fish species in the CP and KR. P. fluviatilis,
B. bjoerkna, A. brama, S. lucioperca, and A. aspius belong to different ecological groups and
have a much greater rate of decrease in the specific activity levels of 13’Cs (B) in the CP
compared to KR. Among the two studied species, R. rutilus (benthophagous) and S. glanis
(a fish of mixed type of nutrition), the duration of 137Cs Teco Was nearly twice as long as
that observed in all fish species in the CP. Furthermore, Teeo in R. rutilus and S. glanis is
higher in the CP compared to the KR. For the other two species, P. fluviatilis (a fish of a
mixed type of nutrition) and benthophagous A. brama, the shortest 137Cs Teco values were
observed in the KR, while the longest T, values were found in the CP. This indicates the
manifestation of species-specific absorption/excretion of 13Cs from the body of fish, as
well as the species-specific manifestation of radiation hormesis; therefore, different amounts
of absorbed radiocaesium have a positive effect on fish.
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