
Journal of Environmental Radioactivity 290 (2025) 107810 

0
n

 

Contents lists available at ScienceDirect

Journal of Environmental Radioactivity

journal homepage: www.elsevier.com/locate/jenr  

Environmental and biological drivers of 137Cs accumulation in freshwater 
fish across forested and downstream sites in FukushimaI

Minato Kakuma a,b ,∗, Toshihiro Wada b, Masashi Murakami c, Takahiro Tatsuno d, 
Nobuyoshi Ishii e, Natsuko I. Kobayashi f, Takumi Kurosawa g, Yo Sayama a, Naoto Nihei h, 
Nobuhito Ohte a
a Graduate School of Informatics, Kyoto University, Yoshida Hommachi, Sakyo-ku, Kyoto, 606-8501, Japan
b Institute of Environmental Radioactivity, Fukushima University, 1 Kanayagawa, Fukushima, 960-1296, Japan
c Graduate School of Science, Chiba University, 1-33 Yayoicho, Inage-ku, Chiba, 263-8522, Japan
d Research Faculty of Agriculture, Hokkaido University, Kita-9, Nishi-9, Kita-ku, Sapporo, Hokkaido, 060-8589, Japan
e Environmental Transfer Parameter Research Group, National Institutes for Quantum and Radiological Science and Technology, 4-9-1 Anagawa 
Inage-ku, Chiba, 263-8555, Japan
f Graduate School of Agricultural and Life Sciences, The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo, 113-8657, Japan
g Field Science Education and Research Center, Kyoto University, Maizuru, Kyoto, 625-0086, Japan
h Faculty of Food and Agricultural Science, Fukushima University, 1 Kanayagawa, Fukushima, 960-1296, Japan

A R T I C L E  I N F O

Keywords:
Fukushima
Radiocesium
Freshwater fish
Forested streams
Stable isotope analysis
Trophic structure

 A B S T R A C T

To elucidate ecological factors governing 137Cs accumulation in freshwater fish, we examined 10 species 
collected from forested headwater streams and downstream reaches of rivers flowing through the Fukushima 
evacuation zone between 2020 and 2022. By integrating land cover data with isotopic and body size metrics, 
our study clarifies mechanisms shaping radiocesium distribution across fish communities in post-accident 
environments. Individuals exceeding the Japanese regulatory limit of 100 Bq/kg-wet were found at all sites, 
and fish/water concentration ratios of 137Cs varied widely, from 9.7 × 10 L/kg-wet in a sea-run masu salmon 
to 1.2 × 106 L/kg-wet in a Japanese dace. White-spotted charr and masu salmon, both typical stream-
dwelling salmonids, exhibited significantly higher concentration ratios than the other species. Fish from 
areas with greater forest cover exhibited consistently elevated 137Cs concentrations, indicating that forests 
serve as persistent sources of radiocesium to aquatic food webs more than a decade after the accident. 
Stable isotope analysis showed a significant positive association between terrestrial carbon contribution and 
137Cs concentration, demonstrating that individuals assimilating more terrestrial-derived resources tended 
to accumulate higher contamination. A positive relationship was also observed between relative body size 
and 137Cs concentration, suggesting that growth-related traits influence accumulation. These results suggest 
that forest connectivity, dietary reliance on allochthonous resources, and individual growth characteristics 
collectively influence the accumulation of 137Cs in freshwater fish. The approach and findings provide 
quantitative evidence for species- and site-specific processes underlying long-term radiocesium dynamics 
in forested river networks, informing risk assessment and fisheries management in radiologically impacted 
landscapes.
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1. Introduction

The Fukushima Daiichi Nuclear Power Plant (FDNPP) accident in 
2011 released large quantities of radioactive cesium isotopes (134Cs 
and 137Cs) into the environment, leading to extensive contamination 
of inland aquatic ecosystems. Due to its longer half-life (30.2 years) 
compared to 134Cs (2.06 years), 137Cs persists in the environment and 
has become the primary focus of long-term environmental monitor-
ing. Given the long half-life of 137Cs, forested and aquatic habitats 
in the affected region remain contaminated many years after the ac-
cident (Hayashi, 2016), posing continued risks, especially in inland 
fisheries and areas designated as ‘‘Difficult-to-Return Zones’’ (Wada 
et al., 2022). After deposition onto terrestrial landscapes, 137Cs is 
primarily transported into river systems via runoff and suspended 
sediments (Ueda et al., 2013; Ohte et al., 2016). This process leads 
to long-term contamination of aquatic habitats and biota, including 
freshwater fish, which are both ecologically and commercially impor-
tant. Therefore, understanding the ecological dynamics of 137Cs — 
particularly its accumulation and transfer within aquatic food webs, 
as well as its input from surrounding environments — is essential for 
effective remediation and long-term environmental management.

Although over a decade has passed since the accident, 137Cs con-
tamination in freshwater fish remains a serious concern. Compared 
to marine species, riverine fish often exhibit higher 137Cs concen-
trations (Wada et al., 2019). In marine systems, radiocesium con-
centrations in seawater rapidly decreased due to diffusion after the 
FDNPP accident (Aoyama et al., 2019), and direct uptake from water 
or prey has become less influential for fish. Furthermore, the much 
greater potassium (K+) concentrations in seawater reduce 137Cs up-
take through ionic competition (Rowan and Rasmussen, 1994; Wada 
et al., 2023). In contrast, in freshwater systems, radiocesium incor-
porated into forest and aquatic ecosystems is retained and recycled, 
thereby continuing to enter food webs and sustain contamination of 
fish through dietary pathways (Haque et al., 2017; Wada et al., 2019). 
Forests, which cover much of the upstream landscape in the affected 
region, have been identified as long-term sources of 137Cs to river 
ecosystems through pathways such as leaf litter, soil erosion, and 
leaching (Kurikami et al., 2019; Sakai et al., 2021). The gradual decline 
of dissolved 137Cs concentrations in rivers further suggests that these 
forest-derived inputs may continue to sustain contamination in aquatic 
food webs for decades (Nakanishi and Sakuma, 2019). To understand 
the long-term dynamics of freshwater contamination, it is essential not 
only to monitor 137Cs concentrations in fish but also to quantify the 
pathways and magnitudes of 137Cs transfer to aquatic organisms (Tsuji 
et al., 2014b; Wada et al., 2016, 2022). Clarifying these transfer mecha-
nisms is critical for developing practical risk assessments and informing 
future remediation strategies.

Factors influencing 137Cs accumulation in fish include diet, life 
history traits, and environmental conditions (Wada et al., 2016, 2024; 
Ishii et al., 2020). Dietary uptake is considered the dominant pathway, 
rather than uptake from water (Yamamoto et al., 2015; Matsuda et al., 
2020; Wada et al., 2023). Comparative studies between marine and 
freshwater environments and between lakes and rivers have aimed 
to clarify how environmental conditions and habitat types influence 
137Cs accumulation patterns in fish (Wada et al., 2019; Ishii et al., 
2020). Recent studies have applied stable isotope analyses of carbon 
and nitrogen to examine the relationship between food web structure 
and 137Cs transfer (Ishii et al., 2023; Wada et al., 2024). However, little 
research has examined how transitions in surrounding environments — 
from forested upstream reaches to inhabited downstream areas — affect 
137Cs transfer to fish inhabiting those ecotones. Moreover, while the 
‘‘size effect’’ — wherein larger fish exhibit higher 137Cs concentrations 
— is well documented (Koulikov and Ryabov, 1992; Wada et al., 2019; 
Ishii et al., 2020), its underlying causes remain unclear in riverine 
species, particularly given the lack of consistent correlation between 
2 
trophic position and 137Cs levels (Ishii et al., 2020). To better under-
stand this phenomenon, it is essential to consider multiple explanatory 
variables that capture different biological aspects. Body size metrics 
(e.g., length and weight) represent physical growth, trophic position 
reflects feeding relationships within the food web, and condition factor 
serves as an indicator of the nutritional status of freshwater fish.

This study aimed to characterize 137Cs accumulation in freshwater 
fish from rivers affected by the FDNPP accident approximately 10 years 
post-disaster. Specifically, we evaluated how site-level contamination, 
forest cover, dietary indicators derived from stable isotope analysis, 
and individual morphological traits influenced 137Cs concentrations in 
10 fish species collected from multiple rivers near the FDNPP between 
2020 and 2022. Sampling sites were selected to encompass a range of 
forest cover and contamination levels, from upstream forested streams 
to downstream areas. We included fish species with diverse feeding 
habits and migratory behaviors to assess the combined effects of diet, 
life history traits, and environmental conditions. Stable isotope analysis 
was used to estimate the contributions of terrestrial carbon and trophic 
position. These data allowed us to evaluate the pathways of 137Cs 
transfer to individual fish via the food web and provide new insights 
into freshwater fish across contaminated river systems.

2. Materials and methods

2.1. Study site

This study was conducted in three rivers in Fukushima Prefecture 
(Fig.  1). The Ukedo and Takase Rivers are located to the north of the 
FDNPP, and the Kuma River is located to the south. The Takase River 
branches off from the Ukedo River 1.6 km upstream from its mouth. 
These three rivers flow through the ‘‘Difficult-to-Return Zone’’ estab-
lished after the nuclear power plant accident (Fukushima Prefecture, 
2024). The survey was conducted at three locations along the upper 
and lower reaches of each river: U1, U2, and U3 for the Ukedo River; 
T1, T2, and T3 for the Takase River; and K1, K2, and K3 for the Kuma 
River (Fig.  1; Table  1). All sample collection was carried out within a 
500 m area along the river channel and a 50 m area from the center of 
the river (Fig.  1c).

As an indicator of the differences in the surrounding environment in 
the longitudinal direction of the river, percentages of forests (deciduous 
broad-leaved forests, deciduous needle-leaved forests, evergreen broad-
leaved forests, and evergreen needle-leaved forests) within the sample 
collection areas were calculated from the high-resolution land use and 
land cover map data (Japan Aerospace Exploration Agency, 2023). 
Most of the target area is covered by forests at the uppermost study site 
of the Ukedo and Kuma Rivers (Table  1). Average 137Cs depositions, 
used as an indicator of terrestrial radiocesium contamination, were 
calculated by decay-correcting the airborne monitoring data (Japan 
Atomic Energy Agency, 2024) for each year to the sample collection 
date (Table S1). 137Cs contamination levels at the upstream study sites 
are high for the Ukedo and Takase Rivers (Fig.  1; Table S1). In contrast, 
the contamination levels at the downstream study sites are high for the 
Kuma River. The software QGIS version 3.34 (QGIS Development Team, 
2024) was used to calculate the percentages of forests and the average 
137Cs depositions.

2.2. Sample collection

All samples were collected between October 2020 and October 
2022. Freshwater fish were collected both for 137Cs concentration 
measurements and stable isotope analysis. River water and riverbed 
sediments were sampled for 137Cs concentration measurements. Peri-
phyton, terrestrial plants, and aquatic insects were collected for stable 
isotope analysis.

Freshwater fish were collected at all sites in October of each year us-
ing an electrofisher (LR-20B; Smith-Root Inc.). However, no collection 
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Fig. 1. The study area overview. The maps are based on the shaded-relief map of the Geospatial Information Authority of Japan. (a) The Fukushima Daiichi 
Nuclear Power Plant (FDNPP) location. (b) Locations of the Ukedo River, Takase River, Kuma River, and the FDNPP in Fukushima Prefecture and the study sites. 
The air dose rates at a height of 1 m are based on data from the Nuclear Regulation Authority’s 15th airborne monitoring in 2020. (c) The white-painted areas 
on the map show an example of sample collection target areas. (d) Photographs of the study sites.
Table 1
Summary of sampling locations and the percentages of forests within the sample collection areas calculated from the high-
resolution land use and land cover map data.
 River Site Latitude (°N) Longitude (°E) Altitude (m) Percentage of forests in land use 
 Ukedo R. U1 37.5108 140.8824 139 99.99  
 U2 37.5077 140.9300 29 16.85  
 U3 37.4964 141.0094 2 2.05  
 Takase R. T1 37.4643 140.9240 45 47.70  
 T2 37.4676 140.9470 24 10.02  
 T3 37.4871 140.9997 6 2.33  
 Kuma R. K1 37.3859 140.9441 110 99.94  
 K2 37.3907 140.9715 43 19.19  
 K3 37.3841 141.0271 5 19.21  
Table 2
Summary of collected fish samples. Numbers in parentheses indicate sea-run individuals. The 𝑎 and 𝑏 values are coefficients in the standard allometric equation 
𝑊 = 𝑎𝐿𝑏, where 𝑊  is fresh weight (g) and 𝐿 is total length (cm).
 Species Scientific name N Factors in the standard 

allometric equations
 U1 U2 U3 T1 T2 T3 K1 K2 K3 a b  
 White-spotted charr Salvelinus leucomaenis 17 1 1.03 × 10−2 3.03  
 Masu salmon Oncorhynchus masou 38 5 (1) 1 12 (1) 2 40 3.70 × 10−2 2.59  
 Japanese dace Pseudaspius hakonensis 12 20 30 25 15 20 16 4.59 × 10−3 3.25  
 Japanese seabass Lateolabrax japonicus 5 1.07 × 10−3 3.83  
 Flathead grey mullet Mugil cephalus 8 7 5.97 × 10−3 3.19  
 Japanese catfish Silurus asotus 4 3 1 2.60 × 10−2 2.67  
 Common carp Cyprinus carpio 3 7 2.93 × 10−2 2.82  
 Japanese eel Anguilla japonica 7 36 1 4 30 1.06 × 10−4 3.68  
 Ayu Plecoglossus altivelis 18 30 30 30 30 20 6.40 × 10−3 3.05  
 Pale chub Opsariichthys platypus 18 11 21 2 16 2.82 × 10−3 3.42  
was conducted at sites U2 and K2 in 2021. A total of 596 individuals 
representing 10 species were collected (Table  2). The species included 
white-spotted charr, masu salmon, Japanese dace, Japanese seabass, 
flathead grey mullet, Japanese catfish, common carp, Japanese eel, ayu, 
and pale chub.
3 
On the same day as the fish sampling, river water and riverbed sed-
iments (upper 3 cm depth) were collected under base-flow conditions. 
The river water was collected in plastic containers, each approximately 
20 L in volume. Sediment samples were collected three times using a 
scoop.
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Periphyton, which represents river-derived food resources, was col-
lected by brushing the surface of rocks picked up from the riverbed 
and rinsing them with distilled water. As terrestrial plant samples 
representing land-derived food resources, fresh leaves of major tree 
species were collected from the surrounding land in the target area.

Aquatic insects were collected as isotopic baselines for estimating 
the trophic positions of freshwater fish based on nitrogen stable iso-
tope ratios. Unlike periphyton, which is known to exhibit substantial 
isotopic variability due to its short lifespan and intense sensitivity to 
fluctuations in the 𝛿15N of dissolved inorganic nitrogen, aquatic insects 
provide a more temporally integrated baseline of assimilated riverine 
resources (Post, 2002). They were collected by disturbing the riverbed 
upstream of a D-frame net (mesh size: 250 μm) placed on the bottom.

2.3. Sample processing

Fish samples were rinsed with water, and their total length and body 
weight were measured. For masu salmon, individuals with total lengths 
up to 30 cm were classified as fluvial (residential) type, while those 
exceeding 35 cm were considered sea-run type. No individuals with 
intermediate sizes (30–35 cm) were observed, as the two types were 
distinct in body size. Following the Fukushima Prefectural monitoring 
protocol (Wada et al., 2016), 137Cs concentrations were determined 
using either muscle tissue alone or bodies excluding the head and 
internal organs. For groups in which individuals often exceeded 200 g 
in body weight (sea-run type of masu salmon, Japanese catfish, com-
mon carp, and Japanese eel), only muscle tissue was analyzed. For 
the other groups (white-spotted charr, fluvial type of masu salmon, 
Japanese dace, Japanese seabass, flathead grey mullet, ayu, and pale 
chub), bodies excluding the head and internal organs were analyzed. 
Previous analyses (Wada et al., 2024) showed that 137Cs concentrations 
in masu salmon bodies excluding the head and internal organs were 
approximately 89% of those in muscle tissue, indicating that the two 
measurement methods can be validly compared. The samples for 137Cs 
analysis were homogenized and packed into plastic containers (U8; 
diameter: 55 mm, height: 64 mm). After measuring the wet weight, 
the samples were dried using a freeze dryer (FRD-51; Iwaki Glass Co., 
Ltd.), and the dry weight was subsequently measured.

A portion of muscle tissue was dissected from each fish for stable 
isotope analysis. These tissues were dried at 60 °C for 2–3 days using 
an electric constant-temperature dryer (DK340S; Yamato Scientific Co., 
Ltd.) and ground into powder. To minimize the influence of lipid 
content on 𝛿13C values, the powdered samples were lipid-extracted with 
a 2:1 chloroform–methanol solution for 24 h (Post et al., 2007).

River water samples were first filtered to remove particulate 137Cs 
using either glass fiber filters (GF/F; Whatman) or nonwoven fabric 
cartridge filters (RP13-011; Japan Vilene Co., Ltd.; Tsuji et al., 2014a). 
Dissolved 137Cs was collected using nonwoven fabric cartridge filters 
impregnated with potassium zinc ferrocyanide (CS-13ZN; Japan Vilene 
Co., Ltd.). These filters, which adsorbed dissolved 137Cs, were dried and 
used directly for 137Cs concentration measurements (Yasutaka et al., 
2015). Riverbed sediment samples were dried at 80 °C for 2–3 days 
in the dryer, sieved through a 2 mm mesh, and packed into plastic 
containers (U9; diameter: 55 mm, height: 38 mm) for 137Cs analysis 
after weighing.

Periphyton samples were collected via vacuum filtration through 
the glass fiber filters, using a dry vacuum pump (Rocker 300; Sibata 
Scientific Technology Ltd.) and a filter unit (300–4100; Thermo Fisher 
Scientific Inc.). The filters were exposed to hydrochloric acid to elim-
inate the influence of carbonate on 𝛿13C values and then rinsed with 
distilled water. The filters were dried at 60 °C for 2–3 days in the dryer, 
and the retained material was scraped off for analysis. Terrestrial plant 
samples were dried at 60 °C for 2–3 days and powdered using a grinding 
mill (IFM-C20G; Iwatani Corp.) for stable isotope analysis.

Aquatic insect samples were identified at the lowest possible taxo-
nomic level in the laboratory. The samples were homogenized after dry-
ing at 60 °C for 2–3 days in the dryer. Whole-body samples, including 
gut contents, were used for stable isotope analysis.
4 
2.4. 137Cs concentration measurement

The activity concentrations of 137Cs in freshwater fish, cartridge fil-
ters for collecting dissolved radiocesium from river water, and riverbed 
sediment samples were determined using high-purity germanium
(HPGe) semiconductor detectors.

Fish samples collected from 2020 to 2022 and river water samples 
collected from 2021 to 2022 were analyzed using HPGe detectors 
(GC3018, GC4018, GC4020; Canberra) calibrated with volume stan-
dard sources (MX033U8PP; The Japan Radioisotope Association). De-
pending on the gamma emission intensity of each sample, the counting 
time for these measurements ranged from 155 to 240,000 s for fish and 
from 35,000 to 140,000 s for river water. Additional measurements 
were performed before freeze-drying for a subset of fish samples to 
confirm that 137Cs activity remained consistent before and after the 
drying process.

Riverbed sediment samples collected in 2020–2022 and river water 
samples collected in 2020 were analyzed using HPGe detectors (GEM 
and GMX types; Seiko EG&G) calibrated with standard solutions. The 
standard solutions were prepared from pre-measured 137Cs stock solu-
tions and were used with decay correction applied based on the half-life 
of 137Cs. The counting time was set at 3600 s for sediment samples and 
ranged from 3600 to 5400 s for river water.

Most samples were measured with a counting error of less than 10%. 
All activity concentrations were corrected for radioactive decay to the 
date of sample collection. The activity concentrations initially obtained 
for fish samples on a dry-weight basis were converted to a wet-weight 
basis using measured moisture content. Sediment concentrations were 
reported in dry weight, while dissolved 137Cs concentrations in river 
water were expressed per unit volume of filtered water.

2.5. Stable isotope analysis

Approximately 1.0 mg of each sample, prepared for isotopic analy-
sis, was accurately weighed and encapsulated in tin capsules.

The isotopic measurements were conducted using an integrated 
system comprising a mass spectrometer (Delta V Advantage; Thermo 
Fisher Scientific Inc.) connected to an elemental analyzer (Flash 2000; 
Thermo Fisher Scientific Inc.) via an interface unit (Conflo IV; Thermo 
Fisher Scientific Inc.). The isotopic ratios were expressed in delta 
notation as follows: 
𝛿X = (Rsample∕Rstandard − 1) (1)

where X represents either 13C or 15N, and R denotes the ratio of 13C/12C
or 15N/14N. The Rstandard values were referenced against the Vienna Pee 
Dee Belemnite (VPDB) standard for carbon and atmospheric nitrogen 
for nitrogen measurements. Working standards (alanine, proline, and 
tyrosine; JCAC-01-0011, JCAC-02-0011, JCAC-03-0011; Japan Chem-
ical Analysis Center) with known isotopic values were analyzed to 
ensure analytical precision and accuracy.

2.6. Data analysis

All statistical analyses were performed using R software version 
4.3.3 (R. Core Team, 2024).

A linear regression model was applied for fish samples to examine 
the relationship between 137Cs radioactivity in the container before 
and after freeze-drying. Then, to assess the potential influence of sam-
pling date on the 137Cs concentrations in fish samples collected from 
2020 to 2022, generalized linear mixed models (GLMMs) were con-
structed using the lmer() function from the R package lme4 version 
1.1.35.1 (Bates et al., 2015). Sampling location and fish species were 
included as random effects. Two models were compared: one incorpo-
rating sampling date as a fixed effect, and a reduced model excluding it 
(hereafter referred to as the ‘‘null model’’). The comparison was based 
on the Akaike Information Criterion (AIC).
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Statistical comparisons of 137Cs concentrations in fish among sam-
pling sites were performed using the Steel–Dwass test implemented via 
the pSDCFlig() function in the R package NSM3 version 1.18 (Schnei-
der et al., 2023). To evaluate the transfer of 137Cs from the surrounding 
ecosystem to each fish species, the concentration ratio (L/kg-wet) was 
calculated using the following equation: 
Concentration ratio = 137Csf ish ∕137Cswater (2)

where 137Csf ish and 137Cswater represent the 137Cs concentrations in 
fish (Bq/kg-wet) and the dissolved 137Cs concentrations in river wa-
ter (Bq/L), respectively. Statistical comparisons of concentration ratio 
among fish species were also conducted using the Steel–Dwass test.

To estimate the proportional contributions of carbon sources to 
freshwater fish, we constructed Bayesian stable isotope mixing models 
using the R package MixSIAR version 3.1.12 (Stock et al., 2018). 
Model fitting was performed via Markov Chain Monte Carlo (MCMC) 
sampling using the R package rjags version 4.16 (Plummer, 2024), 
which interfaces with the JAGS engine. The models were based on 
the 𝛿13C values of fish and those of their potential dietary sources. 
Site-specific means and standard deviations of source isotope values 
were used as inputs (Table S2). As sources, we used periphyton (rep-
resenting aquatic primary production) and leaves of terrestrial plants 
(representing allochthonous input), both of which were collected from 
the same sites as the fish. The models allowed us to evaluate whether 
fish carbon sources originated from aquatic or terrestrial ecosystems. A 
carbon trophic enrichment factor of 1.93‰ was applied to fish muscle 
tissue for trophic fractionation. This value was adopted by Ishii et al. 
(2023), the trophic enrichment factor based on the method of Caut 
et al. (2009) and empirical data on fish diet 𝛿13C. The values of the 
fish 𝛿13C were adjusted using this trophic enrichment factor before 
model fitting to account for isotopic fractionation during assimilation. 
The JAGS model was generated using the write_JAGS_model()
function, including residual and process error terms. The model was 
run using three MCMC chains with 100,000 iterations each, a burn-in of 
50,000, and a thinning interval of 50. Model convergence was assessed 
using the Gelman–Rubin and Geweke diagnostics. The contribution of 
terrestrial plant carbon for each fish was summarized as the posterior 
mean of the estimated proportions.

The trophic position of fish was calculated based on the difference 
in 𝛿15N values between predators and their prey, using the following 
equation: 
Trophic position = 2 + (𝛿15Nf ish − 𝛿15Nreference)∕3.4 (3)

where 𝛿15Nf ish is the nitrogen stable isotope value of the fish, and 
𝛿15Nreference is that of the reference sample. The reference sample con-
sisted of aquatic consumer taxa serving as the isotopic baseline of 
the aquatic ecosystem (Post, 2002; Table S2), primarily including Tri-
choptera and Plecoptera. In addition, insects belonging to Odonata 
and Megaloptera, whose 𝛿15N values were comparable to those of 
Trichoptera and Plecoptera, were also included as reference organisms 
in the trophic position calculation. A nitrogen trophic enrichment factor 
of 3.4‰ was used (Post, 2002).

To evaluate relative body size within species, fish total length data 
were standardized to have a mean of 0 and a standard deviation of 
1 for each species. When standardizing, data on sea-run type of masu 
salmon and fluvial masu salmon were separated. The condition factor, 
an indicator of the nutritional status of freshwater fish, was calculated 
using the following equation: 

Condition factor = 𝑊
𝑎𝐿𝑏 (4)

where 𝑊  is the fresh body weight (g) and 𝐿 is the fish’s total length 
(cm). The parameters 𝑎 and 𝑏 are coefficients of the standard allometric 
equation: 
𝑊 = 𝑎𝐿𝑏. (5)
5 
These coefficients were empirically estimated for each species based on 
the data collected in this study (Table  2).

To assess the factors influencing 137Cs concentrations in fish, we 
fitted generalized linear models (GLMs) with a Gaussian error dis-
tribution using the glm() function in R. The response variable was 
log-transformed wet weight-based 137Cs concentration. The full model 
included the following explanatory variables: percentage of forests in 
land use within the sample collection areas, contribution of terrestrial 
plant carbon, standardized total length, condition factor, trophic posi-
tion, log-transformed 137Cs concentration in sediment, log-transformed 
dissolved 137Cs concentration in water, and log-transformed average 
137Cs deposition within the sample collection areas. To check for mul-
ticollinearity among explanatory variables, we calculated the variance 
inflation factor (VIF) using the vif() function from the R package
car version 3.1.2 (Fox and Weisberg, 2019). All VIFs were below 3, a 
conservative threshold adopted in Zuur et al. (2010). Model selection 
was conducted using the dredge() function from the R package
MuMIn version 1.47.5 (Bartoń, 2023). All possible subsets of the full 
model were compared based on AIC, and the model with the lowest 
AIC was selected as the best-supported model. This approach allowed 
us to identify the most parsimonious combination of ecological and 
environmental predictors of 137Cs concentrations in freshwater fish. To 
evaluate the relative importance of each explanatory variable included 
in the best-supported model, we compared the AIC of reduced models 
in which a single variable was dropped from the best-supported model. 
The difference in AIC between the original best-supported model and 
each reduced model (𝛥AIC) was used as a metric of explanatory power 
for that variable. A larger 𝛥AIC indicates a greater decrease in model 
performance when omitted, suggesting that the variable has a relatively 
higher explanatory value within the model context.

3. Results

First, we evaluated the effect of freeze-drying on 137Cs concentra-
tions in fish samples. As shown in Fig. S1, radioactivity measured before 
and after freeze-drying were strongly correlated, with a regression 
equation of 𝑦 = 0.967𝑥 − 0.0398 (𝑅2 = 1.00, 𝑝 < 0.001), where 𝑥
and 𝑦 represent 137Cs radioactivity in fish samples before and after 
freeze-drying (Bq). Given the nearly perfect fit, this result supports the 
validity of estimating wet weight-based 137Cs concentrations from dry 
weight values using the sample-specific wet-to-dry weight ratio, even 
for samples measured only after freeze-drying.

Temporal variation in 137Cs concentrations in fish samples collected 
from 2020 to 2022 was not supported by model comparison. The null 
model, which excluded the sampling date, showed a substantially better 
fit (𝛥AIC = 20.1) than the model, including it as a fixed effect. Thus, 
no significant temporal trend was assumed in subsequent analyses.

3.1. Variation in 137Cs concentrations among sites and species

596 individuals representing 10 fish species were analyzed for 137Cs 
concentrations, ranging from a minimum of 3.6 Bq/kg-wet to a maxi-
mum of 2.1 × 104 Bq/kg-wet. At all study sites, we detected individual 
fish whose 137Cs concentrations exceeded the Japanese regulatory limit 
of 100 Bq/kg-wet (Fig.  2). In the Takase River, no apparent differences 
in 137Cs concentrations were observed among the sampling sites. In 
contrast, in both the Ukedo and Kuma Rivers, fish collected from 
different sites within the same river exhibited statistically significant 
differences in 137Cs concentrations (Steel–Dwass test, 𝑝 < 0.05). In both 
rivers, fish collected from the uppermost sites — characterized by high 
forest cover — showed the highest 137Cs concentrations. In the Ukedo 
River, 137Cs concentrations decreased in the order of upstream > mid-
stream > downstream. In contrast, in the Kuma River, concentrations 
were higher at the downstream site, closer to the FDNPP, than at the 
midstream site.



M. Kakuma et al. Journal of Environmental Radioactivity 290 (2025) 107810 
Fig. 2. Boxplots showing 137Cs concentrations in fish collected from each study site. The horizontal line within each box represents the median, and the box 
spans the interquartile range (25th to 75th percentiles). Whiskers indicate the 5th and 95th percentiles, and points represent outliers. Different letters above 
boxes denote significant site differences (𝑝 < 0.05). The horizontal dashed line represents the Japanese regulatory limit (100 Bq/kg-wet).
Fig. 3. Boxplots showing 137Cs concentration ratios in fish, grouped by species. Concentration ratio was calculated as the ratio of 137Cs concentration in fish 
(Bq/kg-wet) to that in river water (Bq/L), with units of L/kg-wet. The horizontal line within each box represents the median, and the box spans the interquartile 
range (25th to 75th percentiles). Whiskers indicate the 5th and 95th percentiles, and points represent outliers. Different letters above boxes denote significant 
differences among species (𝑝 < 0.05).
The fish/water concentration ratios of 137Cs ranged from 9.7 × 10 
to 1.2 × 106 L/kg-wet across all individuals. The highest concentration 
ratio was observed in a Japanese dace, whereas the lowest was found 
in a sea-run type of masu salmon (Fig.  3). Among the species examined, 
the white-spotted charr and masu salmon, both typical stream-dwelling 
salmonids, exhibited significantly higher concentration ratios than the 
other species (Steel–Dwass test, 𝑝 < 0.05). For species such as masu 
salmon and Japanese dace, within-species variations in concentration 
ratios reached three to four orders of magnitude.
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Two individuals of sea-run type masu salmon collected in the Ukedo 
and Takase Rivers exhibited 137Cs concentrations of approximately 
4 Bq/kg-wet, the lowest values recorded among all fish individuals in 
this study. These values were markedly lower than those observed in 
fluvial type individuals of the same species collected at the same sites, 
which ranged from 1.5 × 102 to 2.9 × 102 Bq/kg-wet at the midstream 
site U2 and from 4.0 × 102 to 2.2 × 103 Bq/kg-wet at the upstream site 
T1 (Fig.  4a). Other fish species collected at these sites showed 137Cs 
concentrations ranging from 1.3 × 102 to 8.3 × 102 Bq/kg-wet at site 
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Fig. 4. Boxplots overlaid with jittered individual data points showing 137Cs concentrations in fish. (a) Fish collected at sites U2 and T1, where the sea-run type 
of anadromous masu salmon was present. Masu salmon (sea-run type), masu salmon (fluvial), and all other species are shown separately. (b) Fish collected at 
sites U3 and K3, where marine amphidromous species were present. Japanese seabass, flathead grey mullet, and all other species are shown separately. The 
horizontal line within each box indicates the median, the box spans the interquartile range (25th to 75th percentiles), and the whiskers extend to the 5th and 
95th percentiles.
U2 and from 7.8 to 5.6 × 103 Bq/kg-wet at site T1. In contrast, marine 
amphidromous fish species, namely Japanese seabass and flathead grey 
mullet, exhibited 137Cs concentrations comparable to or higher than 
those of other freshwater species collected at the same downstream 
sites (Fig.  4b). At site U3, Japanese seabass and flathead grey mullet 
showed concentrations ranging from 2.0 × 102 to 2.5 × 102 Bq/kg-wet 
and 1.6 × 102 to 2.4 × 102 Bq/kg-wet, respectively, whereas other fish 
species ranged from 1.5×10 to 5.4×102 Bq/kg-wet. At site K3, flathead 
grey mullet exhibited 7.5 × 10 to 3.1 × 102 Bq/kg-wet concentrations, 
while other species ranged from 3.2 × 10 to 6.2 × 102 Bq/kg-wet.

3.2. Factors influencing 137Cs concentrations in fish

Model selection based on AIC revealed that the best-supported 
model included eight explanatory variables: percentage of forests in 
land use, contribution of terrestrial plant carbon, standardized total 
length, condition factor, trophic position, and log-transformed values of 
sediment 137Cs concentration, dissolved 137Cs concentration in water, 
and average 137Cs deposition at the site (Table  3). The top three models 
differed by less than 2 AIC units, indicating that they were almost 
statistically indistinguishable and provided similarly good fits to the 
data.
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Table 3
Top-ranked generalized linear models selected based on AIC. The response 
variable was log-transformed wet weight-based 137Cs concentration in fish. Ex-
planatory variables are abbreviated as follows: Forst, percentage of forests in 
land use; Plant, contribution of terrestrial plant carbon; Lngth, standardized 
total length; K, condition factor; TP, trophic position; lgSdm, log-transformed 
sediment 137Cs concentration; lgWtr, log-transformed dissolved 137Cs concen-
tration in water; lgDps, log-transformed average 137Cs deposition at the site. 
𝛥AIC indicates the difference in AIC from the best-supported model (top row). 
Only models with 𝛥AIC < 2 are shown.
 Model AIC 𝛥AIC 
 Forst + Plant + Lngth + lgSdm + lgWtr + K + TP + lgDps 558.0 0.0  
 Forst + Plant + Lngth + lgSdm + lgWtr + K + TP 558.5 0.6  
 Forst + Plant + Lngth + lgSdm + lgWtr + K + lgDps 558.8 0.8  

Parameter estimates for this best-supported model are shown in 
Table  4. All predictors except for the trophic position and 137Cs de-
position had statistically significant effects (𝑝 < 0.001), and all VIF 
values were below 3, indicating no substantial multicollinearity among 
variables. The percentage of forests showed the greatest explanatory 
importance among the explanatory variables, as indicated by the largest 
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Table 4
Parameter estimates and relative importance of explanatory variables in the best-supported generalized linear model explaining 
log-transformed wet weight-based 137Cs concentrations in fish (Table  3). VIF refers to the variance inflation factor used to assess 
multicollinearity. 𝛥AIC indicates the change in AIC when each variable is individually removed from the best-supported model, 
with larger values indicating greater explanatory importance. Estimates are presented with 95% confidence intervals (CIs). 
 Parameter VIF Estimate CI P 𝛥AIC 
 (Intercept) 0.92 (0.18, 1.65)  
 Percentage of forests in land use 1.7 0.76 (0.65, 0.88) < 0.001 146.3 
 Contribution of terrestrial plant carbon 1.1 0.96 (0.72, 1.21) < 0.001 55.5  
 Standardized total length 1.1 0.12 (0.09, 0.15) < 0.001 51.2  
 137Cs concentration in sediment 2.4 0.52 (0.38, 0.66) < 0.001 49.0  
 Dissolved 137Cs concentration in water 2.3 0.38 (0.26, 0.50) < 0.001 39.0  
 Condition factor 1.1 −0.33 (−0.52, −0.15) < 0.001 10.3  
 Trophic position 1.3 −0.07 (−0.15, 0.01) 0.095 0.8  
 137Cs deposition 1.5 0.05 (−0.01, 0.11) 0.113 0.6  
𝛥AIC value (146.3) when excluded from the model. This was followed 
by the contribution of terrestrial plant carbon (55.5), standardized total 
length (51.2), and sediment 137Cs concentration (49.0), suggesting that 
both landscape-level and physiological factors contributed to variation 
in fish 137Cs contamination. Fig.  5 illustrates the relationships between 
each predictor and the log-transformed 137Cs concentration in fish 
based on model predictions.

4. Discussion

4.1. Environmental factors affecting 137Cs accumulation

At all sampling sites in this study, freshwater fish exceeding the 
Japanese regulatory limit of 100 Bq/kg-wet for 137Cs were detected 
(Fig.  2). Additionally, including the sampling date as a predictor vari-
able did not improve the statistical models of 137Cs concentration 
in fish, suggesting that the observed radiocesium contamination has 
entered a phase of negligible decline. This trend implies persistent con-
tamination in rivers draining the ‘‘Difficult-to-Return Zone’’, in contrast 
to earlier phases reported in previous studies, such as Wada et al. 
(2016), where more rapid decreases in radiocesium concentrations 
were observed — likely driven by the initial washout of dissolved 137Cs 
shortly after the accident.

Fish are generally capable of moving within river systems, including 
between upstream and downstream reaches, despite upstream move-
ment being sometimes restricted by physical barriers, such as weirs and 
waterfalls. Nevertheless, our results showed significant differences in 
137Cs concentrations among sampling sites within the same river, even 
when no physical barriers were present (Ukedo and Kuma Rivers; Fig. 
2). While both terrestrial deposition and concentrations in river water 
of 137Cs exhibited apparent spatial heterogeneity (Table S1), their 
explanatory power for fish 137Cs concentrations was limited. According 
to the model selection results, the top three models differed by less than 
two AIC units (Table  3), suggesting that the inclusion or exclusion of 
variables such as terrestrial 137Cs deposition did not substantially affect 
model fit. Accordingly, these predictors appear to be of relatively low 
importance for explaining variation in fish contamination, consistent 
with their low 𝛥AIC values in the variable importance analysis (Table 
4). River water 137Cs concentrations had moderate explanatory power 
but were not among the top-ranked predictors in the models (Table 
4; Fig.  5). Crucially, however, fish/prey concentration ratios remain 
more stable across contamination gradients (Haque et al., 2017), which 
was also supported by the present results showing stronger explana-
tory power of 137Cs concentrations in riverbed sediments for the fish 
137Cs concentrations (Table  4). Previous laboratory experiments with 
salmonids (Matsuda et al., 2020) and cyprinids (Wada et al., 2023) have 
demonstrated that dietary intake, rather than uptake from water, is 
the dominant pathway for 137Cs accumulation in freshwater fish. Many 
aquatic insects and benthic foraging fish derive nutrition directly from 
sediment-associated materials (Pledger et al., 2014; Fenoglio et al., 
2020), suggesting a more direct trophic linkage between sediment 
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contamination and 137Cs accumulation in fish than for water or soil. 
Taken together, these findings all suggest that the observed spatial 
differences in fish 137Cs concentrations are most plausibly explained by 
localized dietary exposure shaped by site-specific food web structures. 
In this framework, ambient 137Cs concentrations in the environment are 
considered to influence fish contamination levels indirectly, primarily 
by modulating the 137Cs concentrations of their prey.

In the study region, fallout deposition patterns varied among river 
systems: deposition was highest in upstream sites of the Ukedo and 
Takase Rivers, whereas in the Kuma River, higher deposition occurred 
near the estuary than upstream (Fig.  1; Table S1). This variation 
allowed us to evaluate not only the effects of contamination level on 
137Cs concentrations in fish but also to assess the influence of land 
cover independently of contamination gradients by comparing across 
rivers with differing spatial patterns of fallout. Among the tested pre-
dictors, forest cover in the surrounding land use was the most effective 
variable for explaining fish 137Cs concentrations (Table  4), outper-
forming environmental 137Cs contamination levels. Given the relatively 
constant fish/prey concentration ratio across sites, the observed spa-
tial variation in fish contamination likely reflects differences in 137Cs 
accumulation by prey organisms rather than differences in trophic 
transfer efficiency. Stream fish are known to rely heavily on terrestrial 
insects as a food source, and forests tend to support higher fluxes of 
such prey than open landscapes, such as grasslands (Kawaguchi and 
Nakano, 2001; Grunblatt et al., 2019; Wada et al., 2024). Among 
terrestrial invertebrates, omnivorous, detritivorous, and fungivorous 
insects — especially those feeding on leaf litter and fungi — often 
exhibit elevated 137Cs concentrations (Murakami et al., 2014; Ishii 
et al., 2017). Thus, fish in forested habitats may be exposed to greater 
137Cs through terrestrial trophic pathways due to a higher intake of 
these contaminated prey types. In addition to trophic factors, ionic 
competition between cesium and potassium can reduce 137Cs uptake 
in freshwater fish (Rowan and Rasmussen, 1994; Wada et al., 2023). 
Upstream forested sites typically exhibit lower potassium concentra-
tions than downstream areas affected by runoff and erosion (Ueda et al., 
2013; Wada et al., 2023), potentially enhancing 137Cs bioavailability.

4.2. Effects of migratory behavior on 137Cs dynamics

Euryhaline fish species are known for tolerating a wide range of 
salinities and often migrate between freshwater and marine environ-
ments (Vij et al., 2020). In the present study, species-specific patterns 
in 137Cs concentrations were observed, reflecting differences in their 
migratory behavior.

Masu salmon, an anadromous salmonid, varies in migratory forms, 
including sea-run and fluvial types (Morita, 2018). Sea-run individu-
als undergo hormonally regulated downstream migration, overwinter 
in the ocean, and return to rivers, while fluvial individuals remain 
in freshwater habitats throughout their life cycle (Munakata, 2012). 
In our study, masu salmon, primarily collected from upstream river 
sites, exhibited significantly higher 137Cs concentrations than all other 
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Fig. 5. Relationships between each explanatory variable and log-transformed 137Cs concentrations in fish. Points are colored by species, and lines represent 
model-predicted values based on the best-supported generalized linear model (Table  4). Solid lines indicate statistically significant relationships (𝑝 < 0.05), while 
dashed lines indicate nonsignificant relationships (𝑝 ≥ 0.05).
species except for white-spotted charr (Fig.  3). Nevertheless, two sea-
run individuals collected from separate sites displayed much lower 
concentrations, approximately 4.0 Bq/kg-wet, markedly lower than the 
sympatric fluvial forms (Fig.  4a). The Ministry of Agriculture, Forestry 
and Fisheries (2025) published monitoring data showing that all the 
sea-run masu salmon caught off the coast of Fukushima between 2020 
and 2022 had 137Cs concentrations below detection limits (𝑛 = 2, <
8.0 Bq/kg-wet). Therefore, the 137Cs levels observed in sea-run masu 
salmon in our study are consistent with oceanic values. This trend likely 
shows their limited feeding activity in freshwater following their return 
migration. A previous study reported a high proportion of empty stom-
achs in sea-run masu salmon captured in rivers, suggesting minimal 
feeding activity after upstream migration (Tago, 2000). Their low 137Cs 
concentrations likely reflect limited intake of contaminated freshwater 
prey. This result underscores the importance of ecological traits — 
such as feeding behavior, habitat use, and migratory history — over 
species identity in determining 137Cs accumulation. In species like masu 
salmon, which exhibit multiple migratory forms, such intraspecific 
variation can result in markedly different contamination levels.
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Other euryhaline species investigated in this study include Japanese 
seabass and flathead grey mullet, which are marine amphidromous fish 
species. Although Japanese seabass generally inhabit coastal marine 
areas, some individuals migrate into freshwater, and juveniles in rivers 
benefit from abundant food, exhibiting rapid growth (Fuji et al., 2010; 
Kasai et al., 2018; Takai et al., 2024). Flathead grey mullet also 
utilize diverse aquatic habitats across their life history and demonstrate 
amphidromous migration (Chang et al., 2004; Whitfield et al., 2012). In 
the present study, Japanese seabass and flathead grey mullet collected 
from river sites showed 137Cs concentrations comparable to or higher 
than those of typical freshwater fish at the exact locations (Fig.  4b). 
On the other hand, nearly all Japanese seabass samples (𝑛 = 262) 
from offshore Fukushima were below detection limits for 137Cs (<
1.1 × 10 Bq/kg-wet), according to monitoring data published between 
2020 and 2022 (Ministry of Agriculture, Forestry and Fisheries, 2025). 
All flathead grey mullet samples (𝑛 = 3) from offshore Fukushima 
were non-detectable (< 1.0 × 10 Bq/kg-wet), according to the data. 
These results suggest that the riverine individuals of these species 
actively consumed prey within the freshwater environment, thereby 
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accumulating 137Cs to levels similar to or greater than those of resident 
freshwater species. Such accumulation patterns due to feeding history 
are supported by previous findings from the Maeda River in Fukushima, 
where euryhaline fish exhibited similar 137Cs concentrations after river 
migration (Wada et al., 2023).

4.3. Role of individual traits in explaining variability in 137Cs concentra-
tions

Fish/water concentration ratios of 137Cs have been widely used as 
an indicator of radiocesium dynamics in aquatic ecosystems (Howard 
et al., 2013; Beresford et al., 2013; Wada et al., 2019, 2023; Ishii et al., 
2020). In this study, the observed variation in concentration ratios 
among fish samples was considerable, ranging from 9.7 × 10 to 1.2 ×
106 L/kg-wet, exceeding values reported in previous studies, and dif-
fering among species (Fig.  3). Laboratory experiments have shown that 
when multiple salmonid species are fed the same 137Cs-labeled diet, 
their muscle 137Cs concentrations reach similar steady-state levels, with 
no apparent interspecific difference (Matsuda and Yamamoto, 2025). 
These findings suggest that variation in 137Cs concentrations among 
individual fish is primarily determined by the 137Cs concentrations 
of ingested prey rather than by environmental water or physiological 
differences among species. Accordingly, species-level trends in 137Cs 
accumulation likely reflect differences in dietary habits. Given the 
extensive variability in concentration ratios observed both across and 
within species, our results highlight the limited usefulness of concen-
tration ratios as predictors of 137Cs contamination in freshwater fish, 
and emphasize the need for alternative or improved indicators that 
incorporate dietary pathways and ecosystem-specific factors.

Stable isotope analysis revealed species-specific differences in car-
bon source contributions and trophic positions (Figs. S2, S3). For 
example, ayu, known for its firm reliance on algae (Ueda and Okada, 
1934; Abe et al., 2006), showed significantly lower terrestrial carbon 
contributions than most other species (Fig. S2). Such interspecific vari-
ation likely reflects differences in feeding habits, prey availability from 
neighboring or upstream habitats, and interspecific competition. By 
quantitatively linking these individual-level dietary parameters to 137Cs 
concentrations, this study moved beyond species-level generalizations 
to evaluate the role of individual traits. The proportion of terrestrial 
carbon in individual fish, estimated using carbon isotope signatures of 
terrestrial and aquatic primary producers at each site, was positively 
associated with fish 137Cs concentrations and showed relatively strong 
explanatory power (Table  4; Fig.  5). In forested stream ecosystems, 
detrital pathways based on terrestrial leaf litter are known to serve 
as primary routes for 137Cs transfer (Murakami et al., 2014), although 
primary producers such as periphyton may also play a role (Sakai et al., 
2016). Fish feeding heavily on detritivorous terrestrial insects may thus 
occupy central positions in the 137Cs-contaminated food web and be 
more directly exposed to terrestrial sources than those feeding mainly 
on aquatic producers.

While this study found a lower contribution of the periphyton-based 
food web to 137Cs transfer to fish compared to terrestrial pathways, 
previous research conducted in mid-to-lower reaches of rivers reported 
that periphyton served as a major 137Cs source for fish (Ishii et al., 
2023). These discrepancies may reflect differences in river geomor-
phology and surrounding ecosystems; for instance, wider channels in 
downstream reaches can dilute the influence of terrestrial carbon inputs 
relative to in-stream primary production, leading to a greater reliance 
on periphyton-based pathways. Additional factors such as variation 
in target species or isotopic and chemical changes associated with 
decomposing leaf litter may also contribute to the contrasting pat-
terns (Hall and Meyer, 1998; Sakai et al., 2016). Nevertheless, carbon 
stable isotope ratios were consistently selected as influential predictors 
of 137Cs concentrations, highlighting multiple trophic pathways for 
137Cs transfer and their variable importance.
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A well-known phenomenon in aquatic radioecology is the ‘‘size ef-
fect’’, wherein larger individuals tend to accumulate more radiocesium. 
Previous studies have linked this pattern to factors such as body length, 
weight, trophic position, and nutritional status. Key findings from 
freshwater fish studies include the following: (1) Positive correlations 
between body size (length or weight) and radiocesium concentrations 
have been widely reported across species and ecosystems (Koulikov 
and Ryabov, 1992; Ugedal et al., 1995; Brittain and Gjerseth, 2010; 
Wada et al., 2019, 2023, 2024). (2) In lakes and other semi-closed 
systems, radiocesium concentrations tend to increase with trophic level, 
resulting in higher concentrations in predatory fish (Hadderingh et al., 
1997; Sundbom et al., 2003; Matsuda et al., 2015; Wada et al., 2019); 
in contrast, this pattern is less evident in rivers (Ishii et al., 2020, 2023). 
(3) Some studies have reported that radiocesium concentrations are 
more closely associated with condition factor — a proxy for nutritional 
status — than with size, suggesting that poorly nourished individ-
uals may accumulate less 137Cs (Ishii et al., 2021). Although these 
findings highlight several biological factors potentially contributing to 
the size effect, the underlying mechanisms remain poorly understood, 
especially in riverine ecosystems.

In our study, we assessed the size effect at the individual level, 
independent of species identity, by modeling the effects of standardized 
body length, condition factor, and trophic position across 10 riverine 
fish species. Standardized length was positively associated with 137Cs 
concentrations and had relatively strong explanatory power, while con-
dition factor and trophic position showed weak negative associations 
(Table  4; Fig.  5). These results are consistent with previously reported 
size-137Cs relationships (1 and 2), and the weak, nonsignificant effect 
of condition factor suggests a limited role of nutritional status (3) under 
the riverine conditions of this study. To interpret the underlying mech-
anisms of this size effect, it is informative to compare riverine systems 
with lakes, where piscivory is more common and size-137Cs relation-
ships are often stronger. Stomach content analyses have indicated that 
piscivory tends to be more prevalent in lakes, whereas insectivory dom-
inates in riverine fish communities (Yoshimura and Yokoduka, 2014; 
Wada et al., 2024). In lakes, piscivory has been associated with elevated 
137Cs concentrations, and larger individuals may accumulate more due 
to ontogenetic dietary shifts toward predation (Ishii et al., 2020). This 
trend likely reflects ecosystem-specific food web structures, where fish-
based diets contribute more substantially to 137Cs accumulation than 
detritus- or algae-based diets. In contrast, piscivory is less common 
in riverine fish, and the link between body size, trophic position, 
and 137Cs concentration appears weaker. In such systems, non-dietary 
mechanisms may play a significant role. Laboratory studies suggest 
that age-related declines in metabolic and excretion rates may enhance 
137Cs retention in older individuals (Ugedal et al., 1992; Matsuda and 
Yamamoto, 2025), potentially contributing to the observed size effect. 
Larger, older fish may retain 137Cs for more extended periods due to 
slower physiological turnover (Kryshev and Ryabov, 2000).

5. Conclusion

This study analyzed spatial and interspecific variation in 137Cs con-
centrations among ten freshwater fish species collected from upstream 
to downstream reaches of multiple river systems affected by radioce-
sium fallout from the FDNPP accident. The results demonstrated that 
137Cs concentrations varied depending on the sampling site, species 
identity, and migratory behavior. Analysis of individual-level predictors 
revealed that fish captured in forested areas tended to have higher 
137Cs concentrations, and individuals with greater contributions from 
terrestrial carbon sources, as estimated by stable isotope analysis, also 
exhibited elevated levels of contamination. A general size effect was ob-
served, whereby larger individuals accumulated more 137Cs, consistent 
with previous findings in freshwater ecosystems.

These findings contribute to both species- and site-specific un-
derstanding of radiocesium dynamics and the development of more 
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generalizable predictors of contamination that account for individual-
level variability. They also emphasize the importance of food-web 
perspectives in evaluating radiocesium accumulation beyond species 
identity alone. In particular, dietary history, habitat use, and migratory 
traits emerged as key factors shaping contamination levels within and 
across species.

To advance predictive understanding, future research should in-
tegrate seasonal datasets, include isotopic and radiocesium measure-
ments of prey organisms, and examine broader habitat gradients, in-
cluding estuarine and marine phases of migratory species. Further in-
vestigations are also needed to clarify how water chemistry parameters 
other than potassium concentrations influence 137Cs bioavailability, 
and to elucidate the mechanisms that can generate extremely high 
concentration ratios. Future research could also improve upon con-
ventional concentration ratios by incorporating variables that showed 
strong explanatory power in our models, such as 137Cs concentrations 
in sediment and forest cover, thereby developing alternative indices 
more closely tied to ecological processes. Such efforts will improve the 
robustness of ecological models and inform long-term risk assessment 
and management of freshwater fish contamination in post-nuclear land-
scapes. Our findings offer a scientific basis for monitoring strategies and 
ecosystem restoration planning in affected watersheds.
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