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Abstract

We analysed opportunistic muscle Cs-137 records of wild mammals and birds from rescue and wildlife-
control programmes in Fukushima Prefecture, Japan, in 2017-2025. Bayesian hierarchical models, with
species random intercepts and left-censored non-detects, related concentrations to a fixed baseline
contamination index, the 2012 air dose rate at capture locations. In 182 records of 38 species, a 10-fold
higher index was associated with 13.8-fold higher concentrations, adjusted for year and species (95%
credible interval [CrI] 8.80-22.1). The ratio was 13.7 (7.55-25.2) with a municipality random intercept and
12.9 within species. Species differed widely (species SD 1.21, 95% Crl 0.80-1.79, a 3.35-fold difference),
mostly between classes. With class as a fixed effect, mammals exceeded birds 8.70-fold (95% Crl 4.88-16.6)
and the species SD fell to 0.47. Temporal estimates were not robust in direction across specifications and
were indistinguishable from physical decay. Because later years had more mammal records (3 of 43 from
2024 were birds) and the year effect was positive between species but negative within species, pooled year
estimates partly reflect changing species composition. In two planned guild contrasts with aquatic-associated
birds, muscle Cs-137 was 10.3-fold higher in soil/litter-associated mammals (95% Crl 4.80-23.4), whereas
other terrestrial birds did not differ clearly (ratio 1.56, 0.716-3.47). The two mammal guilds did not differ
clearly (ratio 0.869, 0.291-2.34); a class-only model fitted equally well. Guilds that included class thus
largely reproduced the mammal-bird difference, which may also reflect unrecorded time in care or foraging

range. Multispecies radiocaesium data should be analysed with species-level effects.
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1. Introduction

The March 2011 Fukushima Daiichi Nuclear Power Plant accident deposited 2.7 PBq of Cs-137 on land,
67% of it on forests, where it remains near the soil surface (Onda et al., 2020). Game mammals and birds
have been monitored across Fukushima Prefecture since 2011 (Fukushima Prefecture, 2026). Exceedances of
the radiocaesium food standard in wild meat have declined but still occur (Ministry of the Environment,
2026). An international assessment reported high radiocaesium levels and transfer in several game species,
with an initial rapid decline followed by slower decreases (UNSCEAR, 2022). Because wild animals
integrate contamination from their habitats and food webs, they are useful indicators of this persistent

contamination.

In Fukushima, muscle Cs-137 in wild mammals has often been positively associated with contamination at
the capture site, measured from deposition maps or soil categories. Examples include Asian black bear
(Ursus thibetanus) and wild boar (Sus scrofa; Nemoto et al., 2018) and Japanese monkeys (Macaca fuscata;
Hayama et al., 2013). These associations were not observed in every landscape (Anderson et al., 2019; Saito
et al., 2022a). Temporal trajectories also vary: transfer from soil declined in some game species but showed
no clear trend in others (Tagami et al., 2016). In wild boar, concentrations declined at region-specific rates
over 14 years of monitoring (Komatsu and Ikushima, 2026). A pooled temporal trend may therefore describe
multispecies data poorly, because it can depend on which species are sampled and when. Temporal slopes

can also be compared with the decline expected from the physical decay of Cs-137 alone.

Co-occurring species can differ widely in muscle Cs-137 and in transfer from soil (Tagami et al., 2016;
Watanabe et al., 2014). In eastern Nihonmatsu, for example, four mammals had higher muscle Cs-137 than
three birds from the same area, although the samples were small (Watanabe et al., 2014). The mammals were
wild boar, masked palm civet (Paguma larvata), raccoon dog (Nyctereutes procyonoides) and badger (Meles
anakuma), and the birds were carrion crow (Corvus corone), green pheasant (Phasianus versicolor) and
spot-billed duck (4nas zonorhyncha). Foraging ecology and trophic position are often proposed as
explanations for such differences. In one forest, Cs-137 was concentrated in litter and moved to invertebrate
consumers mainly through the detrital food chain (Murakami et al., 2014). In one catchment, forest food
webs carried more Cs-137 than stream food webs (Sakai et al., 2016). Aquatic-associated species do not
consistently have low concentrations, however (Saito et al., 2022b; Stocki and Braune, 2020). The existing

evidence therefore does not support a general ranking of terrestrial above aquatic species.

Many wildlife analyses in Fukushima have focused on one or two hunted or culled game species (Nemoto et
al., 2018) or have summarised transfer by species from aggregated monitoring data (Tagami et al., 2016).
Comparisons of sympatric mammals and birds remain few and small (Watanabe et al., 2014). Mixed models
that separate species from site effects have been applied to other radioecological data, such as fish (Beresford
et al., 2013). Few analyses of wild mammals and birds have jointly considered contamination, time and
differences among species. Where trait-based groups, such as terrestrial and aquatic feeders, also differ in

taxonomic class, their differences are difficult to distinguish from those between mammals and birds. It
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therefore remains unclear whether ecological groups defined from traits capture differences beyond those

between taxonomic classes.

Here we analysed muscle Cs-137 in wild mammals and birds from rescue and wildlife-control programmes
in Fukushima Prefecture. The main analyses used dried samples from animals captured in 2017-2025. The
records come from these programmes, not from hunting, and therefore include non-game species such as
raptors and herons. Because they cover many species and were all measured in one laboratory, they allow the
size of species differences, and their effect on pooled estimates, to be quantified. Using hierarchical models
with species random intercepts and left-censored non-detects, we addressed four questions. (i) Is muscle Cs-
137 associated with a fixed baseline environmental contamination index (the 2012 air dose rate at the capture
location, from the fifth airborne monitoring survey), and does the association hold within species? (ii)) How
is muscle Cs-137 associated with time since the accident, how does the temporal slope compare with
physical decay, and do pooled estimates of the temporal association reflect changes in species composition?
(ii1) How large is the heterogeneity among species? (iv) Do ecological guilds defined from species traits

explain differences among species beyond those between taxonomic classes?

2. Materials and methods

2.1. Wildlife records and study design

We analysed muscle Cs-137 records of wild mammals and birds captured in Fukushima Prefecture, Japan,
from 2013 to 2025. The records were compiled in a single master dataset, held by the Fukushima Prefectural
Centre for Environmental Creation (the Centre). The records are opportunistic: they arise from rescue and
wildlife-control activities, not from a sampling design. No animal was captured or euthanised for this study,
and no live-animal experiment was conducted. Only muscle tissue collected post mortem was used. Injured
or diseased animals rescued through prefectural programmes were handled by prefectural veterinarians and
subsequently died. Raccoons (Procyon lotor) and masked palm civets were captured and euthanised with an
electric lance under routine wildlife-control programmes, independently of the present research. The origin
of each animal (rescue or control capture) was not recorded for individual records. Origin was therefore
classified by species: raccoon and masked palm civet as control-captured (38 of the 182 records of the index

model; Section 2.5) and all other species as rescued.

The 11 wild boar (Sus scrofa) records in the master dataset were excluded before all analyses. Wild boar is a
target species of the prefecture's routine monitoring for shipping restrictions on game meat (Fukushima
Prefecture, 2026; Komatsu and Ikushima, 2026), and the source of the wild boar records in the master dataset
(rescue or another programme) could not be confirmed. Of these records, 2 met the inclusion criteria of the

main analyses.

Ten raptor measurements, from individuals rescued in 2013-2015, are the same measurements of the same

individuals that were reported previously (Saito et al., 2019) and do not provide independent replication of



that study. They entered only the secondary analyses that span both measurement periods (fresh and dried

samples; Section 2.6), not the main analyses of dried samples or the guild analyses.

2.2. Radiocaesium measurements

All Cs-137 measurements were made at the Centre by gamma-ray spectrometry with germanium
semiconductor detectors. This method was used throughout the study period, although sample preparation
changed from fresh to dried samples (below), and sample masses and counting times varied. Detector-level
settings and the parameters used to calculate limits of detection (LODs) were not stored with individual
records. Concentrations and LODs were therefore used as reported by the Centre. Carcasses were kept frozen
from the sampling date (the date of capture or, for rescued animals, of death) until processing, and the Centre
reported activity concentrations decay-corrected to that date. Samples were measured fresh for animals
captured in 2013-2017. Samples from animals captured in 2017-2025 were measured after drying, in
measurement campaigns in 2022, 2024 and 2025. The last fresh-sample capture and the first dried-sample
capture were both on 5 September 2017. Activity concentrations and LODs of dried samples were converted
to a wet-weight basis using the dry-matter fraction of each sample. Only Cs-137 was analysed, because Cs-
134 was detected in only 14 or 15 of the 182 index-model samples (Section 2.5), depending on the gamma

line used.

2.3. Measurement status and data processing

Each Cs-137 result was classified from the recorded values as detected, a non-detect with a recorded LOD, a
non-detect without a usable LOD or not measured. Numerical values reported below the LOD were treated
as non-detects at that LOD, and missing LODs were not imputed. In the censored concentration models, non-
detects with a recorded LOD were represented as left-censored observations at their LODs (Helsel, 2006). In
the detection models, they were coded as not detected. Non-detects without a usable LOD (26 records, all
from fresh samples) could not be censored at a threshold. They were used only as non-detects in the
secondary detection models. One non-detect was excluded because its recorded wet-weight LOD (23,577
Bg/kg) exceeded the highest detected concentration in the population (9,593 Bq/kg). As a left-censored value,
it would carry almost no information, and including it changed the estimates little (Section 3.6). All data
processing was scripted and documented. Species names recorded in Japanese were mapped to the GBIF
Backbone Taxonomy (GBIF Secretariat, 2023), and bird names were checked against the Check-list of
Japanese Birds (Omithological Society of Japan, 2024).

2.4. Fixed baseline environmental contamination index

The environmental predictor was the air dose rate at 1 m above the ground (uSv/h, including natural
radionuclides) from the fifth airborne monitoring survey, decay-corrected to 28 June 2012 (MEXT, 2012).
This survey was chosen because it covers the whole prefecture on a single standard mesh and represents the
early, post-deposition baseline of contamination before most decontamination. Each capture location was

assigned the index of its quarter-grid square (JIS X 0410) by exact code match, without spatial imputation.



Values recorded only as below 0.1 pSv/h (left-censored) were not converted to numbers, and these 3 records
were excluded from the models that used the index. A bounding sensitivity analysis is described in Section
2.8. The index was logio-transformed. It serves as a fixed baseline spatial index of the early contamination

gradient at the capture location and is not a measure of individual exposure.

2.5. Analysis populations

Main analyses used measurements of dried samples only, because a single temporal slope across both
measurement periods would have been confounded with the change in measurement basis. The analysed
captures therefore spanned 5 September 2017 to 14 June 2025. Records also required a capture date recorded
to the day, a uniquely identified species and no data-quality flag on the Cs-137 result. The two species-
adjusted models (Section 2.6) used different populations. The species-adjusted index model required an
assigned, uncensored index value but not a recorded region. It used 182 records of 38 species (50 left-
censored), with index values of 0.1 to 13 uSv/h. The species-adjusted regional model instead required a
recorded administrative region of capture (Aizu, Nakadori or Hamadori). It used 226 records of 39 species,
of which 59 were left-censored. Neither population contains the other. Of the regional population, 45 records
had no index value: 41 lacked valid coordinates (31 of them captured in 2024), 3 had a censored index and 1
had a data-quality flag on its coordinates. Conversely, one record of the index population had no recorded
region. The guild model used the full index population (Section 2.7). The observational unit was the muscle
record of one animal. In the main models, records were treated as independent given species, and clustering
by capture event and by municipality was examined in sensitivity analyses (Section 2.8). Three records
sharing one individual identifier could not be confirmed as distinct individuals; they were retained as

separate records and belong to one capture event.

2.6. Statistical models

The three main models were the species-adjusted index model, the species-adjusted regional model and the
guild model (Section 2.7). All three were Bayesian Gaussian regressions of natural-log wet-weight muscle
Cs-137 concentration, with non-detects that had a recorded LOD left-censored at their log wet-weight LOD.
Time since the accident (hereafter 'year'), from 11 March 2011 to the capture date, was expressed in years as
elapsed days divided by 365.25. The species-adjusted index model included year, the logio index and a
random intercept for species. The species-adjusted regional model replaced the index with a fixed effect of
region, with Nakadori as the reference. Because it did not require coordinates, it also used records without an
index value. Year and index effects were common to all species, and species-specific slopes were not fitted.
To examine whether the associations held within species, a version of the species-adjusted index model split
year and the logio index each into two components. The between-species component was the species mean,
and the within-species component was the deviation of each record from its species mean. Companion
models had the same predictors as the species-adjusted models but no species term, and they show how the

year and index estimates change when between-species heterogeneity is modelled. They were fitted both to



their own populations, which also include records without a unique species identification, and to the same

records as the species-adjusted models.

Secondary models were of two kinds. Logistic detection models and Gaussian models of detected
concentrations spanned both measurement periods, each with a measurement-period term. A logistic
detection model of the index-model population included the log LOD and the log;o index. All secondary

models included year and a species random intercept.

2.7. Ecological traits and guild models

Four core traits (taxonomic class, broad diet, soil/litter contact and dependence on aquatic food webs) were
coded for each species by fixed rules, without reference to Cs-137 data. Broad diet was derived from the diet
percentages in EltonTraits 1.0 (Wilman et al., 2014), and documented qualitative evidence from Japan could
override the database category. For carrion crow and large-billed crow (Corvus macrorhynchos), the override
changed the broad diet, and the species were therefore assigned to G5 instead of G4, the guild implied by the
database category (guilds are defined below). Soil/litter contact was coded primarily from the foraging-
stratum information in EltonTraits 1.0 (Wilman et al., 2014). Aquatic dependence (obligate, facultative or
none) was coded from the predominance or documented repeated use of aquatic food, using AVONET
trophic niches for birds (Tobias et al., 2022). Habitat or life on the water surface alone did not determine
dependence. Guilds were then derived from the four traits by an ordered rule table, without using Cs-137
measurements, index values or model results. The two mammal guilds were G1, soil/litter-associated
terrestrial mammals (82 records, 6 species), and G2, terrestrial herbivorous mammals with low or medium
soil/litter contact (9 records, 4 species). G1 comprised omnivorous or animal-eating mammals with high or
medium soil/litter contact. The three bird guilds were G3, aquatic-associated birds (33 records, 11 species);
G4, terrestrial vertebrate-eating birds (24 records, 5 species); and G5, other terrestrial birds, that is,
herbivorous, omnivorous or invertebrate-eating species (31 records, 11 species). American mink (Mustela
vison; 3 records), the only mammal coded as using aquatic food, formed a residual group. Guild labels
summarise the coded traits. Because taxonomic class is one of the traits, every guild lies within one class: G1

and G2 are mammals, and G3, G4 and G5 are birds.

The guild model added a guild fixed effect to the species-adjusted index model. It kept the common year and
index slopes and the species random intercept and had no guild interaction with the index or year. The five
guilds and the residual group entered one model, and all contrasts between them were computed from the
same posterior, with aquatic-associated birds (G3) as the reference category. G1 — G3 and G5 — G3 were the
planned contrasts, specified before any guild model was fitted. The other contrasts, including G1 — G2, were
exploratory. G1 — G3 and G5 — G3 were also estimated in a guild model of the G1, G3 and G5 records, and
G4 — G3 in a model of the G3 and G4 records. These subset guild models do not include masked palm civet
or Eurasian coot. Between-species heterogeneity with and without the guild term was compared using the
species standard deviation (SD) estimated by the species-adjusted index model and by the guild model, both

fitted to the same records. To examine whether the guilds captured differences beyond those between classes,
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a class-only model replaced the guild term by taxonomic class (mammal or bird) and was compared with the
guild model by Pareto-smoothed importance-sampling leave-one-out cross-validation (PSIS-LOO),

computed with brms.

Question (i) was addressed by the index coefficient of the species-adjusted index model and its within-
species component. Question (ii) was addressed by the year coefficients, their comparison with physical
decay (Section 2.9) and the within- and between-species components of year. Question (iii) was addressed by

the species SD, and question (iv) by the guild model and its comparison with the class-only model.

2.8. Sensitivity analyses

Each sensitivity analysis changed one assumption of a main model. One population check added back the
record excluded for its LOD (Section 2.3). Others excluded, one at a time, captures from 2024-2025, non-
detects recorded as numerical values below the LOD, and four records with very small recorded dry sample
masses (0.18-0.42 g). Restriction checks kept captures within 80 km of the Fukushima Daiichi Nuclear
Power Plant (index model), records that also had an index value (regional model) or records within the range
of index values and capture dates of G3 (guild model). Species checks excluded raccoon dog, raccoon or the
two control-captured species, or added origin (control capture versus rescue) as a covariate. Because origin
was assigned by species, this covariate contrasts the two control-captured species (raccoon and masked palm
civet) with all others. Specification checks added measurement year as a fixed effect, modelled year with a
natural cubic spline, replaced the index by its rank or allowed a guild-specific residual SD. A further check
treated spelling variants of the recorded Japanese names and names with a subspecies prefix as separate
species. Clustering checks added a random intercept for municipality or for capture event, and bounding
checks assigned 0.1 or 0.05 uSv/h to the 3 records with a censored index. Each estimate was compared with

the main estimate by the sign of the posterior median and by whether its 95% CrI included zero.

Season and migration were examined in two further analyses. Season, represented by the sine and cosine of
the day of the year of capture, was added to the species-adjusted index model and to the guild model. The
guild model was also refitted without the 9 bird species coded as migratory in AVONET (migration score 3;
Tobias et al., 2022; 26 records). These two analyses, the within- and between-species components (Section

2.6) and the class-only model (Section 2.7) are the four supplementary analyses.

2.9. Comparison with physical decay

For each posterior draw of the year coefficient, we computed its deviation from the physical-decay reference
slope, —In 2/Tphys = —0.0231 year™, with Tpnys = 30.05 £ 0.08 years (Lavelle et al., 2018). This comparison
was made between coefficients. Concentrations were not re-decay-corrected, and the deviation is not an

ecological or biological half-life.



2.10. Computation and model checking

Models were fitted in R 4.6.0 (R Core Team, 2026) with brms 2.23.0 (Biirkner, 2017), which uses Stan
(Carpenter et al., 2017) through rstan 2.32.7 (Stan Development Team, 2025). Continuous predictors were
standardised within each model population, and coefficients were back-transformed to per-year and per-
logio-unit scales. Convergence required R-hat < 1.01, bulk and tail effective sample sizes > 400, no divergent
transitions, no iterations at the maximum tree depth and E-BFMI > 0.3 for every chain. All models met these
criteria except the capture-event models (Section 3.6). Prior predictive checks of the three main models
showed that the priors were broad relative to the data. The central 95% of simulated concentrations spanned
5.2 x 10" to 1.1 x 10'° Bg/kg in the index model, with similar ranges in the other two models. Only 26%—
27% of the simulated values lay within the range of the observed values and LODs (1.67-9,593 Bq/kg).

Posterior predictive checks were run for the main, companion, guild and secondary models.

2.11. Posterior summaries

Estimates are reported as posterior medians with 95% Crls, and species intercepts are summarised by
posterior means. Ratios are exponentiated coefficients. The index effect is expressed as the fold difference
per 10-fold higher index, and guild contrasts as ratios of adjusted concentrations. For the year coefficient, the

posterior probability of a negative value is also reported.

3. Results

3.1. Study population and measurement structure

The master dataset contained 521 muscle sample records. After the 11 wild boar records were excluded
(Section 2.1), 510 records remained, from animals captured between 2013 and 2025 (capture year missing

for 28; Fig. 1a). Of these, 278 had detected Cs-137 concentrations, 99 were non-detects with a recorded LOD,
26 were non-detects without a usable LOD, 106 had no Cs-137 measurement and 1 carried a data-quality

flag on its Cs-137 result (a suspected duplicate transcription). The flagged record entered no model (Fig. 1a).
The index-model population (182 records) was concentrated in 2022—-2024, with 129 records (70.9%). The
years 2017-2021 contributed 50 records (27.5%), and 2025 contributed 3. Dried samples were measured
0.3—6.8 years after capture, generally sooner for later captures (storage effects are discussed in Section 4.2).
The median dry-matter fraction by capture year ranged from 0.23 to 0.29 and was weakly related to storage
time (Spearman correlation 0.11 with the time to measurement and 0.19 with the time to freeze-drying, in

148 records).

3.2. Fixed baseline environmental contamination

Muscle Cs-137 was positively associated with the index, conditional on year and species. In the species-
adjusted index model, the index coefficient was 2.63 per logio unit (95% Crl 2.17-3.10). A 10-fold higher
index was therefore associated with a 13.8-fold higher concentration (95% CrI 8.80-22.1; Fig. 2a). On a log—

log scale, this corresponds to an exponent of 1.14 (95% Crl 0.94—1.34), an interval that contains 1, the value



expected if concentrations were proportional to the index. Because the index includes natural radionuclides,
the ratio refers to the air dose rate, not to Cs-137 deposition. The coefficient remained positive, with 95%
Crls excluding zero, in every converged sensitivity and guild model (Fig. 2a). With a municipality random
intercept, the interval widened but the estimate changed little (ratio 13.7, 95% Crl 7.55-25.2). When the
index was split into components, the within-species slope was 2.56 (95% Crl 2.09 to 3.03), close to the
common slope, and the between-species slope was 3.81 (2.25 to 5.47). The companion model without the
species term gave a larger coefficient (3.14, 95% Crl 2.63-3.66; open circle in Fig. 2a). In the species-
adjusted regional model, concentrations were lower in Aizu (—2.18, 95% Crl —3.21 to —1.22) and higher in

Hamadori (0.87, 0.34-1.39) than in Nakadori.

3.3. Temporal association

The direction of the temporal association depended on the model specification. The year coefficient was
—0.088 (95% Crl —0.226 to 0.051) in the species-adjusted index model and 0.009 (—0.165 to 0.174) in the
species-adjusted regional model (filled circles in Fig. 2b). The posterior probabilities of a negative
coefficient were 0.89 and 0.46. In the guild model, the coefficient was —0.119 (—0.246 to 0.009), with a
posterior probability of 0.97 of being negative. Companion models without the species term gave positive
medians (index population: 0.113, 95% Crl —0.021 to 0.249; regional population: 0.252, 0.100—0.407; open
circles in Fig. 2b). Across the sensitivity analyses of the species-adjusted models, 6 of 22 posterior medians
had the opposite sign to the main-model median (triangles in Fig. 2b). The year coefficient (the effective
temporal slope) was compared with the physical-decay reference slope (dashed line in Fig. 2b). Its deviation
from that slope was —0.065 (95% Crl —0.203 to 0.074) in the index model and 0.032 (—0.142 to 0.197) in the
regional model. These wide intervals do not distinguish physical decay from faster or slower change. When
year was split into components, its effect was negative within species (—0.202, 95% CrI —0.351 to —0.055)
and positive between species (0.280, 0.009 to 0.542). Species with later mean capture dates thus had higher
adjusted concentrations, whereas within species, later captures had lower concentrations. Season terms
changed the year coefficient little. Their sine coefficients were negative, which corresponds to higher
concentrations in the second half of the year; the 95% Crl of the sine coefficient excluded zero in the guild

model but not in the index model.

3.4. Between-species heterogeneity

The SD of the species random intercepts was 1.21 (95% Crl 0.80-1.79) in the species-adjusted index model.
One SD therefore corresponds to a 3.35-fold difference in concentration. The SD was 1.40 (0.93-2.07) in the
species-adjusted regional model. Posterior mean species intercepts in the index model spanned a 33.2-fold
range of adjusted concentrations (lowest: grey heron, Ardea cinerea, 4 records; highest: Japanese giant flying
squirrel, Petaurista leucogenys, 2 records). The 95% Crls of 8 of the 38 species intercepts excluded zero.
Compared with the companion models fitted to the same records, adding the species random intercept
changed the posterior medians of the year coefficient by —0.203 (index model) and —0.246 (regional model)
and the index coefficient by —0.506. The residual SD changed by —0.32 (index model) and —0.33 (regional



model). Fitting the companion models to these records instead of their own populations, which also include

records without a unique species identification, changed their estimates little.

3.5. Guild contrasts

After adjustment for year, the index and species, the planned contrast G1 — G3, a comparison between
mammals and birds, was 2.33 (95% Crl 1.57 to 3.15; ratio 10.3, 4.80-23.4). The other planned contrast, G5
—G3, was 0.44 (—0.33 to 1.24; Table 1; Fig. 3). G2 — G3 was 2.49 (1.45 to 3.59; ratio 12.1, 4.28-36.4). The
four other contrasts between mammal and bird guilds were also positive, with 95% Crls excluding zero.
They include the contrasts against G4, the bird guild with the fewest left-censored records and hence the
least dependent on censoring. Neither the two mammal guilds (G1 — G2: —0.14, —1.23 to 0.85; ratio 0.869,
0.291-2.34) nor the three bird guilds differed clearly from one another (Table 1). The residual group
(American mink, 3 records), the only mammals with aquatic dependence, did not differ clearly from G1
(ratio 1.74, 0.313-8.43). G2 contained only 9 records of 4 species, and raccoon dog and raccoon contributed
62 of the 82 G1 records. Of the 33 G3 records, 20 were left-censored. Their LODs (median 2.36 Bg/kg) were
not higher than those of all records (median 3.11 Bg/kg). The censoring therefore reflects low concentrations,
not high LODs. The subset guild models gave similar contrasts, as did the guild model without the bird

species coded as migratory and the guild model with season terms.

The species SD fell from 1.21 (0.80—1.79) without the guild term to 0.47 (0.18-0.86) with it, on the same
182 records, while the residual SD was essentially unchanged (1.09 and 1.07). A class-only model gave a
similar species SD (0.47, 95% Crl 0.20 to 0.83) and a mammal — bird ratio of 8.70 (4.88-16.6). The two
models had similar PSIS-LOO fits (elpd difference 1.2, SE 1.4, in favour of the class-only model). With a
guild-specific residual SD, the contrasts were similar. The residual SD was larger in G4 than in G1, G3 and

G5 and was uncertain in G2.

The index values and capture dates of G1 and G3 records overlapped only partly (Fig. 1c). Of the G1 records,
24 (29.3%) had index values above the G3 maximum of 1.0 uSv/h, and 36 (43.9%) were captured after the
last G3 capture on 2 December 2023. Restricted to records within the G3 range of both (123 records, 31
species), G1 — G3 was 2.16 (1.40 to 3.07). G1 — G3 also remained positive, with 95% Crls excluding zero,
when raccoon dog, raccoon or the two control-captured species were excluded and when origin was added as

a covariate (Fig. 3).

3.6. Sensitivity analyses and model checking

Sensitivity estimates are shown as triangles in Fig. 2. The index coefficient kept its sign, and its 95% Crl
excluded zero, in every converged analysis. For the year coefficient, excluding 20242025 captures gave
negative medians in both species-adjusted populations, whereas excluding numerical values below the LOD
gave positive medians. All four of these 95% Crls included zero. Including the record excluded for its LOD
and assigning 0.1 or 0.05 pSv/h to the 3 censored-index records changed the estimates little. The capture-

event random intercept could not be identified. In the index population, 170 of the 174 capture events



consisted of a single record, and the event SD could therefore not be separated from the residual SD. The

capture-event models did not meet the convergence criteria, so these fits are not reported.

All other fitted models, including the five models of the four supplementary analyses, met the convergence
criteria. In posterior predictive checks of the three main models, the observed statistics lay within the
replicate 90% intervals with two exceptions. First, the number of detections among 2024 captures was lower
than replicated in the index and guild models (36 of 43 observed; replicate 90% interval 37—41 in both
models). Second, in the regional model, the 10th percentile of the In detected values was lower than
replicated. The shortfall of 2024 detections was concentrated in control-captured animals and also appeared
in raccoon, G1 and Hamadori records, whereas rescued animals were within the interval. Of the 7 non-
detects among 2024 captures, 4 came from one control capture in Namie on 2 May 2024 (three raccoons and
one masked palm civet; index 5.20 uSv/h). Their dried samples weighed 0.18-0.42 g and had LODs of 65—
185 Bg/kg wet weight. These are the four records with very small recorded dry sample masses (Section 2.8).

Excluding them did not change the signs of the main estimates or whether their 95% Crls included zero.

In the secondary models, the species SD of the detected-only concentration model, which spans both
measurement periods, was 0.82 (0.55-1.20), compared with 1.21 (0.80—-1.79) in the species-adjusted index
model. The detection model of the index-model population gave a positive index coefficient, with a 95% Crl
excluding zero. The measurement-period terms (fresh relative to dried samples) combine the change of

measurement basis with any other difference between the periods. Their 95% Crls included zero.

4. Discussion

Three findings stand out. First, muscle Cs-137 was associated with a contamination index fixed in 2012, and
the association held within species. Second, pooled year estimates combined change within species with a
shift in species composition towards mammals, and their direction was not robust across specifications.
Third, most of the large differences among species lay between mammals and birds, and trait-based guilds

added no detectable information beyond this difference between classes.

4.1. Fixed baseline environmental contamination

More than a decade after the accident, a contamination index fixed in 2012 remained informative about
muscle Cs-137 in this sample of 38 species of wild mammals and birds. The direction agrees with positive
associations between muscle Cs-137 and capture-site deposition in bear and wild boar in Fukushima
(Nemoto et al., 2018). Such associations are not universal. They were weak in other wild boar surveys
(Anderson et al., 2019) and were not detected within the Difficult-to-Return Zone, where contamination
values spanned a narrow, high range (Saito et al., 2022a). Nor were they detected in great cormorants
(Phalacrocorax carbo), a mobile aquatic-associated species (Saito et al., 2022b). Because species were
captured at locations covering different index ranges (Fig. 1¢), a common slope could mix differences within

and between species. The within-species slope, however, was close to the common slope (Section 3.2). The



association is therefore present within species and is not only a product of where different species were

captured.

Species-specific slopes were not fitted, and the models do not establish that the association has the same
magnitude in every species, particularly in highly mobile aquatic-associated birds. The sensitivity and guild
models reanalyse subsets of the same records with different specifications. Their agreement therefore shows
stability under changes in model structure and population, not independent replication. The municipality
random intercept widened the interval of the index coefficient by about a third while the estimate changed
little. This indicates residual similarity among records from the same municipality that the main model does

not represent.

The index represents the early contamination gradient, not contamination at capture, and several observations
show why the two can differ. Deposition estimates from the third and fifth airborne surveys in 2011-2012
correlated closely, with ratios varying by land use (Kato et al., 2019). This correlation reflects agreement
between early aerial surveys and does not show that spatial patterns remained stable through the 2017-2025
capture period. Air dose rates fell faster than expected from physical decay alone between the fourth and
fifth surveys (MEXT, 2012), and decontamination reduced air dose rates on treated farmland by 20—-70%
(Onda et al., 2020). Airborne dose-rate maps tracked external doses of wild boar moderately well and
outperformed single trap-site readings (Bontrager et al., 2024). That study, however, concerned external dose
and more recent surveys, not internal Cs-137 concentrations. The index is therefore best interpreted as a
measure of broad spatial differences in early contamination, which were associated with muscle Cs-137 in

the sampled animals.

4.2. Temporal association

The pooled data did not identify the direction of the temporal association. Records were concentrated in
2022-2024 (Section 3.1), and capture year overlapped with several other factors. No G3 or G4 bird was
captured after 13 December 2023, and only 3 of the 43 records from 2024 were birds. The 2024 records also
included 26 of the 35 records with an index above 1.0 uSv/h and 26 of the 27 records counted for 3,600 s
(Fig. 1c). The year estimate therefore depended on the adjustment used. Pooled year coefficients combine
change within species with a shift in species composition (Section 4.3). Adding the guild term made the year
coefficient more negative, probably because the guild term attributes the higher concentrations of the
mammals to their guild and not to their later capture. Capture year also overlapped with measurement
campaign and storage time. Adding measurement year as a fixed effect moved the year coefficient of the

index model to —0.033.

The negative within-species year component (Section 3.3) may partly reflect storage. Within a measurement
campaign, older captures had been stored longer (Section 3.1). If wet mass was weighed after frozen storage,
water loss would have raised the converted wet-weight concentrations of older captures and thus produced an
apparent decline within species. Even if the differences between capture years in the median dry-matter

fraction (0.229—-0.290) arose entirely from evaporation during storage, they would change converted



concentrations by at most 0.24 on the natural-log scale (about 27%). This is much less than the within-
species change implied over the 7.8-year capture period (—0.202 per year, about —1.57 on the same scale).
Differences between measurement campaigns in counting time, detectors or LOD definitions cannot be
excluded. In addition, the within-species component is informed only by species with more than one record,

and it does not establish a decline within species.

In other studies, temporal dynamics varied among species, sites and periods. In wild boar, monitoring from
2011 onwards showed declines in every region at region-specific rates, with a transient increase in Nakadori
in fiscal year 2022 (Komatsu and Ikushima, 2026). Effective half-lives derived from transfer factors ranged
from 1.2 years in green pheasant to 6.9 years in bear, while sika deer (Cervus nippon) and copper pheasant
(Syrmaticus soemmerringii) showed no clear trend (Tagami et al., 2016). In a monkey population,
concentrations decreased for several years and then showed no differences between 2017 and 2020 (Hayama
et al., 2022), an interval that overlaps our capture window. These published half-lives are the source authors'
metrics for single taxa, periods and models and are not equivalent to the multispecies annual coefficient
estimated here. Reference ecological half-lives from single exponential fits are questionable where
radionuclides are unevenly distributed and environmental redistribution dominates (Prohl et al., 2006). In
one long series from facility releases, decadal estimates of the ecological half-life varied widely (Gaines et
al., 2021). The literature thus documents ecological variation between studies. The instability observed here,

in contrast, is a sensitivity to model specification within one dataset.

4.3. Species composition and pooled estimates

Species differed widely, and the species composition of the sample shaped the pooled estimates. On the same
records, adding a species random intercept changed the year coefficient by —0.203 (index model) and —0.246
(regional model) and the index coefficient by —0.506 (Section 3.4). The decompositions show how this
happens. The index slope was 2.56 within species and 3.81 between species. Species from more
contaminated locations, on average, thus had higher concentrations than the within-species slope alone
would predict, and the coefficient of the model without the species term (3.14) lay between the two
components. The year slope was —0.202 within species and +0.280 between species: species with later mean
capture dates had higher concentrations, and later years had more mammal records (Section 4.2). The
companion models without the species term accordingly gave positive year medians (Section 3.3). In both
cases, omitting the species term moved the estimate towards the between-species value. These
decompositions re-estimate the same records and are not independent tests. They show, nevertheless, that
pooled temporal and environmental estimates from an opportunistic multispecies sample depend on which

species were sampled, and where and when.

Published comparisons of species use different metrics: raw means of co-occurring mammals and birds
(Watanabe et al., 2014), deposition-normalised transfer in game species (Tagami et al., 2016) and location-
adjusted differences between wild boar and bear (Nemoto et al., 2018). Normalised concentrations also

varied more than 100-fold among fungi and plants from one area, with species-specific temporal directions



(Komatsu et al., 2021). Our species SD is a different quantity: the spread of species intercepts after
adjustment for year and baseline contamination. Large differences among species are not found in every
study, however. Three game mammals in Poland showed no differences (Olo$ and Dothanczuk-Srodka,

2022), and in snakes, local contamination mattered more than species identity (Gerke et al., 2020).

4.4. Guild contrasts between and within classes

Because taxonomic class is one of the four traits, each guild lies within one class. Contrasts between
mammal and bird guilds therefore compare classes as well as traits. The data resolved differences between
classes but not between guilds within a class. The guild analysis is best read as a description of trait-based
groups that largely coincide with taxonomic class and are dominated by a few species, not as a test of
exposure pathways. Both mammal guilds had higher adjusted muscle Cs-137 than aquatic-associated birds
(G3; Section 3.5). G1 was dominated by raccoon dog and raccoon and contained all 38 control-captured
records. The G1 — G3 contrast nevertheless held when either species or the two control-captured species

were excluded, and within the covariate range of G3.

The higher concentrations in mammals than in birds agree with observations from eastern Nihonmatsu
(2011-2013), where several mammals exceeded birds and spot-billed duck had the lowest concentrations
(Watanabe et al., 2014). That comparison, however, was small, descriptive and unadjusted. Differences in
transfer between species also changed over time: mammals exceeded birds in 2011, but copper pheasant
transfer approached that of mammals by 2015 (Tagami et al., 2016). In experimental trials, mallards (4nas
platyrhynchos) eliminated radiocaesium rapidly after leaving contaminated ponds (Halford et al., 1983). This
suggests that turnover and residence time offer an alternative to explanations based on feeding pathways. For
the same reason, time spent in care before death, which was not recorded, may have lowered concentrations
in rescued animals. If it differed between mammals and birds, it could account for part of the difference

between classes.

Within mammals, the traits that distinguish the two mammal guilds (mainly diet, partly soil/litter contact)
were not clearly associated with a difference in concentration (ratio 0.869, 95% Crl 0.291-2.34). G2 held
only 9 records of 4 species, and its estimate is imprecise. The 3 American mink records, the only mammals
with aquatic dependence, did not differ clearly from G1 (Section 3.5). Detrital and forest food-web pathways
documented for invertebrates, amphibians and fish in single forests and catchments (Murakami et al., 2014;
Sakai et al., 2016) provide ecological context but do not identify a mechanism for the vertebrates examined

here.

Among birds, the guilds did not differ clearly. Aquatic-associated species do not universally have low
concentrations. Great cormorants carried muscle Cs-137 similar to that of ducks and copper pheasant (Saito
et al., 2022b). Among Canadian game birds exposed to low-level fallout, where most pooled samples were
near background, piscivores and freshwater-feeding black ducks ranked among the higher groups (Stocki and
Braune, 2020). Among passerines, species that nest and forage on the ground tended to be more likely to

carry detectable Cs-137, but this association was marginal and concerned detection, not concentration



(Werner et al., 2025). Terrestrial birds also vary among themselves. Copper pheasant exceeded green
pheasant in transfer (Tagami et al., 2016), and in a contaminated forest, one bird species carried about ten
times more Cs-137 than others, without apparent links to foraging stratum (Murakami et al., 2015). Together
with these studies, our results establish neither a general guild difference nor a causal ecological pathway,
and they do not support a simple ranking of birds, whether of terrestrial above aquatic species or by trophic

level.

Adding the guild term reduced the estimated between-species heterogeneity from 1.21 to 0.47 on the same
records. A class-only model, however, reduced it to a similar value (0.47) and fitted similarly (Section 3.5).
The reduction therefore reflects the mammal-bird difference. Elsewhere, too, trait scores did not absorb
species heterogeneity: in a study of Cs-137 detection in passerines, species random effects remained
substantial alongside a ground-use score (Werner et al., 2025). Although models predict that feeding

category differentiates transfer more than class does (Whicker et al., 2023), our data cannot separate the two.

4.5. Limitations

The records derive from animals that were rescued after injury or disease or control-captured, and they do
not form a probability sample of wildlife in Fukushima. Record numbers reflect neither population
abundance nor sampling effort. In one study of white storks (Ciconia ciconia), wildlife rehabilitation
admissions matched the wild population in mean pathogen prevalence but varied with bird origin, age and
condition (Camacho et al., 2016). Admissions at a British rehabilitation centre were dominated by a few
species (Mullineaux and Pawson, 2023). The direction of any sampling bias in Cs-137 in the present sample
is unknown. Origin was assigned by species (Section 2.1), and excluding the two control-captured species
did not change the main conclusions. The shortfall of 2024 detections was concentrated in control-captured
animals, and 4 of the 7 non-detects among 2024 captures came from one control-capture event (Section 3.6).

Species representation was uneven, and the guild comparisons carry the caveats described in Section 4.4.

Sex was recorded for 47 of the 182 records and age for 2. Neither was included in the analyses, and sex- and
age-related variation therefore could not be evaluated. Muscle Cs-137 varies seasonally in some mammals
(Nemoto et al., 2018). Season of capture entered only the supplementary models, which changed the main
estimates little (Sections 3.3 and 3.5). An animal's capture location may not represent where it fed
(Fukushima Prefecture, 2026), particularly for migratory waterfowl and seabirds in G3, such as swans and
streaked shearwater (Calonectris leucomelas). The origin and precision of the capture coordinates were not
documented, and errors in the assigned index could attenuate the estimated association. Home ranges,
migratory movements, rescue-to-death intervals and any feeding during care were not recorded. In
waterbirds on a contaminated reactor-cooling reservoir, residence time strongly shaped body burdens
(Kennamer et al., 2017). Excluding the bird species coded as migratory changed the planned guild contrasts
little (Section 3.5), but this global classification may not match each species' status in Japan, and the check is

therefore coarse.



The environmental predictor derives from a single aerial survey in 2012, includes natural radionuclides and
was affected by snow in parts of the surveyed area (Kato et al., 2019; MEXT, 2012). Records with a
censored index were excluded, and assigning bounding values to them changed the estimates little. Whether
a deposition-based index, such as the reconstructed fallout map of Kato et al. (2019), would show the same

association was not examined.

In the concentration models, non-detects with a recorded LOD were modelled as left-censored values rather
than substituted (Helsel, 2006). Most G3 records were censored, however, and the G3 reference level rests
largely on censored observations. Detector models, calibration and the LOD calculation method were not
stored with the records (Section 2.2). Because non-detects were censored at the reported LODs, any
difference in LOD definition between measurement campaigns would carry into the censoring thresholds and
hence into the G3 reference level and the year estimates. Recorded counting uncertainties (median 6.9% of
the detected activity) were not propagated into the models. On the log scale, they are small relative to the
residual SD. Records from the same capture event were treated as independent observations in the main
models. Capture-event clustering could not be identified because almost every event comprised a single
record, and clustering by municipality widened the interval of the index coefficient while changing its

estimate little.

4.6. Implications and conclusions

In opportunistic records from rescue and wildlife-control programmes, which include non-game species,
muscle Cs-137 remained associated with the 2012 contamination index once species differences were
modelled, and the association held within species. Species identity mattered: one SD of species intercepts
corresponded to a 3.35-fold difference, and most of this heterogeneity lay between mammals and birds.
Omitting species random intercepts raised the year and index coefficients, because pooled estimates also
reflected differences between species. Pooled year estimates thus combined a negative within-species
component with a shift towards mammals in later years. The direction of temporal estimates depended on
model specification in a sample concentrated in 2022—-2024, and the main year coefficients could not be
distinguished from the physical-decay reference. Mammal guilds had higher concentrations than bird guilds,
a difference that may also reflect unrecorded time in care and foraging range. A class-only model fitted about
as well as the guild model, and guilds defined from species traits did not differ clearly within a class.
Opportunistic multispecies radiocaesium data from wildlife should therefore be analysed with species-level
effects. A trait grouping that includes taxonomic class should be compared with a class-only model before it
is interpreted as reflecting exposure pathways. For monitoring, temporal change in multispecies data should
be estimated within species or with species composition included in the model. Records should also

document each animal's origin, the time it spent in care and the measurement conditions.
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Tables

Table 1. Guild contrasts of the guild model (182 records, 38 species), adjusted for year, the fixed baseline
environmental contamination index and species (random intercept). Posterior medians with 95% credible
intervals (Crls); In, difference on the natural-log scale; ratio, exponentiated difference. G3 is the reference

category. Records (species) per guild: G1 82 (6), G2 9 (4), G3 33 (11), G4 24 (5), G5 31 (11).

Contrast In difference (95% CrI) Ratio (95% Crl)
G1 — G3, planned (soil/litter-associated terrestrial mammals vs aquatic- 2.33(1.57 to 3.15) 10.3 (4.80-23.4)
associated birds)

G2 — G3 (herbivorous mammals with low or medium soil/litter contact vs 2.49 (1.45t0 3.59) 12.1 (4.28-36.4)
aquatic-associated birds)

G1 — G2 (within mammals) —0.14 (-1.23 t0 0.85) 0.869 (0.291-2.34)
G5 — G3, planned (other terrestrial birds vs aquatic-associated birds) 0.44 (-0.33 to 1.24) 1.56 (0.716-3.47)
G4 — G3 (terrestrial vertebrate-eating birds vs aquatic-associated birds) 0.65 (—0.22 to 1.50) 1.91 (0.799-4.48)

G4 — G5 (within terrestrial birds) 0.21 (~0.69 to 1.08) 1.23 (0.502-2.94)

(3]



Figure captions

Fig. 1. Coverage of the muscle Cs-137 records. (a) Muscle sample records by capture year and Cs-137 measurement
status (510 records after the exclusion of wild boar; 28 without a recorded capture year, shown as n/a); brackets mark
the capture years of records measured as fresh (2013—2017) and as dried (2017-2025) samples. (b) Records per species
in the index-model population (182 records, 38 species), grouped by guild. (c) Fixed baseline environmental
contamination index (air dose rate from the fifth airborne monitoring survey at the capture location; log scale) against
capture date for the same records (symbol shape and colour by guild); filled symbols, Cs-137 detected; open symbols,
non-detects (left-censored). Dashed lines mark the maximum index (1.0 pSv/h) and the last capture date (2 December
2023) of G3 records. G1, soil/litter-associated terrestrial mammals; G2, herbivorous mammals with low or medium
soil/litter contact; G3, aquatic-associated birds; G4, terrestrial vertebrate-eating birds; G5, other terrestrial birds;
residual, mammals using aquatic food.
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Fig. 2. Coefficients of (a) the fixed baseline environmental contamination index (per logio unit of the air dose rate at the
capture location) and (b) year across model specifications, on the natural-log (In) scale of wet-weight muscle Cs-137.
Points are posterior medians and horizontal lines 95% credible intervals (Crls); the top axes express the same
coefficients as the fold difference per 10-fold higher index (a) and as the percentage change per year (b). Filled circles,
the species-adjusted index and regional models; open circles, companion models without the species term; filled squares,
the guild model and its variant with a guild-specific residual SD; triangles, sensitivity analyses (Section 2.8). The
dashed line in (b) is the physical-decay reference slope of Cs-137 (—0.0231 per year). The regional models adjust for
region instead of the index and have no index coefficient; the natural-spline variant was compared only for the year
coefficient, the variant restricted to captures within 80 km of FDNPP only for the index coefficient, and the rank-
transformed index variant (on a different scale) is not shown. The capture-event models, which did not meet the
convergence criteria (Section 3.6), are not shown. FDNPP, Fukushima Daiichi Nuclear Power Plant.
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Fig. 3. Guild contrasts of the guild model (182 records, 38 species) as ratios of adjusted concentrations (log scale; the
top axis gives the same contrast on the In scale). Points are posterior medians and horizontal lines 95% CrIs. Upper
block: the six contrasts of the guild model (G1 — G3 and G5 — G3 planned, the others exploratory); lower block: G1 —
G3 in the variant with a guild-specific residual SD and in the sensitivity analyses of the guild model (Section 2.8). G1,
soil/litter-associated terrestrial mammals; G2, herbivorous mammals with low or medium soil/litter contact; G3,
aquatic-associated birds; G4, terrestrial vertebrate-eating birds; G5, other terrestrial birds. Right-hand column: records
(species) of the two groups compared.
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G1, soil/litter-associated terrestrial mammals; G2, herbivorous mammals with low or medium soil/litter contact;
G3, aquatic-associated birds; G4, terrestrial vertebrate-eating birds; G5, other terrestrial birds.



