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Increased abundance of a common 
scavenger affects allocation 
of carrion but not efficiency 
of carcass removal 
in the Fukushima Exclusion Zone
Hannah C. Gerke1*, Thomas G. Hinton2,3, Kei Okuda4 & James C. Beasley1

The 2011 nuclear accident in Fukushima, Japan caused the evacuation of > 100,000 people and 
prompted studies on environmental impacts of radiological contamination. However, few researchers 
have explored how the human evacuation has affected ecosystem processes. Despite contamination, 
one common scavenger (wild boar, Sus scrofa) is 2–3× more abundant inside the Fukushima Exclusion 
Zone (FEZ). Shifts in abundance of some scavenger species can have cascading effects on ecosystems, 
so our objective was to investigate impacts of the evacuation and the resulting increase in wild boar 
on vertebrate scavenger communities. We deployed cameras at 300 carcasses in the FEZ and a nearby 
inhabited area, and quantified carcass fate, scavenger species, and detection/persistence times. We 
also tested effects of carcass size and habitat on scavenger community composition and efficiency 
by balancing trials across two carcass sizes and habitats in each zone. Overall scavenger richness and 
carcass removal rates (73%) were similar in the FEZ and inhabited area, but species-specific carcass 
removal rates and occurrence differed between zones. Wild boar removed substantially more 
carcasses inside the FEZ, with implications for nutrient and contaminant distribution. Our results 
suggest carcass size affects scavenging dynamics more than human activity or habitat, and abundance 
changes of common scavengers can influence carrion resource allocation.

By offering services like carrion removal, nutrient cycling, and disease control, vertebrate scavengers play a valu-
able role in maintaining ecosystems1–3. Vertebrate scavengers are an essential stabilizing force in most ecosystems 
because they increase the complexity of food webs by providing extra interspecies links4–6. A high degree of 
overlap within the scavenging community results in increased functional redundancy that can support food web 
persistence during large disturbances7–9. However, increased anthropogenic activities in the last several decades 
have caused rapid losses in global biodiversity (the ‘sixth mass extinction’), and vertebrate scavengers are no 
exception3,10–13. Processes negatively impacting scavenging communities can have resounding consequences for 
the stability of ecosystems and their ability to provide biologically and socioeconomically valuable services13–15.

In the context of biodiversity losses, identifying how to preserve the function of scavenging communities 
is particularly important. The richness of communities has previously been considered a key aspect of ecosys-
tem function8, but recent work suggests the functional identity of species—which considers species’ specific 
traits—may be more influential in some ecosystem processes16–19. While scavenging is a common foraging 
strategy used by many taxa, not all scavengers are equally efficient20, with dominant and/or obligate scavengers 
such as large carnivores and vultures often removing the majority of carrion when present21–24. Winfree et al.25 
suggested the abundance of the dominant/common species drives ecosystem services more than species rich-
ness alone, while Mateo-Tomás et al.26 illustrated that species richness increased carrion consumption in areas 
where obligate scavengers or large carnivores were rare. Similarly, Gutiérrez-Cánovas et al.23 found that increased 

OPEN

1Savannah River Ecology Laboratory and Warnell School of Forestry and Natural Resources, University of Georgia, 
PO Drawer E, Aiken, SC 29802, USA. 2Institute of Environmental Radioactivity, Fukushima University, Fukushima, 
Japan. 3CERAD CoE, Norwegian University of Life Sciences, Faculty for Environmental Sciences and Natural 
Research Management, Aas, Norway. 4Hiroshima Shudo University, Hiroshima, Japan. *email: hgerke.23@
gmail.com

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-12921-y&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8903  | https://doi.org/10.1038/s41598-022-12921-y

www.nature.com/scientificreports/

carcass consumption rates were explained more by the presence of specific traits in scavenger assemblages (e.g., 
large home ranges and high mobility, social scavenging, large body size) than metrics like scavenger diversity 
or species richness.

Nonetheless, human-mediated global declines in vultures and large carnivores mean scavenging commu-
nities are increasingly dominated by facultative scavengers that are often mesocarnivores or generalists27–31. 
Scavenging dynamics in such systems may or may not achieve the same efficiency (i.e., rate of detection and/or 
removal), depending on the composition of the remaining community9,30,32–34. In particular, facultative scav-
enger communities without efficient avian scavengers may be more sensitive to changes in the abundance of 
common scavengers35–37. Although several studies indicate human activity can influence the distribution or 
activity of facultative scavenger species38–42, fewer have tested the actual impact on scavenging dynamics43. Fac-
tors like urbanization and land use can affect the composition and/or efficiency of some facultative scavenger 
communities9,28,44, but understanding the changes in scavenging dynamics resulting from anthropogenic dis-
turbances remains a priority2.

The 2011 Fukushima Dai-ichi Nuclear Accident forced over 100,000 residents to evacuate from their homes, 
leaving a 371 km2 area where humans are still unable to return (officially termed the “Difficult-to-Return Zone”; 
referred to herein as the Fukushima Exclusion Zone, FEZ)45. Despite a push for radioecological research to 
describe the environmental impacts of radionuclide contamination, few researchers have investigated how 
anthropogenic aspects of the accident—such as the evacuation of humans—have affected ecosystem processes46. 
The FEZ offers a unique opportunity to study scavenging dynamics following massive shifts in human activity in 
a landscape where population densities, infrastructure, and land use were similar prior to the accident (26 vs. 30 
people/km2)46,47. Recent work via extensive camera trapping across a gradient of human activity and radiation 
levels suggests that despite the presence of radioactive contamination, populations of many facultative scavenger 
species in the FEZ are not significantly reduced compared to those in surrounding areas48. In fact, some species 
that conflict with humans—such as wild boar (Sus scrofa)—are substantially more abundant inside the evacu-
ated FEZ, and shift their activity patterns across areas of differing human presence48. Similar observations of 
increased populations of wild boar as well as other large ungulates and apex predators (e.g., gray wolves—Canis 
lupus) have been reported within the Chernobyl Exclusion Zone49,50, resulting in a diverse and highly efficient 
vertebrate scavenging community51.

As changes in abundance and activity of facultative scavengers have potential repercussions for scavenging 
dynamics and ecosystem function52, our primary objective was to explore the effects of human habitation on 
vertebrate scavenging communities in and around the FEZ. Previous studies have shown that habitat and carcass 
size can significantly influence scavenging dynamics22,53, so our secondary objectives were to test their effects 
on scavenger community composition and efficiency within our experimental framework. We hypothesized 
that large increases in the abundance of a common facultative scavenger—wild boar—due to the evacuation of 
humans would alter scavenging dynamics in the FEZ, resulting in higher efficiency of carcass removal compared 
to human inhabited areas outside the FEZ. We also expected scavenger composition to vary across habitats, 
and for larger carcasses to persist longer and have higher scavenger richness, but that these patterns would be 
consistent across our two study regions. Finally, weather-related factors such as temperature, wind speed, and 
humidity may affect carcass persistence by influencing scavenger activity and/or carcass detection54–56. Our study 
took place during Japan’s rainy season (June to August), so we also tested the hypothesis that rain would increase 
the time until carcass detection and depletion. For example, carcasses may persist longer at cooler temperatures 
due to suppression of invertebrate and microbial activity20, and weather conditions during rainfall could impair 
the ability of vertebrate scavengers to detect carcasses using olfactory cues54,55.

Methods
Study site.  A large portion of the landscape surrounding the Fukushima Daiichi Nuclear Power Plant was 
evacuated after the accident in March 2011, but beginning in 2016 restrictions were lifted in portions of that area 
to allow human repopulation following the decrease in radiation to safe levels45. As of 2017, the FEZ covered 
approximately 371 km2 of land where contaminant levels remained too high for human habitation45, and thus 
had substantially less human activity compared to the surrounding landscape57. Although extensive decontami-
nation efforts in the contaminated areas surrounding the FEZ were completed by March 2018, the majority of 
the FEZ had not been decontaminated57,58, with limited decontamination efforts concentrated around roads and 
residential areas completed between 2012 and 201657. Future decontamination efforts in the FEZ will be under-
taken upon request by residents planning to return in the coming decades when it is safe to do so. Our study 
site consisted of two sampling areas, one inside the FEZ and the other > 18 km north of the FEZ where humans 
were never evacuated, and radiation levels were at or near background levels. The mean ambient dose rate meas-
ured 1-m above ground at each camera site using a handheld dose-rate meter (Hitachi ALOKA TSC171) was 
2.74 μSv/h in the FEZ (range: 0.30–8.35 μSv/h) and 0.19 μSv/h in the inhabited reference area (range: 0.09–
0.47 μSv/h). Both areas were relatively rural with natural and plantation forests making up more than 75% of the 
land (the remainder was composed of < 10% rice paddy fields, < 10% other agricultural fields, and < 5% urban 
areas)46. The landscape was characterized by mountainous terrain with numerous rivers and streams. Valleys 
were often inhabited and developed for agricultural use such as rice paddies, while hilltops and slopes remained 
forested. Rice paddies and other agricultural areas were abandoned within the FEZ, but remained active in the 
inhabited area during the study period. To minimize any effects of elevation or land use on the composition of 
vertebrate scavengers between our two general study areas48, we limited our experimental sites to upland loca-
tions within the Abukuma Highlands. The mean elevation at our camera sites was 438 m (range: 49–754 m). The 
average temperature during the study period was approximately 23 °C (annual mean: 14 °C), and the annual 
precipitation for the region was 1093 mm in 201859.
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Based on a survey by Lyons et al.48, relatively abundant potential scavenger species in Fukushima and the 
surrounding region included wild boar, raccoon dog (Nyctereutes procyonoides), raccoon (Procyon lotor), masked 
palm civet (Paguma larvata), and red fox (Vulpes vulpes). Of these species, wild boar were 3–4 times more abun-
dant in the FEZ than inhabited areas, and had higher relative abundance at upland sites (> 90 m) than raccoon 
dogs, raccoons, and civets. Although Asiatic black bears (Ursus thibetanus) are known dominant scavengers31, 
they were recorded rarely in the FEZ and thus were not expected to be important scavengers in this study48.

Experimental design.  All scavenging trials were conducted from May 28 to July 20, 2018, and were bal-
anced across two carcass sizes (mice, Mus musculus; rabbits, Sylvilagus sp.), two forest cover types (deciduous 
broadleaf and evergreen conifer), and two zones with varying levels of human activity (FEZ, reference area). 
Carcass size is known to influence scavenger composition in some cases22,53, so we used two different carcass 
sizes to better capture the diversity of vertebrate scavengers in our study area: mice (mean ± SD = 12.0 ± 1.4 g) 
and rabbits (1395.7 ± 246.1 g). All carcasses were obtained frozen from Japanese pet food suppliers (Ryoshindo; 
Kasugai, Aichi, Japan; Tsukiyono farm: Minakami, Gunma, Japan). No “wild-type” (brown) carcasses were avail-
able in bulk, so all carcasses had white pelage. However, as many mammalian scavengers detect carcasses pri-
marily via olfactory cues60–62 and because carcass color was consistent across all treatments, we did not expect it 
to significantly bias our results. Smaller carrion does not persist in the environment as long as larger carcasses 
and are more frequently usurped by invertebrates and microbes prior to arrival of vertebrate scavengers22,53, so 
we doubled the number of mouse trials to allow sufficient power for detecting differences in scavenger com-
munity and efficiency. We weighed all carcasses prior to use and calculated average weight for both carcass sizes.

We identified 100 unique sites (50 each in the FEZ and reference area) spaced at least 0.5 km apart (Fig. 1). 
We selected sites according to forest type (i.e., deciduous broadleaf and evergreen conifer forest), forest patch 
size (≥ ~ 0.70 ha), and locations where we had previously obtained landowner permission. We divided sites 
evenly between deciduous broadleaf (BL) and evergreen conifer (EC) forests using Geographic Information 
System (GIS) land cover data in ArcMap (v10.1) obtained from the Japan Aerospace Exploration Agency63. We 
conducted 300 scavenging trials (200 mice, 100 rabbit trials) for a total of 50 mouse and 25 rabbit trials per forest 
type per zone. Each site had three replicate trials (two mice, one rabbit carcass), and only one trial per site was 
active at any time during the study. After a preliminary screening of results during the field season, we conducted 
an additional 17 “redo” trials during this same period to account for suspected failed trials where the camera 
malfunctioned or the carcass was shifted out of the frame prior to depletion or removal, resulting in 317 total 
trials. To avoid habituating scavengers to trial locations within the same site, we spatially and temporally varied 
carcass placement for each trial. In addition to shifting subsequent carcasses at least 50 m from previous trial 
locations at the same site, we allowed a temporal buffer period after placing a carcass (7 days after mice; 14 days 

Figure 1.   Map of camera sites used for scavenging trials in and around the Fukushima Exclusion Zone (FEZ) 
in relation to the Fukushima Daiichi Nuclear Power Plant (FDNPP). Inset map includes the location of the FEZ 
within Japan. This figure was created using ArcMap 10.8.1 (https://​www.​esri.​com/​en-​us/​arcgis/​produ​cts/​arcgis-​
deskt​op/​resou​rces).

https://www.esri.com/en-us/arcgis/products/arcgis-desktop/resources
https://www.esri.com/en-us/arcgis/products/arcgis-desktop/resources
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after rabbits) before starting a new trial. We also removed any carcass remains after each trial to prevent visual/
olfactory cues from biasing subsequent trials. To limit edge effects, we kept trial locations within the same forest 
patch and at least 25 m from a forest edge or road whenever possible.

To record scavenging events, we placed carcasses in front of Reconyx no-glow, infrared HyperFire PC900 
remote sensing cameras (RECONYX, Inc., Holmen, Wisconsin, USA) mounted to a tree roughly 1 m away. We 
cleared all vegetation around the carcass to allow identification of scavengers/carcass fate and avoid accidental 
camera trigger. We programmed cameras to take a burst of three photos one second apart upon triggering of the 
motion-sensor, with a refractory period of 1 min. To detect smaller or ectothermic scavengers not reliably cap-
tured by the motion-sensor, we also programmed cameras to take a time lapse photo every 5 min. We monitored 
mouse carcasses for 5–7 days and rabbit carcasses for 7 days, which was a sufficient period for most carcasses 
to be scavenged or to decompose. We kept all rabbit carcasses within the camera view by staking them to the 
ground with metal stakes and non-relaxing snares attached to a hind leg. Mouse carcasses were staked using 
either a snare placed around the midsection of the mouse or were tied directly to the stake using black sewing 
thread. We placed carcasses at varying times throughout the day to avoid time-related bias within trials22,44.

Analyses.  Image processing.  For each carcass trial, we identified all species that visited or scavenged a car-
cass from remote camera images. A “visit” consisted of a scavenger or non-scavenger species that appeared in 
the frame but did not interact with the carcass. We defined a scavenging event as any time a vertebrate scavenger 
consumed or manipulated a carcass (i.e., touching or moving it), with the carcass displaced, diminished, or miss-
ing in subsequent photos. Trials where the carcass was suddenly removed with no visible scavenger were classi-
fied as “unknown”. We processed all photos using the CPW Photo Warehouse to create timestamped detections 
for each scavenging event64. After reviewing the photos and evaluating the intervals between return visits by the 
same scavenger species, we considered any consecutive photos of a species at the same location within 10 min of 
the previous photo to be a single detection.

Scavenging efficiency.  We defined scavenger efficiency as a vertebrate scavenger’s ability to locate and consume 
a carcass. To distinguish between carcasses fully scavenged by vertebrates and those partially scavenged by ver-
tebrates but where invertebrates removed the majority of the carcass, we quantified both (1) the proportion of 
trials in which the majority of the carcass was removed by a vertebrate scavenger, and (2) the proportion of tri-
als scavenged by a vertebrate (overall scavenging rate, no matter how much of the carcass was consumed). We 
also recorded the time in hours until a carcass was first scavenged (“detection time”) and entirely scavenged or 
decomposed with the exception of bones/hair (“persistence time”). All statistical analyses were performed with 
R (v3.4.1).

To test the effects of carcass size, habitat, and zone of human activity on whether or not a carcass was scav-
enged, we used Generalized Linear Models (GLM) with a binomial error distribution and a logit link. We created 
models based on a priori hypotheses with combinations of our three main variables (carcass size, habitat, zone of 
human activity) and their interactions. We also ran a separate model using only data from mouse carcasses to test 
if attaching the carcass to the stake via snare or thread had a significant effect on whether a carcass was scavenged.

For analyses of detection time, we included failed trials where the carcass fate was unclear (See “Results”) 
as long as the carcass was detected before the trial failed (i.e., we counted trials where the carcass was partially 
scavenged before it was removed from the frame as “detected”). We used the R package “survival”65 to calculate 
the probability of a carcass being detected over time. We used a log rank test to calculate χ2 for observed and 
expected events for each time step to evaluate the effects of carcass size, habitat, and human activity zone on 
detection. To test the effect of rain on carcass detection by vertebrate scavengers, we determined the presence or 
absence of rain while the carcass was still present by examining the time lapse photos and included the categori-
cal variable rain (yes/no) in our models.

To analyze carcass persistence time, we excluded trials that failed due to camera malfunction or the carcass 
being moved out of the camera frame prematurely before a carcass was fully scavenged or decomposed. When 
carcass remains (i.e., flesh in addition to hair/bones) were present at the end of the trial period, we assigned the 
entire length of the trial as the persistence time. Similar to the detection analyses, we used the “survival” package 
in R to calculate the probability of a carcass persisting through time, and cox proportional hazards models to 
test the effects of carcass size, habitat, human activity zone, and their interactions on persistence time. We also 
tested for the effects of rain on carcass persistence.

Scavenger species composition.  We assessed species composition in three ways across each of our response 
variables (i.e., human activity zone, habitat, and carcass size): overall species richness, species richness per trial, 
and the percent occurrence of scavenger species. Overall species richness was a count of the species detected 
across trials in each combination of the variables human activity zone, habitat, and carcass size. For this analysis 
we counted overall species richness separately for species observed scavenging as well as all observed species 
(scavengers and non-scavengers) to characterize the scavenger and general wildlife community composition 
across our two study areas. We also tested the effects of zone, habitat, and carcass size (and their interactions) 
on scavenger species richness within each trial. To do so, we fitted Generalized Linear Mixed Effects Regression 
(GLMER) models from the package “lme4”66 with a Poisson distribution, including “site” as a random effect. To 
quantify the overall percent occurrence of each scavenger species, we calculated the proportion of trials a species 
scavenged divided by the total number of trials. We then calculated percent occurrence for scavenger species 
across each subgroup of variables (e.g., percent occurrence of scavengers for each carcass size in each zone). We 
recorded the proportion of trials visited but not scavenged by both scavenger and non-scavenger species to get a 
better understanding of the entire wildlife community. To help characterize each species’ role in the scavenging 
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community and identify dominant scavengers, we also calculated the proportion of trials for which each species 
was the first scavenger and the proportion of carcasses each species fully removed or consumed.

Results
Carcass fate and community composition.  A total of 73.1% of all carcasses were scavenged at least 
once by a vertebrate, of which 25.6% were partially scavenged and 47.6% were fully scavenged (> 50% removed 
by a vertebrate). Scavenging rates were similar between human habitation zones (FEZ: 73.2%; reference: 73.0%) 
and habitats (BL: 75.5%; CF: 70.8%), but varied strongly by carcass size. Rabbit carcasses were scavenged sig-
nificantly more than mouse carcasses, with only 1% un-scavenged by vertebrates compared to 40% of mouse 
carcasses (Z = 4.10, p < 0.0001). Neither human habitation (Z = 0.04, p = 0.97) nor habitat (Z = − 0.91, p = 0.36) 
significantly affected carcass fate. The presence of a metal snare on mice carcasses also had no effect on whether 
it was scavenged compared to carcasses attached via thread (Z = − 0.14, p = 0.89).

In total, we documented ≥ 20 vertebrate species, 13 of which were observed scavenging (Table 1). Overall 
species richness was similar but slightly higher inside the FEZ compared to the reference area for all species 
(19 vs. 16) and scavenger species (13 vs. 11). Mammalian mesocarnivores and generalist omnivores (n = 9) 
dominated scavenging communities in both zones, although we also documented scavenging by avian (n = 2) 
and reptilian (n = 2) taxa. The number of scavenger species was similar between habitats and carcass sizes, but 

Table 1.   Proportion of all experimentally placed carcasses (n = 309) visited and scavenged by all species across 
both carcass sizes (mice, rabbits) in Fukushima, Japan from May to July 2018, including trials from both the 
Fukushima Exclusion Zone (FEZ) and inhabited reference area. a Not identified to species.

Common 
name Species

Mouse carcasses Rabbit carcasses

Visited (%) n (209) Scavenged (%) n (209) Visited (%) n (100) Scavenged (%) n (100)

Mammalian

Field mousea Apodemus sp. 80.9 169 40.2 84 81.0 81 16.0 16

Wild boar Sus scrofa 20.1 42 10.0 21 31.0 31 45.0 45

Raccoon dog Nyctereutes 
procyonoides 10.5 22 9.1 19 49.0 49 63.0 63

Masked palm 
civet

Paguma 
lavarta 11.5 24 5.7 12 46.0 46 51.0 51

Japanese red 
fox Vulpes vulpes 1.4 3 0.5 1 7.0 7 15.0 15

Japanese 
marten

Martes mela-
mpus 15.3 32 1.0 2 21.0 21 4.0 4

Japanese 
shrew-mole

Urotrichus 
talpoides 7.7 16 1.0 2 3.0 3 0.0 0

Japanese 
badger Meles anakuma 7.2 15 0.0 0 10.0 10 0.0 0

Raccoon Procyon lotor 0.0 0 0.0 0 0.8 1 1.0 1

Domestic dog Canis lupus 
familiaris 0.0 0 0.0 0 0.8 1 1.0 1

Domestic cat Felis catus 2.4 5 0.0 0 3.0 3 0.0 0

Japanese weasel Mustela itatsi 1.0 2 0.0 0 1.0 1 0.0 0

Japanese hare Lepus brachyu-
rus 16.7 35 0.0 0 8.0 8 0.0 0

Japanese 
squirrel Sciurus lis 11.5 24 0.0 0 6.0 6 0.0 0

Japanese serow Capricornis 
crispus 11.0 23 0.0 0 12.0 12 0.0 0

Japanese 
macaque Macaca fuscata 8.1 17 0.0 0 2.0 2 0.0 0

Avian

Crowa Corvus sp. 1.4 3 1.9 4 4.0 4 21.0 21

Black kite Milvus migrans 0.5 1 1.4 3 1.0 1 1.0 1

Pheasanta 11.5 24 0.0 0 4.0 4 0.0 0

Bird (other)a 5.7 12 0.0 0 9.0 9 0.0 0

Reptile

Japanese rat 
snake

Elaphe clima-
cophora 1.0 2 1.4 3 5.0 5 6.0 6

Burrowing rat 
snake

Euprepiophis 
conspicillata 1.4 3 0.5 1 1.0 1 1.0 1

Snake (other)a 2.9 7 0.0 0 4.0 4 0.0 0

Unknown 6.2 13 5.3 11 6.0 6 8.0 8
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scavenger species richness per trial varied by carcass size. As expected, rabbit carcasses had significantly higher 
average scavenger richness per carcass than mouse carcasses, with a maximum of six species scavenging a single 
carcass (rabbit: 2.36 ± 1.16; mouse: 1.33 ± 0.58; Z = 5.71, p < 0.0001). Average scavenger species richness at each 
trial was not significantly different between human habitation zones (FEZ: 1.85 ± 1.08; reference area: 1.72 ± 0.96; 
Z = − 0.68; p = 0.50) or habitats (BL: 1.83 ± 1.02; CF: 1.74 ± 1.02; Z = − 0.48; p = 0.63).

Percent occurrence of scavenger species varied strongly by carcass size for most species (Table 1). The most 
frequent scavenger of mouse carcasses were rodents (40%), while the top scavengers of rabbit carcasses were 
raccoon dogs (63%), civets (51%), and wild boar (45%) (Fig. 2). Percent occurrence of scavenger species also 
differed across human habitation zones for several species (Fig. 3). Wild boar and rodents both scavenged at a 
higher proportion of all trials in the FEZ than reference area. Boar scavenged at 22% more rabbit trials in the FEZ, 
while foxes and snakes showed the opposite trend—both scavenged at 10% more rabbit trials in the reference area.

Figure 2.   Frequent scavengers of rabbit and mouse carcasses in Fukushima, Japan captured by remote camera 
from May to July 2018. (A) wild boar (Sus scrofa), (B) red fox (Vulpes vulpes), (C) field mice (Apodemus sp.), (D) 
raccoon dog (Nyctereutes procyonoides), (E) masked palm civet (Paguma larvata), (F) crows (Corvus sp.).

Figure 3.   Proportion of experimentally placed mouse carcasses (n = 209) and rabbit carcasses (n = 100) partially 
or fully scavenged by different vertebrate scavengers in the Fukushima Exclusion Zone (FEZ) and inhabited 
reference area during May–July 2018.
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Carcass detection.  Of the trials where a carcass was detected by a vertebrate before the trial failed or ended 
(n = 225), the average detection time differed significantly between carcass sizes (χ2

1 = 43.87, p < 0.0001), but not 
human habitation zones (χ2

1 = 3.4, p = 0.07) or habitats (χ2
1 = 0.35, p = 0.56). The mean detection time for mouse 

carcasses was 33 h quicker than rabbit carcasses (20 vs. 53 h). Scavengers also detected carcasses slightly faster 
without rain, but the effect was not significant (χ2

1 = 3.32, p = 0.20). Detection times averaged 1.6 and 5 h faster 
for mouse and rabbit carcasses without rain, respectively.

Of the carcasses scavenged by vertebrates, rodents were the first scavenger at a high percentage of mouse car-
casses (63.5%), followed by wild boar (12.0%), and then civet and raccoon dog (both 7.1%). For rabbit carcasses, 
the most common first scavengers were civet (24.2%), raccoon dog (22.2%), rodents (14.1%), and boar (12.1%). 
Given that rodents were common scavengers but unable to fully consume rabbit carcasses in our study, we also 
removed scavenging events by rodents and reanalyzed the data to investigate the most common first scavenger 
species other than rodents. From these analyses, the most common first scavengers of mouse carcasses were 
wild boar (25.8%), raccoon dog (24.2%), and civet (16.7%), whereas the first scavengers of rabbit carcasses were 
typically raccoon dog (30.0%), civet (27.8%), crow (13.5%), and wild boar (12.4%).

Carcass persistence and removal.  Carcass persistence varied by carcass size but not human habitation 
(χ2

1 = 0.24, p = 0.62) or habitat (χ2
1 = 0.47, p = 0.49). Rabbit carcasses persisted an average of 71.8 h longer than 

mouse carcasses (χ2
1 = 25.2, p < 0.0001). Although more species were observed scavenging at rabbit carcasses 

than mouse carcasses (12 vs. 11 spp.), the smaller size of mouse carcasses enabled them to be fully removed by 
a greater diversity of scavengers than rabbit carcasses (10 vs. 6 spp.). For example, rodents clearly scavenged 
easily accessible parts of rabbit carcasses (e.g., face, ears, appendages, anus) (Fig. 2), and snakes were observed 
biting and coiling around rabbit carcasses, but neither were able to consume substantial amounts of the larger 
carcasses. Instead, raccoon dogs and wild boar were frequently the final scavengers and were strong enough to 
consistently remove the entire rabbit carcass from the snare.

Wild boar removed substantially more carcasses in FEZ compared to the reference area—a trend which was 
apparent across both carcass sizes (Fig. 4). Wild boar removed 32% of rabbit carcasses in the FEZ but only 16% 
in the reference area, where more rabbit carcasses were removed by foxes (16%) and invertebrates (38%). The 
relatively small size of carcasses in our study led to intense competition with invertebrate scavengers, which 
removed 30–40% of rabbit carcasses and 50–60% of all mouse carcasses in both the FEZ and reference area. 
However, of the carcasses removed by vertebrate scavengers, wild boar took five times more mice and 18% more 
rabbit carcasses in the FEZ than reference area (Fig. 5). The proportion of vertebrate-removed carcasses taken 
by raccoon dogs was roughly similar across the FEZ and reference area for both carcass sizes (mouse: 18 vs. 
19%; rabbit: 39% vs. 36%), but other scavenger species removed more carcasses in the reference area where boar 
populations and carcass removal were lower. For example, rodents removed 29% of mouse carcasses taken by 
vertebrates in the FEZ compared to 40% in the reference area, and foxes removed 6% of rabbit carcasses in the 
FEZ and 26% in the reference area.

Figure 4.   Experimentally placed mouse carcasses (n = 175) and rabbit carcasses (n = 100) removed by different 
scavenger species in both the Fukushima Exclusion Zone (FEZ) and inhabited reference area from May to July 
2018. Scavengers were considered to have removed a carcass if they consumed or removed > 50% of the flesh.
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Both carcass sizes lasted longer if it rained at least once while the carcass was present compared to trials with-
out rain (χ2

1 = 25.3, p < 0.0001) (Fig. 6). Mouse carcasses persisted twice as long when rain occurred during the 
trials (x ̄ = 62.5 ± 51 h, n = 74) than during trials where no rain occurred (x ̄ = 31.6 ± 30 h, n = 92). Similarly, rabbit 
carcasses persisted 1.5 times longer when rain occurred (x̄ = 129.8 ± 40.5 h, n = 69 vs. x̄ = 88.5 ± 42.9 h, n = 29). 
Invertebrate scavengers also removed a higher proportion of carcasses in trials where rain occurred (50 vs. 44%). 
When analyzed by carcass size, the effects of rain were greater for rabbit carcasses; invertebrates removed more 
than twice as many rabbit carcasses when it rained (39% vs. 17%).

Discussion
Vertebrate scavengers were equally as diverse and efficient in the evacuated FEZ as they were in the surrounding 
inhabited landscape. Contrary to our expectations, overall scavenging rates were similarly high (~ 70%) across 
zones regardless of human presence or habitat. High scavenging rates indicate some ecosystem services such 
as carrion removal have not been negatively impacted by the 2011 nuclear accident. The increased abundance 
of wild boar in the FEZ following human evacuation48,67 did not increase the total proportion of vertebrate-
scavenged carcasses, but instead shifted the allocation of carrion resources among facultative scavengers. As 
predicted, carcass size influenced most aspects of scavenging dynamics, including the detection and persistence 
time of carcasses as well as scavenger identity and species richness. Mammalian mesocarnivores and generalist 
omnivores dominated the vertebrate scavenger community, making up 69% of scavenger species and removing 
more than half of all carcasses. Although ecosystems lacking obligate scavengers or large predators may be more 
vulnerable to fluctuations in the abundance of common scavengers26, our results suggest a diversity of facultative 
scavengers and efficient invertebrates contribute to the functional redundancy of small carrion removal in Fuku-
shima. By characterizing the scavenging community in the FEZ, we also provide potential pathways of nutrient 
and radiocesium redistribution in a radiologically contaminated ecosystem. Given the diversity of facultative 
scavengers we observed and the tendency for some frequent scavengers like boar and rodents to accumulate 
high (albeit variable) levels of radiocesium68,69, the implications of scavenging behavior on radiocesium dynam-
ics may warrant future research, as scavenging could lead to radiocesium circulating at higher trophic levels.

Figure 5.   Proportion of vertebrate-removed carcasses scavenged by species for each carcass size in the 
Fukushima Exclusion Zone (FEZ) and inhabited Reference area.
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Overall, carcass size affected scavenging dynamics more than habitat or human activity zone. As we hypoth-
esized, rabbit carcasses persisted significantly longer (~ 2.5× longer) and were more likely to be scavenged by a 
greater number of vertebrate species than the smaller mouse carcasses22,70,71. Mesocarnivores spent more time 
at rabbit carcasses, and we recorded several instances of inter- and intra-specific interactions between indi-
viduals fighting for dominance of carrion resources. Carcass size strongly influenced the scavengers’ ability to 
dominate carrion resources, as smaller scavengers (i.e., rodents, snakes) were able to physically remove mouse 
but not rabbit carcasses. For example, civets transitioned from being one of the top scavengers of mice72 and the 
second-most frequent scavengers at rabbit carcasses (this study), to being the least common scavenger at deer 
carcasses31. This shift implies a threshold in carcass size exists where size disparity prevents accessibility and/
or risks attracting more dominant competitors. In contrast, both the occurrence of and carcass removal by big-
ger scavengers (e.g., wild boar, raccoon dog, and fox) generally seem to increase as carcass sizes increase31,72–74. 
Despite vertebrate scavengers detecting mouse carcasses faster due to their rapid decomposition and release of 
olfactory cues20,75, the mice’s smaller size also enables removal by invertebrates at higher rates76. For example, 
in our study carrion beetles frequently buried mouse carcasses within hours of placement, thus monopolizing 
the carcasses as vertebrates rarely located buried carcasses. The high rate of invertebrate scavenging indicates 
intense competition with vertebrate scavengers for carrion resources that increases the functional redundancy 
of carcass removal services2,77, but may also have implications for radiocesium redistribution among vertebrate 
and invertebrate scavengers.

Although larger boar populations in the FEZ corresponded to higher occurrences of wild boar at carcasses 
in addition to boar removing more carcasses, the overall proportion of carcasses scavenged by vertebrates was 
similar between zones. The flexible diets of facultative scavengers dominating our scavenging community might 
have reduced competition for carrion resources among vertebrates during warm months69,78–80, leading to a 
shift in resource allocation rather than an increase in the overall number of carcasses scavenged. Both foxes and 
rodents removed substantial proportions of carcasses in the reference area but less in the FEZ, where boar scav-
enged more carcasses (Figs. 4, 5). Surprisingly, despite rodents removing more carcasses in the reference area, 
they occurred at more carcasses and scavenged at higher rates in the FEZ (Fig. 3). We suspected higher densities 
of rodents increased their probability of encountering mouse carcasses compared to boar55, but boars’ larger size 
allowed for quicker consumption of carcasses. However, the mean persistence time for mouse carcasses removed 
by rodents was more than three times faster than those taken by boar. Thus, it remains unclear why rodents 
scavenged more but removed less mouse carcasses in the FEZ. It’s possible the discrepancy in rodent occurrence 
between evacuated and inhabited zones may be related to other factors such as land use changes after evacu-
ation (e.g., abandonment of farms; succession of rice paddies to grassland)81,82 and resulting effects on rodent 
populations, but no research on the subject has been published thus far. As large social mammals, wild boar can 
dominate food resources and change other animals’ feeding behavior, including that of large carnivores83–85. In 
the absence of larger predators like bear or wolves (wolves have been extinct in Japan since the early 1900s)31, 
boar have the greatest mass of any scavenger in our study area. In Japan, when boar are present, raccoon dogs 
feed at different times and on steeper slopes to avoid competition over fallen fruit84. Unlike fruit, carrion is often 
a spatially unpredictable resource86,87 and raccoon dogs as mesocarnivores may be better adapted to rapidly 
detecting carrion than boar—however, mean detection times for raccoon dogs in this study were only slightly 

Figure 6.   Mean time in hours (with 95% confidence intervals) until carcasses (n = 270) were fully scavenged or 
decomposed with and without rain during the experimental scavenging trials in the Fukushima Exclusion Zone 
(FEZ) and inhabited reference area.
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(but not significantly) faster than those of boar. Nonetheless, raccoon dogs occurred at more carcasses than boar 
and removed similar proportions of vertebrate-scavenged carcasses across zones, indicating their importance as 
scavengers even in areas with increased boar abundance.

Previous research in Japan has recorded high scavenging rates by raccoon dogs72,77, including studies where 
multiple larger competing scavengers (i.e., bear and boar) are present31 and functionally absent73, suggesting 
raccoon dogs are reliant on carrion across their range and throughout the year. Comparison across studies 
is complicated by differences in methodology and carcass sizes, but the percent occurrence of boar at mouse 
carcasses in this study (8–12%) was roughly similar to previous studies using mice72, while boar occurrence at 
rabbit carcasses (34–56%) was comparable to studies using deer carcasses31. Although the scavenging frequen-
cies of boar and raccoon dog remained similar throughout seasons, Inagaki et al.31 observed higher scavenging 
by marten and fox in autumn, which indicates the relatively low occurrence of marten (2%) and fox (5%) in 
our study may be a seasonal effect. Additionally, the most frequent winter scavengers in northern Japan at sites 
without boar were raccoon dogs, martens, and foxes73. Facultative scavengers compete more strongly for car-
rion in the winter due to the scarcity of other food resources53,56,73, which may exacerbate the impact of wild 
boar dominating carcass removal in areas of high boar density. However, competition could also be somewhat 
alleviated by decreased invertebrate activity in colder months, resulting in longer carcass persistence and thus 
increased availability to vertebrate scavengers53,73.

We predicted habitat would impact scavenger species richness or efficiency of carcass removal given its docu-
mented effect on scavenging dynamics36,53,56,76, but we did not observe differences between deciduous broadleaf 
forests and evergreen conifer forests. Sugiura et al.72 observed similar carcass removal rates between deciduous 
forest and conifer plantations in Japan, indicating the two forest types supported similar scavenging communities. 
The effects of habitat on scavenging communities are complex and moderated by interactions with carcass size53 
and spatial scale, as both landscape and local habitat characteristics influence scavenging communities36,39. We 
did not account for microhabitat or vegetation structure, but differences between the two forest types may not 
have been enough to affect the accessibility of carcasses by mammalian scavengers which mainly use olfactory 
cues to detect carcasses60,61,88. Therefore, our placement of carcasses in forest interiors likely contributed to this 
study’s relatively low scavenging rates (2.5%) by avian scavengers31,73 as many avian scavengers rely primarily on 
vision61. The larger size and longer persistence time of rabbit carcasses may have enabled crows to locate them 
on forest floors easier than mouse carcasses, resulting in higher proportions of rabbits scavenged by crows in 
this study (21% vs. 2%).

Our data suggest the functional role of rodents as scavengers may be understated in the literature. Rodents 
were the first vertebrates to scavenge carcasses at a surprisingly large proportion of trials (42%), more so than 
any other vertebrate. Several studies have observed scavenging by rodents using remote cameras55,88–91 but fewer 
have documented rodents as the most frequent or dominant scavenger51. Reliable detection of rodents may be 
problematic due to their small size and the variation in camera quality/set-up between studies. Our use of 5-min 
time lapse photos substantially increased our ability to detect scavenging by rodents even when they did not 
trigger the camera’s motion sensor—including multiple mice simultaneously feeding at the same rabbit carcass 
(Fig. 2). The time lapse settings also captured several instances of scavenging behavior (n = 11) by ectotherms 
that otherwise would have gone undetected by motion-triggered cameras. For example, some snakes attempted 
to scavenge rabbit carcasses, frequently biting and coiling around the rabbits’ faces despite the carcass being too 
large for the snakes to consume. Our detection of snakes via only time lapse photos helps illustrate why snakes 
have traditionally been underestimated as scavengers92, despite the widespread prevalence of scavenging behavior 
across snake species62,86,93.

Interestingly, the occurrence of rain during trials increased the persistence time of carcasses considerably 
regardless of carcass size. Although the effects of rain on carcass persistence are not well-studied, some studies 
have suggested precipitation may prolong carcass decomposition by decreasing vertebrate and invertebrate activ-
ity, or interfering with olfactory cues that lead to carcass detection by vertebrate scavengers55,56,94. The proportion 
of carcasses removed by invertebrates in this study was greater during trials with rain than without rain, sug-
gesting decreased invertebrate activity was not responsible for the difference in persistence times. Detection by 
vertebrate scavengers was slightly but not significantly reduced by the occurrence of rain in this study, possibly 
because of other factors that impact detection like windspeed, humidity, and the amount/duration of rainfall, 
which were not measured in this study54. Additionally, rain is closely linked to temperature, which influences 
scavenging efficiency and carcass persistence28,53,60. Future research to clarify the interaction between tempera-
ture and precipitation, and how it influences invertebrate activity and detection by vertebrate scavengers, would 
increase our understanding of carcass persistence across seasons and climates.

Conclusions
In this study, we examined the composition and efficiency of the vertebrate scavenger community in the evacu-
ated FEZ and nearby areas unaffected by the 2011 accident. Our results indicate that despite the presence of 
radiological contamination and the increased boar abundance following human evacuation, vertebrate scavengers 
inside the FEZ are equally as diverse and efficient at assimilating carrion as in the surrounding landscape. Using 
time-lapse photography in addition to the camera’s motion-sensor allowed for the detection of a greater diversity 
of species often missed in scavenging studies, including extensive scavenging by mice and several instances of 
scavenging behavior by snakes. Overall, carcass size had a greater effect on scavenging dynamics than habitat 
or human activity through its role in carcass detection and persistence, as well as carcass use by vertebrate and 
invertebrate scavengers. Higher boar abundances in the FEZ did not increase scavenging rates but shifted the 
allocation of carrion resources among scavengers, with boar dominating more carcasses in the FEZ. Our results 
support recent work suggesting that in systems without obligate scavengers and large carnivores, changes in 
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the abundance of common or dominant scavengers can influence scavenging dynamics. This work also adds 
to growing evidence that scavenging research should account for the effects of carcass size when identifying 
scavenger communities. Finally, by characterizing the scavenging community in a radiologically contaminated 
ecosystem, we illustrate potential pathways of radiocesium dynamics in the food web that previously may not 
have been considered.
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