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ABSTRACT
Understanding the impacts of contamination events on wildlife is important for both
remediation efforts and the generation of risk assessments. In this thesis, | used GPS and
dosimetry data collected for wild boar (Sus scrofa leucomystax) living in and around the
Fukushima Exclusion Zone (FEZ) to study the impact of the Fukushima Dai-ichi accident on the
movement behavior and radiation exposure of wildlife. | found wild boar within the FEZ were
more diurnal compared to those outside the zone and they utilized abandoned anthropogenic
areas in addition to natural areas. | also found methods of estimating contaminant exposure using
conservative inputs (i.e., assumed maximal exposures) consistently generated conservative
estimates whereas methods incorporating finer-scale contaminant surveys and animal movement
data produced the most realistic estimates. Collectively, my results contribute to our
understanding of the impacts of nuclear accidents on wildlife and provide improved guidelines

for conducting risk assessments in these areas.
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CHAPTER 1
INTRODUCTION & LITERATURE REVIEW

Like many other forms of pollution, radioactive contamination has the potential to be
harmful to wildlife. The consequences of radioactive pollution can transcend biological scales,
from molecular impacts to ecosystem level changes (IAEA 2001, Hinton et al. 2007).
Molecularly, ionizing radiation can lead to oxidation of DNA and other bio-molecules like
proteins and lipids (Reisz et al. 2014). At higher doses, the resulting damage can lead to reduced
fitness or even death (Arkhipov et al. 1994, Whicker 1997, Ellegren et al. 1997, Hinton et al.
2007). Provided enough radiation, entire groups of radiosensitive individuals may be directly
impacted (IAEA 1992, Arkhipov et al. 1994, Hinton et al. 2007). This impact may then indirectly
propagate to non-radiosensitive species to have broader community or ecosystem-level impacts.
For example, in the months following the Chernoby! disaster, entire patches of radiosensitive
pine trees in the Red Forest died after receiving large doses of radiation (Arkhipov et al. 1994)
and the area has subsequently undergone a community shift to favor less sensitive species
(Geras’kin 2016).

Deciding which biological scale (i.e., molecular, individual, population, or ecosystem) to
use when assessing impacts following a contamination event is important because it can change
our viewpoint of how harmful the event was. This is especially true because impacts at finer
biological scales (e.g., DNA mutations) may be effectively neutral in impact at coarser (e.g.,
population) scales (Ohta 1992, Loewe and Hill 2010). Typically, when concerned with human

exposure, one focuses on the potential harm to an individual (i.e., counts of cancers or other



health effects; Lei et al. 2015). However, for wildlife, managers are often most concerned with
maintaining viable populations rather than individual health (ICRP 1977, DOE 2019).
Historically, it was assumed that: “the level of safety required for protection of all human
individuals is thought likely to be adequate to protect other species, although not necessarily
individual members of those species” (ICRP 1977). However, this statement assumes that
humans and wildlife inhabit the same area and ingest, or otherwise come into contact to,
contaminants in identical ways (DOE 2019). Thus, this statement is inadequate in protecting
wildlife inhabiting contaminated environments in which human access is controlled (DOE 2019).
An example of such a scenario is the formation of exclusion zones following the Chernobyl and
the Fukushima nuclear disasters, where humans were evacuated but wildlife was allowed to
persist.

In 2011, following a large earthquake and tsunami, reactors at the Fukushima Dai-ichi
Nuclear Power Plant (FDNPP) melted down and released large amounts of radionuclides onto
the surrounding environment (Tanaka 2012). This radioactive fallout resulted in the evacuation
of approximately 164,000 humans from a 1,150 km? area referred to as the Fukushima Exclusion
Zone (FEZ) (Ministry of the Environment 2018, Do 2019). Once the reactors were stabilized, a
massive decontamination effort was undertaken (Ministry of the Environment 2018). Following
these remediation efforts and due to the natural decay of radionuclides deposited on the
landscape, radiation levels have since fallen (Ministry of the Environment 2018). Beginning in
2016, some areas of the FEZ were reopened to human settlement, but only some of the residents
have returned (Ministry of the Environment 2018, Do 2019, Nagamatsu et al. 2020). However, a

large portion of the FEZ to the northwest of the FDNPP remains restricted from human



resettlement (Ministry of the Environment 2018). At least for now, the FEZ has become a
rewilding experiment, where wildlife live with minimal human contact (Lyons et al. 2020).

Current research on the health of wildlife within the FEZ, and analogous areas such as
Chernobyl, is conflicting. In the weeks and months following the Chernobyl disaster, wildlife
inhabiting areas near the plant were exposed to extremely high radiation exposure rates (~20
Gy/d; IAEA 2001). Several studies have reported negative impacts from this radiation exposure:
radiosensitive pine trees died in areas of highest radiation (Arkhipov et al. 1994) and barn
swallows were reported to have a higher frequency of partial albinism and reduced fitness
(Ellegren et al. 1997, Mgller and Mousseau 2001). Similarly, some studies observed negative
effects following the FDNPP disaster, including physical abnormalities in pale grass blue
butterflies (Zizeeria maha) (Hiyama et al. 2012) and decreased reproduction among goshawks
(Accipiter gentilis fujiyamae) (Murase et al. 2015). Still other studies were unable to find
correlations between exposure and known markers of radiation exposure like frequency of
dicentric chromosomes or telomere length (Cunningham et al. 2021), abnormal germ cell
morphology or defective spermatogenesis (Yamashiro et al. 2013, 2015), or occurrence of
cataracts (Pederson et al. 2020). Nonetheless, as time has passed and radiation levels have
dropped, many species of wildlife within both Chernobyl and Fukushima seem to be thriving —
with some research suggesting several wildlife species such as wild boar (Sus scrofa
leucomystax), roe deer (Capreolus capreolus), and moose (Alces alces) have increased in
population size in Fukushima or Chernobyl following the evacuation of humans (Deryabina et al.
2015, Lyons et al. 2020).

The debate about the true impacts of the Chernobyl and Fukushima disaster are made

especially difficult by the questionable dosimetry that has been used in several studies reporting



negative effects (Strand et al. 2014, 2017). Many wildlife are highly mobile, and thus estimating
exact radiation dose rates can be challenging or often impractical. As a result, many studies rely
on simple metrics like air dose rate at the trap site (Mgller and Mousseau 2009, Lehmann et al.
2016). However, due to the inability to track true exposure, these methods of estimating
exposure have not been verified and may lead to spurious conclusions (Hinton et al. 2019).
Further, it is questionable whether a simple metric could realistically capture the complexity of
contaminant distribution and of an organism’s interaction with and exposure to the contaminant.
The radioactive fallout following the FDNPP disaster included large quantities of
Cesium-137 (**’Cs), Cesium-134 (***Cs), and Iodine-131 (*3I), which were subsequently
deposited onto the surrounding landscape and into the Pacific Ocean (Ministry of the
Environment 2018). Researchers today often focus on ***Cs and **'Cs (Koarashi et al. 2012,
Oshita 2013, Koizumi et al. 2013, Nakanishi et al. 2014, Suchara et al. 2016, Kurihara et al.
2018, Hayes et al. 2020, Nemoto et al. 2020) because, unlike 31, these radionuclides did not
quickly decay after initial release due to their long half-lives (Povinec et al. 2013). This is
especially true for *’Cs whose half-life of 30.17 years means that instead of rapidly decaying, it
has time to migrate through the system and be washed through canopy and vegetation layers into
the litter layer, soil, and eventually, waterways (Onda et al. 2020). However, vertical migration
through the soil is often slow, due in part to the fixation of Cesium cations to negatively charged
clay minerals within the soil column (Sato et al. 2013, Fujii et al. 2014). The speed at which
Cesium migrates through the landscape is also dependent on the landcover upon which it was
deposited. For example, *'Cs migrates downward faster through paddy fields than through forest

soil columns (Takahashi et al. 2018, 2019, Onda et al. 2020).



The initial contaminant deposition combined with subsequent migration patterns have
resulted in the landscape within the FEZ becoming a heterogeneous patchwork of radiation
levels. Historically, it was acceptable to ignore the impact of fine-scale heterogeneity on external
exposure in favor of using average contamination levels across the contaminated area because
this was assumed to produce conservative (i.e., higher than actual) estimates for external
exposure (USEPA 1996, DOE 2019). However, recent research has shown that these estimates
are not always conservative and that fine-scale heterogeneity may play a bigger role than
previously expected (Hinton et al. 2019). This fine-scale patchiness likely has biological
consequences because small changes in an animal’s location, direction, or speed across the
landscape may significantly alter the amount of radiation an individual is exposed to. It is
difficult, therefore, to accurately estimate radiation exposure without a good understanding of
both the characteristic movement patterns of an organism and a fine-scale external radiation
model of the areas in which they live. These estimates are made even more difficult by the
possibility that wildlife may have shifted their home ranges and behaviors following the accident
to select for previously unfavored areas, including areas formerly occupied by humans.

One species suspected of occupying abandoned anthropogenic areas in the FEZ is the
Japanese wild boar (Sus scrofa leucomystax), which have been observed wandering down streets
and into backyards within the FEZ (J. Beasley, personal communication, May 2020). Japanese
wild boar are a subspecies of S. scrofa native to Japan and are distributed throughout Honshu,
Shikoku, and Kyushu islands (Watanobe et al. 1999). S. scrofa are globally known to be
opportunistic generalists (Schley and Roper 2003, Barrios-Garcia and Ballari 2012) and are a
known nuisance species in Japan (Honda and Sugita 2007, 2007, Matsumura et al. 2019). Within

the FEZ, wild boar have been used extensively as study organisms because their wide



distribution across the FEZ makes them ideal for studying topics such as whether chronic low
radiation exposure is associated with DNA damage (Cunningham et al. 2021, Anderson et al.
2022) or cataracts (Pederson et al. 2020) in wildlife, whether human activity reduction is
associated with changes in population size or diurnal activity (Lyons et al. 2020), and whether
consumption of boar from within the zone would lead to unsafe radiation doses in humans
(Anderson et al. 2022). Their wide distribution across areas of both high and low contamination
levels also makes them the ideal species to use to study the impact which contaminant
heterogeneity, such as the contaminant heterogeneity observed within the FEZ, has on exposure
estimates.

If fine-scale heterogeneity does play a significant role in determining external exposure,
then it should be included in exposure prediction models. However, capturing such fine-scale
contaminant heterogeneity likely requires extensive contaminant surveys, surveys which are
often beyond the capabilities of those conducting them. In the case of large-scale contamination
events, such as the FDNPP disaster, capturing fine-scale heterogeneity is even more difficult
because surveys would not only have to be fine-scale but also cover a large spatial extent.

In terrestrial systems, soil radionuclide levels can be transformed into external exposure
estimates (Larsson 2008, Brown et al. 2016, Hinton et al. 2019, Gerke et al. 2020). For small
contamination events, conducting an extensive soil survey to capture fine-scale heterogeneity
may be feasible. However, for larger contamination events, such as the Fukushima Dai-ichi
Nuclear Disaster, the manpower required to conduct comprehensive soil surveys would be
enormous. Flyover surveys utilizing aircraft equipped with scintillation detectors return radiation
levels from the entire FEZ at a finer scale and require less manpower than comprehensive soil

surveys (Sanada et al. 2014, Sanada and Torii 2015). Therefore, it is possible that flyover



surveys could be used instead of soil surveys when approximating radiation exposure of
widespread species. However, flyover surveys provide estimates for external exposure at 1 meter
above the surface (i.e., the height of a human). Thus, these surveys may not be suitable for
estimating radiation exposure of smaller terrestrial or burrowing animals. Comparing the
accuracy of models based on both flyover and soil samples will help researchers determine the
viability of flyover surveys in estimating the amount of radiation wildlife encounter. Further, by
comparing these models to actual exposure rates captured by contaminant monitors worn by
individual boar, we can help determine the best way to use these surveys to conservatively
estimate exposure.

Understanding how wild animals, such as wild boar, have altered their movements in
response to the creation of the FEZ and how best to estimate their radiation exposure are
important components of developing appropriate management plans and ecosystem risk
assessments following radioactive contamination. In this thesis, | will specifically focus on how
the scale of sampling contaminant levels and the scale of tracking an individual influences the
realism and conservativeness of exposure estimates. In Chapter 2, | use GPS tracking data to
conduct and 2" and 3™ order resource selection analysis on wild boar in and around the FEZ. In
addition, | analyze and compare the temporal behavioral activity patterns of wild boar inside and
outside the zone. Together, results derived from Chapter 2 can be used by those interested in
managing wild boar populations in preparation for resettlement and will expand upon previous
literature asking the question of how human presence impacts wildlife behavior. In Chapter 3, |
compare varying methods for estimating radiation exposure in both conservative and realistic
ways. In addition, I explore the impact that accounting for fine scale contaminant heterogeneity

and increasing the complexity with which an organism’s movements are estimated have on



deriving contaminant exposure estimates. My Chapter 3 results will assist both individuals
interested in generating conservative estimates for risk assessments, as well as those interested in
realistic estimates for dose-effect studies. Collectively, this thesis explores the intersection of
spatial and radioecology and demonstrates how this intersection can be used for both

management and risk assessment processes.
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CHAPTER 2
RESOURCE SELECTION AND ACTIVITY PATTERNS OF WILD BOAR IN AND
AROUND THE FUKUSHIMA EXCLUSION ZONE
Introduction
Expanding anthropogenic activity has contributed to the destruction and degeneration of

many of earth’s ecosystems (Kennish 2001, Chen and Tang 2005, Carvajal et al. 2018, Lino et
al. 2019, Babi Almenar et al. 2019, Bryan-Brown et al. 2020). Land previously available for
wildlife has been transformed for human use, and much of the remaining habitat is fragmented to
varying extents (Carvajal et al. 2018, Lino et al. 2019, Babi Almenar et al. 2019, Bryan-Brown et
al. 2020). In addition to direct impacts of habitat loss, human activity can indirectly impact
wildlife through environmental contamination, light and noise pollution, and numerous other
mechanisms (Moore et al. 2000, Bernanke and Kohler 2009, Kight et al. 2012, Tennessen et al.
2014, La Sorte et al. 2017). Anthropogenic pressure, both direct and indirect, is an important
factor in many local and global extinction events (Halley et al. 2016, Hirt et al. 2021). Further,
anthropogenic pressure can drive wildlife to use different habitats or adjust activity patterns in
response to a perceived-risk associated with human presence (Frid and Dill 2002, Ciuti et al.
2012, Lodberg-Holm et al. 2019). Examples of altered behaviors in human-modified landscapes
include shifting activity patterns to be more nocturnal (Gaynor et al. 2018, Nickel et al. 2020, Li
et al. 2022), utilizing lower-quality resources farther from human activity (Hornseth and Rempel
2016, Ritzel and Gallo 2020), and having smaller home ranges in urban areas than natural ones
(O’Donnell and delBarco-Trillo, 2020). Evidence of wildlife responses to human land use

change is widespread; however, there has been considerably less effort devoted to investigating
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how wildlife and ecosystems respond to the removal of humans, data that are critical to
illuminate spatio-temporal processes associated with ecosystem recovery following
anthropogenic disturbance (Perino et al. 2019).

The act of converting an altered landscape back to a more natural state is referred to as
rewilding (Lorimer et al. 2015, Perino et al. 2019). These areas may be selected on purpose,
often for the conservation of large predators or keystone species (e.g., reintroduction of wolves,
Canis lupus, to Yellowstone; reintroduction of European Bison, Bison Bonasus; ensuring
connectivity among metapopulations), or they may be the natural consequence following the
removal of humans due to military conflicts (e.g., Korean Demilitarized Zone), environmental
contamination (e.g., Chernobyl Exclusion Zone, Fukushima Exclusion Zone), urban-rural
migration and industrialization leading to abandoned agricultural land (Rudel et al. 2002,
Gellrich and Zimmermann 2007), or other reasons. There is growing evidence of the resiliency
of ecosystems following a decrease in human activity, as many species are able to respond
rapidly at both population and individual levels following human abandonment. For example, a
study investigating the response of elk (Cervus elaphus) to the removal of human disturbance
during calving season found that the removal of simulated human disturbance was correlated
with increased reproductive success (Shively et al. 2005). Similarly, the Korean demilitarized
zone has become an important stopover for migrating white-naped cranes (Grus vipio) following
reductions in human activity and development in the region (Higuchi et al. 1996), and many
species within the Chernobyl nuclear exclusion zone experienced population growth following
the evacuation of humans despite the high radiation levels present (Deryabina et al. 2015).

Like the Chernoby! disaster, the 2011 Fukushima Dai-ichi Nuclear Power Plant accident

released large amounts of radionuclides into the surrounding landscape (Tanaka 2012) and
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triggered a mass evacuation of humans from the area, forming the Fukushima Exclusion Zone
(FEZ). Over time, as radiation levels have fallen, parts of the FEZ have been reopened for human
resettlement (Ministry of the Environment 2018). However, approximately 340 km? remain
restricted from human habitation due to unsafe radiation levels. Humans were evacuated from
this area a decade ago, but the FEZ’s wildlife remained and have experienced chronic radiation
exposure and low levels of human activity ever since. While some species appear to have
experienced negative effects due to radiation such as physical abnormalities (Hiyama et al. 2012)
or decreased reproductive success (Murase et al. 2015), other studies have failed to find a
correlation between increased radiation and numerous biological endpoints (Yamashiro et al.
2013, Abe et al. 2020, Pederson et al. 2020, Cunningham et al. 2021). In fact, like Chernobyl,
populations of many wildlife species within the FEZ have increased following the evacuation of
humans despite elevated radiation levels (Lyons et al. 2020). The Japanese wild boar (Sus scrofa
leucomystax), in particular, appears to be benefiting from the formation of the FEZ, as
populations are 3-4 times more abundant within the FEZ compared to the surrounding landscape
(Lyons et al. 2020).

Wild boar are an extremely adaptable species, known for their ability to survive in a
variety of habitats including highly modified agricultural and developed ecosystems (Long 2003,
Schley and Roper 2003, Ballari and Barrios-Garcia 2014, Gonzalez-Crespo et al. 2018). This
adaptability has been cited as one of the driving factors for S. scrofa’s success as an invasive
species — allowing populations of wild S. scrofa to successfully establish populations in new
areas and survive on every continent but Antarctica. Wild boar diets are primarily composed of
plant matter (leaves, stems, fruits, mast), although smaller amounts of animal matter (small

mammals, reptiles, eggs, invertebrates) are routinely consumed (Massei et al. 1996, Schley and
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Roper 2003, Baubet et al. 2004, Ballari and Barrios-Garcia 2014). Boar living near rural or urban
areas can also take advantage of energy rich food like crops, discarded trash, or gardens.
However, there is a trade-off between the nutrition that can be gained and the risks (i.e., culling,
traffic, etc.) associated with approaching human settlements. Despite these risks, increasing
numbers of wild boar have been seen in anthropogenic areas over recent decades, especially rural
and suburban settlements (Cahill et al. 2012, VerCauteren et al. 2020) and have caused
substantial property damage (Schley et al. 2008, Barrios-Garcia and Ballari 2012, Bobek et al.
2017). Like other populations, Japanese wild boar (hereafter — wild boar) are associated with
human-wildlife conflicts (e.g., destroying crops and paddy fields, vehicle collisions) (Honda and
Sugita 2007, Honda and Kawauchi 2011, Hioki and Inaba 2021). Within the FEZ, camera trap
studies suggest that wild boar populations are increasing and potentially becoming more diurnal
(Lyons et al. 2020, Gerke et al. 2022). As areas of the FEZ reopen and small groups of residents
return, this lack of temporal and spatial avoidance could lead to increased human-wildlife
conflict. To address the growing wild boar population within the FEZ and increasing potential
for conflict, the Japanese government has implemented a professional trapping program to
mitigate damages caused by wild boar within the FEZ.

Our goal in this study was to use GPS movement data to quantify the resource selection
and activity patterns of wild boar in and around the FEZ, and, when possible, to examine the
impact of sex and season on shifts in those behaviors. (1) We broadly hypothesized that, at both
broad 2" order (i.e., home range placement within population range) and fine 3" order scales
(i.e., selection of resources within home range), wild boar would utilize areas near historically
selected resources like water, forests, and crops (Massei et al. 1996, Schley and Roper 2003,

Thurfjell et al. 2009, Clontz et al. 2021, Kramer et al. 2022) and would also utilize urban spaces
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due to the substantial reduction in human presence in the region and the benefits they provide
despite being abandoned (e.g., abandoned fruit trees, shelter in abandon buildings). (2) During
autumn and winter, we hypothesized that boar would select for deciduous forests within their
home range more heavily than evergreen forests due to the high energy mast resources available.
(3) During spring and summer, we hypothesized that high temperatures would drive wild boar to
utilize areas close to water sources within their home range for thermoregulation measures. (4)
Finally, we hypothesized that wild boar inside the FEZ would be more diurnal compared to those
outside the FEZ.
Methods
Study Site

Our study occurred in and around the FEZ, an approximately 1150km? area extending
northwest from the Fukushima Dai-ichi Nuclear Power Plant (37°25'15.3"N 141°01'57.1"E) on
the eastern coast of Japan (Figure 2.1). The region is characterized by a humid subtropical
climate (Koppen 1936, Peel et al. 2007). Spring and summer in the FEZ are warm and wet
(average monthly temperature and precipitation: 19.6°C, 148.2mm) whereas fall and winter are
considerably cooler and drier (7.5°C, 85.5mm) (Japan Meteorological Agency 2022). The
Abukuma mountains bisect the FEZ, creating both mountainous and coastal habitats (Figure 2.1).
Mountainous areas are characterized by rolling deciduous broadleaf, deciduous needleleaf, and
evergreen needleleaf forests with scattered grassland and urban settlements. Coastal areas are
much flatter and historically dominated by a mixture of urban settlements and paddy fields.
Since the 2011 tsunami and subsequent human evacuation, the landscape within the FEZ has
changed due to abandonment, with vegetation encroaching in residential and urban areas and

former paddy and agricultural fields being overtaken by grass (Sekizawa et al. 2015, Ishihara and
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Tadono 2017). Extensive efforts to manually reduce radiation levels have been made by
removing contaminated top-soil and sediments and washing contaminated areas with water
(Ministry of the Environment 2018). Due to these remediation efforts, as well as the natural
decay and migration of radioisotopes in the system, many areas of the FEZ began reopening for
human resettlement starting in 2014 (Figure 2.1), although only a small proportion of residents
had returned at the time of the study (Ministry of the Environment 2018). Of the original FEZ,
340 km? remains closed to human resettlement as of 2022.

Some of our analyses also included boar from Miyagi (fall-winter: 3.8C, 101.7 mm |
spring-summer: 17.6C, 157.8mm) and Iwate (fall-winter: 4.5C, 52.9mm | spring, summer: 17.9C,
140mm) prefectures (Figure 2.1). Similar to the FEZ, this landscape is characterized by forested
rolling mountains. However, compared to the FEZ, urban areas and paddy fields were farther
inland and thus the overall landscape composition was slightly different compared to the FEZ.
Thus, boar from Miyagi and Iwate were excluded from our resource selection analysis, and only
used in our activity analysis, because of these general landscape differences. Similarly, because
the majority of boar in the FEZ were collared in coastal regions, we excluded boar in
mountainous regions from our resource selection analysis.

Animal Handling and Data Processing

We captured 37 wild boar inside the FEZ (> 21.2 kg, 16 males, 21 females) in both
coastal (34) and mountain (3) habitats between 2016 and 2020 using box live traps (Figure 2.1).
An additional 4 wild boar were collared in Miyagi (n = 2) and Iwate (n = 2) prefectures between
2012 and 2019 and were only used in behavioral analyses. We anesthetized each individual with
5 mg/kg Zoletil (Virbac, Australia) and 0.1 mg/kg medotomine (Domitor) injected

intramuscularly. Once sedated, we collected age, sex, and weight, and fit each individual with a
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GPS radio collar (Vectronic Aerospace, Berlin Germany). During processing, a top-up dose was
given every 10 to 15 minutes, and individuals were released at the capture site upon recovery.
GPS collars were initially programmed to take locations every 15 (n = 20), 30 (n = 13), or 60 (n
= 8) minutes, but were later resampled to 60 minutes (+/- 5 minutes) to standardize the data used
in our analyses among individuals. Due to potential changes in behaviour directly following
collaring, we excluded all locations collected within 48 hours of release. In addition, we removed
any obvious incorrect GPS fixes including obvious outliers and locations farther away from the
previous locations than a boar could feasibly travel during the sampling rate. There is no hard
boundary to the FEZ, and thus boar can move in and out of the zone freely. To ensure we were
capturing the resource selection of boar within the zone, we only included boar in resource
selection analyses which had at least 95% of these resampled hourly points within the FEZ
boundaries.

Resource Selection

Spatial Layers Preparation

Fukushima Exclusion Zone

We manually created a spatial polygon for the FEZ by digitizing an image of its
boundaries (Prime Minister’s Office of Japan 2013) in ArcGIS Pro (version 2.9.0). We further
corrected the digitized borders by adjusting them to align with township boundaries (ESRI Japan

https://www.esrij.com/products/japan-shp/ Population and Border Information). Throughout our

study period, as parts of FEZ were reopened to settlement, we correspondingly adjusted the FEZs
boundaries to reflect these changes in our analyses.

Environmental Covariates
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We were interested in the resource selection of wild boar at two scales: 2" order and 3™
order (Johnson 1980). We started with the same set of environmental covariates for each
analysis, but the specific covariates used in model generation varied slightly between scales due
to multicollinearity between environmental attributes at different scales (see below). We selected
eight environmental covariates (distance to crops, distance to urban areas, distance to deciduous
forests, distance to evergreen forests, distance to paddy fields, distance to water, distance to
major roads, and distance to non-major roads) that we a priori anticipated could have the greatest
potential influence on wild boar movements (Kodera et al. 2001, Ballari and Barrios-Garcia
2014, Nemoto et al. 2020, Clontz et al. 2021). These eight environmental covariates were
selected either because they (1) fulfill some essential need for survival including food (crops,
paddy fields, deciduous forests), cover (deciduous forests, evergreen forests), or water; or (2) are
tightly linked to human activity and thus their use may be influenced by the removal of humans
from the FEZ landscape (urban areas, major and non-major roads, crops, and paddy fields). For
each environmental covariate, we generated distance rasters in ArcGIS Pro (Version 2.9.0) and
imported these rasters into R version 4.0.3 (R Core Team 2019) to determine the minimum
distance from used and available locations to each resource.

To account for changes in landcover over the duration of this study, particularly given
shifts in habitats due to the abandonment and subsequent repopulation of some areas (Ishihara &
Tadono, 2017; Sekizawa et al., 2015), we used two temporally distinct land cover rasters
developed by the Earth Observation Research Center at the Japan Aerospace Exploration Agency
(JAXA) (30 x 30 m |10 x 10 m resolution) (Japan Aerospace Exploration Agency 2018, 2021)
to represent the study area’s landscape between 2014-2016 and between 2018-2020. Both raster

layers included crops, urban areas, deciduous broadleaf forests, deciduous needleleaf forests,
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evergreen broadleaf forests, evergreen needleleaf forests, grassland, and paddy fields land cover
types. To simplify our analyses, we combined evergreen broadleaf and evergreen needleleaf
forest layers into a single layer, and similarly combined deciduous broadleaf and deciduous
needleleaf forests. We also combined converted paddy fields with paddy fields (see below), to
obtain an overall distance to paddy field.

Since the 2011 tsunami and subsequent evacuation, many abandoned paddy fields within
the FEZ have experienced significant vegetation changes due to the lack of farming (Sekizawa et
al. 2015, Ishihara and Tadono 2017). Many of these paddy fields have been overtaken by grass
and as a result categorized as grassland on land cover rasters. Therefore, to include these
abandoned paddy fields in our analysis, we first determined which grassland pixels in the 2014-
2016 and 2018-2020 land cover rasters were converted paddy fields by comparing them to a pre-
tsunami land cover layer (10 x 10 m resolution) (Japan Aerospace Exploration Agency 2016) and
then used the minimum distance to either a converted or non-converted paddy field as distance to
paddy field in our analyses.

It is unlikely that roads and water sources shifted spatially due their abandonment. Thus,
we did not create separate temporal distance rasters for these covariates. The distance to water
raster (30 x 30 m) was produced by combining rivers and lakes layers from the National Land
Numeric Information Division of the Ministry of Land, Infrastructure, Transport, and Tourism of
Japan (retrieved from https://nlftp.mlit.go.jp/ksj/index.html). We used a roads spatial layer
downloaded from OpenStreetMap (OpenStreetMap contributors, 2021 retrieved from

https://download.geofabrik.de/asia/japan.html on 7/22/2021) to generate individual distance

rasters (30 x 30 m) for motorways, trunk, primary, secondary, tertiary, unclassified and

residential roads. We later combined extracted distances into distance to major road (motorways,
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trunk, and primary roads) and distance to non-major roads (secondary, tertiary, unclassified, and
residential roads) in R.

Prior to model generation, we tested for multicollinearity between environmental
covariates by calculating variance inflation factors (VIF) using the usdm R package version 1.1-
18 (Naimi 2017) in R version 4.0.3 (R Core Team 2019) with a maximum linear correlation
threshold of 0.7 and a VIF threshold of 10. Due to multicollinearity, we excluded distance to
agriculture, evergreen forests, and minor roads from our 3" order analysis and distance to
agriculture and evergreen forests from our 2" order analysis.

2" Order Resource Selection

We assessed resource selection at a broad scale by comparing the resources available
within a boars’ home range to those available throughout the broader landscape. At the 2" order
scale, we defined used areas by generating a 95% autocorrelated kernel density home range for
each wild boar (Fleming et al. 2015) that had more than 15 days of data, not including days
already removed post-collaring using the ctmm package version 0.6.0 (Calabrese et al. 2016).
This 15-day requirement was selected because it ensured that we had enough data to capture the
true home size of range resident individuals, as was indicated by stability of empirical
variograms.

We decided to use autocorrelated kernel density estimates (AKDE), as opposed to other
home range estimates because AKDEs account for the autocorrelation that is present when an
individual’s locations are recorded frequently enough that each subsequent location is correlated
with the previous location. We defined the available area for our 2nd order analysis using a

minimum convex polygon (MCP) surrounding all coastal boar locations (Figure 2.1), buffered by
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the mean diameter (2759m) of all 95% autocorrelated home range estimates. The MCP was
generated using the mcp function from the adehabitatHR package (version 0.4-19).

We randomly sampled habitat attributes at 5,000 locations within each boar’s home range
(140,000 locations across all boar) and compared the attributes present at these ‘used’ locations
to those extracted by randomly sampling 25,000 locations within the MCP. These numbers (i.e.,
5000 used; 25,000 available) were selected after preliminary tests indicated they were large
enough to sufficiently capture the true values of sampling scale-sensitive parameters (Northrup et
al. 2013). Because we were specifically interested in evaluating resource selection differences
between males and females, we did not use model selection and instead used a global model for
both males and females to facilitate comparison between sexes using the same model structure.
We generated generalized linear mixed models with the habitat attributes as fixed effects based
on a training dataset containing 70% of used and available data. We then determined the
performance of our models by computing and comparing the area under a receiver operating
characteristic curve (AUC ROC) for both the training dataset and a testing dataset which
contained the remaining 30 percent of data. We generated our models using the glmer function of
the Ime4 package (version 1.1-26) with a binomial response, Nelder Mead optimizer, and a
nNACQ of 0 and tested model performance using the pROC package in R version 4.0.3 (R Core
Team 2019).

3" Order Resource Selection

At a finer scale, we assess resource selection at recorded GPS locations relative to
random locations within a boar’s home range. For this analysis, we separated our detections
based on sex and season. We did not include season in our 2" order analysis because Japanese

wild boar are not known to make large scale seasonal migrations, which would result in distinct
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seasonal home ranges. However, it is possible that season does play a role in the selection of
resources within a wild boars’ home range. For example, forested areas or proximity to water
may play a larger role in warmer months compared to cooler months. Therefore, we divided our
detections into spring-summer (April to September) and autumn-winter (October-March) for this
analysis.

We quantified the available habitat by randomly sampling 95% home ranges generated
during the 2" order analysis. Each home range was sampled such that there were 5 times more
available locations relative to used GPS locations. We decided to use 5 times the number of used
locations for available because preliminary analyses suggested this number was large enough to
ensure we captured sampling-scale sensitive parameters (Northrup et al. 2013). We used habitats
associated with recorded GPS locations for used locations. Similar to our 2" order analysis, we
did not use model selection and instead used a global model, which allowed us to compare our
covariates across sexes and seasons. We generated 4 generalized linear mixed models
(male:autumn-winter, male:spring-summer, female:autumn-winter, female:spring-summer)
based on a training dataset consisting of 70% of used and available data, using the glmer
function of the Ime4 package (version 1.1-26) with a binomial response, Nelder Mead optimizer,
and a nACQ of 0. We assessed model fit by determining the AUC ROC for both training and
testing datasets using the pROC package (version 1.18.0) in R (version 4.0.3).

Behavioral Analysis

Hidden Markov Models (HMMs) can be used to predict underlying behavioral states by
looking for patterns in the distance traveled between consecutive detections (step length) and
changes in the direction traveled (turn angle). Previous research has shown that both sex (Clontz

et al. 2021) and human disturbance (Doherty et al. 2021, Stabach et al. 2022) can alter step
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lengths and/or total amount of movement an individual travels. Therefore, we separated our data
into four categories: males inside the FEZ, males outside the FEZ, females inside the FEZ, and
females outside the FEZ. For individuals that moved across the FEZ boundary during their
tracking period, we separated their data into two discrete datasets reflecting movements inside
and outside the FEZ. Step lengths and turn angles for consecutive steps were generated with the
prepData function in the moveHMM package (version 1.7) (Michelot et al. 2016) and were used
as the observations for our HMMs. For each dataset we ran 25 iterations of HMMs with different
starting values for step-lengths and turn-angles. These starting values were randomly generated
within pre-selected bounds based on observed step-lengths and turn-angles. All models assumed
3 behavioral states, a gamma distribution for step-lengths, and a wrapped Cauchy distribution for
turn angles. Model fitting and state decoding were both done using the moveHMM package
(Version 1.7) in R. We then selected the best model for each dataset based on likelihood and
used the Viterbi algorithm to assign behavioral states for each GPS location. We then used
Watson’s two-sample test of homogeneity (Zar 1976) to test for differences in the temporal
distribution of each state across sex and location relative to the FEZ. To run Watson’s two-
sample test of homogeneity we used the watson.two function in the CircStats package (version
0.2-6).
Results

We obtained GPS data for 34 collared wild boar within coastal areas of the FEZ between
January 2016 and November 2020 which following hourly resampling, resulted in 89,278
cleaned GPS fixes (14 males, 20 females). Of these 34 boar, 2 (1 male, 1 female; 526 cleaned

GPS fixes) did not have sufficient data to generate home ranges for 2" or 3" order resource

selection analyses and were only included in behavioral analyses. An additional 4 boar (2 male, 2
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female; 15885 cleaned GPS fixes) spent less than 95% of their time in the FEZ and were
excluded from the resource selection analyses and only used for behavioral analyses. All 11
males included in our resource selection analysis had data crossing into autumn-winter but only 5
of them had spring-summer data. Fifteen females included in our resource selection analysis had
data in autumn-winter and 7 had data in spring-summer. In total, data from 28 boar (11 males, 18
females; 72,867 cleaned GPS fixes) were used in our resource selection analyses.

For our behavioral analyses, we an additional 3,920 hourly fixes were obtained from
three wild boar collared in the FEZ’s mountain regions (2 males, 1 female), 1,835 from one
female boar who left their coastal home range and established a new home range in the
mountains, and 11,224 hourly fixes from four wild boar (3 males, 1 female) collared outside the
FEZ in the Miyagi and Iwate prefectures between 2012 and 2019. In total, we used data from 41
boar (19 males, 22 females; 106,257 cleaned GPS fixes) in our behavioral analyses.

It should be noted that two wild boar (one collared inside the FEZ and one in Miyagi
prefecture) experienced dispersal events during the tracking period. For these two individuals,
we removed GPS locations recorded during dispersal events and treated pre- and post-dispersal
as separate individuals; doing this ensured that unusual behavior during dispersal did not
interfere with our temporal behavior analysis and that changes in resource availability did not
interfere with our resource selection analyses.

2"d Order Resource Selection

At the 2" order scale, the majority of our measured habitat attributes influenced the
placement of wild boar (Sus scrofa leucomystax) home ranges within the landscape (Table 2.1,
Figure 2.2). Both males and females established home ranges close to paddy fields, major roads,

and deciduous forests (Table 2.1, Figure 2.2). Females selected to be close to urban spaces, but

27



males did not select to be closer to or farther from these areas (Table 2.1, Figure 2.2). Males
selected to be farther from water sources, whereas females did not significantly select to be
closer or farther from water sources (Table 2.1, Figure 2.2). The AUC ROCs for male and female
training and testing data indicated adequate model fit given our data (male training: 0.7211, male
testing: 0.7208, female training: 0.7686, female testing: 0.7643).

31 Order Resource Selection

At a finer scale, across sexes and seasons, wild boar selected to use areas closer to paddy
fields within their home ranges (Table 2.2, Figure 2.3). Similar to our 2" order results, males
selected to be closer to urban areas across seasons and farther from water in spring-summer
(Table 2.2, Figure 2.3). Females also selected to be farther from water in autumn-winter, but
selected to be close to water during spring-summer (Table 2.2, Figure 2.3). Females also selected
to be closer to urban areas in spring-summer (Table 2.2, Figure 2.3). Females selected to be
closer to deciduous forests across seasons and evergreen forests during spring-summer, but
selected to be farther from evergreen forests in autumn-winter (Table 2.2, Figure 2.3). Males
selected to be closer to evergreen forests across seasons and deciduous forests during spring-
summer; but selected to be farther from deciduous forests during autumn-winter (Table 2.2,
Figure 2.3). Males selected to be closer to minor roads across seasons and closer to major roads
in spring-summer but selected to be farther from major roads in autumn-winter (Table 2.2,
Figure 2.3). Females selected to be farther from both major and minor roads in across seasons
(Table 2.2, Figure 2.3). The AUC ROC scores for our 3" order models also indicated that they
predicted use better than random chance (male autumn-winter training: 0.6450, testing: 0.6388;
male spring-summer training: 0.6822, testing: 0.6857; female autumn-winter training: 0.6393,

testing: 0.6457; female spring-summer training: 0.6599, testing: 0.6599).
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Behavioral Analysis

Using separate HMMs, we were able to distinguish three behavioral states for both males
and females inside and outside the FEZ (Table 2.3): resting (characterized by short step lengths
and turn angles close to -n), foraging (characterized by slightly longer step lengths and turn
angles close to - ), and traveling (characterized by long step lengths and turn angles close to 7).

There were clear differences in temporal behavioral patterns for both males and females
inside and outside the FEZ (Table 2.4, Figure 2.4). Both males and females inside the FEZ were
more active during the day compared to their counterparts outside the zone, spending more time
making intermediate steps indicative of foraging and less time resting (Figure 2.4). Within the
FEZ, males spent slightly more time foraging than females (Figure 2.4). Outside the FEZ, both
males and females spent most of the day resting, with females resting slightly more than males
(Figure 2.4). Although traveling tends to follow similar temporal patterns both inside and outside
of the FEZ, with most traveling occurring during the night (Figure 2.4), there are still significant
(p-value < 0.05) differences in traveling patterns based on location and sex (Table 2.4). For
example, females outside the FEZ spend less time traveling during the day compared to females
inside and males outside the FEZ tend to travel later into the morning compared to females
outside (Figure 2.4).

Discussion

Using GPS locations of wild boar, we investigated fine and broad scale resource selection
and movement behavior in and around the Fukushima Exclusion Zone in Japan. We found that
spatial scale, season, and sex all impacted resource selection of wild boar. Most notably, we
found that although wild boar in and around the FEZ often utilize natural areas like deciduous

and evergreen forests, they also often utilize anthropogenic spaces like urban areas and paddy
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fields. While further studies would be necessary to quantify the extent to which this usage is a
consequence of the reduction of human activity following evacuation, the extensive use of
anthropogenic spaces by wild boar in our study suggests there is a high potential for conflict as
areas are resettled by humans. Our results also suggest wild boar within the FEZ exhibit altered
temporal patterns of activity, with boar inside the zone exhibiting more diurnal activity than
those in areas with greater human activity, supporting previous research within the FEZ using
remote cameras (Lyons et al. 2020).

Wild boar are among the most behaviorally plastic and generalist large mammals (Schley
and Roper 2003, Keuling et al. 2009, Barrios-Garcia and Ballari 2012), with the ability to adapt
to changes in their environment by adjusting their resource selection and/or temporal activity
patterns to mitigate conflict. At a broad 2" order scale, females selected to be close to urban
areas. Although these abandoned urban areas do not have the same energy rich resources as non-
abandoned spaces (i.e. food waste, backyard gardens, etc.), wild boar may still be attracted to the
resources available in the absence of human use. For example, within the Chernobyl exclusion
zone, abandoned structures have been shown to be used by Przewalski’s horses and other
wildlife for shelter (Schlichting et al. 2020). It is possible that wildlife within the FEZ may make
similar use of abandoned buildings (Gerke et al. 2020). Other remnants of humans use such as
orchards or fruit trees in gardens planted before the evacuation, may also play a role in providing
food. Encroaching shrubs and trees around towns and houses also may be inadvertently
increasing wild boar habitat and thus encouraging use of urban areas. At a finer scale, wild boar
also selected to be close to anthropogenic areas in every sex-season category except for females
in autumn-winter, during which females did not have a significant selection pattern concerning

urban spaces. Within the FEZ, there are extensive year-round culling efforts to protect urban
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areas from boar and other problematic species. It is possible that this culling has driven at least
some of the females to select for urban areas less strongly, which would account for the absence
of selection during autumn-winter when other resources, like masts, are available elsewhere.
Males, on the other hand, may experience more pressure due to increased population sizes and be
driven to use these abandoned but still risky areas due to their solitary nature.

Like urban areas, paddy fields also can be an energy rich resource, evidenced by the vast
amount of rooting damage within paddy fields across Japan each year (Honda 2007, Honda and
Sugita 2007, Matsumura et al. 2019). While rice may not be actively harvested within the FEZ,
rooting is still a common occurrence in these abandoned fields, suggesting that even abandoned
fields provide an energy rich alternative to more natural sources. This premise is further
supported by our results, in which paddy fields were heavily selected for across scales, sexes,
and seasons. In addition to being a food resource (Honda 2007, Honda and Sugita 2007, Lee and
Lee 2014, Matsumura et al. 2019), rice paddies tend to be in lowland areas and, when flooded,
can potentially provide boar with other sources of water for drinking and thermoregulation. Wild
boar are poor thermoregulators and require frequent access to water for drinking and wallowing
(Graves 1984, Huynh et al. 2005, Bracke 2011). Thus, it is likely that the apparent avoidance of
lakes and rivers in our resource selection analyses by some wild boar could simply be explained
by wild boar utilizing paddy fields or other fine-scale water resources within the FEZ, and thus
not requiring larger sources of fresh water.

Wild boar also selected to be close to deciduous forests and/or evergreen forests at
different scales, sexes, and seasons. This result supports many previous studies in which forests
were found to play an important role in wild boar resource selection (Kodera et al. 2001, Ballari

and Barrios-Garcia 2014, Nemoto et al. 2020, Clontz et al. 2021). Deciduous forests provide
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numerous benefits to wild boar, particularly through nutrition in the form of growing vegetation
during spring-summer and high calorie mast during autumn-winter. Further, forests can provide
cover for thermoregulation (Kramer et al. 2022) and rearing young (Fernandez-Llario 2004).
During winter months, thick evergreen forests may be better at providing thermoregulation cover
compared to deciduous forests, which could explain why male wild boar selected for evergreen
forests over deciduous forests during autumn-winter. It is possible that females may have been
captured during years or in areas that had greater quantities of masts available, which could
explain why they selected for deciduous forests but not evergreen forests during autumn-winter.
However, we did not have access to records of mast quantities over our study period and could
not confirm this.

There is little consistency in previous research concerning the behavioral response of
wild boar to roads: some studies failed to find any impact of roads on boar movement (Frantz et
al. 2012), others found that roads can act as barriers to movement (Lecis et al. 2022), and still
others found that boar can respond positively or negatively to roads depending on sex, season,
and location on the rural-urban gradient (Stillfried et al. 2017, Clontz et al. 2021). We found
similar conflicting results in our analysis as there were few trends across scales, sexes, seasons,
or road type. While this inconsistency makes it difficult to make conclusions about the
importance of roads to wild boar, it does support the idea that roads may have both positive and
negative impacts. This inconsistency may also be explained by the fact that boar are generalists
and can easily take advantage of or ignore different resources depending on what else is
available in their home range (Massei et al. 1996, Schley and Roper 2003, Ballari and Barrios-

Garcia 2014, Nemoto et al. 2020, Clontz et al. 2021).

32



Using HMMs, we were able to differentiate male and female movement tracks, both
inside and outside the FEZ, into three distinct behavioral states. We found that, regardless of sex,
wild boar tended to travel at night and rest during the day. This is likely, at least partially, a
thermoregulatory behavior (Geiser 2010, Giroux et al. 2022) and allows boar to reduce exposure
to the midday heat. However, compared to outside the zone, wild boar within the FEZ spent less
time resting and more time foraging during the day. This supports previous camera trap research
which suggests that wild boar inside the FEZ were more diurnal compared to their counterparts
outside the zone (Lyons et al. 2020). Shifting to a more nocturnal activity pattern is often seen
among animals living in areas with higher human presence (Gaynor et al. 2018, Li et al. 2022).
Thus, within the zone, where human activity and conflicts with people have been reduced
substantially, it is not surprising that wild boar may be modifying their behavior to be more
active during the day.

Conclusion

Wild boar are one of the most behaviorally plastic large mammals, able to adapt to new
environments by varying their use of space and time. As such, they are ideally suited to quickly
respond to abrupt changes in their habitat, such as the removal of humans from a previously
inhabited area. Supporting this conjecture, previous studies in the FEZ and Chernobyl have
shown that, following the removal of humans, both areas saw a large increase in wild boar
populations — suggesting that at a population level wild boar are taking advantage of the lack of
people (Deryabina et al. 2015, Lyons et al. 2020). In this study, we expanded on previous
research on wild boar in evacuated areas by investigating resource use and potential behavioral
changes of boar within the FEZ. Understanding the spatial and temporal patterns of boar within

the FEZ can provide insight into how a generalist species may utilize areas following rewilding
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and can assist those preparing within the FEZ for resettlement. We found that, in addition to
utilizing natural areas like deciduous and evergreen forests, wild boar also often used
anthropogenic spaces like urban spaces and paddy fields. In addition, wild boar’s shift to diurnal
activity within the FEZ also indicates a usage of time periods previously occupied by humans.
Collectively, our results suggest that a generalist species facing a rewilding event will utilize
both natural and anthropogenic areas depending on the desirability of the resources available.
From a management perspective, our results suggest boar select highly for paddy fields, and so
these areas may be important to focus on in management plans. Furthermore, although not as
highly or consistently selected for as paddy fields, many boar collared in our study extensively
utilized urban areas, highlighting the potential for conflicts in areas containing property left by
residents.
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Table 2.1. Fixed-effect coefficients of 2" order resource selection models generated to compare the distance to habitat covariates of

interest at used and available locations for male and female wild boar (Sus scrofa leucomystax) collared inside of the Fukushima
Exclusion Zone between 2016 and 2020

Male Female
Estimate SE z value Pr(>|z|) Estimate SE z value Pr(|z|)
Water (km) 1.264 0.026 48.372 < 2e-16 falaied 0.034 0.024 1.434 0.151
Deciduous (km) -1.106 0.046 -24.250  <2e-16 Foxk -4.852 0.056 -86.689 <2e-16 oxk
Paddy (km) -2.546 0.033 -76.658  <2e-16 Fxk -2.880 0.036 -80.075 <2e-16 *rx
Urban (km) -0.033 0.019 -1.732 0.083 -1.311 0.021 -63.669 <2e-16 *rx
Major Roads (km) -0.101 0.009 -11.841 < 2e-16 falaied -0.219 0.008 -27.405 <2e-16 *Hx

*** indicates p < 0.001, * indicates p < 0.05, . indicates < 0.1
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Table 2.2. Selection coefficients for 3 order resource selection models generated to compare the distance to habitat covariates of
interest at used and available locations for male and female wild boar (Sus scrofa leucomystax) collared in the Fukushima Exclusion

Zone between 2016 and 2020. Each model was based on data separated by sex and by season (Autumn-Winter: October-March |

Spring-Summer: April — September).

Male Spring-Summer

Female Spring-Summer

Estimate Esrtrdo'r z value Pr(>|z|) Estimate ESrtrdO'r z value Pr(>|z|)

Water (km) 0.740 0.074 10.058 <2e-16  H*xx -0.169 0.063 -2.696 0.007 *k
Deciduous (km) -5.532 0.368 -15.029  <2e-16  **x* -5.658 0.247 -22.903  <2e-16  *x*
Evergreen (km) -1.187 0.325 -3.657 0.000 Fekk -1.143 0.243 -4.703 0.000 Fokk

Paddy (km) -2.537 0.156 -16.261 < 2e-16  *xx* -5.691 0.153 -37.309  <2e-16  xx*

Urban (km) -1.611 0.135 -11.895  <2e-16  *xx* -2.835 0.146 -19.480 <2e-16  xx*

Minor Road (km)  -1.751 0.158 -11.066 < 2e-16  *xx* 0.519 0.142 3.654 0.000 *okk
Major Road (km)  -0.249 0.025 -9.955 <2e-16  H*xx 0.207 0.049 4.190 0.000 *okk
Male Autumn-Winter Female Autumn-Winter

Water (km) 0.092 0.051 1.802 0.072 0.588 0.052 11.344 <2e-16  **xx
Deciduous (km) 1.423 0.137 10.364 <2e-16  *x* -3.049 0.150 -20.347  <2e-16  *x*
Evergreen (km) -5.591 0.194 -28.902 <2e-16  *x* 1.978 0.135 14.660 <2e-16  **xx

Paddy (km) -2.042 0.088 -23.295 <2e-16  *x* -3.335 0.109 -30.746  <2e-16  *x*

Urban (km) -0.883 0.077 -11.463 <2e-16  *x* -0.147 0.075 -1.955 0.051 _

Minor Road (km)  -1.416 0.103 -13.734 <2e-16  xx* 0.562 0.113 4.974 0.000 Fokk
Major Road (km)  0.311 0.016 19.731 <2e-16  *x* 0.135 0.035 3.824 0.000 Fokk

*** indicates p < 0.001, * indicates p < 0.05, . indicates < 0.1



Table 2.3. Mean step lengths and turn angles for three separate behavioral states of male and female wild boar (Sus scrofa) inside and
outside of the Fukushima Exclusion Zone (2012-2020) as determined using hidden Markov models.

Traveling Foraging Resting
Step Length Parameters Mean SD Mean SD Mean SD
Male Inside 251.043 235.422 34.489 23.506 9.770 7.178
Male Outside 208.557 193.068 29.341 18.221 9.297 6.053
Female Inside 159.520 140.307 35.888 21.204 11.378 8.097
Female Outside 206.473 189.773 60.452 37.283 15.834 11.240
Traveling Foraging Resting
Turn Angle Parameters Mean Concentration Mean Concentration Mean Concentration
Male Inside 0.017 0.154 -3.061 0.344 -3.042 0.205
Male Outside 0.073 0.217 -3.066 0.371 3.139 0.273
Female Inside 0.052 0.130 -3.080 0.363 -3.054 0.186
Female Outside -0.052 0.198 3.040 0.281 -2.969 0.214
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Table 2.4. P-values from Watson’s two-sample test of homogeneity comparing distributions of
resting, foraging, and traveling behaviors between males inside the Fukushima Exclusion Zone
(FEZ), males outside the FEZ, females inside the FEZ, and females outside the FEZ. These
distributions were based on locational data collected from wild boar (Sus scrofa leucomystax)
collared in Tohoku, Japan between 2012 and 2022. Each consecutive location was assigned a
behavioral state based on a previously generated hidden Markov model.

Resting Male Male F_emale Fe_male
Inside FEZ  Outside FEZ Inside FEZ Outside FEZ
Male - Inside FEZ X
Male - Outside FEZ < 0.001 X
Female - Inside FEZ >0.100 < 0.001 X
Female - Outside FEZ < 0.001 <0.001 <0.001 X
Foraging Male I\_/Iale F_emale Fe_male
Inside FEZ  Outside FEZ Inside FEZ Outside FEZ
Male - Inside FEZ X
Male - Outside FEZ < 0.001 X
Female - Inside FEZ < 0.050 < 0.001 X
Female - Outside FEZ < 0.001 < 0.001 < 0.001 X
Traveling Male Male Eemale Fe_male
Inside FEZ  Outside FEZ Inside FEZ Outside FEZ
Male - Inside FEZ X
Male - Outside FEZ <0.001 X
Female - Inside FEZ < 0.001 < 0.001 X
Female - Outside FEZ < 0.001 < 0.001 < 0.001 X
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Kilometers

Figure 2.1. Capture sites of 41 wild boar (Sus scrofa leucomystax). (A) Capture sites relative to
the entire country: including locations of captures in Fukushima, Miyagi, and Iwate prefectures,
(B) wild boar GPS locations used in resource selection analysis relative to the boundary of the
Fukushima Exclusion Zone (FEZ) with areas of the FEZ that have been opened since initial
formation hashed out, (C) Satellite image of the study area for the resource selection analysis
with rivers and a minimum complex polygon of coastal boar locations displayed.
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Figure 2.2. Predictive odds ratios with 95% confidence intervals based on 2" order resource

selection models for male and female wild boar (Sus scrofa leucomystax) collared in the
Fukushima Exclusion Zone between 2016 to 2020.
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Figure 2.3. Predictive odds ratios with 95% confidence intervals based on 3" order resource
selection models for male and female wild boar (Sus scrofa leucomystax) collared in the
Fukushima Exclusion Zone between 2016 to 2020.
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Figure 2.4. Proportion of time of day spent in one of three behavioral states (resting, foraging,
and traveling) as determined by a three-state Markov model of wild boar (Sus scrofa
leucomystax) collared in Tohoku, Japan between 2012 and 2022. Data were divided by location
relative to the Fukushima Exclusion Zone (inside or outside) and by sex prior to model
generation.
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CHAPTER 3
THE IMPACT OF SAMPLING SCALE: A COMPARISON OF METHODS ESTIMATING
CONTAMINANT EXPOSURE IN FREE-RANGING WILDLIFE
Introduction
Environmental contamination is a pervasive global problem for both human and
environmental health (Boyd 2010, Kim et al. 2015, Manisalidis et al. 2020, Hassaan and EI Nemr
2020, Landrigan et al. 2020). The impact of environmental contaminants is often tied to the level
at which it is encountered (Arkhipov et al. 1994, Aunan and Pan 2004, Hu et al. 2021, Filippini
et al. 2022). Thus, determining contaminant exposure is a fundamental step of ecological risk
assessments and is also important in the development of precise dose-effect relationships for
exposed biota (USEPA 1996, DOE 2002, 2019, Stark et al. 2017). However, our ability to
predict an organism’s exposure is at least partially limited by (1) our ability to effectively capture
the spatially heterogeneous contaminant levels found across the entire impacted area and (2) our
ability to predict how organisms utilize the contaminated area and thus to what level they interact
with and are exposed to contamination (Hinton et al. 2013). The level of detail required to
generate estimates and the accuracy required from estimated exposures is often quite different
depending on whether it is needed for an ecological risk assessment or a research-oriented dose-
effect study (USEPA 1996, Suter 1l et al. 2000, DOE 2002, 2019).
Ecological risk assessors can often avoid the challenge of obtaining detailed exposure
information through a stepped approach, in which assessments are performed in successively
more rigorous tiers (Suter Il et al. 2000). Simple screening-level tiers are used initially, in which

simulations of contaminant exposure are generated from conservative input values that purposely
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maximize estimates of biota exposure (USEPA 1992, DOE 2002, 2019). The rationale is that if
conservative inputs result in simulated exposures less than an approved bench-mark value, then
the risk assessor is confident that harmful effects will not be observed in animals exposed to
lesser, but unknown exposures. A fundamental assumption of exposure studies is that organisms
move randomly throughout an area (USEPA 1996). Thus, contaminant exposure is assumed to
be equal to the average contaminant concentration across a usage area (USEPA 1996). However,
because it is difficult to ensure that the true contaminant concentration is captured using random
survey methods, maximal contaminant levels are often used in exposure modeling during
screening steps (USEPA 1996, DOE 2002, 2019). Further, if a population’s area of use is larger
than the contaminated area, the estimated average contaminant value across an entire
contaminated area is thought to be sufficiently conservative for exposure estimates (DOE 2002).
However, for large contamination events like the Chernobyl and Fukushima Daiichi Nuclear
Power Plant (FDNPP) accidents, it is possible that entire groups of individuals, if not entire
populations, spend all their time within the highly contaminated exclusion zones and thus
averaging across the contaminated area may not consistently be conservative. Further, it should
be noted that organisms almost never move randomly across a landscape and instead are driven
by a complex combination of factors (e.g., resources, predators, anthropogenic activity; Laundré
et al. 2001, Kay et al. 2017, McNitt et al. 2020, Taubmann et al. 2021, Clontz et al. 2021).
Therefore, it is possible that coarse random sampling of the landscape may fail to sample the
actual habitat used by an organism and may thereby not adequately capture actual exposure rates.
In contrast, research-oriented exposure studies typically seek realistic, rather than
conservative, exposure data so that the uncertainties of derived dose-effect relationships are

reduced and a greater confidence in results can be achieved (Bouville et al. 2014). However,
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dose-effect relationships derived from chronic exposure to contaminants are rare (Sanchez et al.
2010, Stark et al. 2017). Even when dose-effect relationships are studied, the results are often
controversial due to the use of inadequate exposure data (Strand et al. 2014, 2017). The ability to
accurately track chronic contaminant exposure is limited by the technical and logistic challenges
of placing monitors on wildlife. While wildlife monitors do exist for some contaminants (Hinton
et al. 2015, Aramrun et al. 2019), the additional funding and effort required to deploy them
makes their use unfeasible for many studies. Thus, even when realistic dose-effect relationships
are warranted, many studies rely on simple surveys conducted at or near study sites (i.e., trap
sites, transects; Nelson Beyer et al. 1985, Beyer and Stafford 1993, Mgller and Mousseau 20009,
Lehmann et al. 2016). Although these surveys allow exposures to be estimated easily, the use of
these simple methods points to a potentially fallible assumption in exposure science — that an
estimate made using minimal data can adequately capture the exposure of wildlife moving
through and interacting with a complex contaminated landscape. Research is needed to
determine what scale of contaminant data, as well as what scale of animal movement data,
combine to effectively produce usable dose-effect relationships from model simulations of
chronic exposures to contaminants. Furthermore, the role of fine-scale exposure and whether
such heterogeneity needs to be accounted for while estimating exposure is largely unknown.
Determining the impact of fine-scale heterogeneity in contaminant distribution on
estimates of contaminant exposure requires knowledge of the true fine-scale distribution of
contaminants. However, given limited manpower and funding, assessors may be unable to
conduct extensive enough surveys to obtain fine scale knowledge of contaminant distributions.
These surveys are made more difficult by the fact that many terrestrial and aquatic contaminants

must be measured directly through collection and analysis of field samples (Selid et al. 2009, Li
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et al. 2019, Jin et al. 2020). However, some types of radiation from radioactive contamination
can be measured remotely with instrumentation (e.g., dosimeters, scintillation detectors) carried
by an individual (Andoh et al. 2019), motor vehicle (Andoh et al. 2015), or helicopter (Sanada
and Torii 2015). Thus, extensive surveys of radioactive contamination can be conducted with
relatively little manpower (Sanada et al. 2019). This ease of survey makes radioactive
contamination uniquely suited to answering questions about the impact of fine-scale
heterogeneity on external exposure.

The FDNPP accident in 2011 resulted in the deposition of a large amount of radioactive
contamination onto the surrounding landscape. Among the radionuclides released were 34Cs and
137Cs, both of which were released in large enough quantities (~13 PBq each; Chino et al. 2011,
Kato et al. 2019) and with long enough half-life (2.1 and 30.2 y, respectively) that they continued
contributing substantial gamma emissions even after many of the other emitted radionuclides had
decayed (Povinec et al. 2013a, Chartin et al. 2013, Nabeshi et al. 2015, Xu et al. 2016, Johansen
et al. 2021). Due to uneven radionuclide fallout during the initial disaster (Morino et al. 2013,
Draxler et al. 2015), varying rates at which cesium migrates through the landscape (depending on
slope, soil clay content, erosion, precipitation, and land cover; Zhang et al. 1994, Fuijii et al.
2014, Onda et al. 2020) and focused remediation efforts around abandoned towns (Ministry of
the Environment 2018), the contaminated area surrounding the FDNPP is a heterogeneous
patchwork of varying activity levels of radionuclides. This heterogeneity may be further
amplified by shifting weather patterns between wet and dry seasons, as soil moisture may
interfere with gamma emissions and thus alter measured surface dose rates (IAEA 2003, Ajayi et

al. 2015). Therefore, it is likely that the exposure encountered by an individual is highly
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dependent on their location and that fine-scale movements through small patches of high
radiation may affect the overall dose received by an individual.

Due to the extent of the accident, and concerns for human health, the landscape
surrounding the FDNPP has been extensively surveyed using multiple survey methods
representing broad differences in sampling scale (Sanada and Torii 2015, Andoh et al. 2015,
2019). These differences in sample scale make the Fukushima Exclusion Zone (FEZ) ideal for
testing the impact which accounting for fine scale heterogeneity has on the conservativeness
(relative to ecological risk analyses) and realism (relative to accurate dose-effect research) of
modeled simulated exposure predictions, both in terms of scale of contaminant heterogeneity
itself and of how wildlife utilize the landscape.

This study explores the utility of several approaches for predicting an organism’s
exposure to radiation. At its core, each approach is based on a combination of (1) some method
of capturing the spatial distribution of contamination with (2) some method for estimating an
organism’s spatial movement patterns. Specifically, we are interested in the extent to which finer
sampling of contaminant distribution and increasing the complexity of models predicting an
organism’s movement have on the (1) conservativeness and (2) realism of exposure estimates.
We do this by comparing the actual external radiation exposures, collected using GPS-coupled
contaminant monitors deployed on Japanese wild boar (Sus scrofa leucomystax) within the FEZ,
with estimates of exposures made by combining contaminant surveys that vary in how finely
they map contaminant distribution with increasingly more complex methods for tracking and
predicting an organism’s movement. We predicted that (1) estimates made using conservative
model inputs, such as the maximum contaminant levels within a reasonable distance to a known

location, would produce conservative estimates of external exposure, (2) the average
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contaminant concentration across the entire FEZ would not produce conservative estimates of
exposure experienced by boar living solely within the contaminated areas, and (3) finer scale
contaminant maps combined with more precise locational overlays would generate the most
realistic radiation estimates of external exposure encountered by an individual.

Methods

M1 Study Area

In 2011, the combined damage from a massive earthquake and tsunami led to the
meltdown of reactors at the FDNPP on the eastern coast of Japan. The FDNPP disaster released
large amounts of radionuclides into the ocean and surrounding terrestrial environment (Tanaka
2012), with the highest land contaminant concentrations falling to the northwest of the plant —
stretching from the Pacific Ocean towards the Abukuma mountains. The radioactive fallout
resulted in the evacuation of 1,150 km?, forming the FEZ. Since 2011, dose rates have dropped
across the FEZ due to both natural processes such as the radioactive decay (half-life ***Cs: 2.1
years, 13’Cs: 30.2 years) and the migration of radionuclides into deeper soil layers, as well as
remediation efforts (Mikami et al. 2019). However, dose rates have not fallen evenly across the
FEZ: remediation efforts are systematically focused around cities (Ministry of the Environment
2018) and natural processes such as radionuclide migration are dependent on localized external
factors such as precipitation, land cover, slope and soil type (Zhang et al. 1994, Fujii et al. 2014,
Onda et al. 2020).

Near the coast, the FEZ is predominantly composed of a mixture of urban spaces and
paddy fields, interspersed with evergreen and deciduous forests along areas of higher elevation.
Following abandonment, most paddy fields have slowly transitioned and are now largely

composed of grass. Further inland, the FEZ is characterized by rolling mountains composed of a
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mixture of evergreen and deciduous forests. Forested areas received the bulk of terrestrial fallout
from the FDNPP disaster (Kato et al. 2019). The FEZ has a humid subtropical climate (Képpen,
1936; Peel et al., 2007) with warm summers (study period average 22°C; Japan Meteorological
Agency 2022) and cool winters (study period average 5°C; Japan Meteorological Agency 2022).
This area is also characterized by a wet season between June and September (average 192 mm
precipitation) with drier months the rest of the year (average 76 mm precipitation).

The combination of both initial deposition patterns and variable dose rate reduction have
resulted in a heterogeneous patchwork of radiation levels throughout the FEZ. Due to this
reduction in dose rates, as of 2020 70% of the FEZ has reopened to the public, while a 350 km?
area remains officially evacuated (Ministry of Economy, Trade and Industry 2020). We used the
original 1,150 km? area as our study area because it is the terrestrial area which had, or were
suspected to have, the highest radiation levels in the weeks following the disaster. Thus, this area
is representative of a boundary which might be used by risk assessors or other parties interested
in estimating exposure in a conservative manner. We used a polygon, which was previously
generated for a separate study based on an image of the FEZ’s boundary (Prime Minister’s
Office of Japan 2013), to set the boundaries of our contaminant maps.

M2 Trapping and Collaring Information

Hunters captured Japanese wild boar (hereafter: boar) using box live traps within the FEZ
between early 2016 and 2018 and gave us access to the boar to be used in this study. Each boar
was anesthetized using 5 mg Zoletil and 0.1 mg Domitor per estimated kg mass of animal. While
anesthetized, we recorded sex, age, and weight. For a subset of 6 capture locations, we also
collected ambient dose rates (uSv h™t) measured at 1 m above the ground surface with a Nal (T1)

scintillation survey meter (Hitachi TCS-172, Tokyo Japan). We then fitted each individual with a
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GPS-coupled contaminant monitor. These GPS-coupled contaminant monitors (980 g) allowed
for both (1) GPS tracking in harsh field conditions via the GlobalStar satellite array (\VVectronic
Aerospace, Berlin Germany) and (2) measurements of external exposure to radiation via
electronic dosimeters (Mirion Technologies, Atlanta Georgia). Animal locations and external
doses from radiation were obtained hourly. These monitors were developed, calibrated, and field
tested in a previous study on wild pigs (Hinton et al. 2015) and have been used on wolves (Canis
lupus) in Chernobyl (Hinton et al. 2019). All captured boar were released at the capture site after
processing. Boar capture and processing were done in compliance with the Animal Use
Committees of Fukushima University and the University of Georgia, IACUC A2015 05-004-Y 3-
AG6.

M3 Generation of Contaminant Maps

M3.1 Selection of MEXT Surveys

The Ministry of Education, Culture, Sports, Science, and Technology (MEXT) has
conducted numerous monitoring surveys with a variety of methods in order to track the dose
rates and contaminant concentrations across the area surrounding the FDNPP (Sanada et al.
2014, Saito et al. 2015, Sanada and Torii 2015, Andoh et al. 2015, 2019). In this study, we
selected the three surveys that we felt were representative of the type of surveys used in previous
contaminant exposure studies and/or that had the greatest potential to adequately capture fine-
scale contaminant heterogeneity within our study area. Namely, we used (1) a soil survey from
2011 which we sub-sampled to only include samples near the FEZ, these samples were taken on
average 1277 = 554 m apart and were subsequently kriged (Methods M3.2.1) to a resolution of
550m; (2) a coarser annual soil survey (sub-sampled to near the FEZ; average nearest neighbor

distance 3719 + 854 m), which we subsequently interpolated (Methods M3.2.2) to a 550m
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resolution using inverse distance weighting (hereafter: IDW); and (3) annual aerial surveys from
which contamination levels were mapped to a resolution of 275 m.

Soil surveys historically have been used to map radionuclides in terrestrial systems,
especially when concerned with wildlife that burrow into or live on the ground. However, while
small scale contamination events may be directly mapped using soil surveys, for landscape level
events — including the FDNPP disaster — the manpower required to comprehensively sample the
entire region would be enormous. As a result, both soil surveys used in our study are quite coarse
(average nearest neighbor distances 1277 m and 3719 m) when compared to airborne surveys
(average nearest neighbor distance 20 to 225 m for unmanned and manned surveys respectively).
In this study, we use mathematical models (i.e., IDW, kriging) to interpolate between sparse
sampling points and generate contaminant maps covering the FEZ. However, even with
interpolation, contaminant maps made from these soil surveys may fail to capture the fine scale
heterogeneity seen within the FEZ. In addition, these soil surveys focus on inhabitable areas
(Saito et al. 2015) and thus may fail to survey habitats occupied by wildlife but not humans.
Furthermore, soil surveys focus on only one potential contaminant reservoir (i.e., the soil
column) and thus may fail to capture contaminants present elsewhere in an ecosystem such as
contaminants captured on or absorbed into trees (Koizumi et al. 2013, Nishikiori et al. 2015, Ota
and Koarashi 2022).

Compared to soil surveys, flyover surveys can return dose rates from a larger region, at a
finer spatial scale, and require relatively little manpower. In addition to capturing dose rates
exuding from non-soil deposition locations, flyover surveys also have the advantage that they
can survey locations that would be difficult to reach in person. However, flyover surveys provide

estimates for dose rates at 1 m above the surface (Sanada et al. 2014, Sanada and Torii 2015) and
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thus, may not adequately capture the radiation exposure of a terrestrial organism living close to
and interacting with soils contaminated with radionuclides.

M3.2 Generation of Soil Contaminant Maps

M3.2.1 Generation of Soil Contaminant Maps Based on 2011 Soil Survey

Following the 2011 accident, the MEXT conducted a relatively extensive soil survey of
radionuclide deposition densities (Bq - m) consisting of 2,200 locations across eastern portions
of Fukushima, Miyagi, Yamagata, Tochigi, and Ibaraki prefectures (Saito et al. 2015). We subset
the data to only include including locations inside or within 5 kilometers of the FEZ boundary
(365 survey locations). Survey sites ranged from 13 to 3842 m away from their nearest neighbor,
with an average nearest neighbor distance of 1277 m. At each survey location, the average
deposition density from 5 soil samples taken within a 3 x 3 m square were used as a measure of
radionuclide concentration (Onda et al. 2015). A depth of 5 cm was used for each soil sample
because the majority of contaminants remained in the soil surface layers in the months following
the disaster (Onda et al. 2015). Although this survey also recorded the deposition densities of
other radionuclides, we focused on '**Cs and **’Cs because they were deposited with great
enough quantity and with long enough half-lives that the effects of other radionuclides during
our study period were negligible compared to these two (Povinec et al. 2013a, Nabeshi et al.
2015, Xu et al. 2016, Johansen et al. 2021).

For our analysis, we later replaced the average deposition densities where radiocesium
was not detected with one-half the limit of detection or one-half the minimum deposition density
recorded for each nuclide. The reason for replacing these deposition densities with one-half the
limit of detection or minimum detected deposition density, as opposed to replacing with 0, is

two-fold. First, deposition densities of 13*Cs and *’Cs followed more of a lognormal distribution
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than a normal one. Taking the logarithm of deposition densities can transform this lognormal
distribution to a more normal one. However, it is impossible to take the log of 0. Thus, using a
very small non-zero number allows us to transform deposition densities to a more normal
distribution in future steps without having to remove these not-detection datapoints. Second, just
because *3*Cs and *3'Cs were not detected does not necessarily mean that these nuclides were
absent from the soil sample. It is possible that both nuclides were present, but at a density lower
than that which could be detected. One method of accounting for these extremely low but present
deposition densities is to replace not-detected deposition densities with a value greater than 0 but
less than the limit of detection.

The 2011 soil survey locations were close enough that we were able to generate an
interpolated map using kriging. Due to spatial non-stationarity of deposited cesium (i.e., the
mean and variation of deposited cesium changes across space), we used regression kriging. The
following process for regression kriging was completed separately with *3*Cs and *’Cs
deposition densities because we needed separate radionuclide activity concentrations to generate
specific dose conversion coefficients that could be used to convert soil radionuclide
concentrations into estimated exposures in a later step. We started by transforming the recorded
deposition densities to a logarithmic scale. We then fit 8 generalized linear models selected a
priori with combinations of covariates we thought might affect deposition density: (1) distance
from the nuclear power plant to the survey location, (2) angle between the nuclear power plant
and the survey location broken into its orthonormal components (x and y), (3) elevation of the
survey location, and (4) an interaction term between elevation and angle. The elevation data used
for this paper have been provided by Earth Observation Research Center of the Japan Aerospace

Exploration Agency (EORC 2019). We generated residuals for each survey location by
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subtracting values predicted using the best fit model (i.e., the model with the lowest AIC) from
the logarithm of the actual deposition density measured in 2011, for both **Cs and **’Cs. Model
generation was performed using the glm function in the R stats package (version 4.0.3). It should
be noted that more complex models for simulating plume direction and deposition following the
FDNPP disaster can be found in the literature (Sugiyama et al. 2012, Woo 2013, Povinec et al.
2013b, Kitayama et al. 2018, Fang et al. 2022). However, we decided to use generalized linear
models because our aim was to generate a model that could be produced by an individual without
extensive modeling experience and without extensive knowledge of the true layout of
radionuclides. Finally, we generated two kriged surfaces of residuals using Ordinary kriging with
a spherical model and no assumption of anisotropy via the geostatistical wizard in ArcGIS Pro
(version 2.9.0).

We assessed how well the kriged surface worked as a predictive model for locations with
unknown residuals by using leave-one-out cross validation using ArcGIS Pro with input
locations (version 2.9.0). Specifically, we used cross-validation to check that (1) the predicted
values were close to the actual residual inputs and that (2) we minimized smoothing (i.e., the
underestimation of variability in the dataset). In leave-one-out cross validation, an interpolation
model’s parameters were estimated using all known data points (i.e., residuals). One at a time, a
single residual was removed and the remaining residuals were combined with this interpolation
model to predict the removed value. This process was repeated for all survey locations. In
essence, leave-one-out cross validation simulates the process of predicting a value at an unknown
locations. Thus, this validation method gave us an idea of how well our kriged surface predicts

the residuals at locations that had no actual survey point.
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We exported the kriged surfaces as maps with a 550 m resolution; this resolution was
selected because it was less than half the average distance between nearest neighbors (Hengl
2006) but still larger than the minimum distance between nearest neighbors. In other words,
kriging allowed us to estimate a resolution smaller than the average nearest neighbor distance
between soil sampling locations. When exported, these maps represented a predictive map of the
residuals which may be present between the log of actual *3*Cs and *’Cs deposition densities
and those that can be predicted using the best fit generalized linear model discussed previously.
We imported each residual map back into R, and back transformed these kriged residual surfaces
to maps of deposition densities, and decay corrected them to our survey years (2015-2018) using
physical half-lifes (}3*Cs: 2.1 years, *3'Cs: 30.2 years). Finally, we used a soil density map (see
below section M3.2.3) to convert these layers from Bg - m™? to Bq - kg and extracted the area
within the FEZ to form our final contamination maps for 13*Cs and **’Cs during each study year
(Figure 3.2).

M3.2.2 Generation of Soil Contaminant Maps Based on Yearly Soil Surveys

Since the FDNPP disaster, the Nuclear Regulation Authority and MEXT have conducted
yearly surveys every fall to quantify surface deposition densities of gamma-emitting
radionuclides (Bq - m) of regions contaminated by the FDNPP disaster (sampling depth 5 cm)
or areas adjacent (Saito and Onda 2015). The contaminated area was divided into 5 km?2 squares,
with one survey location per cell provided the area was inhabitable (Saito and Onda 2015). As a
result, these yearly soil surveys are even more coarse than the 2011 soil survey. The MEXT
surveys typically relied on portable germanium semiconductor detectors to take measurements in
situ but also used fixed germanium semiconductors in areas with high dose rates. Like the 2011

survey, we focused on **Cs and **’Cs deposition densities and ignored all other radionuclides.
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For our study, we included all soil sample data within 5 km of the FEZ boundaries taken between
2015 and 2018. There were no survey locations where 3Cs or *3Cs was not detected. Due to the
scarcity of the data, we were unable to properly fit a kriged surface and instead used interpolated
distance weighting (IDW) to generate a yearly deposition density map for both **Cs and *3'Cs
for the area inside the FEZ for each of our study years (2015-2018). To parallel the maps
produced from 2011 soil surveys, the pixel resolution for this map was 550 m x 550 m. We
combined these estimated values with our patched and resampled soil density maps, discussed in
section M3.2.3 below, to convert our deposition densities from Bq - m?to Bq - kg™ for our final
maps.
M3.2.3 Generation of Soil Density Map

The ERICA modeling tool (version 2.0; Brown et al. 2016) can simulate external
radiation exposures to wildlife using Dose Conversion Coefficients (DCCs) based on soil
radioactivity concentrations (Bq - kg). The ERICA tool is discussed in more detail in section
M5. Contamination data from maps made using the MEXT soil surveys report activity
concentrations as radioactivity per area (Bq - m?) and must be converted to radioactivity per
mass to be usable in ERICA. This conversion is relatively easy if provided with sampling depth
and soil density. Therefore, we downloaded a mean soil density map from soilgrids.org around
our study area (Longitude: 140.0300 to 142.0300 Degrees, Latitude: 36.4649 to 38.4649
Degrees, Resolution: ~250m; Poggio et al. 2021) with the same soil sampling depth as the
MEXT surveys (0-5cm). While this map provided almost continuous coverage of non-urban
areas, many urban spaces did not have a recorded soil density. The compaction of urban soils can
lead to an increase of soil bulk density compared to its natural state (Glinski and Lipiec 1990),

thus we used the maximum soil density recorded within each city boundary to patch missing soil
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densities within those city limits. City boundaries were obtained from a shapefile generated by
the OCHA Regional Office for Asia and the Pacific (OCHA-ROAP 2019). This patched map
was used directly to provide soil densities when converting point soil samples, such as for the
nearest sample method, because it maintained the source’s original fine scale resolution.
However, for converting entire soil maps (such as those used when estimating average activity
levels across an entire home range), this fine scale soil density map was resampled using bilinear
interpolation to match the resolution (550m) of the produced soil contamination maps produced
throughout this study. Resampling and interpolation of the contaminant map was done in ArcGIS
Pro (version 2.9.0).

M3.3 Generation of Airborne Contaminant Maps

Every year, in the fall, the MEXT conducts two helicopter surveys over the area
contaminated by the FDNPP accident: one manned survey covering the area within 80 km of the
FDNPP (Sanada et al. 2014, 2019) and one unmanned survey within 5 km of the reactor (Sanada
and Torii 2015, Sanada et al. 2016). The manned survey used a helicopter which flew
approximately 150-300 m off the ground (Sanada et al. 2014) and used Nal scintillators to detect
the level of gamma rays once a second (~225m apart for survey points used in this study; Sanada
et al. 2019). The measurements reported represent the average gamma rays within a 150-300 m
radius of the helicopter at ground level (Sanada et al. 2014). An air dose at 1 m above the ground
surface was later estimated using these detected values (Sanada et al. 2014, 2019). The
unmanned survey used LaBrs:Ce scintillators to detect gamma rays every second (~20m apart for
survey points used in this study) along a typical flight altitude of 80 m (Sanada and Torii 2015).
Each reported sample represented the average of gamma rays detected across an 80 m radius at

ground level (Sanada and Torii 2015). Like the manned survey, detected values were later used
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to calculate air dose rates (USv - h') at 1 m (Sanada and Torii 2015). We used both surveys to
generate a single continuous contaminant map with a resolution of 275 m in ArcGIS Pro (version
2.9.0) by assigning the mean of all survey locations within each map’s pixel to that pixel. Neither
of the airborne surveys took measurements directly over the nuclear power plant. We patched
this area using inverse distance weighting interpolation. Finally, we extracted the area within the
FEZ to generate our final yearly airborne contamination maps.

M4 Extraction of Data Based on Boar Locations

Depending on the availability of resources, species of interest, and effort put into
collecting and analyzing locational data for biota, approximations of the total area used by an
individual animal can be generated with variable levels of confidence. To test the effect of
increased knowledge of animal movements on the conservativeness and realism of estimated
radiation dose, we created simulations using three levels of collected locational data: no known
locations, one known location (i.e., trap site), and many locations collected using a GPS collar.

M4.1 No Available Locational Data External Exposure Estimates

To simulate a scenario that has no known location data about a species of interest, we
generated averages of mapped soil activity and airborne external dose across the entire study
area. To do this, we overlayed the FEZ on contaminant maps closest, temporally, to the period in
which each boar was collared. For maps generated using soil surveys, we extracted the average
soil activity (Bq - kg) within the FEZ boundaries. We then converted this soil activity level into
an estimate of external exposure (UGy - h') using the ERICA assessment tool (version 2.0) in a
process described in detail in section M5. For maps generated based on airborne surveys, we
directly converted the averaged the extracted external dose (USv - h') extracted across the entire

FEZ to external exposure (UGy - hl) in a 1:1 conversion.
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M4.2 One Known Location External Exposure Estimates

M4.2.1 External Exposure Estimated from Dose Rate at Trap Site

We then simulated a scenario in which a dosimeter was used to take a single dose
measurement at a trap site or other point of interest. To do this, we used the dosimeter reading
recorded at 6 trap sites and for the remaining boar (n=10) without a trap site dose measurement
we estimated an hourly dose rate by using the first hourly exposure (uGy) recorded by the collar.
To ensure that anesthesia was properly reversed, all boar stayed at the trap site, with their GPS-
coupled dosimeter collars turned on, for several hours prior to their release. Thus, early dose rate
signals from the collars are valid measurements of contaminant exposure at the trap site. Because
the collar also picks up internal exposure, we converted this first hourly record to an external
exposure by subtracting the internal exposure previously collected from the individual itself or
inferred from other boar trapped near the trap site.
M4.2.2 External Exposure Estimated from Nearest Survey Location to Trap Site

Next, we used the dose from the nearest soil survey location to each trap site, to simulate
a scenario in which external exposure is estimated using nearby survey locations directly. For
each survey type (i.e., yearly soil surveys, dose corrected 2011 survey, airborne surveys) we used
the survey year that was closest temporally to the period in which each boar was collared. For
soil surveys, we converted the point survey location from Bg - m to Bq - kg™ using the fine-
scale patched soil density map, as opposed to the resampled soil density map. This soil activity
concentration was then converted into an external dose estimate using the process discussed in
section M5. We directly used the nearest airborne survey point as an external dose estimate for

each boar.
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M4.2.3 External Exposure Estimated from Highest Exposure Near Trap Site

Previous wild boar studies seeking a conservative estimate for external radiation
exposure, and not having GPS-dosimeters on animals, generated a maximum plausible lifetime
dose by using the highest contamination value within 5 kilometers of a boar’s trap site (e.g.,
Pederson et al. 2020). To simulate this, we generated a circle with a radius of 5 kilometers,
centered on each trap site, and overlayed it on the contaminant maps closest temporally to the
period in which a boar was collared. Five kilometers was previously selected because it was
thought to be large enough to encompass a boar’s actual home range. We extracted the highest
soil activity level for each radionuclide and airborne dose rate within this 5 km radius as the
maximum plausible exposure for each individual. This soil activity level (Bq - kg™) was
converted to an external exposure estimate (UGy - h) using the process described in section M5.
Airborne dose rates (USv - h't) were converted directly to external exposure estimates (UGy - h™t)
ina1:1 conversion.
M4.2.4 External Exposure Estimated from Presumptive Home Range

We expanded upon the previous method, in which one known location was available, and
simulated a situation in which basic home range attributes (such as typical size) is also known.
For this scenario, we used a home range with an area of 1.1 km? based on the average of
previously published home range sizes for Japanese wild boar (Kodera et al., 2001). We
overlayed this plausible home range on each temporally appropriate contaminant map and
extracted an average soil activity level and airborne external exposure across this area. The
average soil activity (Bq - kg™*) was used to generate an external exposure estimate (UGy - h't) as
described in section M5. The average airborne dose rates (USv - h) were directly converted

(1:1) to external exposure estimates (UGy - h'%).

69



M4.3 Multiple Known Locations External Exposure Estimates

Finally, we simulated studies in which individual animals were collared with GPS
devices that track locations at routine (e.g., hourly) intervals. Like estimates made using one
known location, we used several methods to convert GPS locations into estimates of spatial use
by individual boar: estimating exposure using a 99% home range, 50% core area, weighted home
range, and rasterized probability mass function (hereafter: rPMF). It should be noted that for
each of these estimates we excluded the first 48 hours of data to prevent any changes in behavior
caused by collaring from influencing our results.

M4.3.1 External Exposure Estimates Based on 99% Home Range or 50% Core Area

The 99% home range and 50% core area both represent scenarios in which isopleths are
generated using GPS locations (i.e., equal utilization across the use area is assumed). We
generated 99% and 50% autocorrelated kernel density estimates for each wild boar (Fleming et
al. 2015) based on recorded GPS locations using the ctmm package version 0.6.0 (Calabrese et
al. 2016). We overlayed these isopleths on the contaminant maps closest temporally to the period
in which a boar was collared and extracted an average soil activity and average airborne dose
rate. We converted the average soil activity (Bq - kg?) to an external exposure (UGy - h) using
the process described in section M5. The average airborne dose rate (uSv - h™) was used directly
as an estimate of external exposure (UGy - h™).

M4.3.2 External Exposure Estimates Based on Weighted Home Range or Rasterized Probability
Mass Function

The weighted home range and rPMF both represent scenarios in which unequal usage of

a home range are accounted for. These options may be more optimal for individuals dealing with

study species with large home ranges but small core areas. In the case of the weighted home
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range, the external exposure within the core area represents approximately 50.5% of the estimate
exposure regardless if it takes up 50.5% of the 99% home range. In the case of the rPMF, each
pixel of the soil and airborne contamination maps is weighted corresponding to the likelihood a
boar spent time in it.

To generate a weighted home range, we separated the 99% home range into the area
inside and outside of the 50% core area and found averages of soil activity and airborne activity
in both respective areas. We then generated a weighted average of soil activity and airborne
external exposure using the following equation: weighted average = (averageinsidze * 50/99) +
(averageoutsidge * 49/99). We used a denominator of 99 rather than 100 because we used a 99%
home range instead of one accounting for 100% usage.

To generate a rPMF, we regenerated utilization distributions using autocorrelated kernel
density estimates with the ctmm package (version 0.6.0). However, for this analysis we set the
resolution and grid size to match that of the soil and airborne maps such that each pixel within
the rPMF would align with the raster contamination maps. We exported these utilization
distributions using the raster function of the raster package (version 3.5-2) specifying that the
PMF distribution function should be used. Specifying PMF when exporting a raster ensures that
the exported value of each map pixel is the total probability of usage within that pixel. We then
overlayed the rPMF on the temporally appropriate contaminant map and summed the product of
the exported probability with the soil activity or airborne external exposure to generate fine scale
weighted averages. Weighted averages of soil activity levels (Bq - kgt) were converted to
external exposure estimates (UGy - h') using the process outlined in section M5. Weighted

averages of airborne dose rates (USv - h'!) were used directly as estimates of external exposure

(UGy - h).
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M5 Exposure Simulation with the ERICA Tool

The ERICA Tool (Larsson 2008, Brown et al. 2016) is software designed to assist with
tiered risk assessments through the simulation of dose rates encountered by biota when provided
nuclide specific activity concentrations. In this study, we used ERICA (version 2.0, Tier 2
Assessment) to convert previously estimated soil activity levels (Bq - kg™?) into external exposure
estimates (UGy - h™Y). In addition to our initial soil activity estimates, this process also required
details regarding the typical size of boar and soil moisture.

M5.1 Generation of Model Organism in ERICA

The ERICA Tool uses elliptical organisms in its simulations of exposure. In this study,
we used two sizes of ellipsoids to model our collared boar: large (75 kg, 1.3 m in length, 0.5 m
width, 0.5 m height) and small (45 kg, 1.0 m length, 0.4 m width, and 0.4 m height). We used the
first large ellipsoid to estimate exposures for collared boar whose weights were greater than or
equal to 60 kg and the second small ellipsoid for collared boar whose weights were less than 60
kg. We specified within ERICA that these model organisms were terrestrial, spending all their
time on the ground.

M5.2 Generation of Soil Dryness Metric for Individual Boar

Soil moisture attenuates radionuclide gamma emissions (Ajayi et al. 2015) coming from
the soil column, thus reducing external exposure to biota. Accounting for this attenuation may
improve the realism in estimating external exposure from soil activity data. We obtained soil
moisture data within the FEZ and calculated average monthly soil moistures across the FEZ
(JAXA JPMAP System 2017) by averaging city specific monthly soil data based on the
proportion of the FEZ each city takes up. Because soil moisture varies by month, especially

between the dry and wet season, we calculated a unigque soil moisture metric for each boar based
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on the period in which it was monitored. We calculated this metric by averaging the previously
calculated FEZ monthly average across all months a boar was collared. Finally, because the
ERICA tool specifically requests soil dryness percentage, as opposed to soil moisture, we
quantified soil dryness by subtracting this soil moisture metric from 100.

M5.3 Conversion of Average Soil Activity Concentration to External Dose

Alongside organism size and soil dryness, we inputted our previously estimated **Cs and
137Cs soil activity levels (section M4) into ERICA. We then recorded the reported radionuclide
specific external doses. These external doses were subsequently combined in R to produce a
single external exposure estimate for each boar given a specific method.

M6 Comparison to Actual

Finally, we compared external exposures (UGy - h') estimated from the various
contaminant mapping and animal use regimes to the average hourly external exposure
empirically measured by the GPS-dosimeters for each boar over their monitoring period. In the
case of methods that used no known location or one known location, we used the entire collar
period to calculate this average actual exposure. However, for methods relying on GPS collar
data we excluded the first 2-3 days post-collaring of recorded exposure rates such that they
matched the dataset used in generating home ranges and rPMFs. For each method used to
estimate external exposure (i.e., each type of locational overlay and contaminant map
combination or manual survey conducted), we used a one tailed paired t-test to determine if
estimated external exposures were significantly greater than actual external exposures (alpha =
0.05). To compare how realistic the results produced by each method were, we calculated a

coefficient of determination (R?) based on a linear model between predicted and actual external
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exposures. We considered R% > 0.75 to be strongly correlated, 0.50-0.74 to be moderate, and
0.25-0.49 to be weakly correlated.
Results

R1 Trapping and Collaring

We collared 16 wild boar (4 males, 12 females) within the FEZ between January 2016
and October 2018. After removing the first two days of locations post-collaring, we had 22,830
GPS fixes for use in GPS overlays. Each boar was collared for an average of 68.5 + 49.6 days.

R2 Soil and Airborne Contaminant Maps

R2.1 Contaminant Maps Based on 2011 Soil Survey

Of the 8 generalized linear models tested to predict deposition densities of **Cs and
137Cs, we found that the best model included all possible covariates: distance to FDNPP,
elevation, angle to FDNPP, and an interaction between elevation and angle (Table 3.1). Using
the residuals generated based on these models, we were able to fit kriged maps based on 2011
data with adequate cross-validation results (Figure 3.1, Table 3.2). Once complete, the decay
corrected contaminant maps predicted that the highest levels of radiation extended to the
northwest of the FDNPP (Figure 3.2) and that both ***Cs and *3’Cs decayed each year over our
study period (Table 3.3).

R2.2 Contaminant Maps Based on Yearly Soil Surveys

Similar to the contaminant maps made from the 2011 survey, the contaminant maps
based on a yearly soil also predicted that the highest levels of radiation would be encountered to
the north of the FDNPP (Figure 3.2). However, unlike the decay corrected contaminant maps,

predicted radionuclide concentration did not always decrease across our survey years (Table 3.3).
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R2.3 Contaminant Maps Based on Airborne Surveys

We also found the contaminant maps based on airborne surveys predicted the highest
levels of terrestrial radiation would be encountered to the northwest of the FDNPP. Like the
decay corrected contaminant maps, average dose rates decreased across our survey years (Table
3.3).

R3 Comparison of Predicted to Actual External Exposures

R3.1 No Available Location External Exposure Estimates

Regardless of which contaminant map was used, averaging the external exposure across
the entire FEZ rarely resulted in a conservative nor a realistic estimate of external exposure. In
fact, this method only produced conservative estimates for two boar, in which all contaminant
maps produced estimated external exposures greater than the actual exposures. In all other cases,
the estimated value was less than the actual exposure. Similarly, this method was unable to
consistently estimate realistic external exposures (R? ranging from 0 to 0.03) (Figure 3.3).

R3.2 One Known Location External Exposure Estimates

Of the one known location methods (i.e., sample at trap site, nearest survey location,
presumptive home range, and maximum external exposure within 5km of the trap site), only
finding the maximum dose within a 5km radius of the trap site resulted in a consistently
conservative estimate. Furthermore, this conservativeness was maintained regardless of which
contamination map was used. Although this method also produced weak correlations between
the estimated and actual exposures when overlayed on kriged 2011 soil contaminant maps (R? =
0.37), there was virtually no correlation using the other two contaminant maps (i.e., R? 0.05 and

0.07) (Figure 3.3).
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The remaining methods failed to produce consistently conservative estimates, but several
methods produced estimates that may be adequate in terms of accuracy depending on the goals
of a study. The presumptive home range was the most consistently realistic among the methods
evaluated: producing R? values indicating moderate correlations when overlayed on an airborne
contaminant map (R?= 0.62) and weak correlations using the decay corrected kriged soil
contaminant map (R?= 0.46) (Figure 3.3). The nearest survey location also produced moderate
correlations when the airborne contaminant map was used (R?= 0.58) but failed to produce
reliable correlations when the other two contaminant maps were used (R?= 0.01 and 0.03)
(Figure 3.3). In general, the contaminant map created using the coarse yearly soil surveys
performed poorly (R? between 0.01 and 0.07) (Figure 3.3). Finally, estimates of external
exposure based on measurements at the trap site were poorly correlated to actual exposures (R? =
0.17) (Figure 3.3).

R3.3 Multiple Known Locations External Exposure Estimates

The most consistently realistic methods for producing external exposure estimates were
overlays based on actual GPS data combined with the fine scale airborne contamination maps, all
of which produced strong (99% home range R? = 0.78, weighted home range R?= 0.87, rPMF R?
=0.89, 50% home range R?= 0.91) correlations between estimated and actual exposures (Figure
3.3). Estimates based on the decay corrected kriged contamination maps also may be adequate
for some studies with three methods producing moderate correlations (weighted home range R? =
0.5, rPMF R?= 0.54, 50% home range R?= 0.56) and one method producing a weak correlation
(99% home range R? = 0.44) (Figure 3.3). Like the one location methods, the estimates based on
yearly soil data failed to produce consistently realistic estimates (99% home range R? = 0.05,

weighted home range R? = 0.05, rPMF R? = 0.05, 50% home range R? = 0.06) (Figure 3.3).
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Discussion

Predicting contaminant exposure is an important part of risk assessments and dose-effect
research. However, contaminants rarely, if ever, deposit in simple and easy to predict patterns.
Instead, contaminant deposition and eventual migration through a landscape generates a
patchwork of variable contaminant concentrations. As a result, exposure is highly location
dependent and, consequently, predicting exposure levels requires knowledge of both the spatial
distribution of contaminants and an ability to predict how an organism might utilize the
contaminated area. Using GPS-coupled contaminant monitors attached to wild boar within the
FEZ, coupled with simulated exposures derived from varying complexities and sampling scale,
here we demonstrate that, in general, more extensive sampling of both contaminants and animal
locations result in the most realistic estimates of exposure. Perhaps more importantly, we found
that one of the most commonly used methods for estimating external exposure (i.e., using dose
rate at a trap site; e.g., Maller and Mousseau 2009, 2013, Lehmann et al. 2016) failed to produce
realistic estimates. Contrastingly, our results revealed that conservative estimates did not require
extensive knowledge about the true distribution of contaminants or of an organism’s actual
movements. In fact, conservative estimates of radiation exposure were obtained with relatively
little effort, requiring only one known location and a survey which captured at least some areas
of higher radiation but could be relatively coarse in and of itself. Collectively, these results
indicate that fine-scale heterogeneity plays a role in the actual extent of contaminant exposure an
individual encounters, and thus accounting for this heterogeneity is important in dose-effect
studies, but that coarser surveys can be used if conservative and not realistic estimates are

desired.
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Conservative estimates of exposure are important for screening tiers in risk assessments.
It is generally assumed that using conservative inputs in contaminant exposure models will result
in conservative estimates suitable for those tiers (USEPA 1996, DOE 2019). Therefore, it is not
surprising that using maximum external exposures within 5-kilometers of the trap site, we were
able to consistently generate conservative estimates. Interestingly, we were able to use the
maximum external exposure to generate a conservative estimate regardless of which contaminant
map was used and relying on only one known boar location. This result suggests the maximum
external exposure method is less sensitive to fine scale heterogeneity and local movement
decisions. Provided a large enough radius is used, in our case one that is large enough to
encapsulate an individual’s home range, and a survey is extensive enough to capture some areas
of high external exposure, a conservative estimate can be generated with minimal effort and with
scarce datasets.

Contrastingly, we found that using average dose rates and contamination levels across the
FEZ did not conservatively estimate the exposure of boar collared within the zone. In fact,
estimates made using the average across FEZ tended to underestimate exposure rates, similar to
observations by Hinton et al. (2019) for wolves in Chernobyl. A large portion of this
underestimation is likely due to sampling bias, due to boar being collared in coastal regions of
the FEZ, closest to the damaged reactor, where external exposures are higher than the FEZ
average. However, despite this sampling bias, we still felt the lack of conservative estimates
using this method should be discussed, especially as it pertains to previous suggestions for
generating conservative estimates (DOE 2002, 2019). Specifically, that using an average across a
contaminated region should generally give a conservative estimate of exposure (DOE 2019).

This suggestion assumes that an individual or population’s area of use only overlaps partially
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with a contaminated area and will thus also overlap with uncontaminated areas (DOE 2019).
However, in our study, the majority of collared boar remained completely within the FEZ and
thus may rarely if ever encounter areas with almost no contaminants. Thus, we suggest that the
method of using average values across a contaminated area to generate a conservative estimate is
not suitable in scenarios where the contaminated area is big enough to contain an individual’s
entire home range or an entire population, depending on whether an individual or a population is
the unit of concern. Instead, we suggest relying on more conservative estimates of exposure,
such as using the maximum contaminant level within a reasonable distance to the trap site.
Unlike screening tiers, which rely on conservative estimates, dose-effect studies require
accurate knowledge of an individual’s received dose. We found that finer scale airborne
contaminant surveys combined with GPS collar data resulted in the most realistic estimates of
external exposure. Further, as shown by the low R? values for all estimates made using the coarse
yearly soil surveys, failing to capture finer scale contaminant heterogeneity resulted in poor
estimates of exposure even if one accurately captured an individual’s movement patterns.
However, when contaminant heterogeneity was accounted for, better estimates of an organism’s
movements generally resulted in better estimates of exposure. Among the GPS overlays on an
airborne map, those that accounted for high use areas (50% core area, weighted home ranges,
rasterized probability mass functions) were slightly more realistic than simply using a 99%
isopleth alone. This supports a previous study in Chernobyl in which area-weighted exposure
estimates made using core and 99% usage range were highly correlated with actual external
exposure (Hinton et al. 2019). Together, this suggests that capturing both fine scale heterogeneity
of contaminants on a landscape and accurately capturing specific areas of higher use by wildlife

IS important in achieving accurate external exposure estimates.
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While using GPS tracking data to estimate habitat use is ideal, it is implausible in many
studies. Thus, many studies in radioecology instead use point locations such as a trap site,
camera trap, or even the town in which an individual was collected (Hiyama et al. 2012,
Akimoto 2014, Boratynski et al. 2014, Murase et al. 2015). Therefore, understanding the extent
to which point locations can be used in generating precise dose-effect relationships is important
to validating previous studies and in determining methodology needed to achieve goals of future
studies. Among the estimates produced using one known location, using a presumptive home
range was the most consistently realistic method, producing both a moderate correlation using
airborne contamination maps and a weak correlation using the decay corrected kriged
contaminant map based on 2011 soil samples (average nearest neighbor: 1277m). Like the 99%
isopleth generated using GPS data, this method does not focus on areas of core use but instead on
areas of potential use. This is likely why, like GPS overlays, a presumptive home range generates
reasonable external exposure estimates using both airborne contaminant maps and decay
corrected kriged contaminant maps. However, unlike the 99% home range which at least
captures broad selection of resources by wildlife within the landscape, the presumptive home
range method does not make any assumptions about the likelihood of use beyond whether it is
within a 1.1km? circle around a known trap site and thus is not as realistic as GPS estimates. It is
possible that further accounting for areas of suspected desirability (Pastorok et al. 1996, Johnson
2002), such as those having desirable resources, may further increase the realism of these
presumptive home range estimates. Although wild boar are generalists, preferences for certain
resources still occur. For example, wild boar in and around the FEZ generally prefer areas near
urban spaces, paddy fields, and deciduous forests at both coarse and fine spatial scales (Chapter

2). Considering previous literature about how contaminant levels can vary by land cover,
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accounting for preferences of certain areas and accurately capturing external exposures within
those high-use areas likely increases accuracy.

Finally, we found that using dose rate at or near the trap site did not correlate with actual
external exposure. This result supports previous skepticism directed towards dose-effect studies
which have relied on dose rates estimated from trap site locations (Mgller and Mousseau 20009,
2013, Lehmann et al. 2016). However, previous research also indicates that point ambient dose
rates may be adequate for estimating exposure to animals with small home ranges (Gerke et al.
2020). This suggests that there may be a lower limit to the scale at which fine-scale contaminant
heterogeneity has a significant impact on contaminant exposure. However, more research would
be needed to know the exact scale-of-effect. Until more research is conducted, we suggest that
those interested in obtaining a realistic exposure use the average of multiple measurements
across an animal’s presumptive or actual home range rather than single point measurements.

Conclusion

Contamination rarely, if ever, falls in broad and simple patterns and instead deposits to
form fine scale heterogeneous patchworks across the landscape. Therefore, although our study
was focused on radioactive contamination, we feel that our results have broader implications for
other types of contaminants introduced into the environment. Specifically, our results have
implications for future research seeking to generate conservative and realistic estimates of
exposure following contamination events. In this study we show that accounting for fine scale
heterogeneity in exposure estimates greatly increases the estimate’s realism. Therefore, when a
realistic estimate is desired, we suggest using finer scale contaminant surveys as much as
possible. We also recommend using home ranges, whether presumptive or actual, to estimate

wildlife locations within produced contaminant maps and avoiding using single point
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measurements like ambient dose at trap site. Conservative estimates, on the other hand, require
far less effort and likely can be achieved with much more coarse surveys by using inputs which
assume maximal exposures. Contrastingly, estimates made using the average contaminant level
across the FEZ did not generate conservative estimates, suggesting this method should not be
used when an organism spends all its time within a contaminated area.
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Table 3.1 Model selection for the distribution of the logarithm of 2011 deposition densities of 1**Cs and 3’Cs within 5 kilometers of
the Fukushima Exclusion Zone with calculated Akaike Information Criterion values.

Cesium 134 Cesium 137
Model AIC AAIC AIC AAIC
logio(deposition density)~distance to FDNPP + cos(angle to FDNPP) +
sin(angle to FDNPP) + elevation + cos(angle to FDNPP):elevation + 358.50 0.00 360.73 0.00

sin(angle to FDNPP):elevation

logio(deposition density)~distance to FDNPP + cos(angle to FDNPP) +

sin(angle to FDNPP) + elevation 582.24 223.75 585.60 224.88

logio(deposition density)~ distance to FDNPP + elevation 604.95 246.45 608.85 248.13

.. . b N

loglo(dePos1t10n density)~cos(angle to FDNPP) + sin(angle to FDNPP) 597 77 239 97 602.80 242 07
elevation

logio(deposition density)~cos(angle to FDNPP) + sin(angle to FDNPP) +

distance to FDNPP 580.31 221.81 583.64 222.91

logio(deposition density)~ cos(angle to FDNPP) + sin(angle to FDNPP) 608.28 249.78 613.73 253.01
logio(deposition density)~elevation 616.26 257.76 620.98 260.26
logio(deposition density)~distance to FDNPP 605.30 246.80 609.02 248.30
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Table 3.2 Leave one out cross validation statistics generated by ArcGIS Pro (version 2.9.0)
following regression kriging of residuals generated from a generalized linear model of 2011
deposition densities of 13*Cs and *’Cs within 5 kilometers of the Fukushima Exclusion Zone.

Statistics Cesium 134 Cesium 137
Mean Error -0.002 -0.002
Root Mean Square 0.315 0.313
Mean Standardized -0.004 -0.005
Root Mean Square Standardized 0.974 0.967
Average Standard Error 0.325 0.326
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Table 3.3 Average activity concentrations and dose rates within the FEZ generated from
contaminant maps based on 3 different types of surveys conducted by the Ministry of Education,
Culture, Sports, Science, and Technology (MEXT). Surveys include (1) a soil survey conducted
in 2011 and subsequently kriged to a resolution of 550, (2) a yearly soil survey interpolated to a
resolution of 550 using inverse distance weighting, and (3) yearly airborne surveys.

Study 2.01.1 Soil Survey Yga.rly Soil Survgy Yearly Airborne Survey
Vear Activity Concentration Activity Concentration Average Dose Rate
(kBq - kg*) (kBq - kg™ (uSv - h)
Cesium 134 Cesium 137 Cesium 134 Cesium 137 Combined Dose Rates

2015 3.40 14.4 3.16 13.3 2.37

2016 2.43 14.1 2.32 13.7 1.90

2017 1.74 13.8 241 18.2 1.72

2018 1.24 13.5 1.70 17.7 1.51
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Figure 3.1 Distribution of measured (blue) compared to predicted (red) residuals following
leave-one-out cross validation of two kriged surfaces produced using regression kriging by
ArcGIS Pro (version 2.9.0); each residual is the difference between 2011 deposition densities of
133Cs and ¥"Cs within 5 kilometers of the Fukushima Exclusion Zone and those predicted using

two generalized linear models.
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Figure 3.2 Dose rates and radioactive contamination within the Fukushima Exclusion Zone
generated using three types of surveys across four study years: yearly airborne surveys
conducted by the Ministry of Education, Culture, Sports, Science, and Technology (MEXT),
yearly soil surveys conducted by MEXT and interpolated using inverse distance weighting
(IDW), and a kriged and decay corrected soil survey conducted by MEXT in 2011.
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Figure 3.3 Visualization of the conservativeness of methods for estimating external exposure. Box-plot of the percent of actual
external exposure each external exposure estimate represents, estimates over 100 represent a conservative estimate. Box upper and
lower boundaries correspond to 25™ and 75" percentiles. Upper and lower whiskers correspond to the largest and lowest values within
1.5 * inter-quartile range of the box boundaries. Outliers are plotted as points. Numbers above each boxplot represent the p-values
from a paired one tailed t-test where the null hypothesis is that estimated external exposures will be less than or equal to the actual
exposures and the alternative hypothesis is that estimated external exposures are greater than actual exposures.
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Figure 3.4 Visualization of the realism of different methods for estimating external exposure.
Regression plots of estimated external exposures (uGy - h™t), generated using 9 different methods
of estimating external exposure, compared to actual external exposures (obtained from GPS-
monitors on individual boar) with corresponding coefficients of determination.
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CHAPTER 4
CONCLUSIONS
Understanding if and how contamination events impact wildlife is an important aspect of
both risk assessments and of monitoring ecosystem health. In the case of the Fukushima Dai-ichi
Nuclear Power Plant accident, these impacts are not limited to those caused directly by
contaminants but also by the removal of humans from a large section of land for an extended
period. Thus, the FEZ provides an opportunity to study how wildlife respond to both
contaminant exposure and a rewilding event. In this thesis, I quantified resource selection of wild
boar within the FEZ, with a sub-focus on how wild boar are utilizing abandoned anthropogenic
spaces. | also used a combination of GPS data and radiological surveys to assess various methods
of estimating external radiation exposure, with an emphasis on examining how differences in
sampling scale may impact the realism and conservativeness of external exposure estimates.
Results from this thesis have direct implications for both those working within the FEZ to
prepare areas for resettlement and those interested in obtaining estimates of contaminant

exposure and conducting risk assessment surveys for free ranging wildlife across the globe.

In Chapter 2, | investigated the resource selection of wild boar in and around the
Fukushima Exclusion Zone. | generated 95% home ranges for 34 wild boar based on
autocorrelated kernel density estimates. | compared resources available within those home ranges
to those available in a buffered MCP surrounding recorded GPS collar locations (2" order
resource selection) and to those overlapping the actual GPS collar locations (3" order resource
selection). Overall, | found that, in addition to using natural areas like forests, wild boar living in
and around the FEZ also utilized anthropogenic areas like urban spaces and paddy fields.

Specifically, | observed that paddy fields and deciduous forests were selected for across scales,
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sex, and seasons. This supports previous literature in which paddy fields (Honda 2007, Honda
and Sugita 2007) and mast from deciduous forests (Groot Bruinderink et al. 1994, Jedrzejewska
et al. 1997, Schley and Roper 2003) were shown to provide desirable food resources for wild
boar. Deciduous forests also provide cover for both thermoregulation (Kramer et al. 2022) and
rearing young (Fernandez-Llario 2004). Anthropogenic areas, on the other hand, were selected at
both broad and fine scales during spring-summer across sexes and by males during autumn-
winter. It is possible that these abandoned anthropogenic areas may provide food in the form of
unmanaged orchards or gardens or shelter in the form of abandoned buildings and encroaching
shrubland. Together these results have implications for managers preparing the FEZ for
resettlement. In particular, the extensive use of former urban areas by wild boar highlights a
likely source of human-wildlife conflicts as areas are reopened for resettlement by humans.

In chapter 2, | also investigated temporal trends in boar movement behavior and how
those trends differed from wild boar outside the FEZ boundary. | generated Hidden Markov
Models and assigned each consecutive location a behavioral state (resting, foraging, traveling). |
then compared the frequency distribution of each behavioral state through time. | found that boar
within the FEZ were more diurnal than those outside the zone. This supports previous literature
in which boar within the FEZ were found to be more diurnal through the use of camera traps
(Lyons et al. 2020). Together, these resource selection and temporal behavioral results suggest
that wild boar within the FEZ are using the anthropogenic areas made available by the
evacuation of humans and have become more diurnal in the absence of human presence.

In chapter 3, I investigated the utility of several methods for estimating external radiation
exposure encountered by Japanese wild boar trapped and collared within the FEZ. Varying scales

of contaminant heterogeneity were quantified using contaminant maps based on one of three
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types of surveys: (1) a fine-scale airborne survey, (2) a coarse but yearly soil survey interpolated
using inverse distance weighting, and (3) a moderately extensive soil survey from 2011
interpolated using regression kriging and subsequently decay corrected to the study years. These
contaminant surveys were combined with locational overlays based on three levels of known
boar locations: (1) no known location, (2) one known location, or (3) many known GPS
locations. I predicted that (1) conservative external estimates would be produced when
purposefully using maximal model inputs, (2) the average contaminant concentration across the
FEZ would not be conservative, and that (3) fine scale contaminant maps combined with more
realistic locational overlays would generate the most realistic estimates of radiation exposure.

Supporting prediction 1, | found that the only method which was consistently
conservative was the maximum external exposure within a 5-kilometer radius of the trap site.
Interestingly, this method was conservative regardless of which contaminant map was used. This
result has implications for conducting risk assessments, which utilize conservative estimates of
exposure in screening steps (USEPA 1996, DOE 2002, 2019), and suggests that conservative
estimates are less sensitive to fine scale contaminant heterogeneity than realistic estimates. This
result also supports previous research, which used a similar method to estimate maximum
lifetime dose (Pederson et al. 2020).

Supporting prediction 2, | found that using the average contamination level across the
contaminated area (i.e., the FEZ) was not a conservative method of estimating exposure. Instead,
exposure was generally underestimated using this method. This result supports previous research
conducted in Chernobyl, in which the area-weighted mean soil activity density across the
Polessie State Radiation Ecology Reserve underestimated the average external exposure of

wolves collared with GPS-coupled contaminant monitors within the reserve (Hinton et al. 2019).
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This result suggests that the average contamination level across the contaminated area may not
be conservative, especially if the contamination event was large enough to encompass entire
home-ranges or entire populations, depending on whether the individual or population is the unit
of concern.

Supporting prediction 3, | found that that the most realistic estimates of radiation
exposure by wild boar were produced by combining locational overlays generated from GPS
tracking data with fine-scale airborne contaminant maps. Similarly, | found that methods with
only a fine-scale contaminant map or a realistic locational overlay did not perform as well as
those with both. For example, contaminant maps made using the coarse yearly soil survey rarely
produced estimates which correlated with actual exposures, even when combined with the most
realistic GPS locational overlays. Further, locational overlays made without utilizing an
individual’s tracking data produced less realistic exposure estimates, even when combined with
fine-scale airborne surveys; although it should be noted that presumptive home ranges performed
well enough to be useable for some dose-effect studies. For example, one of the most common
methods for estimating exposure (i.e., dose rate at trap site; Mgller and Mousseau 2009, 2013,
Lehmann et al. 2016) did not correlate with actual exposure. Together, these results suggest that
both fine-scale contaminant heterogeneity and an organism’s movement patterns play an
important role in determining the actual contaminants they encounter.

Conclusions And Take-Aways

The FEZ, and analogous areas like the Chernobyl Exclusion Zone, provide unique
opportunities to explore the intersection of spatial ecology and contaminant exposure science. As
re-wilding in these areas continue, it will be increasingly important to understand the impact of

re-wilding and of chronic radiation exposure on the species residing within the zone. Such
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information is vital for refining effective management techniques and for monitoring wildlife
health within contaminated landscapes.

My results suggest that highly adaptable species, like wild boar, may respond to
rewilding by utilizing both natural and abandoned anthropogenic areas, depending on the
desirability of available resources. Similarly, these species may adjust their temporal activity to
use time periods previously occupied by humans. Such information is vital within the FEZ for
refining effective management techniques. The confirmation that wild boar use anthropogenic
areas extensively highlights potential management concerns in both the protection of property
currently abandoned and of potential conflicts in newly resettled areas. Further, Chapter 2°s
results that boar strongly select for both deciduous forests and paddy fields may assist managers
interested in management of the overall FEZ boar population, and not just those utilizing towns,
by providing information about areas where trapping would be most optimal.

Results from my research also suggest that fine scale contaminant heterogeneity plays a
significant role in determining the actual exposure an organism encounters. Thus, more realistic
exposure estimates may be generated by accounting for the fine scale heterogeneity an organism
might encounter through both more extensive contaminant surveys and through more realistic
models of an organism’s spatial usage (i.e., home range, core area, presumptive home range,
etc.). Conservative estimates, on the other hand, seem to be much less susceptible to the impacts
of fine scale heterogeneity and can be generated with significantly less information about both an
organism’s location and contaminant distribution. Thus, initial risk assessments following a
contamination event can be conducted with significantly less work than would be needed for

dose-effect studies.
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Collectively, the findings of this thesis have implications for both managers currently
working in the FEZ as well as individuals interested in obtaining conservative or realistic
exposure estimates. Further, these chapters expand on previously published literature about the
intersection of spatial and radioecology, presenting opportunities to further explore the
intersection of these areas of science in more detail in the future. For example, future research
could further integrate fine-scale movement behavior and resource selection of organisms to

further increase the realism of exposure estimates.
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