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List of abbreviations

Chapter no.
2

Abbreviation

BH-type bulb

WH-type bulb

WS-type bulb

SNP

Meaning

Hair bulbs that appear black hooked shape. This indicates
that the hairs are growing (i.e., anagen stage).

Hair bulbs that appear white hooked shape. This indicates
that the hairs are almost stop growing (i.e., catagen stage).

Hair bulbs that appear white sphere shape. This indicates
that the hairs are stop growing (i.e., telogen stage).

Shiretoko National Park.
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Chapter 1 | General introduction

Intraspecific differences in feeding habits

Intraspecific differences in feeding habits have been reported in a wide range of animal species. In
many cases, species thought to be dietary generalists actually contain a variety of individuals with
different foraging niches (e.g., Bolnick et al. 2007). Understanding this process of niche differentiation is
ecologically important because large interindividual variation in diet can have profound effects on
reproductive success, population dynamics, and food web dynamics (e.g., Clutton-Brock 1990, Bolnick
et al. 2007).

Interindividual variation in the diet of a population can be divided into variation due to external factors
such as habitat environment and food resources, variation due to internal factors such as sex and age, and
variation that cannot be explained by either set of factors. In mammals, pregnant and lactating females
generally have increased nutritional requirements; thus, they generally forage for longer periods of time
and consume higher-quality foods. Sex differences are also found in macronutrient requirements. Males
require sugars and fats to keep up with the energetic demands of their activities, whereas females require
more protein to maintain their body for reproduction. Social interactions can also influence food
consumption occur when food resources are spatially concentrated or limited in quantity, and in the

presence of a social dominance hierarchy.

Feeding habits of brown bears

Brown bears (Ursus arctos) are large mammals that are widely distributed throughout northern North
America, Europe, and Asia. They are generalist omnivores whose diets are most influenced by
environmental conditions that relate to the spatial distribution of available food resources (Bojarska and
Selva 2012, Coogan et al. 2018). Bears consume a wide range of foods, from plant matter such as grasses,
fruits, and berries to animal matter such as insects, ungulates, and salmonids (e.g., Bojarska and Selva
2012, Shirane et al. 2021). In particular, salmonids are an important food item for the survival and
reproductive success of bears inhabiting areas where they are abundantly available (Fig. 1-1) (e.g.,
Hilderbrand et al. 1999, Belant et al. 2006, Shirane et al. 2021). In areas where salmonids are not available,
pine nuts, berries, and hard masts are important foods for bear survival and reproductive success

(Schwartz et al. 2006, Costello et al. 2016, Hertel et al. 2018). Ungulates are also an energy-rich foods



for bears, but they are more incidental (Bastille-Rousseau et al. 2011).

While food abundance is the main factor underlying consumption, it has been suggested that
interindividual variation in bear foraging behavior, rather than annual change in food abundance, has a
greater impact on the feeding habits of individuals in resource-rich habitats (Deacy et al. 2018). A number
of studies on brown bear feeding habits have reported interindividual variation in the consumption of
energy-rich foods such as salmonids; older males consume more salmonids than females and young bears
(Felicetti et al. 2004, Mowat and Heard 2006, Adams et al. 2017, Mangipane et al. 2020). Some females
with cubs tend to avoid the consumption of salmon due to the high risk of encountering males or other
individuals in these areas, but this strategy results in poor body condition and reduces the survival of both
cubs and mothers (Ben-David et al. 2004).

Understanding individual variations and influencing factors in bear feeding habits is also important in
the context of human-bear conflicts worldwide. Although human-bear conflicts vary, most are thought to
be related to bear foraging behavior (e.g., Elfstrom et al. 2012, Artelle et al. 2016). For example, bears
learn to use anthropogenic foods, such as agricultural crops, either from their mothers or incidentally after
independence (e.g., Hopkins 2013, Morehouse et al. 2016). Because anthropogenic foods are easily
obtained and highly nutritious, bears who have learned to consume these foods are likely to become
problematic individuals who repeatedly intrude into human areas. Even if they do not consume
anthropogenic foods, human-habituated bears have been proposed to utilize the presence of humans as a
barrier to avoid food competition with other bears and to acquire high-energy foods (Elfstrom et al. 2012).
By examining the dietary records of individual bears, we can know their dependency on anthropogenic

foods and foraging strategies and thus determine which bears are more likely to intrude into human areas.

Stable isotope analysis

Analysis of stable isotope ratios is gaining popularity among researchers as a tool for investigating the
individual-level ecology of wildlife, such as migration and foraging, as direct observation or tracking of
wildlife is often difficult (e.g., Hobson 1999, Hopkins and Ferguson 2012). The stable isotope approach
is based on the fact that the stable isotope composition in biological tissues varies depending on the diet,
habitat, and trophic level of the organism (DeNiro and Epstein 1978, Hobson 1999). Carbon stable isotope
ratios (8'°C) are used to distinguish whether the carbon source originated from the C3 food chain, the C4

food chain, or the marine food chain (e.g., Teeri and Schoeller 1979, Schoeninger and DeNiro 1984,



Hobson 1987), and nitrogen stable isotope ratios (§'°N) are used to estimate the trophic level (e.g.,
Peterson and Fry 1987, Hobson and Welch 1992). Sulfur stable isotope ratios (3°*S) are useful for
distinguishing between marine- and terrestrial-derived diets (Felicetti et al. 2003), and for estimating the
consumption of whitebark pine nuts by Yellowstone grizzly bears (e.g., Felicetti et al. 2003, Hopkins et
al. 2017). Dietary analysis using the stable isotope technique quantifies the stable isotope ratios of prey
assimilated into the predator's tissues, therefore allowing the calculation of the contribution, including
digestion and metabolism, of specific prey items to the diet.

Stable isotope analysis of bear hair has become an increasingly popular method for studying bear
feeding ecology (e.g., Felicetti et al. 2003, Hopkins et al. 2017, Adams et al. 2017, Careddu et al. 2021).
Dietary analysis using stable isotope ratios on predator tissues has advantages over fecal analysis or direct
observation as it provides the dietary history of an individual. The predator tissues used for stable isotope
analysis include muscle, bone, blood, hair, and liver, and each tissue reflects the biological status of the
animal at different time scales, depending on metabolic turnover. Generally, in mammals, isotopic
turnover rates are ranked (from shortest to longest turnover) as follows: liver > muscle > hair > bone
collagen (e.g., Tieszen et al. 1983, Lee-Thorp 2002, Ayliffe et al. 2004, Sponheimer et al. 2006). The use
of hair for these analyses is preferable because the collection of hair is less invasive, and does not require
capturing or handling the animal (Cook 2012, Kersey and Dehnhard 2014). Bear hairs can be efficiently
collected from devices such as barbed-wire snares, and therefore large sample sizes can be obtained
relatively easily. Another benefit of hair is that it provides biological information over a relatively long
time scale (of weeks to months), as it accumulates biomarkers throughout its growth. In addition,
individual information such as sex and age (maturity stage) can be determined at the same time by

combining techniques such as genetic analysis, age assessment, and direct observation.

Aim of this study

The purpose of this study was to understand the feeding ecology of brown bears inhabiting the
Shiretoko Peninsula, eastern Hokkaido, Japan, by applying hair stable isotope ratio analysis. In Chapter
2, I clarified the growth period of bear hairs, which is essential for correctly interpreting the results of the
stable isotope analysis on whole hairs and for distinguishing the growth stages of hairs. In Chapter 3, I
examined regional, sex, and age differences in the diet of wild brown bears captured on the Shiretoko

Peninsula. In particular, I focused on the role of asocial learning in the use of high-energy foods (salmons



and pine nuts). In Chapter 4, I investigated the triggers of human-bear conflicts according to the regional
characteristics of the diet of female bears and the context of the conflict. I attempted to distinguish the
dietary characteristics of bears that intrude into human areas by comparing the diets of bears that were

captured and killed in human areas with those of bears that remained in the forest.
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Figure 1-1. Brown bears hunt for salmon at the Rusha River, Shiretoko, Hokkaido, August 24, 2018

(photo by Jimbo M.).
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Chapter 2 | Hair growth pattern in brown bears

2.1 Introduction

In bears (Ursus), hair stable isotope analyses are widely used to examine their foraging ecology (e.g.,
Hobson et al. 2000, Felicetti et al. 2003, Mowat et al. 2017, Deacy et al. 2018, Naganuma et al. 2020). It
is known that whole hairs collected from shoulder, rump, and abdomen do not differ in values of hair
biomarkers (Macbeth et al. 2010, Ueda and Bell 2019), therefore, non-invasive hair sampling, such as the
hair traps resulting in the hair being collected from various regions of the body, is effective to collect bear
hairs. Analyzing stable isotope ratios (3'*C, 3'°N, and §**S) in whole hairs is the most popular method to
determine the average annual assimilated diet especially meat consumption (e.g., Hobson et al. 2000,
Mowat et al. 2017, Adams et al. 2017, Deacy et al. 2018). Segmental analysis of stable isotope values of
guard hair, an advanced method to estimate an individual's feeding history on a more detailed time scale
has also been developed (Mizukami et al. 2005b, Hata et al. 2017). For such analyses, detailed information
is needed on the factors influencing the values of each biomarker, including turnover rate, discrimination
factor, and hair growth pattern. Among these, hair growth pattern is the most basic factor; however, few
studies have been published describing hair growth in brown bears (Ursus arctos).

Bear hair grows throughout the year, except during hibernation, and sheds once per year; however, such
common knowledge has not been scientifically verified via observation test. The pelage of bears, consists
of three hair types: guard hair is long and coarse, underfur is short and fine, and intermediate hair is
intermediate in structure (Perrin and Campbell 1980). And classification of bear hair based on visual
observation of the hair shaft and hair bulb thickness was previously published (Yamauchi et al. 2014).
Although the growing period of each hair type is likely to differ (Jones et al. 2006), the growth periods of
each hair type have not yet been documented in brown bears.

Another difficulty with using hair samples in empirical studies is the issue of determining, whether
sampled hair has grown during the current or previous year especially during periods of shedding.
Noninvasive hair traps are a common method for sampling wild bears, and some studies distinguish hairs
on the basis of length in relation to sampling season (e.g., Mowat et al. 2017); however, this method is
not absolute because hair length varies among individuals and body parts. A more appropriate method for
distinguishing the onset of hair growth is needed.

In this study, I described the hair growth pattern of brown bears including (1) the growth periods of

12



each hair type, (2) shedding, and (3) the growth rate of guard hairs. I also investigated a method to

discriminate between the previous year’s hair and the current year’s hair via hair follicle structure.

2.2 Materials and Methods
Hair growth observation in captive brown bears

Captive adult female brown bears (n =4) housed in the Noboribetsu Bear Park (Noboribetsu, Hokkaido,
Japan) were observed for hair growth patterns (Table 2-1). Observations were performed monthly from
late April 2019 to late November 2019. Bears in the Noboribetsu Bear Park were fed bear pellets
(ZOOFOOD bear; Nosan Co., Kanagawa, Japan), concentrated feed formulated for cows
(Soyokazenokaori MG; Nippon Formula Food Manufacturing Co., Ltd., Kanagawa, Japan), vegetables,
and fruits once or twice a day with water ad libitum. The bears were immobilized using blow darts to
administer intramuscular xylazine HCI (1 mg / kg; Selactar; Bayer, Tokyo, Japan) and a 1:1 mixture of
zolazepam HCI and tiletamine HCI (2.0-4.0 mg / kg; Zoletil 100; Virbac, Carros, France). After all of the
experiments were finished, atipamezole HCI (1 mg / kg, Atipame; Kyoritsu, Tokyo, Japan) was injected
intramuscularly to aid in recovery. All experimental procedures were conducted in accordance with the
Guidelines for Animal Care and Use of Hokkaido University, and were approved by the Hokkaido
University Animal Care and Use Committee (permit number: 19-0021).

All hair samples were collected along the center of the upper back, where hair would be most likely be
taken from wild bears that rubbed their backs against trees. On the first day of the experiment at the end
of April, two 5 cm x 5 cm patches along the back were shaved (“patch A” and “patch B”). On another 5
cm X 5 cm patch in the same area (“patch C”), a commercial hair bleaching agent was applied and
incubated at room temperature for 30 minutes to mark the previous year’s hair. Newly grown hair was
shaved and collected from patch A once per month. All hair samples were classified into one of the three
types (guard hair, intermediate hair, or underfur) through visual observation in accordance with the criteria
of Yamauchi et al. (2014): guard hairs are thick and straight, underfur is thin and downy, and all others
are classified as intermediate hair. The length of guard hair was measured for ten randomly selected guard
hairs, and the measured values were averaged. All subsequent measurements of guard hair length were
performed using the same method. Because shaving once a month may change the rate of hair growth,
the total hair length was measured at patch B, where no procedures were performed from May to October.

Fully grown guard hairs were collected and measured at the end of November. In each month, the presence
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of bleached hair in patch C was checked to identify the shedding period.

Fur observation in wild brown bears

Fur samples were collected from the same area on the center of upper back (as described above) of wild
brown bears that were killed for hunting and nuisance control from April 2019 to November 2019 (n =
45) in the Shiretoko Peninsula, eastern area of Hokkaido, Japan (Fig. 2-1). Before sampling, body weight
and sex were recorded. In accordance with the growth curve of brown bears in Hokkaido (Moriwaki et al.
2018), mean body mass at age five years (148 kg for males and 91 kg for females) was used as a threshold
for discrimination between adult and sub-adult bears. Each bear was classified based on body weight:
newborn cubs (< 10 kg), adult females (> 91 kg), adult males (> 148 kg); all others were considered as
sub-adults. Hairs were pulled out from the fur and classified as either guard hair, underfur, or intermediate

hair. Then, the lengths of guard hairs were measured and the structures of hair follicles were observed.

Statistical analysis

To account for the effect of shaving on hair growth, a correction value was calculated by dividing the
length of fully-grown guard hair measured in patch B by the total length of guard hair measured during
the experimental period in patch A. Then, the monthly-grown hair length in patch A was multiplied by the
correction value, which was used to calculate the growth rate (mm / day) for each month. Turkey’s
multiple comparison test was used to compare monthly growth rates among individuals. These statistical
analyses were performed in the multcomp package (Hothorn et al. 2008) in R ver.3.6.2 (R Core Team
2019).

The current year’s guard hair was determined based on the shape of hair bulbs (details regarding hair
discrimination are described below), and its lengths were used to calculate the hair growth rate of wild
bears (Table 2-2). First, a multiple regression analysis was conducted to examine the effects of maturity
class and sex on hair growth rates of wild bears. Since there were no significant effects of maturity class
or sex on the hair growth rate of wild bears (all P > 0.05), I pooled all samples for wild bears irrespective
of maturity class and sex for the next analysis. The approximate hair growth rate was calculated; guard

hair length over time was plotted independently for wild bears to form a linear regression.
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2.3 Results
Hair growth and shedding stages

In patch A on captive bears, newly grown hairs could be visually distinguished by their thin and pointed
shaft tips. Guard hairs began to grow first, followed by intermediate hairs, and then underfur. Newly
grown hairs were not observed on the first day of the experiment except on Bear 1, whose guard hairs
were about 10.9 mm by late April and continued growing into September. In Bears 2 and 3, guard hairs
began growing in May and continued growing into September. In Bear 4, guard hair grew slightly in May
and June, grew as long as other individuals in July and continued growing into October. Guard hair did
not grow in November (Fig. 2-2).

There was variation in the onset of intermediate hair growth. The growth periods varied from three to
five months: from June to November (Bear 1), June to September (Bear 2), June to October (Bear 3), and
July to November (Bear 4). Underfur grew from August to late November in all captive bears, although I
did not identify the period of growth termination. The amount of the bleached hairs (i.e., previous year’s
hair) declined beginning in May, and they were completely shed by July (Bear 1), August (Bears 2 and
3), or September (Bear 4). Hairs in this section did not regrow during the experiment.

Newly grown hairs were not observed in wild bears in April or early May. From the end of May to
August, guard hairs of two different lengths were observed. Since this period was consistent with the
shedding and growing periods of guard hairs in captive bears, I considered the shorter hairs to be newly
grown and the longer ones to be the previous year’s hairs. From September to November, guard hairs

were uniform in length, indicating that shedding was complete by September (Table 2-2).

Guard hair growth rate

There were no significant differences in monthly growth rates of guard hairs between captive bears
from May to September (Tukey-Kramer test; P > 0.10). Because guard hair growth was terminated in
October in all captive bears, the approximate hair growth rate was calculated using data from May to
September (i.e., data from April, October, and November were excluded). The approximate hair growth
rate of captive bears was calculated as 0.5 mm / day (+* = 0.75), and that of wild bears was calculated as
0.7 mm / day (r* = 0.74) (Fig. 2-3). The average (+ SE) length of fully-grown guard hairs was 79.4 + 1.7
mm (range: 59.1-106.6 mm); this did not significantly differ between captive and wild bears (Student’s

t-test; 1 =0.734, P =047, df = 31).
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Hair follicle structure

The shape of hair bulb was classified into three types by gross observation: white spheres (WS-type),
black hooks (BH-type), and white hooks (WH-type) (Fig. 2-4). WS-type bulbs were observed from April
to August, while BH-type bulbs were observed from June to October. From June to August, guard hairs
with different lengths were observed together; the longer hair was WS-type bulb, while shorter hair was
BH-type bulb (Table 2-2). From late-August into October, WH-type bulbs were observed alongside BH-

type bulbs. Only one sample was collected in November; this sample was WS-type bulb (Table 2-2).

2.4 Discussion

The growth periods of guard hair and underfur were almost the same for all captive bears; guard hairs
began growing in spring prior to shedding and continued growing to autumn, while underfur began
growing in late summer. Although the termination of underfur growth was not clear, it should grow thicker
towards winter, because its principal function is insulation (Leblond 1951). These results suggest that hair
biomarkers can be used to compare the physiology and ecology of bears between spring to autumn (guard
hair) and autumn to hibernation (underfur). Jones et al. (2006) previously showed that stable isotopic
values differ between whole guard hair and underfur. In contrast to guard hair and underfur, the growth
of intermediate hairs varied greatly among individuals, and thus this type of hairs should not be used for
practical applications.

The regression analysis of guard hair growth indicated that the average growth from late April to early
October was 0.5 mm / day for captive bears. Assuming that guard hairs grow at a constant rate until fully
grown (mean length = 79.4 + 1.7 mm), the growth period of guard hairs is approximately five months for
captive bears. This pattern is similar to that of captive grizzly bears, as reported by Felicetti et al. (2004)
(i.e., growth from early May to October at a rate of approximately 1.5 cm /month). Conversely, the
approximate hair growth rate was 0.7 mm / day for wild bears, and the growth period spanned
approximately four months from late May to late September. This implies that the hair growth rate of wild
bears is higher than that of captive bears and that hair growth in wild bears begins later than that in captive
bears. This difference could be attributed to differences in feeding conditions between wild and captive
bears. Bears in Noboribetsu Bear Park are usually fed a mixture of commercial foods and the amount of

feeding is almost constant throughout the year. In contrast, the diets of wild brown bears are restricted to
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low-energy food, e.g., plants, in spring and shift to high energy foods, e.g., fruits and salmon, in summer
and fall (Ohdachi and Aoi 1987). Because energy or protein restrictions influence hair growth (e.g.,
McGregor 1988, Rasmussen and Bgrsting 2000), it is conceivable that, in wild bears, hair growth is
restricted during periods of food scarcity in spring and is initiated at a high rate in summer and autumn
when food is abundant.

I confirmed that there were no differences in hair growth among maturity classes or between sexes.
However, hair growth in cubs and some adult males might begin later (i.e., in June), as their hair length
was only 10-17 mm in early July. Because firm conclusions could not be drawn from my dataset, further
experiments will be required to investigate the relationship between age and hair growth more thoroughly.

Shedding in captive bears was completed between late July and late September, as in wild brown bears.
In wild bears, long and short hairs were intermixed from June to mid-August, which suggested that
shedding was ongoing. Subsequently, a uniform length was observed, which indicates that shedding is
typically complete by late August; however, it can fluctuate by approximately one month, depending on
the individual (Table 2-1). It is unlikely that the previous year’s hair remains after October; therefore,
guard hairs collected after October can be regarded as the current year’s hair.

I recommend analyzing the hair bulb shape to distinguish between the previous year’s hair and the
current year’s hair collected during shedding period. I observed that morphological changes of hair bulbs
occur in conjunction with hair growth cycle. Hair growth occurs in cycle, alternating between periods of
growth (anagen), quiescence (telogen), and the transition between growth and quiescence (catagen) (e.g.,
Parakkal 1970, Diaz et al. 2004). My observations suggest that, during shedding, telogen hair (i.e., hair
grown during the previous year) has a WS-type bulb, while anagen hair (i.e., hair grown during the current
year) has a BH -type bulb. After shedding, catagen hair has a WH-type bulb. WS-type bulb was observed
again in November, suggesting that the growth of the current year’s hair had ended. Based on these results,
I can distinguish hairs during shedding on the basis of hair bulbs: the previous year’s hairs have the WS-
type bulbs, and the current year’s hairs have BH-type or WH-type bulbs. This is a simple and reliable
method that can be implemented without the use of a microscope.

To increase the practicality of hair biomarker analyses, further studies of other factors influencing the
values of each biomarker are needed. The application of hair stable isotope data to dietary studies requires
understanding the isotopic discrimination value and turnover rate. The isotopic discrimination value

represents the stepwise isotopic changes between a consumer and its prey, and the turnover rate is the
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length of time it takes for stable isotopes in tissues to be replaced by isotopes derived from the diet. When
conducting experiments using a controlled diet to quantify variation in isotopes according to hair growth,
information on hair growth is essential to select the length of feeding trials. The hair growth patterns of

brown bears revealed in this study provide the basic knowledge for such future research.
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Table 2-1. List of captive brown bears used in monthly observations.

Shedding Growth periods Length of guard
BearID  Sex  Age ) .
periods Guard Intermediate ~ Underfur hair (mm)
Bear 1 F 20 —Jul Apr—Sep Jun/Jul-Nov Aug— 91.7
Bear 2 F 17 —Aug May-Sep Jun-Sep Aug-— 77.8
Bear 3 F 23 —Aug May-Sep Jun—Oct Aug— 64.6
Bear 4 F 6 -Sep May-Oct Jul-Nov Aug— 77.4
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Table 2-2. List of samples from wild brown bears.

Weight  Previous guard hair Present Guard hair

Capture date Bear ID Sex Maturity
(kg) Length (mm) Bulbtype Length (mm) Bulb type

2019-04-08 19BOI M Subadult 53 80.6 WS - -
2019-04-12 SB19BOl M Subadult 146 75 < WS - -
2019-04-16  19B02 M Subadult 25 73.1 WS - -
2019-04-19 R19BO1 M Subadult 27 106.6 WS - -
2019-05-02 R19B02 F  Adult 103 80.0 WS - -
2019-05-02 RI19BO3 M Subadult 48 84.3 WS - -
2019-05-02 R19B04 M Subadult 39 92.2 WS - -
2019-05-24 R19BOS M Subadult 52 84.5 WS 115 BH
2019-06-11  19B07 F Subadult 61 82.1 WS 20.8 BH
2019-06-16  19B08 M Subadult 45 66.9 WS 12.2 BH
2019-06-27 R19B06 M Subadult 45 81.9 WS 19.7 BH
2019-06-28 19B09 F Subadult 85 85 < WS 11.3 BH
2019-06-28  19B10 M Subadult 27 79.3 WS 14.3 BH
2019-06-28  19BI1 M Subadult 21 717 WS 14.3 BH
2019-06-28 19B12 M Adult 187 75 < WS 24.6 BH
2019-07-02  19B16 F  Cub 8 59.1 WS 13.0 BH
2019-07-02 19B17 M  Cub 7 61.1 WS 14.0 BH
2019-07-02 19BI8 F  Cub 8 69.1 WS 17.7 BH
2019-07-02 R19B07 M Adult 216 86.4 WS 10.3 BH
2019-07-08 19B20 M  Adult 161 73.4 WS 10.8 BH
2019-07-09 19B21 M Adult 174 80 < WS 384 BH
2019-07-12  19B22 M Subadult 32 77.8 WS 474 BH
2019-07-13  19B24 M Adult 262 79.5 WS 14.6 BH
2019-07-13  19B25 F  Adult 95 82.4 WS 244 BH
2019-07-14 19B26 M Adult 180 80.3 WS 20.5 BH
2019-07-14 19B27 F  Adult 119 91.3 WS 33.1 BH
2019-07-14 R19B0$ M Subadult 60 81.8 WS 49.7 BH
2019-07-19  19B28 F Subadult 83 84.4 WS 57.8 BH
2019-07-24  19B29 F  Adult 103 718 ws 409 BH
2019-07-26  19B30 M Subadult 103 82.3 WS 39.9 BH
2019-07-28  19B32 M Subadult 73 63 < WS 484 BH
2019-07-29 19B33 M Subadult 45 67.3 WS 339 BH
2019-08-01  19B34 M  Adult 158 - - 60.2 BH
2019-08-05 19B35 F Subadult 35 66.3 WS 533 BH
2019-08-14 R19B09 M  Adult 189 65 < WS 42.1 BH
2019-08-16 RI19B10 M Subadult 107 - - 76.6 BH
2019-08-24 R19BI1 M Subadult 114 85.9 WS 59.0 BH
2019-08-28  19B36 M Adult 158 - - 504  BH&WH
2019-08-31 SB19B03 F Subadult 74 - - 69.7  BH&WH
2019-09-04 SB19B04 M Subadult 71 - - 70.7 WH
2019-09-06 19B37 M Adult 199 - - 722 WH
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Capture date

Bear ID Sex Maturity

Weight
(kg)

Previous guard hair

Present Guard hair

Length (mm) Bulb type

Length (mm) Bulb type

2019-09-06 RI19B12 F Subadult 61 - - 66.8 WH
2019-10-16 19B39 M Subadult 67 - - 87.2 BH&WH
2019-10-25 RI19B13 F  Adult 108 - - 80.1 BH&WH
2019-11-04 19B40 M Subadult 75 - - 85.1 WS

Hair bulb types are shown as WS: white sphere, BH: black hook, and WH: white hook. Lengths of

guard hairs written in bold were used to calculate hair growth rate.
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Figure 2-1. Map of Hokkaido, Japan, including the Shiretoko Peninsula and Noboribetsu Bear Park.
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Figure 2-2. Cumulative length plots of guard hairs of captive bears; Bear 1 (@), Bear 2 (), Bear 3 (H),

and Bear 4 (A). The guard hair length was measured each month in patch A.
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regression which indicate the growth rate (mm / day) were 0.5 for captive bears (+* = 0.75), and 0.7 for

wild bears (° = 0.74).
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Figure 2-4. Guard hairs of different lengths were observed in the same fur sample (upper right image is
an example from Bear ID: R19B11). White sphere type bulbs (upper left image) were observed in the
previous year’s hair, while black hook type bulbs (middle left image) were observed in the current year’s
hair. From late summer to autumn, white hook type bulbs (lower left picture) were observed in the current

year’s guard hair (lower right image is an example from Bear ID: 19B39).
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Chapter 3 | Role of asocial learning in high-energy food consumption for

male brown bears.

3.1 Introduction

Diet selection is a complex process resulting from genetic inheritance (Arnold 1981), asocial or social
learning (Heyes and Galef 1996, Galef and Laland 2005), and the interaction of inheritance and learning
(Kandel et al. 2021). Social learning involves animals learning by observing and interacting with others,
such as parents and conspecifics (Heyes and Galef 1996, Galef and Laland 2005). Representative mother-
offspring social learning has been studied extensively in many mammalian species, and mothers have
been shown to directly influence the feeding styles of their young offspring (e.g., rodents: Peacock and
Jenkins 1988, Lupfer et al. 2003, primates: Lynch et al. 2020, and cetaceans: Mann et al. 2007). Even in
solitary animals that live independently after spending a certain period of time with their mothers, mother-
offspring social learning partially influences the diet selection of young offspring (e.g., black rat: Terkel
1996, black bear: Mazur and Seher 2008, and orangutan: Jaeggi et al. 2010). The question is how long
the effects of mother-offspring social learning continue to influence the diet selection of solitary animals.

Asocial learning is defined as animals learning based on their own experiences through trial and error
(Heyes and Galef 1996, Kendal et al. 2005). Animals need to adaptively rely on social and asocial learning
based on a trade-off between the cost of collecting information and its reliability (Kendal et al. 2005).
Echeverria and Vassallo (2012) found that although diet selection during weaning might be influenced by
the mother, maternal influence was not essential for diet selection during dispersal in solitary rodents
(Ctenomys talarum). Additionally, Galef and Whiskin (2001) provided experimental evidence that
socially enhanced food preferences weaken after animals have experienced alternative foods, especially
high-quality alternatives. These studies indicate that animals can change their diet selection as they gain
independent foraging experience, but few studies have addressed this point in free-ranging solitary
animals. The foraging experience that animals acquire after becoming independent may play a significant
role in their diet selection later in life, especially for brown bears that forage solitarily for a decade or
more after becoming independent from their mothers.

Bears (Ursus) spend the first 1-2 years of life with their mothers (Schwartz et al. 2006, Shimozuru et
al. 2017) and forage independently thereafter. It has been suggested that mother-offspring social learning

influences the feeding style of offspring (e.g., Aumiller and Matt 1994), whereas the influence of genetic
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inheritance has not been supported (e.g., Hopkins 2013, Morehouse et al. 2016). The habitats in which
offspring spend time with their mothers (hereinafter natal habitat), rather than their mother's food
preferences, influence the feeding style of offspring for up to two years after independence (Mazur and
Seher 2008). Brown bears (U. arctos) are generally opportunistic predators, and their diet is generally
associated with environmental conditions (i.e., the local availability of food) (Bojarska and Selva 2012).
In addition, it is widely recognized that sex and age can influence brown bear diets (Ben-David et al. 2004,
Mowat and Heard 2006, Edwards et al. 2011, Adams et al. 2017). Such dietary variations characterized
by intrinsic factors of individuals are generally considered to result from differences in energy
requirements (mainly based on body size and reproductive costs) and/or interindividual interactions (e.g.,
food competition and social hierarchy) (Hilderbrand et al. 1999, Ben-David et al. 2004, Mowat and Heard
2006).

The Shiretoko Peninsula, contains an abundance of energy-rich salmon and pine nuts and has one of
the highest densities of brown bear populations worldwide (Hokkaido Government 2017). Nevertheless,
the availability of these food resources is unevenly distributed within the peninsula. Therefore, this
peninsula is an appropriate study site to examine how the natal habitat influences diet selection by brown
bears later in life. Here, I analyzed a large amount of genetic and dietary data of brown bears inhabiting
the Shiretoko Peninsula, Hokkaido, Japan, to examine 1) factors influencing diet and 2) dietary shifts later

in life relative to each natal habitat.

3.2 Materials and Methods
Field site description

The Shiretoko Peninsula (43°50—44°20'N, 144°45'-145°20'E) is located on eastern Hokkaido, Japan,
protruding north-northeast into the Sea of Okhotsk (Fig. 3-1). The peninsula is long and narrow,
measuring approximately 70 km long and approximately 25 km wide at its base. The Shiretoko Peninsula
has three towns, Shari, Rausu and Shibetsu, and the area from the center to the tip of the peninsula is
Shiretoko National Park (hereinafter SNP). Most of the land area within the national park is designated
as a special protection zone, and human activities that affect wildlife and the natural environment are
strictly restricted.

Mountains up to 1,660 m high run down the center of the peninsula, and Japanese stone pine (Pinus

pumila) is distributed in the subalpine zone. A total of 93 river systems flows into the sea from mountains
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throughout the peninsula. Pink salmon (Oncorhynchus gorbuscha) and chum salmon (O. keta) spawn
from summer to autumn in some of these rivers (Appendix S3-1). However, salmon are able to swim
upstream in only a limited number of rivers due to dams, fish traps, and steep topography (Appendix S3-
1). The rivers and the predicted spawning areas of pink salmon based on elevation, slope, and location of
artificial structures are shown in Fig. 3-1. Both salmon and pine nuts are known to be important foods for
brown bears inhabiting the Shiretoko Peninsula (Shirane et al. 2021); therefore, I divided the study site
into five areas in terms of accessibility to salmon spawning rivers and the stone pine zone for bears (Fig.
3-1). The tip SNP area is the area where brown bears can most easily consume both salmon and pine nuts
because the distance between the salmon spawning river and the stone pine zone is small and the area
experiences minimal human disturbance. The accessibility to the stone pine zone is high in both the
western middle (hereinafter Utoro) and eastern middle (hereinafter Rausu) areas. The accessibility to
salmon spawning rivers is low in the Utoro area because this area contains few rivers where salmon can
swim upstream and most of the spawning areas are close to areas with high human activity, such as
residential areas, roadways, and fishing spots. In the Rausu area, the accessibility to salmon spawning
rivers is moderate because in this area, brown bears may consume salmon upstream, as residential areas
are distributed only along the coastline. The accessibility to the stone pine zone is low in the western base
(hereinafter Shari) and eastern base (hereinafter Shibetsu) areas because these areas contain only
marginally distributed stone pine zones in the mountains. In the Shari area, most rivers are surrounded by
residential and rural areas, providing limited access for brown bears; thus, the accessibility to spawning
salmon in the river is low. In the Shibetsu area, salmon can swim far upstream because the topography is
less steep. In addition, residential and rural areas are distributed inland in the Shibetsu area, making
estuaries relatively accessible for brown bears. Therefore, the accessibility to salmon spawning rivers is
moderate in the Shibetsu area. I used the names of the towns as the area names for clarity, but area

boundaries and administrative divisions are different.

Bear hair collection and data curation

I collected hair samples from brown bears throughout the Shiretoko Peninsula between March and
December from 2010-2020. Most bears were killed for nuisance control or hunting, and some were
captured for research purposes. Nuisance control and hunting of bears occur outside the national park

with rare exceptions according to a management plan (Kushiro Nature Conservation Office of the
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Ministry of the Environment et al. 2017). Within 24 hours after a bear was dead or during immobilization,
whole hairs, including hair roots, were plucked from the back of the bear and stored in a paper bag at -
30°C. In the first step of sample preparation, the hairs were briefly washed with distilled water to remove
large stains, rinsed with 70% ethanol, and dried at 60°C for 48 hours.

Our research group collected genetic samples from all the captured bears. We extracted genomic DNA
and genotyped it using 21 microsatellite markers and one sex marker (details of the genotyping were
described in Shimozuru et al. 2017). We also conducted parentage analysis to assign bears to parents
(details of the parentage analysis can be found in Shirane et al. 2019). The birth area of each bear was
defined as the collection site of genetic data for the putative mother according to Shirane et al. (2019) and
assigned to one of the above-described five study regions. Genetic data for bears captured from 2010 to
2018 were reported by Shirane et al. (2018, 2019), and Shimozuru et al. (2020a, 2020b), and those for
bears captured in 2019-2020 have not yet been published.

The age of each bear was estimated by counting the cementum annuli of the teeth (Yoneda 1976). For
individuals whose birth year was recorded by observation and who could be individually identified, the
age based on such field observations was adopted. The age of individuals classified as the mother or father
of another known individual by parentage analysis was estimated by the age of the offspring plus the
average age of the first reproduction (Shimozuru et al. 2017). For three individuals for which neither tooth
samples, field observation records, nor relatedness information were available, approximate age was
estimated from the growth curve of body length (Shirane et al. 2020). The age data that were used for my
analysis were modified based on the age when the hair grew. If a hair was determined to be from the
previous year based on the shape of the hair bulb (Jimbo et al. 2020), the age was determined to be the
estimated age at the time of capture minus one year. The bears of each sex were classified into three age
classes: juvenile, sexually mature adult, and physically mature adult. On the Shiretoko Peninsula, most
offspring become independent after 1 or 2 years (Shimozuru et al. 2017). The minimum age of
reproductive maturity for brown bears is generally reported to be 3 years for both females and males (e.g.,
Zedrosser et al. 2004, 2007), and males are known to start dispersing at 3 years old on the Shiretoko
Peninsula (Shirane et al. 2019). Females reach 95% of their asymptotic body length at age 4.6 and males
at 7.6 years (Shirane et al. 2020). Therefore, I defined juveniles as bears aged 0-2 years (both females
and males), sexually mature adults as females aged 3—4 years and males aged 3-7 years, and physically

mature adults as females aged > 5 years and males aged > 8 years.
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Potential food items

I also collected 33 potential food items of brown bears inhabiting the Shiretoko Peninsula according to
a list developed based on previous studies (Ohdachi and Aoi 1987, Sato et al. 2004, Shirane et al. 2021)
and information from local wildlife experts. As suggested by Phillips et al. (2005, 2014), I used the
ecology of bear foraging to a priori aggregate potential food items into the following five food categories:
alpine plants (pine nuts and wild berries), plants (e.g., herbaceous plants, fruits, and acorns), dent corn
(Zea mays), terrestrial animals (insects and sika deer), and marine animals. The marine animals category
included pink salmon, chum salmon, and marine mammals. Dent corn was included as a representative
crop eaten by brown bears in eastern Hokkaido (Sato et al. 2004). However, most of the crop damage
reported from Shari town included beets and wheat, and dent corn damage was reported from only
Shibetsu town. However, I did not include beets and wheat in my analyses because I could not distinguish

them from other natural plants by isotopic signatures.

Stable isotope analysis

I separated approximately 10 to 30 guard hairs that were not broken from root to tip and removed their
follicles after recording the hair bulb type. After sorting, the hair samples were washed with a 2:1
chloroform:methanol (v/v) mixture according to a standard protocol for stable isotope analysis to remove
contamination and surface lipids (Hobson et al. 2000) and then dried at 60°C for 48 hours. Each hair
sample was placed in a 2 ml reinforced tube (Precellys Lysing Kit, Bertin Technologies, France) and
ground into fine powder using a ball mill (Shakeman 6, Biomedical Science, Japan) for 10 cycles of 90 s
at 4350 rpm after adding four ¢ 3.0 mm and one ¢ 5.0 mm zirconia ball bearings. The food samples were
washed with distilled water, cut into small pieces, and dried in an oven at 60°C for at least 48 hours. After
complete drying, they were ground into fine powder using a ball mill.

Ground hairs (0.8-1.2 mg) and food items (2.8-3.2 mg plant matter, 0.8—1.2 mg animal matter) were
weighed and enclosed in tin boats (4 x 4 x 11 mm). The carbon, nitrogen, and sulfur stable isotope ratios
(813C, 8PN, and §**S) of the samples were analyzed using an isotope ratio mass spectrometer coupled
with an elemental analyzer (IsoPrime 100-vario MICRO cube, Elementar, Germany). The results were

reported as parts per thousand of the isotopes (%o) relative to a standard as follows:
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8513C, 55N, or 534S = [(Rsample/Rstandard) - 1] x 10°

where R is 3C/'2C, PN/"N, or **S/*2S and Rjandara is Vienna Pee Dee Belemnite (VPDB) for §'°C,
atmospheric nitrogen (AIR) for §'°N, and Vienna Canyon Diablo Troilite (VCDT) for §**S. Since
carryover effects were observed in the measurement of sulfur isotopes, I took five measurements for one
sample and adopted the latter three values as the measurement values.

I used five amino standards (L-alanine: "N = 1.79%o with §'*C =-19.9%0, §'°N = 3.7%. with §'°C = -
19.6%0, 8N = 4.99%o with §'3C = -19.6%0, §"°N = 8.72%¢ with §'*C = -19.6%o, and §'°N = 13.7%. with
813C = -19.6%0, Shoko Science Co., Ltd., Japan) and three sulfur standards (silver sulfide: IAEA-S-1,
IAEA-S-2, and IAEA-S-3, International Atomic Energy Agency, Australia) with §**S = -32.3%o, -0.3%o,
and 22.7%o as standard reference materials. These standard reference materials were weighed (1.0 mg for
the amino standards and 0.2 mg for the sulfur standards), enclosed in tin boats, and run at the start and
end of every three samples (i.e., fifteen measurements) to provide reference gas calibrations. Based on
these measurements, calibration curves, consisting of straight lines for the nitrogen and sulfur isotopes,
were constructed. All the analytical errors in this study were within 0.2%o for §'*C and §'°N and 0.3%o for

§%S.

Isotopic value correction according to hair growth stage

I classified the growth stages of the hair based on the shapes of hair bulbs according to Jimbo et al.
(2020). The shape of the hair bulbs were classified into three types by gross observation: black hook
(hereinafter BH-type), which indicated that hairs were growing in the current year of capture; white hook
(hereinafter WH-type), which indicated that hairs almost stopped growing during the current year of
capture; and white sphere (hereinafter WS-type), which indicated that hairs had grown during the previous
year of capture (Jimbo et al. 2020).

Of the total 295 samples, 80 hair samples, which were collected from bears captured between June 27
and October 28, were classified as having BH-type bulbs. Forty-five hair samples, which were collected
between September and December, were classified as having WH-type bulbs, and 170 hair samples, which
were collected between March and November, were classified as having WS-type bulbs. The mean carbon
and sulfur isotopic values were significantly lower in the guard hairs with BH-type bulbs than in those

with WH- and WS-type bulbs (Steel-Dwass test, both p < 0.05), while the mean nitrogen isotopic values
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were not significantly different among the bulb types (Kruskal-Wallis rank sum test, chi-squared = 2.8, p
= 0.25). There were positive correlations between the sampling date and the three stable isotopic ratios
for guard hairs with BH-type bulbs (8'°C: p < 0.05, R* = 0.14, coefficient = 0.018; §'°N: p < 0.05, R* =
0.043, coefficient = 0.020; §**S: p < 0.05, R? = 0.041, coefficient = 0.024), but no significant correlations
were shown for guard hairs with WH- or WS-type bulbs (all p > 0.05) (Fig. 3-2). Therefore, I corrected
the isotopic values of guard hairs with BH-type bulbs to the full hair growth season diet using the
following procedure. Since BH-type bulbs were observed until October 28 in my sample sets, October 28
was used as the baseline based on the regression line between the sampling date and measured isotopic

values. The following equation was used to correct the values:

Correction X = Measured X + SLOPEx x (301 — Sampling date)

where X is the measured values of §'*C, §'°N, or §**S, SLOPE is the slope of the regression line between
the sampling date and each isotopic ratio, and (301 — Sampling date) is the number of days between
October 28 and the date of hair sample collection. After correction, I again compared the mean values of
the isotopic ratios among the hair bulb types, and no significant differences were found (Kruskal-Wallis
rank sum test, all p > 0.05). The corrected values for the hair samples with BH-type bulbs were used in

the subsequent analysis.

Stable isotope mixing model

I first tested the differences in the §'°C, §'°N, and §**S values among the five food categories using a
Kruskal-Wallis rank sum test with Steel-Dwass nonparametric post hoc comparisons. Statistically
significant differences in at least one of the stable isotopic values (i.e., §'3C, §"°N, or 6°*S) were found in
all combinations of four categories (alpine plants, plants, terrestrial animals and marine animals). There
were no statistically significant differences between dent corn and alpine plants, terrestrial animals, or
marine animals, probably because of small sample sizes, but there were significant differences in the
values of §'3C, §'°N, and &**S between dent corn and plants. With regard to the potential food items used
as sources in the mixing models, aggregation of species with similar functional significance has been
recommended when the isotopic signatures of food items are not significantly different (Phillips et al.

2005). In this case, I kept dent corn as an independent source because it is clear that crops have different
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ecological functions in bear diets.

To estimate the proportional contributions of each food category to the diet of bears at the individual
level, I used a stable isotope mixing model in the IsotopeR package (Hopkins and Ferguson 2012). The
model runs three MCMC chains with a burn-in of 1,000 draws followed by 10,000 draws from the
posterior. For all the models, measurement errors based on my data and discrimination factors were
included. I used discrimination factors for hairs in accordance with reports by Mowat et al. (2017) and
Hopkins et al. (2017, 2021): A'*C + standard deviation (SD) is 2.7 + 0.1%o for Cs plants (alpine plants and
plants), 1.4 +0.5%o for C4 plants (corn), and 0.0 % 0.2%o for animal matter (Hopkins et al. 2021) and AN
+ SD is 2.4 + 0.2%o for plant matter and 3.9 + 0.3%o for animal matter (Kurle et al. 2014). The value of
A*S of food items was calculated from a regression equation provided by Florin et al. (2011): A*S =1.16

—0.26 x §*S.

Statistical analysis

To examine the factors that affected the three stable isotope ratios, I used linear mixed-effect models,
which were implemented using the ‘Imer’ function in the R package Ime4 (Bates et al. 2015). In the linear
mixed-effect models, which followed a Gaussian distribution, §'*C, §'°N, and §**S were used as response
variables, and the capture area, sex, age, and their interactions were used as explanatory variables. To
account for the fact that the diets of brown bears are potentially affected by annual fluctuations in food
resources, I included year as a random effect in all the models. I tested all possible combination of the
explanatory variables and selected the best model based on the Akaike information criterion (AIC). Then,
I specifically analyzed the variation in the proportional dietary contributions using the Dirichlet regression,
a multivariate extension of the beta regression. The Dirichlet regression is appropriate for modeling
response variables that represent continuous proportions to any number of categories (Douma and Weedon
2019). I implemented the Dirichlet regression using the explanatory factors that were included in the best
model selected among the initial linear mixed-effect models. As mixed-effect models for Dirichlet
regression have not been implemented in commonly used software yet (Douma and Weedon 2019), I was
unable to include random effects in this analysis. We used the ‘DirichReg’ function in the R package
DirichletReg (Maier 2014).

To quantify dietary changes from natal diet, I calculated the dissimilarity distance between the diets of

bears at the time of capture and the average diet of their birth area. Since females have a small home range
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(average 26.5 km® + 1.8 SE; Kohira et al. 2006), the diets of females were considered representative of
the diet in the capture area. A mean of the three stable isotope ratios for all females captured in each area
was used as the average diet in each area. Dietary changes were calculated as the distance between two
points in a three-dimensional space including §'*C, §'°N, and &°*S values. First, a single regression
analysis was performed to examine the correlation between age and dietary change in each birth area.
Next, I compared the mean values of dietary changes by sex and age class using the Kruskal-Wallis rank
sum test with Steel-Dwass nonparametric post hoc comparisons. Then, I examined correlations between
dietary change and the dietary contributions of marine animals using bivariate regression analysis to

investigate how the diet shifted.

Ethics statement

Brown bear hair samples were collected as part of a joint research agreement between the Shiretoko
Nature Foundation and the Hokkaido University under the Brown Bear Management Plan for the
Shiretoko Peninsula, based on a consensus among the Kushiro Nature Conservation Office of the Ministry
of the Environment, Hokkaido Regional Forest Office, Hokkaido government, Shari town, Rausu town,
and Shibetsu town (formulated in 2012, revised in 2017). The capture of brown bears for the purpose of
scientific research was conducted in accordance with the Guidelines for Animal Care and Use of
Hokkaido University, and all procedures were approved by the Animal Care and Use Committee of the
Graduate School of Veterinary Medicine, Hokkaido University (permit numbers 1152, 15009, and 17005),
and by the Hokkaido University Animal Care and Use Committee (18-0083). Plant samplings were
approved by the Hokkaido Regional Environmental Office and the Abashiri Southern Forest Management

Station (permit numbers 1908131 and 2005201).

3.3 Results
Factors influencing diet

Stable isotope ratios were calculated for a total of 295 hair samples (129 females and 166 males, Table
3-1) and the values of the three stable isotope ratios in the bear hairs were highly variable throughout the
peninsula (Table 3-1 and Fig. 3-3). The mean isotopic values of bear food items are shown in Appendix
S3-3.

Regional variations in the diets were relatively clear among females. The diet of the females captured
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in the SNP area mainly consisted of marine animals (Fig. 3-4). The mean proportional contribution of
marine animals was significantly higher in the SNP area than in the Utoro, Rausu, and Shari areas (Steel-
Dwass test, all p < 0.05) (Appendix S3-2). The diet of the females captured in the Rausu area mainly
consisted of alpine plants (Fig. 3-4). The mean proportional contribution of alpine plants was significantly
higher in the Rausu area than in the other areas (Steel-Dwass test, all p < 0.05). The female diets in the
Utoro and Shari areas were similar and mainly consisted of alpine plants and plants (Fig. 3-4). Although
the number of samples collected from the Shibetsu area was small, the diets of females in this area were
mainly composed of plants and terrestrial animals (Fig. 3-4). Dent corn contributed more than 10% to the
diets of four individuals, three of which were captured near dent corn fields in the Shibetsu area.

Similar regional variation was also shown in the diets of males, but were not as clear as those in females.
Male bear diets did not have significantly differing contributions of alpine plants (Steel-Dwass test,
p=0.24) and marine animals (p=0.14) among those captured in the SNP and Rausu areas. Marine animals
were abundant in the diets of several males, even in the middle and base regions, and individual variations
were large with regard to the contribution of marine animals (Fig. 3-4). See Appendix S3-2 for detailed
results of the comparisons of the mean contributions of each food category between areas.

Among the linear mixed-effect models for each stable isotope ratio, the models including the capture
area, sex, and age had the lowest AIC values (Appendix S3-4). Therefore, these three factors were
included in the Dirichlet regression model as explanatory variables. Age-related changes were most
pronounced in the contribution of marine animals, and age was positively correlated with the contribution
of marine animals in all regions (Fig. 3-5). The contribution of alpine plants was negatively correlated
with the age, especially in the SNP and Rausu areas. The contributions of plants, dent corn, and terrestrial

animals did not change with bear age (Fig. 3-5).

The effects of natal habitat on diet selection later in life

The birth areas of 245 bears (110 females and 135 males) with assigned mothers were estimated. I
could not determine the mothers for the remaining 50 bears. Although I assumed that the mean hair stable
isotope values (8'3C, 8'°N, and §**S) of female bears captured in each region represented the average diet
of the birthplace, it was uncertain whether the average diet in the Shibetsu area was properly represented
because only four female samples were obtained from that area. Therefore, 14 bears (4 females and 10

males) born in the Shibetsu area were excluded from the subsequent analysis. I also excluded one male
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born outside my study site. The following results were derived from the analysis of 106 females and 124
males whose mothers were identified and which were presumed to have been born in the SNP, Utoro,
Rausu, or Shari area.

Significant positive correlations between age and dietary changes were found for the males born in the
Utoro, Rausu, and Shari areas (all p < 0.05). On the other hand, no significant correlation was found
among the males born in the SNP area (p =0.407). Among females, there were no correlations between
age and dietary changes in any of the birth areas (all p > 0.1; Fig. 3-6). The data for the bears born in the
Utoro, Rausu, and Shari areas were combined since the relationships between age and dietary changes
were similar for these bears. The average values differed significantly between physically mature adults
and juveniles and sexually mature adults among the males born outside the SNP area (Steel-Dwass test,
both p < 0.05), while there were no significant differences between age classes among the males born in
the SNP area (Kruskal-Wallis rank sum test, chi-squared = 3.06, p = 0.22) or among the females (Kruskal-
Wallis rank sum test: SNP, chi-squared = 4.33, p = 0.12; other areas, chi-squared = 0.61, p = 0.74) (Fig.
3-6).

For the males born in the Utoro, Rausu or Shari area, positive correlations were found between the
contributions of marine animals to the diet and dietary changes (all p < 0.05) (Fig. 3-7a). For the males
born in the SNP area, there was a significant negative correlation between dietary changes and the
contributions of marine animals to the diet (p = 0.016, R* = 0.14, coefficient = -0.037); however, the plots
showed two directional tendencies, namely, one group of individuals whose diets shifted to include a
higher contribution from marine animals and another group of individuals for which marine animals
contributed slightly less to their diets (Fig. 3-7a). Consumption of marine animals considerably varied
among juveniles (n=22, range: 0.08-0.70) and sexually mature males (n=13, range: 0.15-0.65) but was
high in all physically mature males (n=5, range=0.44-0.79). The mean dietary contributions of marine
animals among physically mature males were ranked by birth area as follows: SNP (mean + SD = 0.59 +
0.16, n=5, age range: 10-16) > Rausu (mean + SD = 0.52 + 0.16, n=6, age range: 8-33) > Utoro (mean +
SD = 0.45 + 0.26, n=5, age range: 9-28) > Shari (mean + SD = 0.38 + 0.33, n=3, age range: 8-15);
however, the differences were not statistically significant (Fig. 3-7b, Kruskal-Wallis rank sum test, chi-

squared = 2.25, p = 0.52).
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3.4 Discussion

The results demonstrated that the dietary selection of solitary large mammals changes later in life,
suggesting that dietary selection can be influenced by factors other than mother-offspring social learning
during infancy. I focused on the consumption of high-energy natural foods, such as marine animals and
alpine plants, to investigate the effects of natal habitat on diet selection in brown bears and how dietary
preferences change as individuals grow. The results indicated that females maintained the average diet of
their birth area even after reaching sexual and physical maturity, while the diets of males changed
significantly after physical maturation (> 8 years old) (Fig. 3-6). Males consumed a higher proportion of
marine animals at older ages regardless of their birth areas. Sex-biased dietary shifts might be driven by
differences between the sexes in foraging experiences after independence. Males have larger home ranges
and may have the advantage of acquiring foraging experiences in new habitats, which leads to changes in
their food preferences, compared with those of females, which stay in their natal habitats and have smaller
home ranges.

I initially expected that the diets of males would change immediately after independence due to habitat
changes accompanied by natal dispersal, since brown bears are opportunistic predators (Bojarska and
Selva 2012). However, the results indicated that the diets of some males significantly changed after more
than 6 years of independence from their mothers. Such a dietary shift later in life might relate to asocial
learning after independence. It is known that socially enhanced food preferences wane relatively quickly
if animals are exposed to high-quality alternative foods (Galef and Whiskin 2001). Additionally,
Pokrovskaya (2015) suggested that the food preferences of bears are developed by trial and error. Marine
animals are certainly a high-quality food for brown bears; however, males that were born in the middle
or base areas and did not learn to feed on marine animals while with their mothers may not easily acquire
foraging experience for this prey item. Males may take several years to roam around the peninsula,
discover an area with high availability of marine animals, and visit the area during the appropriate season.
Individuals born at the base of the peninsula (i.e., in the Shari or Shibetsu areas) may need more time to
discover the SNP area and its high availability of marine animals than those born in the middle of the
peninsula (i.e., in the Utoro and Rausu areas). The physical distances between the birth areas and the SNP
area may have led to the differences in the ultimate dependency of each male on marine animals (Fig. 3-
7b). This argument is still conjectural, and therefore, further research on the dispersal pathways of males

is needed.
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On the other hand, the dietary shift showed different tendencies in males born in the SNP area; the diet
of some individuals changed to consume more marine animals, while that of other individuals changed to
consume fewer marine animals (Fig. 3-7a). A large individual variation in marine animal consumption
was found among bears less than 7 years old. There are three possible reasons for lower marine animal
consumption among some young males born in the SNP area: (i) the young males dispersed to areas with
a low accessibility to marine animals, or they stayed in or near the SNP area even after natal dispersal,
but (ii) they could not catch salmon because of underdeveloped hunting techniques, or (iii) they could not
acquire marine animals because of interindividual competition with older individuals. Some studies on
bears have shown that social dominance plays an important role in the acquisition of the most caloric food
sources in a landscape, and older males usually have an advantage in the consumption of animal matter
(e.g., Mowat and Heard 2006, Hatch et al. 2019, Naganuma et al. 2020). The results also showed a positive
correlation between age and the contribution of marine animals to male diets (Fig. 3-5). If social
dominance has the strongest influence on diet, young individuals should generally consume fewer marine
animals; however, some young individuals consumed very large amounts of marine animals. Therefore, I
believe that several factors, including foraging locations, hunting techniques, and social dominance, may
combine to influence the individual variation in marine animal consumption at a younger age.

One limitation of the method used was that I could not be certain that the capture area was the foraging
area. While 42% of the samples used in this study were hairs from the previous year, I do not have any
information about the area in which each bear foraged in the year before capture. However, the dietary
characteristics of female bears showed a clear regional change in the capture areas, which generally
corresponded to the regional variations in food availability predicted from salmon spawning river
distributions and vegetation features. This suggests that females had foraged at or near their capture areas.
The annual home range of females inhabiting the Shiretoko Peninsula is small (Kohira et al. 2006), and
daily foraging trips are assumed to be at most 3 km (equal to the radius of the home range). Therefore, it
is unlikely that females used areas far from their capture areas as their primary foraging sites. On the other
hand, the home range of males is much larger (Kohira et al. 2006), which is approximately 8-12 km in
radius. Therefore, it is quite possible that males migrated to neighboring areas during the active season.
The lack of coincidence between capture and foraging areas may be one reason why regional differences
in the diets among males were more unclear than those among females and why some males that were

captured outside the SNP area had very high levels of marine animal consumption.
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I considered the Utoro and Rausu areas to provide similar geographical access to the stone pine zone;
however, there was a large difference in the dietary contribution of alpine plants between bears captured
in the Utoro area and those captured in the Rausu area, contrary to my expectations (Appendix S3-2).
Alpine plants were dominant in the diet in the Rausu area, whereas the consumption of plants and alpine
plants was approximately the same in the Utoro and Shari areas (Fig. 3-4). According to the vegetation
map (Appendix S3-1), the Utoro and Shari areas are dominated by deciduous multilayered or single-
layered forests with tall to intermediate height trees (Abieti sachalinensis—Quercus crispula and Aceri
glabri—Q. crispula communities). In these communities, acorns (Q. cripula, etc.) and fruits (cherry,
Prunus sargentii; wild vine, Vitis coignetiae; etc.) are abundant, and bears can consume these plant
materials from spring to autumn (Shirane et al. 2021). On the other hand, the Rausu area is dominated by
deciduous single-layered forests with short trees and relatively rich forest floor vegetation (Betula ermanii
and Sasa sp.—B. ermanii communities). This means that herbaceous plants such as fuki (Petasites
Jjaponicus) and Apiaceae are abundant in the Rausu area, and bears can consume these plants from spring
to early summer (Shirane et al. 2021). Stable isotope analyses estimate the proportional contributions to
an assimilated diet and therefore does not represent the actual amount eaten. In addition, stable isotopes
analyses of hair samples are thought to integrate the assimilation of protein, carbohydrate, and lipids
(Mowat and Heard 2006). Acorns (a source of lipids, Naves et al. 2006), fruits (a source of carbohydrates,
Hertel et al. 2018), and pine nuts (a source of lipids, Lopez-Alfaro et al. 2015) contribute more to the
assimilated diet because these food items are more digestible and absorbable for brown bears than
herbaceous plants (e.g., Dahle et al. 1998, Persson et al. 2001, Bojarska and Selva 2013, Lépez-Alfaro et
al. 2015). Perhaps, this was the reason why the contribution of plant categories was higher in the Utoro
and Shari areas and that of alpine plants was higher in the Rausu area. I am also aware that crops (beets
and wheat) might provide some valuable food for bears in the Utoro and Shari areas, especially in the
summer when food is scarce. Although beets and wheat were excluded from the present analysis because
they could not be distinguished from natural plants by the isotopic signatures, they may have contributed
to a greater proportion of natural plants in the diet of some areas.

Bears attempt to regulate total protein, lipid, and carbohydrate intake to maximize dietary efficiency
and growth (Robbins et al. 2007, Erlenbach et al. 2014). A large body size has advantages in reproduction
and hibernation for both males and females. Marine animals (i.e., salmon and marine mammals) are a

source of lipids and protein and are the highest energy food for brown bear population on the Shiretoko
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Peninsula. The dietary shift observed in males emphasizes that the use of marine animals can improve
their fitness. However, for some individuals with extremely high marine animal consumption (maximum
contribution of marine animals was estimated to be 0.82), it is questionable whether such feeding habit is
optimal in terms of the nutritional balance. Pine nuts are the second highest energy food after meat, which
provide nearly optimal levels of protein and lipids (Costello et al. 2016). It is also known that bears tend
to avoid inter- and intra-specific competition by changing their dietary niche if alternative food resources,
such as pine nuts and fruits, are sufficiently available (e.g., Mowat and Heard 2006, Belant et al. 2006,
Fortin et al. 2007). The positive correlations between age and marine animal contribution and the negative
correlations between age and alpine plant contribution observed in the SNP and Rausu areas (Fig. 3-5)
suggest that alpine plants serve as an alternative or complimentary food source in areas where the
availability of marine animals is moderate to high.

The correction procedure of stable isotope ratio values based on hair growth stages used in this study
can be applied to ecological studies of bears in other regions with some notes. Hairs are metabolically
inert after formation and thus preserve the isotopic record of an animal’s diet during the hair growing
period (Tieszen et al. 1983, Ayliffe et al. 2004). Although the correction procedure used in this study was
based on the average trend for isotopic values of whole guard hair to continue increasing during the hair
growing periods, it should be noted that the fluctuation in isotopic values of an individual does not
necessarily match this trend. Therefore, I expect that this correction would not inaccurate inference when
examining changes in the diet by area or age, as in this study, but it may not be appropriate for studying
details of the diet of an individual. Although using only fully grown hairs collected before a molt has been
a common practice in previous analyses (e.g., Jones et al. 2006, Adams et al. 2017, Careddu et al. 2021),
the inability to use hairs in the growth stage is inefficient and a severe limitation to collecting a sufficient
sample size in wildlife species such as bears, where opportunities to collect hairs are restricted. The
correction procedure adopted in this study offers a novel approach that expands the types of hair samples
that can be used for analysis and can be applied to ecological studies using hair biomarker analysis not

only for bears but also for a variety of wildlife.

Conclusion
My prediction that dietary selection by large solitary mammals may change later in life was supported

for male bears. While the results support the generally accepted hypothesis that social dominance is an
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advantage in the ability to acquire high-energy food, I also observed individual variation that cannot be
explained by social dominance alone. I believe that post-independence foraging experiences (i.e., the
exploration of available foraging habitats and improved hunting techniques) may play a role in dietary
shifts, and the results do not contradict this prediction. I examined age-related dietary shifts by correlating
dietary changes from the average diets of the birth areas of bears with the age of each individual. This can
be a useful indicator for studying the development of diet selection in free-ranging animals, for which it
is difficult to track individual dietary shifts continuously. The results suggested that the development of
dietary preferences after dispersal varies depending on natal habitat and sex and hence deserves more

attention.
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Table 3-1. Numbers of samples (individual bears, n) and carbon (5'°C), nitrogen (§'°N), and sulfur (5**S)

stable isotope ratios (mean + SD) in brown bear hairs for each capture area.

Capture area n 313C (%o) 3N (%o) 3%S (%o)
Female 129 -23.31 £1.09 3.85+2.78 11.41 +3.19
SNP 19 -22.11+£1.05 7.05+£3.72 1543 £2.51
Utoro 38 -23.53+£0.92 3.53+£2.25 10.99 £2.98
Rausu 31 -23.23 £0.88 2.90 £2.40 12.00 £2.43
Shari 37 -23.81 £0.71 3.15+1.66 9.58 £2.23
Shibetsu 4 -23.02+£2.14 5.37 £1.40 8.59 £1.28
Male 166 -23.02 +1.31 5.08 +3.17 11.85 + 3.57
SNP 12 -21.82 £0.80 7.38+£3.72 15.68 £2.10
Utoro 31 -23.22 +£1.30 476 £3.11 12.33 £3.38
Rausu 48 -22.68 £1.20 4,71 £3.30 13.62 +£2.39
Shari 55 -23.32+1.25 4.64+2.73 9.74 £ 3.44
Shibetsu 20 -23.41 +1.36 6.28 £2.77 10.34 £2.85
Total 295 -23.15+1.23 4.54 + 3.07 11.66 + 3.42
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Figure 3-1. Map of the Shiretoko Peninsula. The whole peninsula was divided into five areas for the
analysis: SNP, Utoro, Rausu, Shari, and Shibetsu. The stone pine zone is Pinus pumila zone in the

vegetation map.
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Figure 3-2. The relationship between sampling date (day of year) and isotopic values of whole guard
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Figure 3-3. Carbon (§'3C), nitrogen (5'°N), and sulfur (§**S) stable isotope ratios in brown bear hairs

(130 females and 167 males) and potential food items (mean * SD) from the Shiretoko Peninsula,

Hokkaido, Japan. Isotopic signatures of food items were corrected for tissue-diet discrimination.
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Figure 3-4. The proportional contributions estimated by IsotopeR stable isotope mixing models of five
food categories to the diets of brown bears captured in each area of the Shiretoko Peninsula. Each bar

represents the diet of an individual bear: (a) shows females and (b) shows males.
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Figure 3-5. Age-related dietary shift in each area, as predicted by the Dirichlet regression model. The
horizontal axes indicate the bear age, and the vertical axes represent the proportional dietary contribution
of each food category. The contribution of dent corn was little for all bears and was not shown here.
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Figure 3-7. (a) The relationship between dietary change and dietary contributions of marine animals to
the diets of males by birth area. Single regressions that were significant (p < 0.05) are shown as solid lines
with 95% ClIs. Although a statistically negative correlation was found for the tip area, this pattern is not
graphically shown because it differs from the two directional tendencies of the plot. (b) Estimated value
(rhombus) and mean + SD of the dietary contributions of marine animals to physically mature males by
birth area. The vertical axis represents marine animal dietary contributions, and the horizontal axis

represents birth area.
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Appendix S3-1. The four typical vegetation types of the Shiretoko Peninsula (dbieti sachalinensis—
Quercion cripula community, Aceri glabri—Quercion cripula community, Betula ermanii community, and
Sasa sp.—Betula ermanii community) and Pinus pumila community are shown in different colors. The
vegetation map was created and processed by the authors using the 1:25,000 GIS-based vegetation map
"Hokkaido" from the " The 6-7th National Survey on the Natural Environment: Vegetation Survey (2000-
2012)"  (Biodiversity = Center of Japan, Ministry of the Environment, Japan;

http://gis.biodic.go.jp/webgis/sc-025.html?kind=vg67). The river distribution was created and processed
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by the authors using "National Land Numerical Information (River Data, Hokkaido)" (Ministry of Land,
Infrastructure, Transport and Tourism, Japan; https:/nlftp.mlit.go.jp/ksj/gml/datalist/KsjTmplt-
WOS.html#prefecture01).

Since pink salmon run upstream more than chum salmon in the same river (Hokkaido Government
2013), I used the map of predicted the spawning area of pink salmon for the proper division of the study
site in terms of accessibility to salmon for bears. Although the upper limits of salmonid runs are often
described by elevation and distance from the sea, I used elevation as a threshold because the Shiretoko
Peninsula has a narrow and steep topography. Based on a survey of pink salmon on the Shiretoko
Peninsula (Komiyama, unpublished), I assumed that an elevation of 200 m was a possible run for pink
salmon. In addition, the locations of geographical barriers, such as waterfalls of 1.5 m or more, an
extremely low water volume, and small pools, and artificial barriers, such as dams and Urai, were
established through geographical information and interviews with local staff. The area downstream of
these barriers was predicted to be the river section where pink salmon can run. The GIS data for the
predicted salmon spawning river was created and provided by Mr. Tomoki Sakiyama, a former member
of our research project (currently affiliated with the Graduate School of Environmental Science, Hokkaido

University).
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Appendix S3-2. Box plots of estimated bear diets for each capture area. The Kruskal-Wallis rank sum
test with Steel-Dwass nonparametric post hoc comparisons was used to compare dietary contributions of

each food category between capture areas, and significant differences (p < 0.05) are indicated by *.
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Appendix S3-3. Stable isotope values and discrimination factors for potential food items of brown bears

on the Shiretoko Peninsula, Hokkaido, Japan. All units are in %eo.

Stable isotope value Isotopic discrimination factor
n BC 3N 84S ABC ABN A¥S
Alpine plants 13 -2479+£098  -3.19+2.67 7.82+1.93 27+01 24+02 -0.87+0.50
Empetrum nigrum 2 -2591+0.23 -5.81+0.34 9.18 £0.60 2701 24%x02 -123+0.16
Vaccinium uliginosum 1 -24.49 -3.08 3.76 2701 24%02 0.18
Vaccinium vitis-idaea 3 -24.64 +0.15 -5.65 £ 1.40 6.87£1.41 2701 24%02 -0.63+0.37
Pinus pumila 6 -2450+124 -1.08+£2.16 8.48 £1.64 27+01 24+02 -1.04+043
Sorbus matsumurana 1 -25.07 -3.32 8.07 2701 24%02 -0.94
Plants 48  -2853+147 -0.15+2.64 9.10+434 27+01 24+02 -121+1.13
Actinidia arguta 2 -29.26 +£1.03 0.28 £0.24 6.22 +£0.86 27+01 24+02 -046+022
Actinidia kolomikta 1 -29.89 -3.19 5.34 27+01 24+£02 -0.23
Aegopodium alpestre 2 -29.79 £ 0.20 2.16 £2.41 10.94 £2.85 27+01 24+02 -1.68+0.74
Angelica genuflexa 2 -27.51 £0.58 1.39+0.11 9.05+0.24 27+01 24+02 -1.19+0.06
Angelica sachalinensis 1 -29.46 5.04 11.32 27+0.1 24+02 -1.78
Coelopleurum gmelinii 4 -27.81+0.70 0.02+1.72 11.32+£2.87 27+01 24+02 -1.78+0.75
Heracleum lanatum 4 -29.32+0.87 0.78 £2.80 5.86 £4.66 2701 24%+02 -036+1.21
Ligusticum hultenii 1 -25.48 2.67 13.75 2701 24%02 -2.42
Pleurospermum uralense 2 -28.24 +0.02 2.79 £3.41 6.43 +£4.41 2701 24%+02 -051+1.15
Aralia cordata 4 -28.63+122 -124+091 13.46+3.44 27+01 24+02 -234+0.90
Petesites japonicus 3 -28.29+1.91 091 £2.59 11.43 £5.31 27+01 24+02 -1.81+138
Quercus crispula 4 -26.13+£0.96  -1.58+£0.95 9.32+1.77 27+01 24+£02 -1.26+046
Magnolia obovata 1 -29.77 -3.06 8.40 27+£0.1 24+£02 -1.02
Morus australis 1 -30.18 0.69 11.50 2701 24+02 -1.83
Fallopia sachalinensis 2 -28.30+£0.29 1.58 £4.43 2.91+0.82 27+01 24+02 040+0.21
Cerasus sargentii 1 -29.05 -1.61 7.34 27+£0.1 24+£02 -0.75
Sorbus commixta 4 -2945+1.33 -243+1.38 520+0.74 27+01 24+02 -0.19+0.19
Acer pictum Thunb. 2 -28.53+£0.12 0.61 +£0.75 12.60 +3.86 27+£0.1 2402 -211+1.00
Urtica platyphylla 4 -29.23+098  -1.97+143 9.97 £5.88 2701 24%+02 -143+1.53
Vitis coignetiae 3 -2848+1.54  -0.83+2.81 943 £1.15 2701 24%+02 -1.29+0.30
© Corn(Zeamays 3 -11504028  268+339  105£086  14+05 2402 089£022
Terrestrial animals 7 -26.44 +1.01 246 £2.98 11.31+£2.44 00+£02 3903 -1.78+0.63
Bombus hypocrita sapporoensis 2 -25.33+0.75 -0.82+£1.71 9.68 +0.98 00+02 39+03 -136+0.26
Cervus nippon yesoensis 2 -26.28 £0.12 6.53 £0.12 13.92 +£2.29 00+0.2 39+03 -2.46+0.60
Lyristes bihamatus 2 -26.85+0.19 1.73 £0.50 11.81 £0.78 00+02 39+03 -191+020
Ant of unknown species 1 -28.19 2.38 8.40 0.0+0.2 39+03 -1.02
Marine animals 6 -2063+1.15  11.56+1.78 17.13£0.86 00+02 39+03 -329+022
Phocoena dalli 2 -19.60+0.08 1376 +0.17 17.08 £0.17 00+02 39+03 -328+0.05
Oncorhynchus gorbuscha 2 -22.02 £0.80 997 +1.11 18.19 £0.10 0.0+£0.2 39+03 -3.57+0.03
Oncorhynchus keta 2 -20.26 +041  1095+0.70 16.11+0.10 00+£02 39+03 -3.03+0.03
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Appendix S3-4. Parameter estimate, standard error, t value, and the 95% confidence intervals (Cls) of

three isotope ratios estimated by linear mixed-effect models. The capture area SNP was reference.

Model Variable Estimate Std. Error t value 95% ClIs
313C (Intercept) -22.57 0.23 -99.98 -23.03,-22.14
Capture area (Utoro) -1.25 0.23 -5.35 -1.66, -0.82
Capture area (Rausu) -1.00 0.23 -4.37 -1.43,-0.57
Capture area (Shari) -1.53 0.23 -6.78 -1.96, -1.07
Capture area (Shibetsu) -1.55 0.30 -5.13 -2.19,-0.94
Sex (Male) 0.51 0.13 3.92 0.24,0.76
Age 0.05 0.01 4.86 0.03, 0.07
6 PN (Intercept) 5.85 0.58 10.03 4.76, 6.96
Capture area (Utoro) -3.07 0.58 -5.28 -4.2,-1.87
Capture area (Rausu) -3.21 0.56 -5.69 -4.36, -2.07
Capture area (Shari) -3.35 0.56 -6.03 -4.41, -2.25
Capture area (Shibetsu) -1.94 0.75 -2.58 -3.44,-0.42
Sex (Male) 1.67 0.32 5.21 1.05,2.26
Age 0.12 0.03 4.65 0.07,0.17
6 3S (Intercept) 14.76 0.56 26.41 13.61, 15.89
Capture area (Utoro) -3.93 0.61 -6.47 -5.06, -2.72
Capture area (Rausu) -2.74 0.60 -4.58 -3.99, -1.46
Capture area (Shari) -5.98 0.59 -10.17 -71.11, -4.77
Capture area (Shibetsu) -5.91 0.78 -7.59 -7.48, -4.33
Sex (Male) 1.07 0.34 3.11 0.38, 1.74
Age 0.06 0.03 2.00 0,0.12
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Chapter 4 | Triggers of human-bear conflicts: Insights from regional

characteristics of diets and conflicts

4.1 Introduction

Conlflicts between humans and bears (Ursus) occur in various places worldwide (Elfstrom et al. 2012,
Can et al. 2014). In many human-bear conflicts, bears intrude into human residential areas to use
anthropogenic foods (Can et al. 2014). Except for special scenarios such as human habituation (Shimozuru
et al. 2020b), it is generally supported that food shortages are the cause of bears entering human areas
(e.g., Elfstrom et al. 2012, Artelle et al. 2016). Interindividual competition for food is greater in low-
quality habitats, and young bears and females with cubs are more likely to enter human areas, either to
reduce or to avoid competition (Elfstrom et al. 2012). Consequently, these bears might incidentally use
anthropogenic foods or learn to use them as cubs when accompanying their mothers into these areas (e.g.,
Mazur and Seher 2008, Hopkins 2013). Individuals who learn to use anthropogenic food are the most
likely to become problem individuals that repeatedly intrude into human areas.

Researchers have proposed that stable isotope analysis of hair, liver, bone, and other bear tissues is a
useful tool for determining their history of anthropogenic food use (Mizukami et al. 2005a, Narita et al.
2011, Bentzen et al. 2014, Sakiyama et al. 2021). Higher carbon isotope ratios indicate a diet that includes
substantial portions of C4 plants, such as corn. High carbon and nitrogen stable isotope ratios also indicate
the use of garbage in some cases (Mizukami et al. 2005b). Bentzen et al. (2014) showed that the carbon
and nitrogen stable isotope ratios of hairs from bears feeding on anthropogenic food were higher than
those from bears feeding solely on natural foods. Other than the use of anthropogenic foods such as crops
and garbage, problematic bear behaviors are associated with stable isotope values. For example, bears
that risk close encounters with people can acquire high-quality large mammals and thus have higher
nitrogen isotope values (Hobson et al. 2000, Careddu et al. 2021).

On the Shiretoko Peninsula, conflicts between humans and brown bears (U. arctos) have recently
become a serious problem. There are several types of conflicts including crop damage, intrusion into
residential areas, and encounters with residents and tourists. Bears are monitored under a management
plan (Kushiro Nature Conservation Office of the Ministry of the Environment et al. 2017); field staff
identify bears that enter human settlements based on their genetic and physical characteristics and evaluate

their problem behaviors. If bears exhibit serious problem behaviors such as intentionally approaching
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people, repeatedly damaging crops, or relying on anthropogenic food such as garbage, they are killed as
a form of nuisance control. Other bears have been recorded entering human settlements for years, but they
are only eliminated if they exhibit dangerous behavior. Based on the reports from the Shiretoko Nature
Foundation (2021), the average number of brown bears killed for nuisance control (excluding hunting) in
Shari town and Rausu town between 2000 and 2020 was 22 per year. The years 2012 and 2015 were
extraordinary, as the number of bears killed for nuisance control was more than double the normal number.
Shirane et al. (2021) analyzed the annual changes in the diet of brown bears inhabiting the Rusha area in
Shiretoko National Park and found that they consumed less salmons and pine nuts in 2012 and 2015. They
suggested that a simultaneous shortage of these resources, which are the main food sources for bears in
summer, led to bear intrusions into residential areas (Shirane et al. 2021). However, the diets of brown
bears within the peninsula exhibit regional variation (Jimbo et al. in press), and the number of human-
bear conflicts each year also varies by region. These conflicts increased in Rausu town in 2012 and in
Shari town in 2015. Such regional variations in human-bear conflicts might be related to regional variation
in the feeding habits of brown bears.

In addition, human habituation has become a serious problem in Utoro, eastern Shari town and Rausu
town, which are adjacent to the national park (Shimozuru et al. 2020b). Especially during the salmon
spawning season in Utoro, bears can be seen hunting salmon near the river mouth regardless of the
presence of tourists. Moreover, some bears feed garbage at the fishing spot. These brown bears are bold
individuals and may thus more easily access highly nutritious food than brown bears that do not approach
human areas.

In this study, I tested the following three hypotheses related to the occurrence of brown bears in human
areas by analyzing the stable isotope ratios of hairs from brown bears inhabiting the Shiretoko Peninsula.

@) Bears that intrude into human residential areas consume more salmon than those that remain
in the forest habitat.

(i1) The diets of bears differ between Shari town and Rausu town, causing regional differences
in bear intrusions.

(iii) In Shibetsu town, the problematic bear that evaded captured for two year subsisted on dent

corn.
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4.2 Materials and Methods
Hair sample collection

I conducted stable isotope analysis on bear hair collected on the Shiretoko Peninsula (43°50-44°20'N,
144°45'-145°20'E), eastern Hokkaido, Japan. Less-invasive hair trapping systems (hereafter hair traps)
were used to collect bear hair in the forest region. These hair traps consisted of a single strand of barbed
wire wrapped around a natural tree at a height of 30 to 230 cm above the ground at 30 cm intervals. To
induce tree-rubbing behavior in brown bears, organic solvent (Creosote R, Yoshida refinery, Tokyo,
Japan) was partially applied to the trunk of the tree. Hair traps were installed throughout the peninsula
except in the central mountainous area, which was difficult to access. We established them at 63 sites in
2019 and 67 sites in 2020 (Fig. 4-1). In 2020, we removed 7 traps that performed poorly in 2019 and
added 11 new sites. In both years, the traps were set up from May to October, and researchers visited them
every two weeks to collect hair samples. The bundle of hairs entangled in one sting of barbed wire were
regarded as a single sample. Each sample was stored in envelopes and kept frozen until it was used in the
genetic analysis. After each collection, the wires were burned off to remove any leftover hairs. I monitored
each trap with automatic cameras (HykeCam SP2, Hyke Co., Ltd, Asahikawa, Japan) that were placed in
front of each trap tree (Fig. 4-2).

I used hairs collected during late May—August for the stable isotope analysis. To clarify regional
variations in bear diet, I targeted female bears over 3 years of age that had a small home range (Kohira et
al. 2006) and were independent of their mothers (Shimozuru et al. 2017). I used hairs from females that
were confirmed to have offspring based on parentage analysis (Shirane et al. 2019) or camera images and
were confirmed to be at least 4 years old at the time of hair collection. First, I classified the shape of the
hair bulbs by gross observation according to Jimbo et al. (2020); then, I selected hairs with white sphere
bulbs that had grown in the previous year of collection. From each sample, some hairs were used for
genetic analyses by clipping 5 mm of hair root, including the bulb (Shirane et al. 2019). Genomic DNA
was extracted and genotyped by using 21 microsatellite markers and one sex marker to identify individual
bears (Shimozuru et al. 2017).

I assumed that the bundle of hairs entangled in one sting belonged to the same bear, but I did not include
samples that contained a mixture of hairs of different colors, forms, or growth stages or samples that
showed genetic contamination of multiple individuals in the stable isotope analysis. I also excluded hairs

covered with organic solvents or tree sap. Approximately 10 to 30 guard hairs that were intact from root
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to tip and were used in the stable isotope analysis. After removing their follicles, the hair samples were
washed with a 2:1 chloroform:methanol (v/v) mixture according to a standard protocol for stable isotope
analysis to remove contamination and surface lipids (Hobson et al. 2000) and then dried at 60 °C for 48
hours. Each hair sample was placed in a 2 ml reinforced tube (Precellys Lysing Kit, Bertin Technologies,
France) and ground into fine powder using a ball mill (Shakeman 6, Biomedical Science, Japan) with 10

cycles at 4,350 rpm for 90 s after adding four ¢ 3.0 mm and one ¢ 5.0 mm zirconia ball bearings.

Stable isotope analysis

The carbon, nitrogen, and sulfur stable isotope ratios (3'°C, 8'°N, and &°*S) of hair samples were
measured following the same procedure as in Chapter 3. Ground hairs (0.8—1.2 mg) were weighed and
enclosed in tin boats (4 x 4 x 11 mm) and were analyzed using an isotope ratio mass spectrometer coupled
with an elemental analyzer (IsoPrime 100-vario MICRO cube, Elementar, Germany). Since carryover
effects were observed in the measurement of sulfur isotopes, I took five measurements for one sample
and adopted the latter three values as the measurement values. I used five amino standards (L-alanine:
85N = 1.79%0 with §'*C = -19.9%o, §'°N = 3.7%0 with §'°C = -19.6%0, 5'°N = 4.99% with §'*C = -19.6%o,
SN = 8.72%0 with 83C = -19.6%0, and 8N = 13.7%¢ with 8'3C = -19.6%., Shoko Science Co., Ltd.,
Japan) and three sulfur standards (silver sulfide: IAEA-S-1, IAEA-S-2, and IAEA-S-3, International
Atomic Energy Agency, Australia) with §**S =-32.3%o, -0.3%0, and 22.7%o as standard reference materials.
Based on these measurements, calibration curves, consisting of straight lines for nitrogen and sulfur
isotopes were constructed. All the analytical errors in this study were within 0.2%o for §'*C and §'°N and
0.3%o for 5**S.

Stable isotope data on potential food items of bears on the Shiretoko Peninsula (Chapter 3) were also
used for the analysis. I estimated the dietary contributions of categories of food items for individuals using
a stable isotope mixing model in the IsotopeR package (Hopkins and Ferguson 2012). The five food
categories (alpine plants, plants, dent corn, terrestrial animals, and marine animals) were aggregated a
priori according to the ecology of bear prey. Dent cone was not included in the analysis of bears sampled
in Shari town, Rausu town and the national park because there are few dent corn fields in these areas. The
model runs three MCMC chains with a burn-in of 1,000 draws followed by 10,000 draws from the
posterior. For all the models, I included measurement errors (based on my data) and discrimination factors.

The discrimination factors for hairs were used in accordance with reports by Mowat et al. (2017) and
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Hopkins et al. (2017, 2021): A'*C + standard deviation (SD) is 2.7 + 0.1%o for Cs plants (alpine plants and
plants), 1.4 +0.5%o for C4 plants (corn), and 0.0 % 0.2%o for animal matter (Hopkins et al. 2021) and AN
+ SD is 2.4 + 0.2%o for plant matter and 3.9 + 0.3%o for animal matter (Kurle et al. 2014). The value of
A*S of food items was calculated from a regression equation provided by Florin et al. (2011): A**S = 1.16

- 0.26 x 8*S. The procedure for this analysis also followed Chapter 3.

Statistical analysis

I used the Kernel Density Estimator to create a spatial map of bear diets through the heatmap plugin in
Quantum GIS (QGIS) software ver. 3.4.7. The estimated contribution of alpine plants and marine animals
to the diet of each bear was used as a weight parameter to visualize dietary variation in relation to location.
I selected 6 km as a radius parameter that determined the range of influence of each point, as the average
home range of female brown bears on the Shiretoko Peninsula is 26.5 km? + 1.8 SE (Kohira et al. 2006),
which can be approximated as a circle with a diameter of approximately 6 km. I assumed that females
were foraging within a 6 km radius around the sampling point, taking into account the possibility that the
sampling point might be at the edge of their home range. The estimation results were output as scaled
values and displayed on a map using color ramps. Darker colored areas indicated a higher concentration
of samples or greater consumption of each food. In addition, linear distances from the sampling sites to
the nearest stone pine zone and predicted salmon spawning rivers (Appendix S3-1) were measured by
using the NNJoin plugin in QGIS. Then, I plotted the relationship between the distance to each food
resource and the contribution of alpine plants and marine animals to bear diets.

Data on the hair stable isotope ratios of 46 captured female bears were over 4 years of age and whose
hairs with WS-type bulbs were referred to Chapter 3. Hereafter, I refer to female bears whose hairs were
collected by hair traps as trapped female bears and those whose hairs were collected by nuisance control,
hunting, or research capture as captured female bears. The three stable isotope ratios and the contribution
of each food category were compared between sampling types using the Wilcoxon rank sum test in the R

package exactRankTests (Hothorn and Hornik 2021).

Ethics statement
All procedures involved in hair trapping sample collection were conducted in accordance with the

Guidelines for Animal Care and Use of Hokkaido University, and all procedures were approved by the
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Hokkaido University Animal Care and Use Committee (permit numbers 19-0047). The installation of hair

traps was approved by the Hokkaido Regional Environment Office and Hokkaido Regional Forest Office.

4.3 Results

Using hair traps, I obtained a total of 62 bear hairs belonging to 50 different female bears that were
processed for stable isotope analysis (Table 4-1). In three areas except Shibetsu town, the contribution of
alpine plants was higher in 2018 than in 2019 (dietary year) (Table 4-1), but significant annual changes
were shown only in Shari town (Wilcoxon rank sum test, p < 0.05). The contribution of marine animals
also tended to be higher in 2018 than in 2019 in both areas, but none of the differences were significant
(Wilcox rank sum test, p>0.05).

Spatial analysis showed that marine animals were consumed at high levels only in the national park
area (Fig. 4-4). The consumption of alpine plants was not highly biased by region, with alpine plants
contributing to bear diet in similar proportions from the tip to the base of the peninsula, except in Shibetsu
town (Fig. 4-4). The relationship between the distance from the sampling site to the food resource and the
dietary contribution is shown in Figs. 4-5 and 4-6. Most female bears were trapped close (< 6 km) to the
stone pine zone (Fig. 4-5). The dietary contribution of alpine plants in trapped female bears in the national
park was significantly higher closer to the stone pine zone (p < 0.05, R=0.41, Fig. 4-5). Although the
relationship was not significant for trapped females in Shari town and Rausu town, the contribution of
alpine plants tended to be higher closer to the stone pine zone in each area and in each year. In Shibetsu
town, the contribution of alpine plants was low even at sites close to the stone pine zone. In addition, most
trapped female bears were also very close (< 3 km) to the predicted salmon spawning rivers (Fig. 4-6). A
weak positive correlation (p < 0.05, R’=0.23) between the distance to the predicted salmon spawning
rivers and the contribution of marine animals was observed in Shari town (Fig. 4-6). The contribution of
marine animals varied widely among individuals trapped close to rivers, especially in the national park
(Fig. 4-6).

In the area outside the national park in Shari town, §'C was significantly higher in the trapped bear
hair (mean + SD; -23.30 + 0.74%o) than in the captured bear hair (-23.92 + 0.81%0) (Wilcoxon rank sum
test, p < 0.05), whereas §'°N (p = 0.10) and &**S (p = 0.89) did not differ significantly. In the area outside
the national park in Rausu town, §"*C (p = 0.43), §"°N (p = 0.08), and &**S (p = 0.31) did not differ

significantly between sampling types (trapped or captured bears). In both Shari town and Rausu town,
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there were no statistically significant differences in the dietary contribution of each food category between
sampling types (Wilcoxon rank sum test, all p > 0.05) (Fig. 4-7). In Rausu town, the mean contribution
of alpine plants to the diet of captured female bears (mean + SD; 0.50 £ 0.13) tended to be higher than
that of trapped female bears (0.41 + 0.09). In Shibetsu town, I obtained dietary data from only seven
trapped female bears. Since there were no hair stable isotope data from females over 4 years old with WS-
type hair bulbs, I was not able to obtain dietary data for captured female bears in this town. Among the
bears whose hairs were collected by the hair trap in Shibetsu town, the proportional dietary contribution

of dent corn was estimated to be 0.009 for the lowest individual and 0.014 for the highest individual.

4.4 Discussion

Alpine plants consumed by brown bears on the Shiretoko Peninsula include wild berries such as
lingonberry (Vaccinium vitis-idaea) and crowberry (Empetrum nigrum), in addition to pine nuts. However,
these wild berries were rarely detected in a dietary analysis of scat in the Rusha area, whereas pine nuts
were frequently detected (Shirane et al. 2021), indicating that the consumption of these wild berries is
much lower than that of pine nuts. Therefore, the estimated dietary contribution of alpine plants in this
study is considered to approximately reflect the contribution of pine nuts.

The hair stable isotope ratios of trapped female bears collected in 2019 and 2020 reflected their diets
in 2018 and 2019, respectively. A survey on the abundance of pine nuts from Japanese stone pines reported
that on average the stock was slightly more abundant in 2018 than in 2019 across the peninsula, although
trends varied by region (Shiretoko Nature Foundation, unpublished). The results of hair stable isotope
analysis showed that the consumption of pine nuts was higher in 2018 than in 2019, reflecting the annual
resource fluctuations. Most individuals were trapped in close proximity to the high pine zone (< 6 km),
and it was estimated that female bears in the national park, Shari town, and Rausu town consumed more
pine nuts the closer they were to the stone pine zone. Therefore, these results suggest that resource
abundance and the distance to resources directly affected the availability of pine nuts for female bears on
the Shiretoko Peninsula except for Shibetsu town.

Unlike the results of Chapter 3, no regional differences in alpine plants consumption between Shari and
Rausu areas were indicated. However, a comparison of the diets of captured and trapped female bears in
Rausu town indicated that individual food preferences may influence the use of pine nuts. Most of the

captured female bears in Rausu town included in this study (9 of 12) were killed in 2012; thus, their hair
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stable isotope ratios reflected their diet in 2011. A survey on the abundance of pine nuts on Mt. Onnebetsu-
dake (43°59'36"N, 145°00'48"E) and Rausu-daira (44°04'54"N, 145°07'42"E) near Rausu town reported
that the estimated abundance was similar in 2011, 2018, and 2019, and there was a moderate level of
fruiting in each of these three years (Shiretoko Nature Foundation, unpublished). However, in Rausu town,
my results showed that the captured female bears consumed more pine nuts in 2011 than the trapped
female bears consumed in 2018 and 2019. Trapped female bears consumed pine nuts and other plants in
roughly equal proportions, whereas captured female bears consumed pine nuts at a higher proportion.
These results suggest that the female bears captured in Rausu town in 2012 had a high preference for pine
nuts. During summer, brown bears in the Shiretoko Peninsula consume pine nuts in July—September, the
Sargent cherry (Prunus sargentii) in July, and Japanese bird cherry (P. ssiori) in August—September
(Shirane et al. 2021). Pine nuts provide nearly optimal levels of proteins and lipids (Costello et al. 2016),
and the use of pine nuts is suggested to be effective in maintaining body condition in summer (Shirane et
al. 2021). However, since Japanese stone pine are distributed in the subalpine zone, focusing on foraging
for pine nuts would reduce the opportunity for foraging for other plants, such as cherries, in the basal
zone. Bears that are highly dependent on pine nuts during the summer might be more affected by scarce
pine nuts resources, as occurred in 2012, compared to bears that also use fruits in a balanced manner.
However, because pine nut abundance fluctuations show different local trends, it is possible that female
bears in Rausu town encountered a very abundant pine nut stock in 2011. Future work is needed to
compare the diets of captured and trapped bears sampled in the same year to take these factors into account.

In my analysis, both salmonids and marine mammals were included in the marine animals category.
High-energy, high-quantity marine mammals are expected to greatly affect the stable isotope ratio of the
individuals that consume them. However, because marine mammal strandings are localized and
unpredictable, marine mammals are not as stable a food resource as salmon. Thus, I considered the use of
marine mammals by brown bears as a special case and focus on the use of salmon in this discussion. Pink
salmon (Oncorhynchus gorbuscha) resources were abundant throughout the peninsula in 2018 and poor
in 2019 (Shiretoko Nature Foundation, unpublished). However, the results of hair stable isotope analysis
did not show significant annual changes in the consumption of salmon by trapped female bears in any of
the areas. Regional and individual differences in the consumption of salmon seemed to be greater than
the annual changes. On the Shiretoko Peninsula, brown bears mostly use salmon in the national park.

Although this analysis included only the diets of females older than 3 years, bear age (Jimbo et al. in
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press), reproductive status (i.e., solitary, with cubs, or with yearlings), and other internal factors may be
related to variation in female salmon consumption in each area. Female bears with cubs are known to
occasionally change their foraging behavior (Dahle and Swenson 2003; Ben-David et al. 2004). Multiyear
hair trapping, camera trapping, and genetic-based identification surveys are needed to determine the
reproductive status of female bears in the year prior to hair sample collection.

For most trapped female bears, salmon spawning rivers were likely included in their home ranges
(average 26.5 km?, 3 km radius, Kohira et al. 2006); however, the contribution of marine animals varied
widely among individuals. Because the predicted salmon spawning rivers are based on the upper boundary
of the pink salmon run based on artificial and geographic barriers, elevation, etc. (Appendix S3-1), local
stock conditions were not considered. For example, not only the annual abundance but also the possible
run distances of salmon, which vary depending on river water levels during the run season, will have a
significant impact on the availability for bears. In addition to stock status, it is also important to consider
whether brown bears are actually able to access to the river. Even if a salmon spawning river is nearby,
bears would not be able to access the river if it was surrounded by human settlements; conversely, bears
may easily access the river in some locations even if it is far from the river. Notably, the three female
bears were trapped in 2019 at a distance of approximately 7.5~11 km from predicted salmon spawning
rivers, yet they were estimated to have consumed many salmon in 2018. All of these female bears were
sampled adjacent to the upper Saruma River (western Shari town) and the upper Churui River (Shibetsu
town), inland of the peninsula base. One of the three female bears was also trapped at the same trapping
site in 2020, but she consumed very few salmon in 2019 (Fig. 4-6). As I mentioned earlier, salmon
resources were abundant in 2018; in particular, the number of pink salmon runs was confirmed to be at
one of the highest levels since 2010 in the Shari River, western Shari town (based on interviews from the
Kitami Salmon Enhancement Program Association by the Shiretoko Nature Foundation, unpublished) and
the Churui River, Shibetsu town (Churui River Salmon Fishing Report, 2019). Therefore, I expected that
the availability of salmon for bears in the upper stream of the river was higher in 2018 compared to that
in 2019, when the resource was poor. In western Shari town and Shibetsu town, most of the lower parts
of the river are surrounded by residential or rural areas (Appendix S3-1). Therefore, for female bears
living at the base of the peninsula, the availability of salmon may be affected by the abundance of salmon
and whether or not salmon run far upstream.

The higher marine animal dietary contributions in captured female bears in the national park compared
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to that in trapped female bears might be due to the sampling bias: 8 of the 10 captured female bears in the
national park were captured alive for research purposes in the Rusha area. The Rusha area is an open coast
with three rivers where pink salmon and chum salmon (O. keta) spawn naturally. Because in the last few
decades, fishermen have used this land without excluding bears, the females inhabiting this area are highly
habituated to humans (Shirane et al. 2020, Shimozuru et al. 2020b). In contrast, cautious adult males
rarely appear along the coastline, most frequently at noon. Since the behavioral response of bears to the
presence of humans varies among individuals (Aumiller and Matt 1994), the presence of people can act
as a barrier to food competition between bears (Hobson et al. 2000, Careddu et al. 2021). In the Rusha
area, human presence and human habituation might allow females and young bears to forage for salmon
near the river mouth without being threatened by adult males. Since we targeted female bears frequently
observed near the coastline for our research capture, these bears might be particularly dependent on
salmon compared to other bears in the national park.

Since salmon consumption outside of the national park was not as high, the scarcity of salmon resources
might not be a strong trigger for bears inhabiting these areas to intrude into human settlements. In eastern
Shari town (i.e., the Utoro area), the availability of salmon for bears is predicted to be poor because
salmon are inhibited by dams in most rivers from travelling upstream, and the river mouth areas are
surrounded by residential areas. Therefore, I expected that the bears that repeatedly entered human areas
would be able to consume more salmon near the river mouth than bears staying in the forests. However,
the diets of captured and trapped female bears did not differ, indicating that even captured bears consumed
natural foods in the forest until the year before they were captured. Behavioral strategies of bears living
near human settlements include avoiding humans when resources are accessible at other times and
locations or concentrating foraging activities when resource availability and quality are high (Rode et al.
2006). The results of this study suggest that bears that originally avoided people and consumed natural
foods began to enter human areas for some reason (e.g., food scarcity or unintentional feeding). Thus,
bear intrusion into human settlements might not be induced by individual foraging strategies but might
be triggered by incidental events.

Female bears rarely consumed pine nuts in Shibetsu town even they were close to the stone pine zone;
instead, plants dominated more than 50% of their diets. Since small stone pine zones are sparsely
distributed in Shibetsu town, some dominant bears may occupy them or the foraging efficiency may be

low. The abundance of fruits and herbs is likely to be more important for the female bears in Shibetsu
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town than that of pine nuts. Therefore, future research should focus on the availability of fruits such as
hard masts and cherries to investigate the effects of food resources on the human-bear conflicts in Shibetsu
town.

In Shibetsu town, dent corn damage caused by brown bears and records of brown bears approaching
the dent corn fields have been increased recently (Shibetsu town 2017). However, all the trapped female
bears analyzed in this study had a very low dietary contribution of dent corn. Jimbo et al. (in press)
reported only two females with a dent corn contribution greater than 0.1. Both of these bears were captured
and killed in October around the dent corn fields in Shibetsu, indicating that they had used a high amount
of dent corn in the year that they were captured (Jimbo et al. in press). These results suggest that bears
are immediately eliminated if they use dent corn in this area, few individuals that have used dent corn for
more than two years have not been captured. The use of anthropogenic foods is often inherited by cubs
through mother-offspring social learning (Hopkins 2013; Morehouse et al. 2016); therefore, the
immediate elimination of females that use anthropogenic food is effective in preventing the increase in
problem individuals.

Notably, however, that this study did not assess each bear's dependence on beets and wheat. In Shari
town, brown bear-caused crop damage is the highest for beets and wheat (Shari town 2021). However,
natural plants, such as fruits and herbs, and beets and wheat could not be distinguished from the isotopic
signatures (Jimbo et al. in press), so the values estimated as plant contributions reflect the consumption
of both of these foods. The nitrogen stable isotope ratio of agricultural crops is influenced by fertilizer
and becomes relatively high when manure or high amounts of fertilizer are applied (Bateman et al. 2005,
Bateman and Kelly 2007). However, on the Shiretoko Peninsula, the nitrogen stable isotope ratio of plants
in the riparian zone is also high because brown bears play a role in transporting marine-derived nitrogen
to land by feeding on salmon (Koshino et al. 2013). Therefore, the stable isotope ratios of crops and
natural plants on the Shiretoko Peninsula probably have a very wide range and overlap (Appendix S4-1).
However, the sulfur stable isotope values of wheat tended to be lower than those of natural plants
(Appendix S4-1), although the sulfur stable isotope values of beets were not measured. Therefore, it would
be worthwhile to increase the number of wheat samples throughout the peninsula and examine the
possibility of wheat classification by sulfur stable isotope ratios in the future. Bear intrusions into human
areas and the use of agricultural crops by bears may be different scenarios. Further research is needed to

understand bear use of beets and wheat.
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The sulfur isotope ratio is considered a good indicator of the consumption of whitebark pine nuts by
brown bears in the Greater Yellowstone Ecosystem, since sulfur stable isotope ratios of pine nuts are
higher than those of other plants (Felicetti et al. 2003, Hopkins et al. 2017). However, the sulfur stable
isotope ratios of plant matter varied so widely on the Shiretoko Peninsula, and the range of sulfur stable
isotope values of Japanese stone pine nuts completely overlapped with those of other natural plants
(Appendix S4-1). Sulfur isotope ratios on land are known to vary with the geological age; sulfur stable
isotope ratios are higher in more newly formed areas (Thode et al. 1953). On the Shiretoko Peninsula, the
formation age of the subalpine zone where Japanese stone pines are distributed and the lower elevation
zone where herbaceous plants and fruits are distributed are not clearly separated (Appendix S4-2; based
on data from the Seamless Geological Map of Japan V2 (GSJ, AIST)). This may explain why pine nuts
and other plants could not be distinguished by sulfur stable isotope values. In addition, sulfur stable
isotopes are known to be higher in marine organisms than in terrestrial organisms (Felicetti et al. 2003).
On the Shiretoko Peninsula, brown bears play a role in transporting marine-derived nutrients to the land
by foraging on upstream salmon (Koshino et al. 2013). As some herbaceous plants collected in the Rusha
area, where salmon consumption is particularly high in the peninsula, had very high sulfur stable isotope
ratios that were equal to those of marine animals (Appendix S4-2) may indicate that the transport of
marine-derived sulfur by brown bears is involved in the fluctuation of sulfur stable isotope ratios in
terrestrial organisms. Future comprehensive surveys of sulfur stable isotope ratios in peninsula soils could

verify these theories.
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Table 4-1. Numbers of hair samples (n) and the estimated proportional dietary contribution of each food

category in trapped female bears, summarized by diet year. Bear hairs collected in 2019 and 2020

reflected the diets of 2018 and 2019, respectively.

Dietary

Alpine

Terrestrial

Marine

Area Plants . . Dent corn
year plants animals animals
National 2018 11 034+007 025+£0.11 0.02+£0.01 0.38%+0.14 -
Park 2019 11 028+0.07 035+£0.09 0.03£0.01 0.34+0.11 -
Shari 2018 15 044+0.10 030£0.09 0.02+0.00 0.24+£0.12 -
2019 9 0.31+£0.05 044+0.05 0.03+£0.01 0.21+0.06 -
Rausu 2018 8 043+0.07 033+£0.10 0.02+£0.01 0.22+0.08 -
2019 1 0.23 0.60 0.04 0.13 -
Shibetsu 2018 4 0.07+£0.01 056+0.06 0.05+£0.01 031+0.07 0.01=+£0.00
2019 3 0.07+£0.02 0.62+0.04 0.06+£0.01 0.24+0.05 0.01£0.00
Total 2018 38 037+0.14 032+0.13 0.02+0.01 0.28+0.13 -
2019 24 026+0.09 043+£0.12 0.03+£0.01 0.27+£0.11 -
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Figure 4-1. Locations of hair traps in 2019 and 2020 on the Shiretoko Peninsula, eastern Hokkaido, Japan.
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Figure 4-2. A female bear rubbing on a hair trap tree as recorded by an automatic camera. This female

had cubs, indicating that she was at least four years old.
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kernel density estimation in the trapped female bears on the Shiretoko Peninsula.
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bears. The significant linear regression is shown as a solid line with a 95% confidence intervals.
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Appendix S4-2. A map of the geological formation periods of the Shiretoko Peninsula (left) was
generated based on the 1:200,000 Seamless Geological Map of Japan V2 (Geological Survey of Japan,
AIST, Data update: April 6, 2020, https://gbank.gsj.jp/seamless/ ). Areas marked in green are older
formation periods, while areas marked in orange are more recently formed. The association between the

sampling sites and sulfur stable isotope values of each natural food item was mapped (right).
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Chapter 5 | Conclusion

In this study, we used hair stable isotope analysis to reveal interindividual variation in the diet of a
brown bear population on the Shiretoko Peninsula. It is difficult to obtain a sufficient number of samples
for assessing interindividual variations in the diet of wild animals, especially in large mammals. Many
studies of dietary analysis by stable isotope ratios have used samples collected by capturing animals.
However, this collection method is very expensive, time-consuming, and invasive, thus limiting its
feasibility. In contrast, noninvasive sampling, such as hair traps, can be useful. At least about 5 mg of
guard hairs (10-30 hairs) per sample are required to assess the carbon, nitrogen, and sulfur stable isotope
ratios. Although the use of three isotope ratios probably improves the accuracy of dietary estimates, the
use of only the carbon and nitrogen isotopes might be sufficient for estimating the approximate
contribution of the five food categories in this study. If the stable isotope ratios of only these two elements
are assessed, approximately 1 mg of guard hairs is sufficient, thereby allowing the inclusion of more
samples collected by the hair trap in the analysis. In addition, the method of classifying hair growth stages
and correcting the isotopic values according to the collection date that I proposed in Chapter 2 and 3 will
considerably expand the range of samples that can be included in the stable isotope analysis. Since
interindividual variation in feeding habits is an important factor in the proper management of bear
populations, the techniques that I have proposed are expected to advance research in this field.

The Shiretoko Peninsula has a brown bear population with one of the highest densities worldwide and
contains high-quality habitat with rivers where salmonids naturally spawn (Hokkaido Government 2017).
I found that the diet of male bears shifted later in life to consume more salmon, suggesting that salmon is
a preferred food for bears in this peninsula. Additionally, I found regional variations in bear diet that
indicated that salmon consumption by bears was concentrated in Shiretoko National Park. I also suggested
that young bears and bears living outside of the national park consume pine nuts as an energy-rich food
alternative to salmon. These results highlighted that the national park is a hotspot for brown bears
inhabiting the peninsula, but other areas may also be good habitats. I suggested that young bears and bears
living outside of the national park consume pine nuts as an energy-rich food alternative to salmon.

Poor body condition due to food scarcity is one of the factors accelerating the human-bear conflict. The
body condition of brown bears inhabiting the Shiretoko Peninsula declines from spring to summer and
recovers from late summer to autumn (Shirane et al. 2021). Bears consume pine nuts from July to

September and salmon from August to November, as well as cherries from July to September and acorns
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(Quercus crispula) in October (Shirane et al. 2021). In addition to salmon and pine nuts, fruits and acorns
are recognized as important foods for bear survival and reproductive success in some bear populations
worldwide (e.g., Costello et al. 2016, Hertel et al. 2018). These foods may also be important for bears on
the Shiretoko Peninsula, especially for bears in Shibetsu town and for bears throughout the peninsula
when pine nut resources are scarce. Therefore, I propose monitoring the abundance of cherries, hard masts
and other fruits in the future. The ability of stable isotope analysis to classify food categories in detail is
limited. Dietary analysis of scat can discriminate fruit species and detect crop use (e.g., Sato et al. 2004;
Shirane et al. 2021), but may be less efficient in terms of sampling. Since each method has advantages
and disadvantages, I recommend continuing dietary monitoring using a combination of these methods.

On the Shiretoko Peninsula, brown bears scavenge dead marine mammals that wash ashore. The
stranding of marine mammals (e.g., Dall’s porpoise, Phocoena dalli; harbor porpoise, Phocoena
phocoena; and Steller's sea lion, Eumetopias jubatus) occurs across the peninsula (Stranding Network
Hokkaido 2021). Although the stranding of marine mammals provides only incidentally available food
for brown bears, it offers a great deal of nutrition. Through bear foraging behaviors and defecation, large
amounts of marine-derived nutrients are transported to land, even in areas where salmon runs are scarce.
However, dead marine mammals that drift ashore near residential areas are immediately removed by
humans, because such energy-rich foods strongly attract brown bears, and situations dangerous to nearby
residents may occur. Therefore, it is assumed that brown bears can acquire marine mammals only in the
national park or from a very limited number of shores outside of the national park. The use of marine
mammals by brown bears is a subject of great ecological interest for assessing the impact of the
anthropogenic food removal on brown bears and ecosystems. Although both salmon and marine mammals
were included in the same food category in this study, the consumption of these animals at different trophic
levels will be clearly distinguished by using nitrogen stable isotope analysis on the amino acids
(Chikaraishi et al. 2010).

This study suggested that the triggers of human-bear conflicts varied regionally even within a small
local population. Dietary differences between captured and trapped female bears in Rausu town could
support the idea that the characteristic feeding habits of individual bears are associated with human-bear
conflicts. However, the fact that no significant differences in diet were found between captured and
trapped female bears in Shari town suggests that, in terms of their feeding habits, any bear has the potential

to appear in human settlements. In such cases, it is important to construct an environment that reduces the
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risk of forest-dwelling bears appearing in human settlements, even accidentally. For example, installing
electric fences around areas where crops and other anthropogenic food that may attract bears, establishing
buffer zones, maintaining and forming forests with abundant food for bears, and not feeding or
approaching bears even when they are encountered. Thorough efforts are required to ensure that all brown
bears do not experience harmless encounters with humans. Human habituation, food scarcity, and crop
dependence are completely different scenarios; thus, it is important to consider the local environment,
context of the conflict, and individual variations in bear feeding habits to construct a proper monitoring

system.
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