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Abstract 

 Over the last decade, the population of Yakushika (Cervus nippon yakushimae) 

endemic to Yakushima, a small island of 504 km2, has rapidly increased to 

approximately 30,000 individuals. Consequently, abundance and biomass of many 

understory plant species have been decreased. However, Yakushika still maintains high 

density despite low availability of food in understory vegetation. It remains uncertain 

how individuals in the high density population of Yakushika obtain nutrients under the 

food-limited habitats. Here, I tested a hypothesis that the high density population of 

Yakushika obtains nutrients by eating unpalatable plants and fallen leaves. First, I 

determined kidney fat index for 76 individuals to confirm whether the high density 

Yakushika population maintains good nutritional conditions. Second, I identified plant 

species of stomach contents with next-generation sequencing of the stomach DNA 

samples and clarified what they ate in food-limited habitats. Third, I experimentally 

observed deer preference to nine categories of plants: young leaves, mature leaves and 

fallen leaves of a palatable, a semi-palatable and an unpalatable species. Fourth, I 

directly observed deer preference to seedlings, fresh leaves or fallen leaves of nine plant 

species. Yakushika showed a high nutritional status even in the high density area, 

suggesting that they obtained enough food resources. 
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In the DNA analysis of stomach contents, there was no significant tendency that the 

proportion of unpalatable plants increased with deer density. In addition, 

between-population dissimilarities of plant species composition in stomach contents in 

each region significantly varied with season, but not with deer density, suggesting that a 

similar set of plants are used in both low and high density areas. On the other hand, 

within-population dissimilarities of plant species composition in stomach contents 

increased with deer density, suggesting that individuals in higher density populations 

reduced competition by foraging on different plants as food resources. Choice 

experiments in high density areas revealed that Yakushika prefer young leaves to mature 

or fallen leaves for unpalatable plants. On the other hand, direct observations revealed 

that individuals in a high density population of Yakushika mainly used mature leaves of 

unpalatable plant species and sometimes used fallen leaves of unpalatable plant species. 

It is presumed that Yakushika prefered young leaves, but started to use mature and 

fallen leaves. These results suggest that the high density population of Yakushika is 

maintained under apparently food-limited habitats by using mature and fallen leaves of 

unpalatable plant species that were not frequently used before.  
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General Introduction 

 The population of sika deer (Cervus nippon) has been rapidly increased since 

the 1970s in Japan (Takatsuki 2006). Consequently, in addition to agricultural damages, 

native plant species preferred by sika deer have been decreased under browsing and 

forest regeneration is often prevented by feeding of sika deer (Nomiya et al. 2003; 

Takatsuki 2009). These feeding damages are serious in Yakushima, a small island of 504 

km2 registered as a world natural heritage area in 1993, where the unique flora including 

47 endemic species, 31 endemic subspecies or varieties (Yumoto 2013) is developed. 

Some of those endemic plant taxa are, however, damaged by yakusika (Cervus nippon 

yakushimae), an endemic subspecies (Yahara 2005). 

Furthermore, many other plant species in forest understory including 

threatened species have been seriously decreased under the increasing browsing 

pressure and some tolerant species against deer browsing have been increased 

(Biodiversity Center of Japan 2009; The Ministry of the Environment 2009, 2010). In 

addition, agricultural damages amounted to 24 million yen in 2012.  

In response to these damages, population management of yakushika started in 

2009 by the Forest Agency and the Ministry of Environment under the supervision of 

the Science Committee of the Yakushima World Natural Heritage area. Following this 
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effort, Kagoshima Prefecture developed a detailed management plan of yakushika from 

2012 to 2016 under Wildlife Protection and Proper Hunting Act, with a tentative goal to 

reduce the density to 20 head/km2, a level that will be adaptively adjusted in future. This 

goal was determined by considering that density least disruptive to ecosystem is 3-5 

head/km2 in the mainland Japan (The Ministry of the Environment 2010) but tree 

species richness is maximal around 20 head/km2 level in Yakushima Island (Koda et al. 

2008). Under this goal, the detailed management plan of Kagoshima Prefecture 

estimated the total population to be 16, 015 and determined efforts required for reducing 

this population to 9,063 until 2016 using a model of population dynamics. Under this 

management plan, hunting pressure was intensified from 2,795 in 2011 to 4,982 in 2012, 

but deer still maintain high density (Yaku sika Working Group of the Science 

Committee of the Yakushima World Natural Heritage area 2013). 

In order to solve this problem, it is necessary to clarify how Yakushika 

individuals in the high density population obtain nutrients under the food-limited 

habitats. This issue can be clarified by examining the nutritional status and food habits 

of Yakushika.  

 The population density of Yakusika s is known to vary among regions from 4.6 

- 161.2 head/km2. It is likely that nutrient conditions and food habits of deer individuals 



5 

 

vary with density. Considering this variation in mind, I tested a hypothesis that 

Yakushika individuals in the high density population obtains nutrients by eating 

unpalatable plants and fallen leaves. First, I determined kidney fat index for 76 

individuals to confirm whether the high density Yakushika population maintains good 

nutritional conditions. Second, I identified plant species of stomach contents with 

next-generation sequencing of the stomach DNA samples and clarified what they ate in 

food-limited habitats. Third, I experimentally observed deer preference to nine 

categories of plants: young leaves, mature leaves and fallen leaves of a palatable, a 

semi-palatable and an unpalatable species. Fourth, I directly observed deer preference to 

seedlings, fresh leaves or fallen leaves of nine plant species. 
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Chapter 1 Effects of density, season, and food intake on sika deer 

nutrition on Yakushima Island, Japan 

 

Introduction 

It has been well documented that population dynamics of herbivores, such as 

deer, strongly depend on winter mortality (Clutton-Block et al. 1985; Loisson and 

Langvatn 1998; Loisson et al. 1999). The deer populations in the higher latitude suffer 

large fluctuation reflecting severe limitation of food resources and high winter mortality 

(Hansson and Henttonen 1985; Bjornstad et al. 1995; Kaji et al. 2004), compared with 

populations in the low latitude where high fluctuations are rarely occurred under lower 

and more stable winter mortality (Lord 1960; Hansson and Henttonen 1985; Bjornstad 

et al. 1995). Sika deer (Cervus nippon) provides a good example of species living under 

markedly different food availability at the higher and lower latitudes. 

Cervus nippon is widely distributed in the main islands of Japan, from 

Hokkaido, where the lowland is covered with snow even in winter, to Kyushu district 

where the lowland snow is rarely seen in winter. The sika deer populations have rapidly 

increased since the 1970s in many regions of Japan including Hokkaido and Kyushu 

(Takatsuki 2009a). Subsequently, the vegetation coverage has been rapidly reduced 
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under the increasing grazing or browsing pressure both in Hokkaido (Kaji et al. 1988) 

and also in the Kyushu district (in Yakushima Island; Koda et al. 2008; Onoda & Yahara 

2015), leading to less food available for C. nippon.  

In Hokkaido, the isolated population of C. n. yesoensis in the Nakanoshima 

Island, an island in the center of Toya Lake has experienced a large fluctuation and mass 

winter mortality (Kaji et al. 1988). After three deer individuals were introduced to the 

island in 1950s to 1960s, population of C. n. yesoensis has continued to grow at a rate of 

16 % per year over the 20 years and deer density reached as high as 60 head/km2 in the 

fall of 1983, accompanied with large reduction of vegetation coverage. Consequently, 

the deer population suffered mass mortality by which the population declined from 299 

in the fall of 1983 to 137 in the winter of 1984 (Kaji et al. 1988). Mass mortality under 

high density has also reported in other areas. For instance, the population of C. n. 

yesoensis in Shiretoko (Hokkaido, Japan) declined from 592 deer in 1998 to 177 deer in 

1999 (Kaji et al. 2004). In C. n. centralis, 309 out of 688 heads have starved to death 

due to food shortages in the cold winter of 1984 in Kinkazan (northern Honshu, Japan) 

(Takatsuki et al. 1994).  

In northern Japan, sever winter food limits impacts nutritional food restriction 

of deer, which led to mass mortality (Yokoyama et al. 2000; Takahashi & Kaji 2001). In 
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northern Honshu, C. n. centralis are able to accumulate kidney fat in summer only, 

consumes it in winter, and became gradually thinner during winter (Takatsuki 2000).  

On the other hand, wide fluctuation of C. nippon populations in the Kyushu 

district had never been documented. For instance, in C. n. mageshimae endemic to 

Mage Island (south of the Kyushu Island, Japan), mortality gradually increased and 

density reached to 52 head/km2, but deer population has not crashed (Tatsuzawa 2004). 

For C. n. yakushimae endemic to Yakushima Island, an island adjacent to Mageshima 

Island, density in the western coastal area increased to 161.2 head/km2 (Kyushu 

Regional Environment Office 2013), but mass mortality has not been observed there 

despite large decline of vegetation coverage (Koda et al. 2008).  

In southern Japan including two islands of the Kyushu district (as mentioned 

above), the deer nutritional status is presumed not to decrease because of food plant 

resources are available even in winter (Takatsuki 2009b). However, this hypothesis has 

never been tested. In this study, I therefore examined this hypothesis by measuring the 

seasonal changes of kidney fat index (Riney 1955) as an indicator of nutritional status in 

C. nippon (Maruyama 1985; Yokoyama et al. 2003). If the kidney fat index does not 

decrease in winter, the C. n. yakushimae population is expected to increase further, 

implying that it is necessary to take some measures for preventing further loss of 
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understory vegetation in Yakushima Island. 

The population density of C. n. yakushimae in Yakushima Island varies from 

4.6–161.2 head/km2 in different areas of the Yakushima Island (Kyushu Regional 

Environment Office 2013, Japan). Nutritional condition of individual deer is expected to 

vary with deer density, because food plant availability is lower in higher density habitats. 

More specifically, I expect that nutritional condition of deer is low in high-density areas 

of Yakushima Island, where vegetation covers have been lost under heavy browsing and 

limited food availability (Onoda & Yahara 2015). Moreover, kidney fat index is 

expected to be associated with quantity and quality of rumen contents, although the 

effect of the latter on the former may be delayed. I therefore tested this expectation by 

examining rumen contents in terms of the total weight, the percentage of nitrogen 

content and the proportion of green to non-green leaves. Considering these possibilities, 

I address the following specific questions. 

1) Are kidney fat index values low under high deer density and high under low 

density? 

2) Are kidney fat index values lower in winter than in summer? 

3) Are kidney fat index values correlated with quantity and quality of rumen 

contents? 
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Materials and Methods 

Study animal 

Yakushika, Cervus nippon yakushimae, is a subspecies endemic to Yakushima 

Island and Kuchinoerabu-jima Island having the smallest body size among 7 subspecies 

of C. nippon in Japan (Takatsuki 1990). The home range size (17.6 ha for females or 

65.9 ha for males) is also the smallest in C. nippon (Kyushu Regional Forest Office 

2012). C. n. yakushimae inhabits widely from the lowland to the summit (1836 m) of 

Yakushima Island. The deer are browsers that feed on evergreen trees and understory 

herbs in the lowland (Takatsuki 1990, Terada et al. 2010, Agetsuma et al. 2011), 

whereas the deer are grazers and feed on dwarf bamboo (Pseudosasa owararii) in the 

highland (Takatsuki 1990, 2009b). In the western part of Yakushima Island, 

45.6–59.8 % of deer’s diet was fallen leaves of trees (Agetsuma et al. 2011). Kawamura 

et al. (2013) showed that C. n. yakushimae was grazing grass at a town ranch in Koseda.  

The abundance of C. n. yakushimae was reduced by overhunting in the 1950s, 

and the population size was estimated to be 1900 or 3000 during 1967–1969 

(Kagoshima Nature Conservation Association 1981). Thereafter, the population of C. n. 

yakushimae subsequently increased under protection. According to light censuses made 

at night in the western, northern and eastern areas, the number of witnessed deer 
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individuals increased from 2–4 head/km2 in 1995 to more than 33 in 2004 (Yahara 2006). 

According to daytime censuses, the estimated population size in the western part was 

2.55 head/km2 in 1988 and 40.74 in 2001 (Tsujino et al. 2004a), 43–70 or 63–78 

head/km2 in 2001 (Agetsuma et al. 2003), 51.5–63.8 in 2002 (Tsujino and Yumoto 

2004b) and 95.70–111.65 in 2007 (Koda et al. 2011). According to a more recent 

estimation, local deer density varied among populations from 4.6–161.2 head/km2, and 

total population size was 18,677 with a 95 % confidential interval from 16,402–21,088 

(Kyushu Regional Environment Office 2013). Additionally, according to Kawamura et 

al. (2013), average deer density at a town ranch in Koseda was 420 head/km2. C. n. 

yakushimae there was grazing grass because deer fence was not always effective to 

prevent deer from invasion to the pasture. 

Mean retention time through the whole digestive tract is reported to seasonally 

vary from 22.5 hours in February to 45.7 hours in July (Odajima et al. 1991). Gastric 

contents of deer captured therefore reflect contents for the last few days. 

 

Study Area 

Yakushima Island (30°20’N, 131°30’E) is located 70 km south of the Kyushu 

Island, Japan (Figure 1). According to the record of the Koseda station located at 37.0 m 
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above sea level in the eastern coast of Yakushima Island, the average temperature from 

1981 to 2010 was 19.4 °C and the average annual total rainfall for the same period was 

4477 mm (Japan Meteorological Agency, 

http://www.data.jma.go.jp/obd/stats/etrn/view/nml_sfc_ym.php?prec_no=88&block_no

=47836&year=&month=&day=&view=p1). The area of the island is 504 km2 and a part 

of which (107 km2) was registered as a Natural World Heritage in 1993 by UNESCO. 

The island is mountainous and the highest peak reaches 1836 m above the sea level. 

Altitudinal vegetation changes from broad-leaved evergreen forest in the lowland, to 

conifer-broad leaf mixed forest in the middle elevation, conifer forest dominated by 

Cryptomeria japonica in the higher elevation and dwarf bamboo grassland in the peak 

area (Yumoto 1987, 1988). 

The sika deer, C. n. yakushimae has increased its population size since the 

1990s and caused serious damages to agriculture, forestry and natural forest ecosystem 

in Yakushima Island (Onoda & Yahara, 2015). To decrease these damages, 3811 and 

4556 individuals were eliminated by trapping and shooting in 2012 and 2013, 

respectively (Kyushu Regional Forest Office 2014, Japan). 

I recorded the capture location with Geographic Positioning System (GPS) in 

the field and determined the elevation and slope of each capture location using a 10 m 
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digital elevation model (Geospatial Information Authority of Japan 2005). The slope of 

capture location, an indicator of habitat topography, was determined by considering the 

differences of the home range size between sex; 300 m for females and 500 m for males 

(Kyushu Regional Forest Office 2012). First, I specified grids (10 m × 10 m each) 

located within a circle centered at the locus of capture with a radius of 300 m for a 

female or 500 m for a male. Second, for each of those grids, a slope value was 

determined as the maximum difference among nine grids in a 30 m × 30 m area 

including the target grid and its eight neighboring grids. Finally, the slope values of all 

grids in a circle were averaged. All the geoprocessing steps and analyses were 

performed with ArcGIS 10.1 (ESRI).  

 

Sampling kidneys and rumen contents from eliminated deer 

I examined 74 eliminated deer individuals from five areas differ in deer 

density: Anbo (7.1 head/km2 for 2008–2009 and 6.9 for 2012), Miyanoura (40.1, 69.8), 

Koyouji (71.7, 161.2; both data from Kurio, a location near Koyouji), Yahazu head 

(52.4 at Yahazu, 73.2 from Isso forestry road, a location near Yahazu), and Koseda (92.5, 

93.5) (Fig.1). To examine sensitivity of our conclusion to variability of deer density, I 

compared the results from statistical analyses using two sets of deer density estimates; 
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2008 – 2009 and 2012. The eliminated individuals were hunted and provided by two 

hunting communities, Yakushima Forestry Ecosystem Conservation Center and 

Yakushima Forestry Administration Station. I recorded hunted date, sex, location, and 

georeferenced using a Garmin equipment (etrex VISTA). 

Deer density data obtained from Kyushu Regional Environment Office (2013) 

and estimated by the improved pellet count method (Iwamoto et al. 2000) in winter. 

Pellets were counted along 220-m transects at each location (Dr. Shioya, Kagoshima 

Environmental Research and Service, personal communication). To determine deer 

nutritional conditions, I collected the kidney fats and stomach contents from eliminated 

deer within three hours after killing the deer. The kidneys with surrounding fat were 

removed, measured and fresh samples were weighted. I also weighed a rumen, sampled 

20 g of the rumen contents, mixed well by stirring with a spoon, and packed in a 

zip-lock plastic bag. The samples were then stored at −20 °C until analysis.  

 

Determining kidney fat index and the quantity and quality of food intake 

For each kidney sample, the both ends of fat tissue were trimmed with scissors, 

and then excised fat tissue and kidney were weighed fresh with an accuracy of 0.01 g. 

Riney’s kidney fat index (RKFI; Riney 1955) was then calculated by dividing the 
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weight of kidney fat remaining after trimming by kidney weight. The RKFI values of 

both right and left kidneys were measured and averaged for each individual. The higher 

RKFI value is considered as better nutritional status of deer. 

To quantify food intake, I measured dry weight of rumen contents. Total fresh 

weight of rumen contents was weighed. Then, a 50-g sample of rumen contents was 

transferred to a 50 ml centrifuge tube with a spoon, stored at −20°C in the field station 

of Kyushu University, Yakushima Island, dried using a freeze dryer (TAITEC 

VD-250R) in the laboratory, and weighed. Total dry weight of rumen contents was then 

calculated as follow: multiplying the total fresh weight by the ratio of dry weight/fresh 

weight. Below, dry weight of rumen contents is simply called food intake.  

I measured the nitrogen content of the stomach contents as an indicator of the 

nutritional value. Rumen contents were washed with distilled water to rinse off rumen 

bacteria, dried with a freeze dryer (TAITEC VD-250R), and crushed with TissueLyser 

(QIAGEN). The percentage of nitrogen content was determined by the Service Centre 

of the Elementary Analysis of Organic Compounds, Faculty of Science, Kyushu 

University. I determined the percentage of non-green leaves as an indicator of food 

quality, because cellular nitrogen is transported to other organs during the leaf 

senescence, and therefore non-green leaves have lower level of nitrogen (Hörtensteiner 



18 

 

and Feller 2002). The rumen contents were spread on the bottom of a container 

(445×325×70 mm) with 1 cm square grids (25×20 grids) and leaf fragments were 

assigned one by one to squares. Then green and non-green leaf fragments were 

individually counted and the percentage of non-green leaf fragments was determined. 

 

Statistical Analysis 

To examine whether the value of RKFI and the quantity and quality of rumen 

contents are different between five areas, I employed the Welch ANOVA using an 

option which does not assume the homogeneity of variances and made multiple 

comparisons following Holm (1979). To examine the relationship between food intake 

and body weight or age, I employed generalized linear mixed model (GLMM) with a 

normal distribution and an identity link function, where the body weight and age (three 

categories; 1, 2 and “3 or older”) were as the dependent variable and the area was as a 

random factor. I examine the relationship between RKFI and density, using Spearman's 

rank correlation test. To determine factors significantly affecting RKFI, I employed 

GLMM with a normal distribution and an identity link function, where five variables 

(sex, season, food intake, percentage of nitrogen and percentage of non-green leaves) as 

the dependent variable and the area as a random factor. All statistical analyses were 
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performed using R 3.3.1 (R Development Core Team 2016). The GLMMs were fitted 

with in R using package lme4 with the glmer function (Bates et al. 2014).  

 

Results 

Deer density, altitudes and slopes of sampling locations 

In the Yakushima Island , localities of the eliminated deer samples varied in 

altitude from 2 to 658 m (average ± SD; 125.88 ± 153.47) above the sea level and the 

slope ranged from 4.28 to 27.65 m (16.18 ± 5.47) (Table 1). A total of 74 eliminated 

deer included 36 male individuals (average ± SD; body length, 108.80 ± 14.95; body 

weight, 25.72 ± 11.30) and 38 female individuals (body length, 106.97 ± 10.67; body 

weight, 23.36 ± 7.52); 31 individuals were collected in summer (June, July and August), 

and 43 were in winter (November, December, January and February) (see Table 2 for 

details of deer collection data).   

 

RKFI and the quantity and quality of rumen contents 

 The average value of RKFI varied from 22.91 ± 11.91 in Miyanoura to 76.23 ± 

15.99 in Anbo (Fig.2, Table 3). I found a significant difference of the avarage value of 

RKFI among populations (Welch ANOVA: F = 7.9637, P< 0.01), it was significantly 
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lower in Miyanoura than in Anbo or Yahazu head (pairwise t-test: all P < 0.01, Table 3). 

There was no significant correlation between RKFI and density both in 2008–2009 and 

in 2012 (Spearman’s rank correlation test: S = 72,052, P = 0.57; S = 72,083, P = 0.57). 

Total fresh weight of rumen contents varied from 0.51 to 3.51 kg, showing significant 

difference among populations (Welch ANOVA: F = 4.148, P < 0.01). It was 

significantly higher in Yahazu head than in Koseda, Koyouji or Miyanoura (pairwise 

t-test: all P < 0.05, Table 4). Food intake did not significantly different in summer and 

winter season (Welch’s t test: t-value = −0.18, P = 0.43). Food intake was correlated 

neither with body weight (GLMM: β ± SE = 0.0060 ± 0.0090, t-value = 0.66, P = 0.51) 

nor with age (GLMM: β ± SE = 0.14 ± 0.082, t-value = 1.67, P = 0.10). The ratio of dry 

weight to fresh weight ranged from 0.34 to 0.49, and total dry weight varied from 0.2 to 

1.71 kg. The percentage of nitrogen varied from 1.98 to 3.33, showing significant 

difference among populations (Welch ANOVA: F = 3.2262, P = 0.03), and it was 

significantly higher in Yahazu head than in Miyanoura (pairwise t-test: P < 0.01, Table 

4).The percentage of non-green leaves varied from 1.0 to 88.1, showing significant 

difference among populations (ANOVA: F = 5.7515, P < 0.01), and it was significantly 

higher in Yahazu head or Miyanoura than in Koseda or Anbo (pairwise t-test: all P < 

0.05, Table 4).  
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Variables affecting RKFI 

 The food intake and RKFI showed L-shaped relationship in Koseda; nine 

individuals with food intake lower than 0.81 had high variation in RKFI, and five out of 

nine had RKFI higher than 50. However, in 12 individuals, with a range of food intake 

from 0.93 to 2.67, RKFI was less than 50 (Fig. 3). The relationship between food intake 

and RKFI was not significant, if I included the data from Koseda (β ± SE = 0.14 ± 0.17, 

t-value = 0.832, P = 0.405). However, I found a common significant relationship within 

the four studied locations: among five variables in GLMM, food intake showed 

significant positive effect (β ± SE = 0.53 ± 0.14, t-value= 3.70, P < 0.01), and the other 

four variables (sex, season, percentage of nitrogen, and percentage of non-green leaves) 

had no significant effects in GLMM analyses (Fig.5, Table 5). 

 

Discussion 

The key finding of this study is that the food intake is an only candidate factor 

correlated with RKFI. Neither density nor season showed significant effects on RKFI. 

The correlation between food intake and RKFI was not significant, but it was significant 

in four areas except Koseda where food intake and RKFI showed a L-shaped 

relationship. In Koseda, deer can graze pasture grass of the town ranch (Kawamura et al. 
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2013). Therefore, the deer individuals with low food intake but high RKFI may have 

grazed nutrient-rich pasture grass. There was no significant correlation between 

nitrogen content and RKFI in this study, suggesting that fat storage in kidneys is highly 

dependent on the carbohydrates availability. 

Contrary to what might be expected that RKFI values would be lower at higher 

deer density areas where understory plants have been heavily browsed (such as in 

Koseda and Yahazu, Japan), the data of this study did not find significant relationship 

between deer density and RKFI. In all locations, average RKFI values exceeded a 

threshold value 20 below which nutritional condition of C. nippon is considered to be 

poor (Maruyama 1985; Torii & Fujishita 1998). This threshold value is based on the 

relationship between RKFI and femur marrow fat (FMF) percentage: the percentage 

level of FMF is constantly higher than 50 when RKFI exceeded 20, but rapidly 

decreases when RKFI was less than 20, suggesting that fats of both kidney and femur 

marrow are consumed if RKFI is less than 20 (Torii & Fujishita 1998). The finding that 

average RKFI values exceeded 20 in five locations indicates that all five populations 

including the high density populations of Koseda and Yahazu are not in a malnourished 

condition. In fact, fresh rumen contents in Koseda and Yahazu were as heavy as 2.3 kg 

and 3.8 kg, respectively, indicating that deer individuals in those populations are getting 
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good amounts of plant resources as food.  

Besides deer density, season did not show significant association with RKFI 

values. These results are consistent with our expectation that even in winter the 

nutritional status may not decrease in southern Japan including Yakushima Island. This 

expectation is based on the fact that most understory plants are evergreen in the lower 

elevation of Yakushima Island and thereby C. n. yakushimae can use consume them as 

winter food resources (Takatsuki 2009b). High and stable supply of evergreen plants 

throughout the year were also observed for deer in Chiba Prefecture, central Japan 

(Asada and Ochiai 1996) and Yamaguchi Prefecture, western Japan (Jayasekara and 

Takatsuki 2000).  

On the other hand, the evergreen plants consistently declined under continued 

heavy browsing pressure in areas with high deer density such as Koseda and Yahazu. It 

therefore remains uncertain how C. n. yakushimae get nutritious food in these areas and 

they had RKFI values exceeding 20 (Table 4). I suggest that populations the deer may 

be able to obtain sufficient nutrition from fallen leaves in the high deer density areas, as 

previously reported (Takahashi and Kaji 2001: Miyaki and Kaji 2004). The use of fallen 

leaves under high density was observed in Toya Lake, Hokkaido (Takahashi and Kaji 

2001: Miyaki and Kaji 2004). In the western part of Yakushima Island, 45.6–59.8 % of 
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the deer diet was fallen leaves of trees (Agetsuma et al. 2011). In our results, the 

average proportion of non-green leaves in rumen contents (Table 4) varied from 30 % in 

Anbo where deer density was the lowest (6.9 head/km2) to 58 % in Yahazu head where 

deer density was as high as 73.2 head/km2, and the difference between these two 

populations was significant. It is therefore considered that deer in Yahazu head under 

higher density depends more on fallen leaves. On the other hand, in the Miyanoura deer 

population, the percentage of non-green leaves in rumen contents was as high as in 

Yahazu head (55 % Table 4). However, their RKFI value and the percentage of nitrogen 

were significantly lower than in Yahazu head (Table 3). These results therefore suggest 

that not only amount of the fallen leaves but also leaves quality that probably vary with 

diet plant species, may affect the RKFI value. Variation in species composition of diets 

between localities, may explain the finding that neither the percentage of nitrogen nor 

the percentage of non-green leaves was significantly correlated with RKFI. DNA 

assessment based on rumen contents such as DNA barcoding could be useful for the 

identification of plant species composition of deer diet.  

It is worth noting that the food intake varied, even among individuals in the 

same area (Fig.3), whereas the total fresh weight of rumen contents was correlated with 

neither body weight nor age. This finding suggests that food selectivity is different 
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between individuals. Bergvall (2007) examined fallow deer feeding selectivity for the 

food with tannins and found that intake of tannins was significantly different among ten 

individuals. Further studies are needed to test whether the population of C. n. 

yakushimae would show any selectivity based on a food type. 

In conclusion, our finding showed that C. n. yakushimae is not in a poor 

nutritional condition regardless of the high density even above 70 head/km2 probably 

due to the high plant productivity in Yakushima Island. Further, this result indicates that 

the population of C. n. yakushimae will likely to continue to increase and thus would be 

expected to drive further decline in understory vegetation in Yakushima Island. 

Therefore, there is a need to prioritize strategic management program for both deer 

population size and the occurrence of threatened plant species in the Yakushima Island 

as suggested by Fujimaki et al. (2016). 
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Figures and Tables 

 

 

Fig.1 Distribution of Cervus nippon in Japan and the sampling locations of C. n. 

yakushimae in Yakushima Island. The area filled in black indicates the range of C. 

nippon. Redrawn from a figure in Ministry of the environment (2016) 
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Fig.2 Variation in Riney’s kidney fat index of Cervus nippon yakushimae in five 

locations of Yakushima Island (Anbo: An, Miyanoura: Mi, Koyouji: Ky, Yahazu: Ya, 

Koseda: Ks). Each box indicates an interquartile range (IQR) with a median, a pair of 

whiskers indicate a range of IQR±1.5IQR, and open circles show outliers 
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Fig.3 The relationship between Riney’s kidney fat index of Cervus nippon yakushimae 

and food intake in Koseda 
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Fig.4 The relationship between Riney’s kidney fat index (RKFI) and food intake of 

Cervus nippon yakushimae in the four locations except Koseda. The regression line is 

based on the generalized linear mixed model analysis with a logarithmic transformation 

of RKFI values 
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Fig.5 Variation in Riney’s kidney fat index of Cervus nippon yakushimae in two seasons 

(Summer: June, July and August, Winter: November, December, January and February). 

Each box indicates an interquartile range (IQR) with a median, a pair of whiskers 

indicate a range of IQR±1.5IQR, and open circles show outliers 
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Tables 

 

Table 1 The values of the geographical variables of each sampling area 

Area 
Deer density 

(head km−2) 

Elevation (m) Slope (°) Number 

of 

samples 
Range Average SD Range Average SD 

Koyouji   161.2  238–658  440.86 168.99 16.03–25.67 21.12 3.57 6 

Koseda  93.5  36–112   96.29  20.97  5.00–14.20 11.87 2.74 21 

Yahazu head  73.2  2.00   2.00  0.00  17.48 17.48 0.00 16 

Miyanoura  69.8  9–390  139.17 123.81  7.13–27.65 18.81 6.44 23 

Anbo  6.9  8–607  135.88 196.51  4.28–22.34 12.71 5.45 8 

Total   2–658  125.88 153.47  4.28–27.65 16.18 5.47 74 
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Table 2 Collection data of eliminated deer (Cervus nippon yakushimae)  

Area Latitude Longitude 

Deer density 

in 2012 (head 

km−2) 

Season Sex Age 
Length 

(cm) 

Weight 

(kg) 

Koyouji 30.39503 130.5509  161.2 Summer Female 3+ 116.5 30.3 

Koyouji 30.29403 130.4481  161.2 Summer Female 1 97 15 

Koyouji 30.29194 130.4302  161.2 Summer Female 2 108 24.6 

Koyouji 30.29411 130.4236  161.2 Summer Female 2 112 23.4 

Koyouji 30.29411 130.4236  161.2 Summer Female 1 95 26.5 

Koyouji 30.29416 130.4479  161.2 Summer Female 1 108 19.5 

Koseda 30.38011 130.6409  93.5 Summer Male 1 88 17 

Koseda 30.38253 130.6421  93.5 Summer Female 1 103 20 

Koseda 30.38011 130.6409  93.5 Summer Female 1 109 18.2 

Koseda 30.37995 130.6415  93.5 Summer Female 1 94 10 

Koseda 30.37976 130.6421  93.5 Summer Male 3+ 108 20 

Koseda 30.37976 130.6421  93.5 Summer Male 1 94 13 

Koseda 30.37995 130.6415  93.5 Summer Female 1 88 10 

Koseda 30.38232 130.642  93.5 Summer Female 1 94 12 

Koseda 30.38253 130.6421  93.5 Summer Male 1 89 12 

Koseda 30.37573 130.6612  93.5 Summer Male 3+ 135 49 

Miyanoura 30.43631 130.5542  69.8 Summer Female 3+ 113 23.5 

Miyanoura 30.43611 130.5544  69.8 Summer Female 1 98 15.5 

Miyanoura 30.41121 130.526  69.8 Summer Male 1 103 16.6 

Miyanoura 30.40169 130.5118  69.8 Summer Male 1 93.5 14.6 

Miyanoura 30.41439 130.5399  69.8 Summer Female 1 96 12.2 

Miyanoura 30.41176 130.531  69.8 Summer Male 1 90.5 10.9 

Miyanoura 30.4032 130.519  69.8 Summer Female 1 98.5 14.4 

Anbo 30.31642 130.646  6.9 Summer Female 3+ 120 41.5 

Anbo 30.3147 130.6469  6.9 Summer Female 3+ 112 31 

Anbo 30.31466 130.6469  6.9 Summer Male 3+ 127 44.5 

Anbo 30.3067 130.6374  6.9 Summer Male 1 110 27 

Anbo 30.30229 130.6424  6.9 Summer Female 3+ 114 28 

Anbo 30.29397 130.6352  6.9 Summer Female 2 104 23.5 

Anbo 30.28032 130.6239  6.9 Summer Male 3 131.5 54 
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Anbo 30.28434 130.6018  6.9 Summer Male 1 96.5 13.6 

Koseda 30.38162 130.6353  93.5 Winter Male 1 107 19 

Koseda 30.38162 130.6353  93.5 Winter Female 3+ 120 30 

Koseda 30.38162 130.6353  93.5 Winter Female 3+ 125 30 

Koseda 30.38162 130.6353  93.5 Winter Female 3+ 120 31 

Koseda 30.38162 130.6353  93.5 Winter Female 1 91 16 

Koseda 30.38162 130.6353  93.5 Winter Male 1 91 16 

Koseda 30.38162 130.6353  93.5 Winter Female 3+ 117 28 

Koseda 30.38162 130.6353  93.5 Winter Male 3+ 121 34 

Koseda 30.38162 130.6353  93.5 Winter Male 3+ 111 32 

Koseda 30.38162 130.6353  93.5 Winter Male 2 110 25 

Koseda 30.38357 130.6405  93.5 Winter Female 2 120 27 

Miyanoura 30.40159 130.5122  69.8 Winter Male 3+ 129 40 

Miyanoura 30.41179 130.5604  69.8 Winter Male 3+ 123 32 

Miyanoura 30.41459 130.5333  69.8 Winter Male 2 119 28 

Miyanoura 30.40785 130.5199  69.8 Winter Female 1 94 17 

Miyanoura 30.41446 130.5731  69.8 Winter Male 1 94 14 

Miyanoura 30.40985 130.5488  69.8 Winter Female 1 88 11 

Miyanoura 30.41075 130.5499  69.8 Winter Male 1 94 14 

Miyanoura 30.40914 130.5482  69.8 Winter Male 3+ 125 30 

Miyanoura 30.41021 130.5509  69.8 Winter Male 2 115 24 

Miyanoura 30.4047 130.5169  69.8 Winter Female 1 89 10 

Miyanoura 30.41026 130.525  69.8 Winter Female 1 93 10.5 

Miyanoura 30.40899 130.5651  69.8 Winter Male 2 99 23.5 

Miyanoura 30.41102 130.5508  69.8 Winter Male 3+ 121 31 

Miyanoura 30.41099 130.5509  69.8 Winter Male 3+ 122 30 

Miyanoura 30.40914 130.5482  69.8 Winter Female 2 108 20 

Miyanoura 30.40978 130.5653  69.8 Winter Male 1 83 10.5 

Yahazu 30.46372 130.4959  73.2 Winter Male 2 110 25.6 

Yahazu 30.46372 130.4959  73.2 Winter Male 3+ 122 38.2 

Yahazu 30.46372 130.4959  73.2 Winter Female 2 113 26.2 

Yahazu 30.46372 130.4959  73.2 Winter Female 1 91 14.4 

Yahazu 30.46372 130.4959  73.2 Winter Female 2 109 27.6 

Yahazu 30.46372 130.4959  73.2 Winter Male 2 110 20.7 

Yahazu 30.46372 130.4959  73.2 Winter Male 3+ 130 39.7 

Yahazu 30.46372 130.4959  73.2 Winter Male 1 80 11 
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Yahazu 30.46372 130.4959  73.2 Winter Female 2 94 19.8 

Yahazu 30.46372 130.4959  73.2 Winter Female 2 107 19.6 

Yahazu 30.46372 130.4959  73.2 Winter Male 2 100 24.5 

Yahazu 30.46372 130.4959  73.2 Winter Male 3+ 115 33 

Yahazu 30.46372 130.4959  73.2 Winter Male 3+ 120 38 

Yahazu 30.46372 130.4959  73.2 Winter Female 3+ 113 27 

Yahazu 30.46372 130.4959  73.2 Winter Female 2 105 20 

Yahazu 30.46372 130.4959  73.2 Winter Female 3+ 116 27.5 

Summer: June, July and August  Winter: November, December, January and February 
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Table 3 The values of Riney’s kidney fat index (RKFI) of each sampling area 

Area 
Deer density 

(head km−2) 

RKFI 

Range Average SD 

Koyouji   161.2  2.00–66.05  32.16ab 22.30 

Koseda  93.5  9.49–249.50  42.94ab 55.73 

Yahazu head  73.2  18.63–157.81  71.16a 38.17 

Miyanoura  69.8  1.67–53.50  22.91b 12.19 

Anbo  6.9  11.31–130.78  76.2a 45.23 

Total   1.67–249.50  45.54 42.80 

The different Alphabet of average value represents a significant difference by multiple 

comparison (P < 0.05) 
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Table 4 The values of the rumen contents variables of each sampling area 

Area 
Deer density 

(head km−2) 

Intake (kg) Nitrogen contents (%) Non-green leaves (%) 

Range Average SD Range Average SD Range Average SD 

Koyouji   161.2 0.21–1.94  1.13b 0.41 1.89–2.77 2.52ab 0.30 8.0–75.0  40.67ab 25.06 

Koseda  93.5 0.63–2.67  1.25b 0.64 1.98–3.23 2.44ab 0.37 3.0–71.0  33.76b 15.67 

Yahazu head  73.2 0.63–3.51  1.89a 0.86 2.10–3.33 2.76a 0.38 26.0–82.0  58.38a 18.43 

Miyanoura  69.8 0.29–2.40  1.10b 0.65 1.51–2.98 2.32b 0.33 1.0–88.0  53.78a 22.33 

Anbo  6.9 0.62–1.88  1.23ab 0.41 1.75–3.01 2.46ab 0.46 4.0–82.0  30.00b 26.31 

Total  0.21–3.51  1.33  0.71 1.98–3.33 2.48 0.39 1.0–88.0  45.26 25.03 

The different Alphabet of average value represents a significant difference by multiple comparison (P < 0.05) 
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Table 5 The result of generalized linear mixed model (GLMM). I employed GLMM 

with five variables (sex, season, food intake, percentage of nitrogen and percentage of 

non-green leaves) as the dependent variable, Riney’s kidney fat index (RKFI) as the 

response variable and the area as a random factor, using a normal distribution with a log 

link function 

 Estimate SE t-value P 

(Intercept)  2.75  0.66 4.17 < 0.001 

Sex  0.10  0.21 0.50 0.61 

Season  0.12  0.37 0.32 0.74 

Non-green 

leaves (%) 
 0.0080  0.0044 0.20 0.84 

Nitrogen 

contents (%) 
 −0.034  0.031 −0.112 0.91 

Intake  0.53  0.14 3.70 < 0.001 

Significant effects are shown in bold 
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Chapter 2 Food habit of sika deer under high density on Yakushima 

Island, Japan 

 

Introduction 

 By the end of the 1990s, grazing and browsing by overabundant deer was 

widely recognized as a serious constraint on forest management in Europe (Fuller and 

Gill 2001), North America (Cote et al. 2004) and in Japan (Takatsuki 2009). In Japan, 

the increase of Sika deer (Cervus nippon) resulted in large decline of palatable plants 

from understory vegetation (Nomiya et al. 2003; Takatsuki 2009). In northern Japan, 

such decline of palatable plants brought severe food shortage in winter followed by 

crashes of high density populations (Kaji et al. 1988; Takahashi et al. 2001). This 

process is well documented in Nakanoshima, a small island located in the center of Toya 

Lake, Hokkaido, Japan, where available biomass decreased from 1980 to 1983 by 40 % , 

and then the deer population density declined from 57.5 head/km2 in the fall of 1983 to 

26.3 head/km2 in the winter of 1984 (Kaji et al. 1988). After this crash, however, deer 

recovered its population size by shifting its diet to fallen leaves and unpalatable plants 

and subsequently attained to 52.6 head/km2 in 1994 (Takahashi and Kaji 2001: Miyaki 

and Kaji 2004).  
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On the other hand, crashes of deer populations have not been observed in the 

Kyushu area where temperature and plant productivity in winter are higher than in 

northern Japan (Kuroiwa et al. 2017). The increase of deer populations resulted in shifts 

of food from palatable to unpalatable plants in Tsushima Island, Nagasaki (Hayasaka et 

al. 2009) and Shiiba, Miyazaki (Murata et al. 2009), where the deer populations attained 

to the density as high as 54.3head/km2 and 49head/km2, respectively. In the western part 

of Yakushima Island where the deer density attained to 250.0 head/km2, 45.6–59.8 % of 

deer’s diet was fallen leaves of trees (Agetsuma et al. 2011). In other parts of 

Yakushima Island where the deer density varies from 4.6–161.2 head/km2, the average 

proportion of non-green leaves in rumen contents varied from 30 % to 58 %, showing 

that the deer populations considerably depended on fallen leaves. Those deer 

populations maintained high nutritional status in terms of kidney fat index ranging from 

22.91 to 76.23 (Kuroiwa et al. 2017). Those results suggested that sika deer in the 

Kyushu area could maintain high density populations by eating unpalatable plants and 

fallen leaves of palatable and unpalatable species even after dominant palatable plants 

were lost. 

 However, it is uncertain to what extent deer depends on unpalatable and 

palatable species because seedlings, sprouts and fallen leaves of palatable plants may be 
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still available for deer even in habitats where those species are mostly lost from 

understory vegetation. Here, I test this possibility by identifying plant species of deer 

stomach contents using DNA barcodes. Recently, DNA barcodes have been successfully 

used to assess diets of various mammals (Deagle et al. 2005; Valentini et al. 2009; 

Soininen et al. 2009). In those studies, feces are usually used to determine DNA 

barcodes, whereas samples from stomach contents are considered to provide more 

reliable evidence for diets of mammals because many plant materials still remain 

undigested. Using this method, I determined diet menus of 90 culled deer individuals 

obtained from 6 locations of Yakushima where deer density varies from 7.1 to 92.5 

head/km2. The stomach samples were obtained both in summer and in winter.  

 We developed the following three hypotheses for factors influencing the diet 

menu of individual deer. 

1) Deer in high-density populations use more unpalatable plants than deer in 

low-density populations.   

2) Proportion of palatable plants varies with season.  

3) Diets differ between individuals. 

The first hypothesis is expected because palatable species availability is low under high 

deer density. Second hypothesis is expected because availability of those seedlings and 
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sprouts may be higher in summer. The third hypothesis is expected because competition 

ability and/or preference may differ between individuals. The purpose of this paper is to 

test these hypotheses using the DNA barcode data from deer stomach contents. 

 

Materials and Methods 

DNA sequencing 

Yakusika deer (C. n. yakushimae) is a subspecies of Cervis nippon endemic to 

Yaku Island. I examined 90 eliminated individuals of C. n. yakushimae from five areas 

where deer density varies: Anbo (7.1 head/km2), Miyanoura (40.1), Shitoko(43.5), 

Koyouji (71.7), Yahazu head (73.2), and Koseda (92.5). The eliminated individuals were 

hunted and provided by two hunting communities, Yakushima Forestry Ecosystem 

Conservation Center and Yakushima Forestry Administration Station.  

I collected the stomach contents from eliminated deer within three hours after 

the deer was killed. I sampled 20 g of the rumen contents, stirred well with a spoon, and 

packed in a zip-lock plastic bag. The samples were then stored at −20 °C until analysis. 

Rumen contents were freeze-dried using TAITEC VD-250R and then disrupted 

using a QIAGEN TissueLyser. DNA was extracted from the crushed sample by CTAB 

method and rbcL of the chloroplast genome was PCR amplified (1st PCR) using Tks 
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Gflex DNA polymerase. To analyze multiple samples at the same time, PCR 

amplification (2nd PCR) was performed using primers with individual sample index 

added on the reverse side. For 2nd PCR, the 1st PCR product diluted 50-fold was 

amplified by PrimeStar GXL. The concentration of each sample was measured with 

MultiNA and all samples were mixed while adjusting the amount according to the 

sample concentration. After column purification using Qiaquick PCR purification kit 

(QIAGEN), size selection was carried out by Pippin prep (Sage Science). At the same 

time, I adjusted the concentration considering the balance with the person who puts it on 

the sequencer, mixed PhiX to lower the error rate, read the arrangement with the next 

generation sequencer (MiSEQ). Species were identified by BLAST searching the 

obtained sequences against the database of the National Center for Biotechnology 

Information (NCBI) and the Yakushima woody species DNA database created by 

Forestry and Forest Products Research Institute. The deer's preference for each plant 

was judged based on List of palatable and unpalatable plant species of Yakushika and 

List of food plants and unpalatable plants of sika deer (Cervus nippon) in Japan 

(Kyushu Regional Forest Office 2012; Hashimoto and Suzuki 2014). 

 

Statistical analysis 
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 Chi-square test was conducted to test any between-area difference in the 

proportion of the numbers of palatable and unpalatable plant species detected in a 

stomach sample. Bray-Curtis dissimilarity was calculated to describe how dissimilar the 

food habits are between areas. Non-metric multidimentional scaling (NMDS) was 

applied to the dissimilarity matrix to draw a two-dimensional plot. To test significance 

of a difference of dissimilarities between areas, we performed Welch's t test. To examine 

factors affecting dissimilarity, perMANOVA with dissimilarity as response variable and 

season and density as explanatory variable was performed (permutation: 999). To test 

whether density affects the dissimilarity between individuals within the same area, a 

single regression analysis was performed. All statistical analyses were performed using 

R 3.3.1 (R Development Core Team 2016). 

 

Results 

Plant species detected from stomach contents 

 I detected a total of 99 plant species from stomach contents of 90 deer 

individuals. The number of plant species per individual deer varied from 10 to 38 

(average: 23 ± 6.34) and the number of plant species per population varied from 34 

(winter sample of Koyouji) to 73 (winter sample of Miyanoura). The number of 
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palatable or unpalatable species per population varied from 9 (winter sample of 

Koyouji) to 19 (winter sample of Miyanoura) or 7 (winter sample of Shitoko) to 16 

(winter sample of Koseda), and their percentages varied from 15.9 (summer sample of 

Ambo) to 28.8 (summer sample of Koseda) or from 13.2 (winter sample of Shitoko) to 

26.2 (winter sample of Koseda), respectively (Fig. 6). There was no significant 

difference in the percentages of palatable and unpalatable species among the regions 

(chi - squared test: χ 2 = 20.128, df = 16, P = 0.21). 

 Among the 99 total, 22 species were detected from all regions and seasons 

(Table 7), and the following 8 species were detected from 70 or more individuals among 

the 90 total: Machilus thunbergii (Lauraceae), Cinnamomum japonicum (Lauraceae), 

Daphniphyllum teijsmannii (Daphnyphyllaceae), Ficus superba (Moraceae), 

Elaeocarpus japonicus (Elaeocarpaceae), Ardisia quinquegona (Primulaceae), 

Castanopsis sieboldii (Fagaceae) and Rubus sieboldii (Rosaceae). While Machilus 

thunbergii, Ficus superba and Castanopsis sieboldii are palatable species, 

Daphniphyllum teijsmannii and Rubus sieboldii are unpalatable species. It is notable 

that Cryptomeria japonica was detected from individuals hunted at Yahazu head and 

Shitoko, where this species was not found. 
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Dissimilarity of food species composition 

 The between-population dissimilarity of species composition in stomach 

contents varied from 0.217 to 0.490 (average: 0.317 ± 0.014) (Table 7). Dissimilarity 

between regions significantly varied with season (perMANOVA, pseudo F = 2.243, R2 

= 0.243, P = 0.039), but not with density (perMANOVA, pseudo F = 0.969, R2 = 0.105, 

P = 0.476). To examine which plant species contributed to dissimilarity of stomach 

contents between seasons, we summed occurrences of plant species for each season and 

compared the occurrences of each species in summer and winter sample with the 

numbers of deer individuals hunted in summer and winter; 29 vs. 61. For 33 dominant 

plant species in Table 7, there was no significant difference between seasons (2 test, 

data not shown). 

For dissimilarity among individuals of the same area, NMDS plot did not show 

any notable clusters (Fig.7). On the other hand, dissimilarity among deer individuals of 

the same population increased with deer density (single regression analysis, P <0.01, 

Table 8, Fig.8). 

 

Discussion 

Effects of palatability and density on deer diets 
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 Contrary to our expectation that deer in high-density populations use more 

unpalatable plants than deer in low-density populations, there was no significant 

difference in the proportion of palatable and unpalatable plants among the populations 

with different densities; 13-26 % and 15-28 % of palatable and unpalatable plants, 

respectively, were detected irrespective of deer density. This finding has the following 

two implications: even in low-density populations deer forage on a considerable number 

of unpalatable plants, whereas deer in high-density population still forage on a 

considerable number of palatable plants. The latter seems to support the suggestion in 

Introduction that seedlings and sprouts of palatable plants may be still available for deer 

even in high-density population where palatable plants were mostly lost. Palatable 

plants frequently detected from stomach contents included Machilus thunbergii, Ficus 

superba and Castanopsis sieboldii that are all canopy tree species and deer can forage 

only on seedlings, sprouts or fallen leaves and fruits. Whereas availabilities of those 

resources vary seasonally, the three plant species were detected from both summer and 

winter samples of all populations examined, implying that deer may be using all of 

those resources whenever those are available. 

 Not only the above palatable plants but also Daphniphyllum teijsmannii, an 

unpalatable species having toxic alkaloids (Kubota et al. 2006) was detected from 81 
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individuals of the 90 total, suggesting that C. n. yakushimae can detoxify alkaloids and 

use some alkaloid-containing plants as food resources. It is reported that white-tailed 

deer of eastern North America prefer Taxus canadensis containing relatively high 

concentrations of taxine alkaloids that are generally toxic to grazers such as domestic 

cattle (Windels and Flaspohler 2011) and its rumen fluid efficiently reduces the amount 

of taxine alkaloids (Weaver and Brown 2004). Similarly, the rumen fluid of C. n. 

yakushimae probably has the function of detoxifying alkaloids of Daphniphyllum 

teijsmannii. 

 From stomach contents, some other unpalatable species were frequently 

detected, including Rubus sieboldii, Camellia japonica, and Quercus acuta detected 

from 70, 67 and 59 individuals of the 90 total, respectively (Table 7). R. sieboldii is a 

semi-scandent shrub common in open roadsides and I observed that hard and spiny 

mature leaves are avoided but young leaves and shoots are frequently eaten by deer. C. 

japonica is a subcanopy or understory tree and its saplings are common in lowland 

forest of Yaku Island. For C. japonica, I observed that hard mature leaves are avoided 

but young leaves are frequently eaten by deer. For Q. acuta, a common canopy tree, 

hard leaves of saplings are avoided but seedlings, sprouts, and fallen fresh leaves are 

foraged on. Among them, fallen fresh leaves may provide the most important food 
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resource to deer because fallen branches of canopy trees with many green and fresh 

leaves are frequently observed under the forest after strong wind.  

Foraging on fresh leaves of fallen branches is also probable for unpalatable 

vine species Morinda umbellata, Trachelospermum asiaticum and Psychotria serpens 

that were detected from 58, 57 and 51 individuals, respectively (Table 7). For those 

species, a mass of tangled vine with fresh leaves are often fallen under the forest with 

branches of canopy trees. 

 Generally, young leaves are known to have lower concentrations of defense 

chemicals than old leaves, while those contain a higher concentration of nutritional 

protein (Feeny 1968, Feeny 1970). Thus, young leaves may be selectively foraged on 

even for unpalatable plants. This expectation was supported by a field observation in the 

lowland of Yaku Island by Morita (2017), confirming that young leaves and young 

branches were foraged on by deer even in unpalatable species.  

As is reviewed in Introduction, previous studies suggested that sika deer in the 

Kyushu area could maintain high density populations by eating unpalatable plants and 

fallen leaves. However, it remains uncertain to what extent deer depends on palatable 

and unpalatable plants. The results of this study summarized above showed that both 

palatable and unpalatable species are equally important as food resources of C. n. 
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yakushimae. Unpalatable species has various defense mechanisms: alkaloids in 

Daphniphyllum teijsmannii, spines in Rubus sieboldii, and hard leaf texture in Camellia 

japonica and Quercus acuta. However, C. n. yakushimae can forage on those species by 

detoxifying chemicals and using fallen leaves, seedlings, and sprouts. Importance of 

fallen leaves for food-limited deer population is demonstrated for the population of 

Nakanoshima, Hokkaido where sika deer began feeding on the fallen leaves of 

deciduous trees after a population crash (Takahashi and Kaji 2001). In the western coast 

of Yaku Island, Agetsuma et al. (2011) reported that 45.6–59.8 % of deer’s diet was 

fallen leaves of trees and half of the fallen leaves were those tinged with red and yellow 

colors. Kuroiwa et al. (2017) showed that the average proportion of non-green leaves in 

rumen contents varied from 30 % to 58 %. Thus, C. n. yakushimae is considered to 

forage on both non-green and fresh green fallen leaves.  

 

Effects of season on deer diets 

The second hypothesis that the proportion of palatable plants varies with season was 

supported: the dissimilarity of plant species composition in stomach contents varied 

with season but not with density, implying that seasonal change of plant species 

availability is a major factor contributing to deer diet variation. However, occurrences 
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of 33 frequently detected plant species were not significantly different between seasons. 

Thus, seasonal variation of the dissimilarity of plant species composition in stomach 

contents is probably due to deer foraging on less frequent plant species. This result 

implies that C. n. yakushimae is using a similar set of diversified plant species in similar 

frequencies irrespective of season and density. To understand how C. n. yakushimae is 

selecting those species, we need to determine availabilities of those plant species in the 

lowland vegetations of Yaku Island.  

 

Within-population variation of deer diets 

 The third hypothesis that diets differ between individuals was supported and 

within-population diet dissimilarity linearly increased with deer density (Fig. 8). The 

following examples may be helpful to understand the background of this relationship. In 

the summer sample of Koseda where deer density was the highest, only two plant 

species, Machilus thunbergii and Rubus sieboldii are detected from all eight deer 

individuals, and some deer individuals show highly contrasting diet menus; e.g., among 

dominant plant species, a deer individual BS8 foraged on four deciduous canopy tree 

species of Evodia, Zanthoxylum, Acer and Alnus that were not detected from BS9, while 

another deer BS9 foraged on four evergreen canopy tree species of Elaeocarpus, 
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Quercus, Ficus, and Distylium that were not detected from BS8. On the other hand, in 

the summer sample of Miyanoura where deer density was the second lowest, 12 

dominant plant species were detected from all six individuals. These differences suggest 

that deer individuals under high density are avoiding competition by foraging on 

different plants in different habitats. While BS8 is probably foraging on fallen leaves of 

canopy trees along roadsides where deciduous trees are more abundant, BS9 seems to 

forage frequently on plants in understory of evergreen forest. While the home range of 

C. n. yakushimae is reported to be 17.6 ha for a female and 65.9 ha for a male (Kyushu 

Regional Forest Office 2012), home ranges of deer individuals are overlapping with 

each other in the high density population of Koseda and seem to be wider than the 

above home ranges previously reported (Forest Agency, unpublished data). Expansion 

of the home range size is also suggested in another high density population in Yahazu 

where Cryptomeria japonica was not found but detected from 5 deer individuals of the 

23 total.  

 

Conclusion 

Before identifying plant species in stomach contents with DNA barcoding, it was 

puzzling how deer individuals under high density could get considerable amounts of 
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stomach contents from scarcely vegetated understory. The results shown in Table 7 and 

Table S1 clarified that C. n. yakushimae is using many canopy tree and vine species 

whose leaves are usually inaccessible by deer. The results suggested that C. n. 

yakushimae is foraging on fallen leaves both fresh and old. It is expected that 

high-density populations of C. n. yakushimae will further increase and more densely 

populate because both fresh and old that are still highly available in scarcely vegetated 

understory. 
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Figures and Tables 

 

 

Fig.6 The proportion of palatability plants in each region and season 

Segment in red shows the utilization ratio of palatable plant, segment in green shows the 

utilization ratio of unpalatable plant.  
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Fig. 7  NMDS plot of Bray-Curtis dissimilarity  

The color of the plot shows the regions that is density, marks of the plot shows the 

season as follows. 

 

Red：Around ranch(92.5(head/km2)), orange：Yahazu(73.2), yellow：Koyouji(71.3), 

green：Shitoko(43.5), cyan：Miyanoura(40.1), blue：Anbo(7.1) 

●：summer, ■：winter  
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Fig.8 simple linear regression analysis 

The color of the plot shows the regions that is density, marks of the plot shows the 

season as follows. 

 

Red：Around ranch(92.5(head/km2)), orange：Yahazu(73.2), yellow：Koyouji(71.3), 

green：Shitoko(43.5), cyan：Miyanoura(40.1), blue：Anbo(7.1) 

●：summer, ■：winter 
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Table 6 Summary of the results of plant species detected from stomach contents of deer 

Location where deer were hunted in 

summer (S) or in winter (W) 
Anbo, S Miyanoura,S Miyanoura, W Shitoko,W Koyouji, S Koyouji, W Yahazu, W Koseda, S Koseda, W Total 

The number of palatable species 10 16 19 14 14 9 20 15 14 25 

The number of unpalatable species 11 9 13 7 14 8 12 12 16 21 

Total number of species detected 63 63 73 53 55 34 70 52 61 99 

The number of deer individuals examined 8 6 16 12 7 2 21 8 10 90 

The percentage of palatable plants (%) 15.873 25.397 26.027 26.415 25.455 26.471 28.571 28.846 22.951 25.253 

The percentage of unpalatable plants (%) 17.46 14.286 17.808 13.208 25.455 23.529 17.143 23.077 26.23 19.192 

Deer density(head/km2) 7.1 40.1 40.1 43.5 71.3 71.3 73.5 92.5 92.5    ― 
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Table 7 List of plant species detected from stomach contents of deer in more than 8 areas 

species name 
Preference 

of deer 
Anbo, S Miyanoura,S 

Miyanoura, 

W 
Shitoko,W 

Koyouji, 

S 

Koyouji, 

W 

Yahazu, 

W 

Koseda, 

S 

Koseda, 

W 
Total area 

Machilus 

thunbergii 

P 
7 6 16 12 5 2 21 8 10 87 9 

Cinnamomum 

pedunculatum 

S 
8 6 15 12 7 2 21 3 10 84 9 

Daphniphyllum 

teijsmannii 

U 
6 6 15 11 6 2 20 6 9 81 9 

Ficus superba P 5 6 15 12 5 2 20 6 9 80 9 

Elaeocarpus 

japonicus 

S 
8 6 12 10 5 2 17 7 10 77 9 

Ardisia 

quinquegona 

ND 
6 6 14 12 3 2 21 2 7 73 9 

Castanopsis 

sieboldii 

P 
7 6 13 9 6 2 16 4 8 71 9 

Rubus sieboldii U 7 6 11 5 7 1 15 8 10 70 9 

Camellia 

japonica 

U 
6 5 11 11 2 0 19 6 7 67 8 

Lithocarpus 

edulis 

P 
6 4 10 6 5 1 16 7 8 63 9 

Quercus acuta U 6 4 10 5 5 2 14 3 10 59 9 



69 

 

Morinda 

umbellata 

U 
6 6 12 9 3 2 8 3 9 58 9 

Trachelospermum 

asiaticum  

U 
5 6 9 10 3 1 11 6 6 57 9 

Turpinia ternata P 4 2 12 11 2 1 13 3 7 55 9 

Euodia meliifolia P 7 4 6 9 7 0 11 4 7 55 8 

Prunus serrulata P 4 3 8 10 1 2 11 6 8 53 9 

Styrax japonicus U 6 3 7 6 6 2 11 2 7 51 9 

Psychotria 

serpens 

U 
3 3 9 11 1 2 15 1 6 51 9 

Eurya japonica U 6 6 8 4 6 1 9 2 9 51 9 

Eurya emarginata U 3 3 9 8 6 1 12 3 1 46 9 

Uncaria 

rhynchophylla 

P 
6 4 10 2 1 1 7 3 7 41 9 

Zanthoxylum 

ailanthoides 

P 
6 3 7 4 7 0 5 2 7 41 8 

Elaeagnus 

umbellata 

ND 
0 1 2 6 1 1 14 0 2 39 8 

Cryptomeria 

japonica 

S 
5 6 10 4 3 0 5 1 5 39 8 

Ilex rotunda P 3 2 8 8 3 0 4 2 6 36 8 

Lycopodium sp. ND 3 4 6 5 2 1 7 1 5 34 9 

Morus australis P 1 2 3 8 2 1 8 3 2 30 9 
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Lygodium 

japonicum 

U 
2 0 2 9 1 1 12 2 1 30 8 

Ficus erecta P 2 3 5 5 0 1 6 2 4 28 8 

Michelia 

compressa 

ND 
1 3 6 4 1 1 1 1 3 21 9 

Acer capillipes 

var. morifolium 

P 
3 1 3 1 4 0 1 2 6 21 8 

Glochidion 

obovatum 

S 
2 2 2 3 3 1 5 1 1 20 9 

Idesia polycarpa ND 0 2 2 1 2 1 2 1 3 14 8 

Deer 

density(head/km2) 

 
7.1 40.1 40.1 43.5 71.3 71.3 73.5 92.5 92.5   
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Table 8 The value of Bray-Curtis Dissimilarity 

 
Anbo,S Miyanoura,S Koyouji,S Koseda,S Miyanoura,W Shitoko,W Koyouji,W Yahazu,W Koseda,W 

Miyanoura,S 0.239 
        

Koyouji,S 0.249 0.323 
       

Koseda,S 0.343 0.372 0.374 
      

Miyanoura,W 0.221 0.220 0.344 0.344 
     

Shitoko,W 0.328 0.345 0.406 0.385 0.260 
    

Koyouji,W 0.380 0.382 0.434 0.455 0.321 0.271 
   

Yahazu,W 0.285 0.317 0.357 0.320 0.217 0.233 0.3 
  

Koseda,W 0.227 0.265 0.287 0.341 0.226 0.338 0.348 0.340 
 

intraregional means 0.260 0.237 0.462 0.539 0.321 0.365 0.478 0.490 0.446 

density(head/km2) 7.1 40.1 71.3 92.5 40.1 43.5 71.3 73.2 92.5 
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Table 9  Results of simple linear regression analysis 

Objective variable 
Explanatory 

variable 
Estimate Std. Error t-value P-value 

Dissimilarity (Intercept) 0.200 0.044 4.587 <0.01** 

 
Density 0.003 <0.001 5.009 <0.01** 
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Chapter 3 Preference of Cervus nippon yakushimae for young, mature 

and fallen leaves: experimental tests and field observations 

 

Introduction 

 By the end of the 1990s, grazing and browsing by overabundant deer was 

widely recognized as a serious constraint on forest management in Europe (Fuller and 

Gill 2001), North America (Cote et al. 2004) and in Japan (Takatsuki 2009). While 

Ddeer is a generalist who usesforaging on various plant species, deer individuals s as 

food. On the other hand, they haveoften prefer preference for particular plant species as 

food. It is known that the palatabilityThis preference of deer varies depending on 

defensive strength of food plant species (Alm et al. 2002) that . 

There are trade-offs between increasing fertility and photosynthetic rate and 

leaf defense in resource allocation (in particular nitrogen) in plants (Herms and Mattson 

1992). For this reason, resource allocation to defense varies depending on the growth 

stage (Makino et al. 1984, Yuan and Chen 2009). In the period of seedling, increase the 

amount of protein involved in photosynthesis rather than the defense substances to 

speed up growth and increase the efficiency of light and nitrogen acquisition by tree 

height growth (Hirosaka et al. 1999, Hirosaka and Hirose 2001). On the other hand, in 
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mature leaves, the distribution to defense substances increases to prevent feeding. 

Cellular nitrogen is transported to other organs during the leaf senescence, and therefore 

fallen leaves have lower level of nitrogen (Hörtensteiner and Feller 2002), while there 

are few defensive substances due to decomposition before and after fallen leaves. For 

these reasons, net profit, which is determined by the difference between benefit 

(nutritive value) and cost (defense chemicals), may be positive for sprouts and fallen 

leaves in unpalatable plants (Alm et al. 2002). Therefore, it is expected that deer prefer 

young leaves and fallen leaves than mature leaves in toxic plants. 

In addition, it is also known that deer shifts food habits depending on the 

amount of resources. In the population of Nakanoshima Island, an island in the center of 

Toya Lake in Hokkaido, it is known that deer feed fallen leaves after disappearance of 

palatable plants from understory vegetation (Takahashi and Kaji 2001: Miyaki and Kaji 

2004). In the western part of Yakushima Island where the deer density attained to 250 

head/km2 and understory vegetation become poor, 45.6–59.8 % of the deer diet was 

fallen leaves of trees (Agetsuma et al. 2011). Thus, it is considered that deer actively use 

fallen leaves under high density. 

In Chapter 1, 5areas of Yakushima Island where the deer density varies from 

4.6–161.2 head/km2, the average proportion of non-green leaves in rumen contents 
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varied from 30 % to 58 %, showing that the deer populations considerably depended on 

fallen leaves. In Chapter 2, Daphniphyllum teijsmannii, an unpalatable species having 

toxic alkaloids was detected from 81 individuals of the 90 total, suggesting that C. n. 

yakushimae can detoxify alkaloids and use some alkaloid-containing plants as food 

resources. However, it is not possible to clarify the state of deer food plant by DNA 

barcoding. To verify the above hypothesis, it is useful to directly observe feeding of 

Yakushika. 

 The objective of this research is to clarify the deer food plant species and its 

state under high densities by direct observation and choice experiment. We developed 

the following two hypotheses for food plant state of deer under high density. 

1) Deer prefer young leaves and fallen leaves than mature leaves in unpalatable plants. 

2) Deer in high density area often use fallen leaves. 

 

Materials and Methods 

  

Choice experiment 

To quantify preference of Yakushika for young leaves, mature leaves, and fallen leaves, 

I carried out 9 choice experiment at Yahazu head located at the northernmost tip of 
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Yakushima Island (see Chapter1, Fig. 1) where a population of Yakushika with density 

as high as 73.2 head/km2 lives in a small area of 40 hectares covered with broad-leaved 

evergreen forest. Used in the experiments were three species of plants, Machilus 

thunbergii, Cinnamomum japonicum, and Daphniphyllum teijsmannii to which 

Yakushika shows high, moderate and low palatability, respectively. I prepared young 

leaves, mature leaves, and colored fallen leaves of each species, inserted a pair of leaves 

of either state between a disposable chopsticks. Nine types of chopsticks were prepared, 

each of which had young, mature, or colored fallen leaves of Machilus thunbergii, 

Cinnamomum japonicum, or Daphniphyllum teijsmannii. Then a set of nine chopsticks 

were put on the ground (Fig. 10). Three replicates of this set were put in three 

locations at approximately 200 m apart from each other. Three replicates were put in the 

morning and replaced with new replicates in the next morning when deer foraging on 

each leaf was checked and recorded. This observation was repeated 10 days except for 1 

location where the observation was made only on 5 days because of disturbance by 

strong wind. Consequently, cumulative 25 observations were made. Leaves used for the 

experiments were collected in each morning; young and mature leaves were collected 

from living trees and colored fallen leaves were collected on the ground. I avoided 

leaves with lesions and worms and leaves with approximately equal size were used.  
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On each morning, I recorded whether each leaf was eaten or not. When a piece of leaf 

was eaten by deer, almost all leaf blade was lost. Whether each leaf area loss was due to 

deer or not was confirmed with the image of the sensor camera (Cuddeback Attack). In 

9 choice experiments, selectivity index of Manly was calculated to clarify the 

preference for each species and state. To test whether there are differences in the 

number of eaten leaves, Fisher's exact test was conducted.  

 

Field observation 

Field observation was carried out at Yahazu head located at the northernmost tip of 

Yakushima Island (see Chapter1, Fig. 1) where a population of Yakushika with density 

as high as 73.2 head/km2 lives in a small area of 40 hectares covered with broad-leaved 

evergreen forest. The understory of evergreen forest is very scarcely vegetated due to 

frequent browsing by Yakushika (Fig. 9). 

I approached the minimal distance where deer did not run away and observed 

deer behavior by the focal animal sampling method. I recorded deer foraging events on 

seedlings (plants lower than 10 cm), fresh leaves of plants higher than 10 cm, green 

fallen leaves and colored fallen leaves of plants every two minutes using binoculars. . 

 Plant species were identified in the field as far as possible and if 
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unidentifiable, identified later using a picture taken in the field. A focal individual was 

changed every hour.  

 

Results 

Selection experiment 

Deer feeding was observed for 40 leaves in 10 experimental sets out of the 25 total, 

including 18 young leaves of Machilus thunbergii, 10 mature leaves of Machilus 

thunbergii, 10 young leaves of Daphniphyllum teijsmannii, and 2 mature leaves of 

Daphniphyllum teijsmannii. Cinnamomum japonicum was not eaten in any state, and no 

fallen leaves were eatenin any species (Table 10). The selectivity index of Manly 

showed positive in young leaves and mature leaves of Machilus thunbergii and young 

leaves of Daphniphyllum teijsmannii. There was a significant difference in the number 

of eaten leaves (Fisher's exact test; P < 0.01). 

 

Field observation 

In March and May 2015, we pursued six individuals at Yahazu head. Feeding was 

observed in all individuals, but the number of feeding events observed in each 

individual varied from 2 to 27 times and the cumulative total for all individuals was 71 

times. Feeding events for fresh leaves, green fallen leaves, colored fallen leaves and 
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seedlings were 54, 8, 7 and 1, respectively (Table 9). Feeding events were observed on 

fresh leaves of Buddleja curviflora (23 times), Psychotria rubra (11), Ardisia sieboldii 

Miq. (14), Anodendron affine (4) and an unknown fern species (2), green fallen leaves 

of Camellia japonica (5) and Schefflera heptaphylla (3), colored fallen leaves of 

Buddleja curviflora (2) and Daphniphyllum teijsmannii (5) and seedlings of Machilus 

thunbergii (1). Among them, Buddleja curviflora, Ardisia sieboldii Miq., Anodendron 

affine, Camellia japonica, Schefflera heptaphylla, and Daphniphyllum teijsmannii were 

unpalatable plants. 

 

Discussion 

As is reviewed in Introduction, previous studies suggested that deer prefer young leaves 

which contain higher amount of proteins and lower amount of defense chemicals than 

mature leaves (Feeny 1968, Feeny 1970). This suggestion was supported by the above 

finding that deer selectively foraged on young leaves of Daphniphyllum teijsmannii, 

unpalatable plant which contains toxic alkaloids This result seems to agree with the 

result of chapter 2 that Daphniphyllum teijsmannii,was detected from 81 individuals of 

the 90 total. However, I observed deer feeding on Daphniphyllum teijsmannii only for 

colored fallen leaves. Thus, deer may use fallen leaves of Daphniphyllum teijsmannii 

more frequently than its fresh leaves because the latter is more favorable but less 
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available. On the other hand, feeding on Cinnamomum japonicum was observed neither 

in the experiments nor in the field observation in spite that it was detected frequently 

from stomach contents; from 84 deer individuals of the 90 total. This seems to be due to 

the fact that there were more palatable plants than Cinnamomum japonicum. This 

experiment was conducted in May, when there were seedlings and sprouts of many 

palatable plant species including Machilus thunbergii, the most frequently detected 

species from stomach contents. Because Cinnamomum japonicum was frequently 

detected from stomach contents, it is probably eaten in different seasons. Palatability of 

deer is known to vary with season (Dostaler et al. 2011; Kanemitsu 2014), and thus 

further experiments and observations in other seasons are needed to clarify seasonal 

change of deer preference for Cinnamomum japonicum. 

Contrary to our expectation that deer in high-density populations use fallen 

leaves more frequently, deer in Yahazu mostly foraged on fresh leaves of unpalatable 

species including Buddleja curviflora. This result suggests that C. n. yakushimae fresh 

leaves of unpalatable plant species that were not frequently used before. Despite 

decrease of understory vegetation, a certain amount of unpalatable plants still remain 

there. C. n. yakushimae depends on fresh leaves because it have higher amount of 

proteins than fallen leaves. In the previous study, it is reported that deer depends on 



81 

 

fallen leaves where understory vegetation is poor (Takahashi and Kaji 2001: Miyaki and 

Kaji 2004). However, feeding of fallen leaves was observed only 15 out of 71 times in 

this study. On the other hand, in the western part of Yakushima Island where the deer 

density attained to 250 head/km2 and understory vegetation become poor, 45.6–59.8 % 

of the deer diet was fallen leaves of trees (Agetsuma et al. 2011). The density of the 

study site is 73.5 head/km2, which is lower than that in the western part. If the number 

of sika deer increases in this site future, vegetation decreases further and deer may 

become more likely to eat fallen leaves. On the other hand, fallen leaves were not eaten 

in choice experiments. The results of the choice experiments suggests that deer 

originally used palatable plants and young leaves of unpalatable plants, but they began 

to use more of mature leaves and fallen leaves of unpalatable plants as the density 

becomes higher. 

Before directly observing deer feeding, it was unclear how deer individuals 

under high density could get nutrition from scarcely vegetated understory. The results 

shown in Table 9 and Table 10 clarified that C. n. yakushimae is using many fresh 

leaves of unpalatable plant species that were not frequently used before. The results 

suggested that C. n. yakushimae flexibly shift their diet according to decrease of 

understory vegetation. It is expected that high-density populations of C. n. yakushimae 
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will further increase and more densely populate because of plant diversity and high plant 

productivity in Yakushima. 
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Figures and Tables 

 

Fig.9  Understory vegetation of Yahazu head is poor 
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Fig.10  A state of the leaves used in the selection experiment 
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Table 9  Breakdown of food consumption of observed individuals (times) 

Sample number 1 2 3 4 5 6 Total 

Live Leaves 4 4 2 0 22 22 54 

Green fallen 

leaves 
2 0 0 1 5 0 8 

Colored fallen 

leaves 
1 0 2 0 0 4 7 

Seedlings 0 0 0 0 0 1 1 

Uncertain 0 0 0 1 0 0 1 

Total 7 4 4 2 27 27 71 
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Table 10  Number of leaves that were eaten and preference for each plant species 

 
Machilus thunbergii 

 
Cinnamomum japonicum 

 
Daphniphyllum teijsmannii 

 

Young 

leaves 

Mature 

leaves 
Fallen leaves 

 

Young 

leaves 

Mature 

leaves 

Fallen 

leaves  

Young 

leaves 

Mature 

leaves 

Fallen 

leaves 

Feeding 

number 
18 10 0 

 
0 0 0 

 
10 2 0 

Total set 

number 
20 20 20 

 
20 20 20 

 
20 20 20 

Selectivity 

index 
＋ ＋ － 

 
－ － － 

 
＋ 

 
－ 
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General Discussion 

The question presented in this study is that how individuals in the high density 

population of Yakushika obtain nutrients under the food-limited habitats. To answer this 

question, I developed hypothesis that the high density population of Yakushika obtains 

nutrients by eating unpalatable plants and fallen leaves.  

In Chapter 1, I determined kidney fat index for 76 individuals to confirm 

whether the high density Yakushika population maintains good nutritional conditions. It 

was found that average RKFI values exceeded a threshold value 20 below which 

nutritional condition of C. nippon is considered to be poor (Maruyama 1985; Torii & 

Fujishita 1998) in five locations. This results indicates that all five populations 

including the high density populations of Koseda and Yahazu are not in a malnourished 

condition. In addition, fresh rumen contents in Koseda and Yahazu were as heavy as 2.3 

kg and 3.8 kg, respectively, indicating that deer individuals in those populations are 

getting good amounts of plant resources as food. That is, the nutritional status of 

Yakushika is good in high density areas, and food intake also ingests a sufficient 

amount.  

 In Chapter 2, I identified plant species of stomach contents with 

next-generation sequencing of the stomach DNA samples and clarified what they ate in 
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food-limited habitats. It is found that deer in high-density population still forage on a 

considerable number of palatable plants in addition to unpalatable plants. The results 

showed that both palatable and unpalatable species are equally important as food 

resources of C. n. yakushimae under high density. This result suggests that seedlings and 

sprouts of palatable plants may be still available for deer even in high-density 

population where palatable plants were mostly lost because of high plant productivity in 

Yakushima Island. It is also revealed that C. n. yakushimae is using many canopy tree 

and vine species whose leaves are usually inaccessible by deer. The results suggested 

that C. n. yakushimae is foraging on fallen leaves both fresh and old. 

In Chapter 3, I experimentally observed deer preference to nine categories of 

plants: young leaves, mature leaves and fallen leaves of a palatable, a semi-palatable 

and an unpalatable species. In addition, I directly observed deer preference to seedlings, 

fresh leaves or fallen leaves of nine plant species. It is clear that deer selectively foraged 

on young leaves of Daphniphyllum teijsmannii, unpalatable plant which contains toxic 

alkaloids. This result suggest that deer prefer young leaves which contain higher amount 

of proteins and lower amount of defense chemicals than mature leaves. In addition, is is 

found that deer in high-density populations use fallen leaves more frequently, deer in 

Yahazu mostly foraged on fresh leaves of unpalatable species including Buddleja 
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curviflora. This result suggests that C. n. yakushimae fresh leaves of unpalatable plant 

species that were not frequently used before. 

Before conducting this research, it was puzzling how deer individuals under 

high density could get nutrition from scarcely vegetated understory. The results shown 

above clarified that C. n. yakushimae is using many canopy tree and vine species whose 

leaves are usually inaccessible by deer and many fresh leaves of unpalatable plant 

species that were not frequently used before. The results suggested that C. n. 

yakushimae flexibly shift their diet according to decrease of understory vegetation. It is 

expected that high-density populations of C. n. yakushimae will further increase and 

more densely populate because of plant diversity and high plant productivity in 

Yakushima. 

In conclusion, our finding showed that C. n. yakushimae is not in a poor 

nutritional condition regardless of the high density even above 70 head/km2 probably 

due to the high plant productivity in Yakushima Island. Further, this result indicates that 

the population of C. n. yakushimae will likely to continue to increase and thus would be 

expected to drive further decline in understory vegetation in Yakushima Island. 

Therefore, there is a need to prioritize strategic management program for both deer 
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population size and the occurrence of threatened plant species in the Yakushima Island 

as suggested by Fujimaki et al. (2016). 


