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ABSTRACT

For decades, secondary ambrosia beetle species have been increasingly observed to attack
apparently healthy trees. Some of them cause mortality to living trees. In Japan, Platypus quercivorus that
is widely distributed in Asia has caused mass mortality of trees belonging to the family Fagaceae by
vectoring Raffaelea quercivora. Similar disease has been in epidemic in Korea by attacks of Platypus
koryoensis. On the other hand, unexpected introduction of ambrosia beetles to non-indigenous area has
been increasing because of globalization. Some has become major components of ambrosia beetle fauna in
the non-indigenous area. The worst example among invasive ambrosia beetles is Xyleborus glabratus that
causes laurel wilt in US by vectoring Raffaelea lauricola. The laurel wilt has caused enormous economic
damage to avocado farmers in US. However, ecological backgrounds of these phenomena are still unclear.
Therefore, ecological information on ambrosia beetles is needed from a view point of biodiversity
conservation as well as economic importance. The purpose of this study was to determine ambrosia beetle
guild, factors influencing the guild, and niche of each species attacking on an oak tree Quercus serrata.
Risks of invasion and of vectoring tree-killing disease were evaluated for each species.

The study was conducted in three locations of the University of Tokyo Forests in the Central
Japan. Timing of cutting trees (= TC) was controlled by preparing bolts monthly from March to September
in Chichibu. They were covered by metal mesh to protect from insect attacks and left on the forest floor in
the three locations: Aichi (LOC-A), Chiba (LOC-B), and Chichibu (LOC-C) (= LOC). The LOC-A had
Japanese oak wilt (JOW). However, the LOC-B and the LOC-C had no historical records of JOW. Timing
of exposure (= TE) was controlled by removing the metal mesh so that wood oldness (= WO) at the timing
of exposure after cutting tree was also experimentally controlled. Bait bolts were exposed to insect attacks
for one month in a Normal experiment, while they were left until the end of September in a Conditioning
experiment. Twenty eight regimes, each consisted of four bolts, were set in each of a Normal and a
Conditioning experiment so that the total number of bolts on each location was 224. Ambrosia beetles
were collected by dissecting the bolts after the exposure and identified into species. The number of entry
holes was used as an indicator for abundance of each species.

In the Normal experiment, twenty morphospecies of Scolytinae and six species of Platipodinae

were collected. In the Conditioning experiment, six Scolytid and two Platypodid species disappeared,



whereas one Scolytid species recruited so that fifteen species of Scolytinae and four species of
Platypodinae were collected. In total, twenty one morphospecies of Scolytinae and six species of
Platipodinae were collected.

Species richness and abundance peaked on bolts prepared in April-May, on bolts exposed in July,
and on 2-3-month-old bolts. Eliminating greatest influences of LOC on abundance, results of hierarchical
partitioning showed that TC had a strong influence on both species richness and abundance. LOC-A
(Aichi), in which Japanese oak wilt disease (JOW) incidence occurred, showed the greatest species
richness and the smallest value of Pielou’s evenness. Abundance of the most abundant (“the major™)
species was more than twice that of the second major species, which was a likely cause of the smallest
evenness in LOC-A. Trees killed by JOW may have increased the abundance of the major species. On the
contrary, in LOC-C (Chichibu), Pielou’s evenness and alpha and gamma diversity and the Shannon index
were greatest among the three locations although species richness was smallest. High similarity between
guilds in LOC-A and LOC-B (Chiba) was probably caused by similarity in vegetation. The LOC had the
greatest effect on determining guild structure. Effect of TE was greater than TC. The effect of WO was
negligible. A hierarchical structure among the three factors was a likely cause of their relative importance
determining guild structure.

Niche center and niche breadth were estimated for the three niche contexts. Colonizing ability of
ambrosia beetles for bolts that had been exploited by other species. Abundance was compared between the
Normal and the Conditioning experiments before each species stated to attack in Normal experiment. If the
number in a regime No. 1 was smaller than 3 and no galleries were found in a regime No.2 and 8, the
species was included in the analysis. A paired t-test was employed to test if the difference was significant.
Species that have been reported as an alien species tended to have broader niche. All Scolytid species
collected in my study have a habit of haplodiploidy and sibling mating so that Scolytid have a higher risk
of invasion than Platypodid. Platypodid species tended to attack fresh bolts compared to Scolytid so that
Platypodid have higher risk to vector tree-killing disease than Scolytid. Among Platypodinae, Crossotarsus
niponicus and Platypus calamus significantly increased in the Conditioning experiment so that they are
good competitors and high risk species of invasion. However, they did not show strong preference to fresh

bolts compared to other Platypodid species. Xylosandrus germanus and Xylosandrus crassiusculus, which



attack living trees in non-indigenous area, also did not show a strong preference to fresh bolts so that there
are no guarantees that C. niponicus and P. calamus are safe enough in non-indigenous area. Xylosandrus
germanus and of X. crassiusculus supported that they became invasive alien species. Euwallacea validus
significantly decreased in the Conditioning experiment compared to the Normal experiment so that this
species seemed a poor competitor, whereas this species tended to attack fresh bolts. Xyleborus ganshoensis
was considered as the highest potential to establish population in non-indigenous area because of its broad
niche. Xyleborus ganshoensis was also likely to attack living trees since many individuals attacked fresh
bolts but unlikely an invasive alien species. Platypus quercivorus, a vector of the Japanese oak wilt,
showed the highest mean abundance on 0-month-old bolts. On the other hand, Xyleborus seiryorensis had
the smallest value of WO niche center, indicating that this species could be aggressive enough to attack
living trees. The method developed in this study would be applicable to similar risk assessment of

ambrosia beetles on other host species and in other countries.
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CHAPTER 1: INTRODUCTION

Ambrosia beetles are an ecological guild, which is known as a group of fungus-farming beetles
(Paracer and Ahmadjian 2000; Batra 1963; Kirkendall 1993; Mueller and Gerardo 2002) . They cultivate
fungi on surface of tunnels that they construct in xylem and feed on them. Fungus-farming insects were
known in three insect groups: termites (higher termite group) found in tropics of the Old World, a leaf
cutter ant (Atta cephalotes) in tropics the New World and ambrosia beetles spread widely from tropics to
cool temperate zone but prosperous mostly in tropics and sub-tropics.

More than 3,400 species of ambrosia beetles were described (Ganter 2006). Ambrosia beetles are
found in two subfamilies of the family Curculionidae. Almost all species of the subfamily Platypodinae
and some species in the subfamily Scolytinae are ambrosia beetles (Wood 1973; Beaver 1989). In the
subfamily Scolytinae, the most major insect guild is a bark beetle, which lives in and feeds on phloem
(inner bark) and has a similar ecological niche to an ambrosia beetle by playing a role in early stages of
wood decay. One of great differences between ambrosia beetles and bark beetles is food: Ambrosia beetles
feed on fungi whereas bark beetles feed on plant tissues. However, some bark beetles have symbiotic
relationship with fungi. The relationship between bark beetles and fungi is classified into three categories:
The first group is bark beetles that have no symbiotic relationships with fungi. The second group is
phloeophagous bark beetles that have a symbiotic relationship with aggressive phytopathogenic fungi to
come over host plant defense when they attack healthy living trees (Paine et al. 1997). The third group is
mycophloeophagous bark beetles that develops better when they feed on plant materials conditioned by
symbiotic fungi or completely depends on the conditioned plant materials (Klepzig and Six 2004).
Ambrosia beetles are in one end of the spectrum of the insect-fungus symbiosis, in which both beetles and
fungi depend completely each other (Beaver 1989) . It is estimated that fungal farming of ambrosia beetles
has evolved at least seven times independently in the two subfamilies (Mueller and Gerardo 2002).

Although both leaf cutter ants and higher termites cultivate only fungi (Katoh et al. 2002; Poulsen
and Boomsma 2005), ambrosia fungi are mixture of mycelial fungi, yeasts, and bacteria (Batra 1966;
Haanstad and Norris 1985). However, the roles of microbes other than primary ambrosia fungi are, to date,
not well known (Poulsen and Currie 2006). Ambrosia beetles have an organ called “mycangia” that is a set

of morphological structure including pits to carry ambrosia fungi from brood tree to a new host plant



(Batra 1963; Beaver 1989). Mycangia are found in many parts of body such as mandibular,
pronotum/mesonotum, propleuron, coxal cavity, or elytra (Beaver 1989; KniZek and Beaver 2004). The
position of mycangia depends on species but does not appear to be related to taxonomic position
(Berryman 1989).

Bark beetles consume plant materials (phloem), which make them specific to host plant species,
size, age, bark thickness, and part of host stem (Rudinsky 1962). On the contrary, ambrosia beetles are less
specific with host plant because they feed on ambrosia fungi (Nobuchi 1974; Beaver 1989; Nobuchi 1994).
It seems likely that ambrosia beetle can use host trees, in which symbiotic ambrosia fungi can colonize.
For example, Platypus quercivorus (Murayama) have been reported to attack more than 50 species of
woody plants (Kamata et al. 2008) although it can reproduce only on species belonging to the family
Fagaceae excluding the genus Fagus (Ito 2008).

Plants have developed defense mechanisms against pathogens and herbivores (e.g. Walters 2011).
Phloem is an important tissue for vascular plants to carry photosynthetic from foliage to roots. Woody
plants produce defensive materials, such as resins, saps, and latex when they receive attack on branches
and trunk. The attackers must overcome the plant defense so that all species cannot colonize on healthy
living trees. Bark and ambrosia beetles can be classified into three groups according to their aggressiveness.
Primary bark and ambrosia beetles can colonize full vigor and healthy host plants, and eventually kill host
trees by mass attacks (Rudinsky 1962; Kiihnholz et al. 2001). Secondary attackers colonize trees with
unusual physiological condition such as freshly cutting logs, weakened by injury, suppressed, or dying
trees (Rudinsky 1962), but sometimes attack healthy living trees and kills them in epidemics. Most
ambrosia beetles are referred to as a secondary attacker. Saprophytic bark/ambrosia beetles can colonize
dead trees, which includes most species of bark beetles.

In recent years unusual secondary ambrosia beetle species have been increasingly observed to
attack living trees (Kiihnholz et al. 2001). The epidemic populations of ambrosia beetles have been
implicated as causes of mortality of woody plants. In Japan, P. quercivorus and Raffaelea quercivora
complex kills healthy-looking trees of many species belonging to the family Fagaceae (the Japanese oak
wilt: JOW) (Kamata et al. 2002). Platypus quercivorus is distributed in Asia Pacific Region, such as

Taiwan (Murayama 1925), Indonesia (Schedl 1972), Thailand (Hulcr et al. 2008), India, Papua New



Guinea (Wood 1972), and Vietnam (Naoto Kamata, personal communication). Outside Japan, P.
quercivorus is a secondary attacker infesting fallen trees or broken branches without causing problems to
healthy-looking trees. Similar disease has suddenly emerged in Korea, in which Quercus mongolica
Fischer ex Ledebour was killed by Raffaelea quercus-mongolicae K.H. Kim, Y.J. Choi, et H.D. Shin
carried by Platypus koryoensis (Murayama) (Korean oak wilt: KOW) (Kim et al. 2009). These ambrosia
beetles attack and kill apparently healthy-looking trees so that tree composition in forest stands will greatly
be altered by the epidemics of those beetles. Furthermore, it is very likely that epidemics of these
devastating disease change ambrosia beetles guilds directly by increase of vector insects and indirectly by
producing resources for species that attack unhealthy and/or killed trees.

Wood-boring behavior of ambrosia beetles likely promotes opportunity to invade non-indigenous
areas. Actually, many species have been intercepted at Japanese ports (e.g. Browne 1986) and US ports
(Haack 2001; Haack 2006). Many ambrosia beetle species have established in US (Haack 2006) and in
Europe (Kenis et al. 2009). Some alien ambrosia beetles have become major components of ambrosia
beetle assemblages in invaded ranges (Reed and Muzika 2010). Furthermore, some alien ambrosia beetles
have a tremendous impact on economics especially in US and EU (Gandhi et al. 2010; Kenis et al. 2009).
Xylosandrus crassiusculus (Motschulsky) attacks and kills a wide variety of hosts in US (Horn and Horn
2006). However, the greatest economic impact of ambrosia beetles is the laurel wilt of avocado crops in
US (Koch and Smith 2008). This is caused by Raffaelea lauricola T.C. Harr., Aghayeva, & Fraedrich.
carried by Xyleborus glabratus (Eichhoff) (Hanula et al. 2008) though X. glabratus is a rare species in
native of India, Japan and Taiwan (Harrington et al. 2011). To date the three species belonging to the
genus Raffaelea are known to cause plant diseases (namely the JOW, the KOW, and the laurel wilt). The
great difference of the laurel wilt compared to the JOW and the KOW is its virulence. As for the JOW,
multiple inoculation by R. quercivora caused by mass attacks by P. quercivorus is needed to kill a healthy
living oak tree (Kinuura and Kobayashi 2006) as well as the KOW (Kim et al. 2009). On the contrary, R.
lauricola can kill avocado trees by a single infection by the fungus (Fraedrich et al. 2008 ; Ploetz et al.
2012). It probably depends on a lack of coevolutionary process between the plant (avocado trees) and the

fungus (R. lauricola) (Kamata et al. 2002) by overreaction of trees killing tree itself (Hulcr and Dunn



2011). It is very likely that the lethal encounters between exotic symbionts and naive trees (Hulcr and
Dunn 2011) will increase by climate change and globalization in future.

I determined ambrosia beetle guild attacking on an oak tree Quercus serrata Murray by
controlling timing of cutting trees (TC), seasonality (timing of exposure = TE), wood oldness (WO), and in
three locations in the Central Japan. My major objectives are as follows:

1) To analyze patterns of diversity based on the guild structure in relation to location, wood
oldness, and seasonality.

2) To evaluate ecological niche of each ambrosia beetle species for risk assessment in
relation to invasiveness and aggressiveness.

1. Pattern of diversity based on guild structure of ambrosia beetles community

Many attempts have been conducted to describe community/guild structure and determine factors
that prescribe the structure (Kikkawa and Anderson 1986; Lawton and MacGarvin 1985). Because of
influences the most of the question when I conduct research in community ecology is how organisms
change when they received effort by variable conditions of environments. Community structure has been
emphasizes on environmental conditions that regulate community type and population dynamics
(Schowalter 2011).To test which factors influencing diversity pattern of ambrosia beetle I determine the
importance of four variable factors as predictors for ambrosia beetle community structure: food available
conditions (WO is closely related to wood conditioning), the succession of ambrosia beetles based on
seasonal occurrence of beetles species (Timing of exposure (TE)), and Timing of cutting (TC) is related to
the both timing of cutting, timing of exposure and location related to spatial scales of geographic distance

(beta diversity).

2. Nicheanalysis of ambrosia beetles and risk assessments

From chapter two, niche partition based on four controlled factors has effect to generate diversity
in ambrosia beetles. The number of publications of alien ambrosia beetles increased and play as pests in
new environment. I estimated ecological niche of ambrosia beetles species that infest oak trees, to evaluate
the ability itself to establish in new area. My hypotheses are species with broader niche are advantageous

and species preferred wood soon after cutting have a potential for causing a vector insect.



Regarding to a process of biological invasion, there are several discrete stages that an alien species
passes through. Fig. 3-1-1 is a schematic illustration picturing the stages (Lockwood et al. 2007).
According to Lockwood et al (2007), I separated the process into four stages: transport, establishment,
spread, and impact.

According to the Conservation on Biological Diversity (CBD) (http://www.cbd.int/), I used the
two terms as follows: ‘Alien species’ indicates species that has established its population in non-
indigenous area. ‘Invasive alien species’ indicates an alien species whose introduction and/or spread

threaten biological diversity.



Transport Invasion stages

J\ Transport

Death or Introduction
captivity |
/l\ Establishment
Fail Establish
/l\ Spread
Remain Spread
local
Impact
| Impact | HiiiaEn
Low High | perception

Figure 1-1 Schematic illustration showing stages of biological invasion (Lockwood et al. 2007).



CHAPTER 2: GUILD STRUCTURE
2.1. Introduction

Host plant is one ecological niche of ambrosia beetles (Kabe 1960; Beaver and Shih 2003).
However, in general ambrosia beetles have broad host ranges compared to other wood-boring insect
groups that attack similar status of host trees because ambrosia beetles feed on fungi not on plant materials
(Nobuchi 1974; Beaver 1989; Nobuchi 1994). Some species can attack several tree families. Others attack
trees in a particular plant family: For example, the woody plants belonging to the family Fagaceae are
considered as essential hosts of P. quercivorus because the beetle can reproduce only on Fagaceae trees
although its attacks are found in other family of plants (Ito 2008).

Another ecological niche axis important for ambrosia beetles is seasonality. Adults of each species
fly at a certain season depending on its life history parameters relating to timing of emergence, such as the
number of generation per year, development rate, and diapause. For example, in US, attacks of X.
crassiusculus are found from May to July (Oliver and Mannion 2001). Xylosandrus germanus (Blandford)
is a multivoltine insect that is most abundant in ethanol traps in mid-May and early August (Oliver and
Mannion 2001; Ranger et al. 2010). Platypus quercivorus is basically univoltine but partially bivoltine in
Japan (Sone et al. 1998). Emergence of the main overwintering generation is observed from May to
September with a peak in early July, and emergence of the second generation has been observed from late
August to early December (Kamata et al. 2002).

There is a definite succession of wood-feeding insects in logs as the chemical and physical
character of the wood changes during the process of disintegration and decay (Graham 1925; Yoshikawa
1987). Knight and Heikkenen (1980) classified wood-feeding insects into two categories: primary and
secondary. Primary insects are able to attack a healthy, living tree and complete their normal development,
whereas secondary insects are incapable of attacking and completing normal development in healthy trees.
Some ambrosia beetles can attack healthy trees (Kiithnholz et al. 2001; Kajimura 2006). However, most
ambrosia beetles attack weakened trees, fallen trees, or broken branches and play roles in early stages of
wood decay (Carpenter et al. 1988; Edmonds and Eglitis 1989). Tree vigor is important when host trees are
still alive because only primary attackers infest healthy trees. When trees receive stress and become

unhealthy, then the secondary attackers can colonize. After the tree mortality, the chemical and physical



characters of the wood changes during the process of disintegration and decay is important (Graham 1925;
Yoshikawa 1987). Therefore the occurrences of a favorable condition of hosts and their timing seem
essential to determine ambrosia beetle guild. Yoshikawa et al. (1986) and Yoshikawa (1987) studied
wood- boring insects on a Japanese red pine, Pinus densiflora (Siebold et Zuccar), in relation to oldness
and seasonality. Many Coleopteran insects including Cerambycidae, Curculioninae, Scolytinae, were
collected in their study although no ambrosia beetles were collected. However, relative importance of each
factor (oldness and seasonality) in determining the insect guilds were not evaluated (Yoshikawa et al.
1986; Yoshikawa 1987). Annual temperature, humidity, and host tree vigor were investigated in relation to
bark beetle and ambrosia beetle community (Hulcr et al. 2008; Reed and Muzika 2010). However, no
studies have been conducted to evaluate relative importance of each of factors in determining community
structure of ambrosia beetles.

Recently, epidemic populations of ambrosia beetles have been implicated as causes of massive
mortality of woody plants: Laurel wilt disease that is caused by R. lauricola carried by X. glabratus has
been spreading in avocado plantation in US (Koch and Smith 2008). Xylosandrus crassiusculus also
attacks and kills a wide variety of hosts in US (Horn and Horn 2006). In Japan, P. quercivorus and R.
quercivora complex kills many tree species belonging to the family Fagaceae (the Japanese oak wilt:
JOW) (Kamata et al. 2002). Similar disease has suddenly emerged in Korea, in which Q. mongolica was
killed by R. quercus-mongolicae carried by P. koryoensis (Kim et al. 2009). These ambrosia beetles attack
apparently healthy-looking trees. It is very likely that epidemics of these devastating disease change
ambrosia beetles guilds directly by increase of vector insects and indirectly by producing resources for
species that attack unhealthy and/or killed trees.

An objective of this study is to determine ambrosia beetle guilds attacking Q. serrata in relation to
seasonality and wood oldness. My experiment was carried out in one location with JOW and in two
locations without JOW, all located in the Central Japan. I investigated ambrosia beetle guilds attacking Q.
serrata bait logs in which timing of cutting trees and timing of exposure were artificially controlled.
Influences of location, timing of cutting, timing of exposure, and wood oldness on the guild structure were

analyzed. Relative importance of each factor was also discussed.



2.2. Materialsand Methods
2.2.1. Study areas

The study was conducted in three University Forests, the University of Tokyo, located in the
Central Japan: Aichi (LOC-A, 35722'N, 136°59°E, 95 m asl), Chiba (LOC-B, 35°09'N, 140°08°E, 280 m
asl), and Chichibu (LOC-C, 35°54'N, 138°59°E, 820 m asl). Average of the monthly mean temperature
from March to September 2009 was 20.0°C at Mino-Kamo (c. 10km apart from LOC-A) (Japan
Meteorological Agency 2009), 17.5°C at Kiyosumi (c. 2 km apart from LOC-B), and 14.6°C at Ochigawa
(exactly the same location as LOC-C) (The University Forest 2011). Among the three locations, only

LOC-A had JOW. The other two locations had no incidence or historical records of JOW.

2.2.2 Experimental design

Every month from March to September 2009, healthy Q. serrata trees (c. 25 years old, 15-25 cm
in DBH) were cut in an oak stand 20 km apart from LOC-C and prepared to 60-cm-long bolts for baits.
Those were individually covered with wire net to protect from insect attacks after being coated the cut ends
of bolts with paraffin wax to prevent desiccation, and were left on forest floor in each of the three locations.
Each bolt was exposed to insect attacks by removing the wire net for one month. Table 2-1 shows the
experiment design indicating timing of cutting tree (TC) and timing of exposure (TE), and wood oldness
(WO) of each experimental regime. The WO is given by difference in the number of months between
timing of exposure and timing of cutting trees. Twenty eight regimes were set in each of the three locations.
Each regime in each location consisted of four bolts. After the one-month exposure, ambrosia beetle guild
in each bolt was determined by dissection. I marked all entry holes on the surface of inner bark and that of
the most outer part of sapwood after debarking to collect ambrosia beetles. The number of the entry holes,
which is equal to the number of galleries, was counted by matching inner bark and sapwood. Insects in the
bark were checked at first, and insects in the sapwood were checked by breaking the bolts into small pieces.
Insects collected from each gallery were kept separately in a bottle with 70% ethanol. Thereafter, adults
were removed from the bottle and prepared to pin specimens for further identification. Ambrosia beetle

species was identified for each gallery. If adults were badly damaged for identification or not collected



from a gallery, the gallery was dealt with as “unidentified gallery”. Voucher specimens were deposited in

the main office of the University of Tokyo Chichibu Forest (UTCF).

2.2.3. Data analysis

All the following analyses were done using the statistical software R version 2.11.1 (R
Development Core Team 2010).

To determine relationship of ambrosia beetle abundance and that of their species richness with
each of independent factors (TC, TE, WO), scatter graphs with a regression line and a smooth curve (span
for smooth = 0.5) were obtained by a library ‘car (Version: 2.0-10) (Fox and Weisberg 2011, 2011a)’ for
the statistical software R. Regarding to abundance, the values (X) were transformed by log;o(X+0.5) to fit
normal distribution (Yamamura 1999).

Hierarchical partitioning (HP) was employed to determine effects of independent factors (TC, TE,
WO, and location (LOC)) on ambrosia beetle abundance and their species richness because high level of
multicollinearity among the three independent factors derived from experimental design (WO = TE -TC)
should be avoided (Chevan and Sutherland 1991; Mac Nally 1996, 2000). Because both abundance and
species richness were likely to have a nonlinear relationship with the three independent factors (TC, TE
and WO), squares of these values were added to the HP procedure as independent variables (TC2: square
transformed TC; TE2: square transformed TE; WO2: square transformed WO). The HP protocol fitted a
series of generalized linear models with a Poisson error distribution and log link function. As the
goodness-of-fit measure, R* was used. The distribution of the explanatory values (independent influence: /)
was calculated by randomizing the data matrix 1000 times to determine the significance for each variable
(Mac Nally 2002). The results of this significance test are expressed as Z-scores. If the observed / value
fell above the upper 95% confidence limit of the normal distribution of Z-scores (1.65), I considered the
independent factor was significant. This HP procedure was carried out for each of species richness and
abundance in each experimental regime.

Distributions of abundance of ambrosia beetles in a regime waswere compared among three
locations by using Chi-square test. Fisher's exact test was used to compare proportion of “endemic species”

between Platypodinae and Scolytinae, which were found only in one location.
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To evaluate community diversity, Shannon index (H') were obtained by the following equation:

S

H,:_zpi lnpi’

i=1
where P; is the proportion of each species in the sample (Shannon and Weaver 1964).
The number of galleries of each ambrosia beetle species and the number of species in each regime
were calculated from the original data. First, rank-abundance curves and Pielou’s evenness (J') (Pielou
1966) were obtained to compare species evenness among three locations. The Pielou’s evenness (J') was

provided by the following equation:

S
J'==3 pInp,/In()=H/In(S),

i=1

where S is the number of species (Pielou 1966).

The differences of all diversity indices among three locations were tested by Kruskal-Wallis
multiple comparisons by using a subroutine program for the statistical software R by Aoki (2009) .

Whittaker (1972) described three terms for measuring biodiversity over spatial scales: alpha, beta,
and gamma diversity. Gamma diversity is a measure of the overall diversity for the different community
within a region, which is partitioned into within-community (alpha diversity) and between-community
components (beta diversity). Regarding to species richness, gamma diversity is multiplicatively partitioned
into alpha diversity and beta diversity (Crist et al. 2003; Jost 2007):

Gamma = alpha - beta.

In my experiment, the gamma species richness was a total number of species found in overall
regimes. The alpha species richness was a weighted mean of the number of species in each regime, in
which the weights were determined by the proportion of the total number of individuals found in each
regime. To obtain the beta species richness for each location, the gamma value was divided by the alpha
value (Jost 2007). On the contrary, regarding to Shannon index, gamma diversity is additively partitioned
into alpha diversity and additive beta diversity (Jost 2007):

Gamma = alpha + beta.

In my experiment, the gamma was Shannon index (H’) that was calculated from whole data in

each location. The alpha Shannon was the weighted mean of H’, in which the weights were determined by
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the proportion of the total number of individuals found in each regime. To obtain the beta Shannon for
each location, the alpha was subtracted from the gamma (Jost 2007).

Sensitivity analysis for Pielou’s J'in LOC-A was conducted by removing the major species in the
location. Because the value in LOC-A was much greater than those in LOC-B and LOC-C, changes in the
values were checked when major species were excluded from calculation for Pielou’s J'.

To test dissimilarity of guild structure among and within locations, analysis of similarities
(ANOSIM) (Clarke 1993) was performed using Chao's abundance-based Jaccard index (Chao et al. 2005).
Dissimilarity within location was also compared among the three locations. Non-metric multidimensional
scaling (NMDS) (Minchin 1987) was employed to determine similarity patterns in ambrosia beetle guild
among regimes. Regimes with no identified galleries were omitted from the NMDS analysis. Ordination
may be difficult if a large proportion of sites have no shared species so that step-across dissimilarities were
employed to improve the problem by stepwise 0.1 decrements of the parameter “noshare” (1 to 0.1) in a
library ‘vegan (version 1.17-3) (Oksanen et al. 2010a, b)’ of the statistical software R. To determine effects
of factors on dissimilarity between ambrosia beetle guilds, multiple regressions on distance matrices
(MRM) (Lichstein 2007) was performed using Chao's abundance-based Jaccard index. Significant effects
of TC, TE, WO, and LOC were tested. Standardized partial coefficient of each of the significant
independent factors was also calculated to determine their relative importance.

A package ‘vegan’ version 1.17-3 (Oksanen et al. 2010a, b) was used for Pielou’s J', Shanon-
Wiener H', ANOSIM, NMDS, Chao's abundance-based Jaccard index, and MRM. A package ‘car’
Version: 2.0-10 (Fox and Weisberg 2011, 2011a) was used for scatterplot matrices. A package ‘hier.part’

Version: 1.0-3 (Walsh and Mac Nally 2008a, b) was used for HP.

2.3. Results

In total, 2,333 galleries of ambrosia beetles were found from three locations. Among these, 1,765
were identified. Five hundred sixty eight were not able to be identified into species because of empty holes
including missing insects, or of mechanical damage of specimens (Table 2-2). Twenty four species were
identified as the subfamily Scolytinae (18 species; 1,371 galleries) and Platypodinae (6 species; 394

galleries). The species richness was 18 in LOC-A, 16 in LOC-B, and 14 in LOC-C.
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Tables 2-3 shows frequency of regimes and mean abundance in relation to the number of obtained
ambrosia beetle species in each regime. The mean abundance tended to be great with the number of
species. Median of the number of species was greatest in LOC-A (median = 4), followed by LOC-B
(median = 3), and smallest in LOC-C (median = 2). In LOC-C, no ambrosia beetles were caught in two
regimes. Only one species was found in nine regimes with low abundance (mean =2.0). A proportion of
regimes where only one species was found differed significantly among three locations (Chi-square test,
Chi-squared = 31.0, df =2, P < 0.001). The proportion in LOC-C (9/26 = 0.35) was greater than that in the
other two locations (LOC-A: 1/26 = 0.04, LOC-B: 5/27 = 0.19). Significant difference was found between
LOC-A and LOC-C (Chi-square test, Chi-squared = 6.07, df= 1, P = 0.014) but not between LOC-B and
LOC-C (Chi-square test, Chi-squared = 1.04, df = 1, P = 0.309).

Table 2-4 shows a list of ambrosia beetle species with their abundance and the numbers of regimes,
in which each species was found. Seven species were found only in one location (7/24 = 0.29). Ten were
found in two locations (10/ 24 = 0.42). Seven were found in all the three locations (7/24 = 0.29). Regarding
to Scolytinae, two species were found in one location (2/18 = 0.11). Nine were found in two locations
(9/18 = 0.50). Seven were found in the three locations (7/18 = 0.39). One Platypodine species was found in
two locations (1/6 = 0.17). Five Platypodine species (5/6 = 0.83) were found only in one location. The
percentage of the “endemic species”, which were found only in one location, was significantly greater in
the subfamily Platypodinae than in Scolytinae (Scolytinae: 2/18 = 0.10, Platypodinae: 5/6 = 0.83, Fisher's
Exact Test, P =0.010). In LOC-A, in which the JOW was epidemic, the most abundant species was M.
kadoyamaensis, followed by P. quercivorus, a vector of JOW, Planiculus bicolor (Blandford), and
Xyleborus defensus Blandford. Their numbers were greater than those of the most abundant species in
LOC-B: Xyleborus ganshoensis Murayama and LOC-C: Platypus modestus Blandford. The most major
species in LOC-A was more than twice as an abundant as P. quercivorus, the second major species. The
major species in the LOC-A were found in many regimes, with one exception of P. quercivorus. LOC-A
and LOC-B had 62.0% of shared species, namely thirteen among twenty one species were found in both
the two locations (13/21 = 0.620). Between LOC-A and LOC-C, the percentage was 45.5% (10/22 =
0.455). However, between LOC-B and LOC-C, the percentage was 40.0% (8/20 = 0.400). Two species out

of eighteen (11.1%) were exclusively found in LOC-A: P. quercivorus (second major species in LOC-A),
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and Truncaudum agnatum (Eggers) (the most minor species). Two species out of sixteen (12.5%) were
found only in LOC-B: Leptoxyleborus depressus (Eggers) (fourth major species in LOC-B), and
Crossotarsus simplex Murayama (seventh major species). Three species out of fourteen (21.4%) were
found only in LOC-C: P. modestus (the most major species in LOC-C), Crossotarsus niponicus Blandford
(tenth major species), and Treptoplatypus solidus (Walker) (the most minor species).

Figure 2-1 shows relationships between each of independent factors (TC, TE, and WO) and
ambrosia beetle abundance and their species richness. All graphs had a peak indicating non-linear
relationships. Abundance peaked in April for TC, in July for TE and two-months old for WO. Species
richness peaked in May for TC, in July for TE and three-months old for WO.

Table 2-5 shows a result of HP analysis showing the relative contributions of independent and
joint contribution of each factor in abundance and species richness. The majority of the explained variation
was related to independent effects of the variables in both abundance (97.3%) and species richness (98.3%).
Regarding to abundance (Table 2-5a), independent effects were significant only for LOC (55.3%), TE2
(11.2%), and TC2 (10.4%).The LOC had the highest total effects (55.3%) followed by TC2 (17.6%) and
TC (14.3%). The TE2 had the second highest independent effects, while it had small total effects
depending on negative joint effects. Variables relating to timing of exposure (TE, TE2) and wood oldness
(WO, WO2) had small effects with one exception of the independent effect of the TE2. On the contrary,
regarding to species richness (Table 2-5b), independent effects of all factors were significant except for
WO?2. The greatest total (independent + joint) value was shown in TC2 (34.2%) followed by TC (25.8%).
The TC2 also had the highest independent contribution (23.9%) followed by LOC (15.9%) and TE2
(15.5%). The WO and the WO2 had small total effects depending on small independent effects and
negative joint effects.

Figure 2-2 shows a rank-abundance curve and Pielou’s evenness J'. A rank-abundance curve was
sharpest in LOC-A with the smallest Pielou’s evenness J' (0.59) (Fig. 2-1a). Pielou’s evenness J’ in LOC-
A increased to 0.62 by excluding the most major species (M. kadoyamaensis) and to 0.69 by excluding
four major species (M. kadoyamaensis, P. quercivorus, P. bicolor, X. defensus). On the contrary, those of

LOC-B and LOC-C showed shallow gradient indicating more even species composition (Figs 2-1b and 2-
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1c). The result was supported by the greatest Pielou’s evenness J' in LOC-C (0.78) followed by LOC-B
(0.70).

Table 2-6 shows alpha, beta, and gamma species richness and those for Shannon index with their
arithmetic mean. Regarding to species richness, the arithmetic mean was greatest in LOC-A, and smallest
in LOC-C (Kruskal-Wallis multiple comparisons, LOC-A vs. LOC-B: Chi-square =3.12, P=0.21; LOC-
B vs. LOC-C: Chi-square = 0.43, P =0.80; LOC-C vs LOC-A: Chi-square = 5.88, P = 0.05). In LOC-A,
alpha and gamma species richness were greatest among the three locations. Alpha species richness was
smallest in LOC-B. Beta species richness and proportion of beta species richness in gamma were smallest
in the LOC-C among the three locations. Regarding to Shannon index H’, the arithmetic mean for each
regime was greatest in LOC-A, and smallest in LOC-C although no significant differences were found
(Kruskal-Wallis multiple comparisons, LOC-A vs. LOC-B: Chi-square = 1.74, P =0.42; LOC-B vs. LOC-
C: Chi-square = 0.22, P =0.90; LOC-C vs LOC-A: Chi-square = 3.18, P = 0.20). Beta Shannon index was
greatest in LOC-B and smallest in LOC-A. Alpha Shannon index (the weighted mean) and gamma
Shannon index were greatest in LOC-C. When I exclude species from the calculation, of which abundance
was one in each location, beta Shannon was greatest in LOC-B (0.96), followed by LOC-C (0.89), and
smallest in LOC-A (0.69).

Figure 2-3 shows a result of ANOSIM. Significant dissimilarity in guild structure was found
among locations (R = 0.555, P =0. 001). Dissimilarity among three locations was greater than those within
location. Among-regime dissimilarity within each location was smallest in LOC-A and greatest in LOC-C.

Figure 2-4 shows a result of NMDS analysis. Because a stress value in NMDS decreased greatly
from 0.215 to 0.140 when “noshare” value changed from 0.4 to 0.5, I adopted the NMDS result with
“noshare = 0.4”. The result indicated that guilds were grouped by location. However, LOC-B group and
LOC-A group crossover each other indicating that similarity between LOC-A and LOC-B was higher than
that with LOC-C. LOC-C showed a unique ambrosia beetle guilds because regimes in LOC-C made a
cluster separate from the other two locations. In LOC-A, many regimes were packed compactly, which
indicates that similarity among regimes in LOC-A was high, supporting a result of ANOSIM (Fig. 2-3).

A result of MRM for all factors except for WO significantly influenced guild structure (P < 0.05)

(Table 2-7). Standardized partial regression coefficients indicated that effect of location was greatest
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among the four factors, supporting the result of NMDS (Fig. 2-4). The effect of LOC was 4.84 times as
great as that of TC, 3.08 times as great as TE, and 30.8 times as great as WO. The effect of TE was 1.57

times as great as that of TC.

2.4. Discussion

Funnel traps or intercept panel traps with attractants are commonly used to study ambrosia beetle
communities (Saito et al. 2005; Hulcr et al. 2008; Reed and Muzika 2010). In the University Forests in
LOC-C, Saito et al. (2005) investigated Platypodinae and Scolytinae assemblages by ethanol bait traps for
nine years, in which subfamily Platypodinae (not identified into species) and twelve species of Scolytinae
ambrosia beetles were recorded. I checked the voucher specimens that was deposited in the main office of
UTCF and confirmed that species belonging to the subfamily Platypodinae were completely the same as |
collected in this study (Table 2-4): C. niponicus, P. modestus, and T. solidus. Regarding to Scolytinae
ambrosia beetles, eleven species were observed in my experiment and twelve species in Saito et al. (2005).
Six species of the Scolytinae were shared between Saito et al. (2005) and my study. They are
Ambrosiodmus lewisi (Blandford) (=Xyleborus lewisi), Euwallacea validus (Eichhoff) (=Xyleborus
validus), Xyleborinus saxesenii (Ratzeburg), Xyleborus seriatus Blandford, X. crassiusculus, and X.
germanus. Six Scolytinae species were not found in my experiment but in Saito et al. (2005). They are
Xylosandrus brevis (Eichhoff), Cnestus mutilatus (Blandford)(=Xylosandrus mutilatus), Xyleborus
attenuatus Blandford, Scolytoplatypus daimio Blandford, Scolytoplatypus mikado Blandford, and
Scolytoplatypus tycon Blandford. However, the tree species belonging to the genus Quercus were not
recorded as host trees of these ambrosia beetles (Kabe 1960). Furthermore, these species were not
collected from my experiments in LOC-A and LOC-B. These species do not seem likely to attack Q.
serrata. On the contrary, five Scolytinae species in LOC-C were not collected in Saito et al. (2005) though
my study was conducted in only one season. They are X. defensus, X. ganshoensis, Xyleborus pfeili
(Ratzeburg), Xyleborus seiryorensis Murayama, and Xyleborus volvulus (Fabricius). These results indicate
that ethanol did not attract these species attacking Q. serrata and that bait logs were effective to study

ambrosia beetle guild on a target tree species compared to ethanol baited trap.
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All relationships of both abundance and species richness to the three independent factors (TC, TE,
WO) had one peak (Fig. 2-1), which was supported by great and significant 2nd order effects of these
independent factors (TC2, TE2, WO2) obtained by the HP (Table 2-5). Both abundance and species
richness peaked on bolts exposed in June-July (TE) (Fig. 2-1). Species richness and abundance that were
obtained by ethanol traps deployed in several locations in the UTCF also peaked in the same season (Saito
et al. 2005). Annual flight patterns and diversity of ambrosia beetles attracted to bait logs in Zambia
showed that number of attack by ambrosia beetles was extensive especially during the wet season (October
and November) (Beaver and Loyttyniemi 1991). In Japan they have rainy seasons in June and July so that
it is likely that flights of ambrosia beetles are intense in wet seasons. Abundance peaked in bolts that were
cut in April (Fig. 2-1). Smaller numbers of attacks were observed on the March bolts. It is true that too
much decayed woods are not suitable for reproduction of ambrosia beetles because ambrosia fungi cannot
colonize on these woods. However, this is probably not a cause for the small beetle abundance on the
March bolts in my experiment. Sprouts came out late in the seasons from some of the March bolts late in
my experiments (August and September). It is likely that these March bolts had been in good conditions
during the experiment, which is a likely cause of small beetle abundance on the March bolts for the same
reasons as fresh bolts (0-1 month old) received smaller numbers of attacks (WO in Fig. 2-1). In the results
of HP, effects of the timing of cutting (TC+TC2) on species richness and abundance were greatest among
the three independent factors (TC+TC2, TE+TE2, WO+WO2). On the contrary, in MRM, TE had the
strongest effect in determining differences of guild (Table 2-7). Among the three independent factors, WO
is closely related to wood condition. Timing of exposure (TE) is related to seasonal occurrence of the
beetles. Timing of cutting is related to the both. Because each species has its own seasonality (Chapter 3),
and because MRM was influenced by abundance of each species, an effect of TE was strongest in MRM.
On the contrary, in HP the total abundance of ambrosia beetles were tested so that effect of each species
became smaller by being averaged.

The diversity in guild differed greatly among locations (Fig. 2-2; Table 2-6). In LOC-A, species
richness was greatest for an arithmetic mean and all the three types of diversities (alpha, beta, and gamma)
(Table 2-6). The species diversity-energy hypothesis predicts that local species diversity increases with

energy availability (Wright 1983). Results of this study followed the hypothesis because species richness
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was greatest in LOC-A where mean temperature during the season was highest and poorest in LOC-C
where mean temperature was lowest. The warmest climate was a possible cause of the greatest species
richness in LOC-A. However, a rank-abundance curve indicated that guild structure in LOC-A was most
biased, which was supported by the smallest evenness J' (Fig. 2-2). In LOC-A, the most major species (M.
kadoyamensis) was twice as abundant as the second major species. Such dominance of the most major
species was related to the small J' value. However, the increment of J' was small when only the most
abundant species was excluded from the calculation. On the contrary, when the four major species were
excluded, the J' increased greatly (0.72), which was greater than the original J’ value in LOC-B (0.70). The
four major species was the most likely cause of the smallest J'in LOC-A (great skewness). The JOW is
epidemic in LOC-A. Platypus quercivorus is a vector insect of the disease so that it is reasonable that the
species was abundant in LOC-A. Hijii et al. (1991) investigated trees killed by JOW in Fukui Prefecture (c.
300 km northwest from LOC-A), west coast of Japan, and reported that the dead trees were colonized by P.
quercivorus and P. calamus. In this study, although the number of P. calamus was small in LOC-A (seven
galleries) (Table 2-4), much greater numbers of galleries and species were found in LOC-A than in LOC-C
and LOC-B. Furthermore, the abundance of the four major species were greater than 100, which is greater
than the number of the most abundant species in LOC-B and LOC-C (Table 2-4). Trees that were killed by
JOW may have increased the abundance of these major species in LOC-A. Those trees may also have
contributed to great species richness in LOC-A (Tables 2 and 5). Further studies are needed.

In LOC-A, beta Shannon was smallest (Table 2-6), which was consistent to the lowest
dissimilarity in a result of ANOSIM (Fig. 2-3) and to the narrowest range in a result of NMDS (Fig. 2-4).
The major species in LOC-A were found in many regimes (Table 2-4), which was a likely cause of the
small beta Shannon (Table 2-6) and the small dissimilarity among regimes (Figs. 2-2 and 2-3). As the
results, a whole diversity within location (gamma diversity) was also smallest in LOC-A (Table 2-6).

In LOC-C, the abundance of the most major species (P. modestus) was sixty nine (Table 2-4).
Frequencies of major species in LOC-C were much smaller than those in LOC-A. The abundance was
smaller than ten for seven species out of thirteen (Table 2-4). These are causes of the greatest evenness .J',
alpha and gamma Simpson in LOC-C (Fig. 2-2 and Table 2-6). On the contrary, the arithmetic mean of

Shannon indices was smallest (Table 2-6). This discrepancy between the greatest alpha Shannon (the
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weighted mean) and the smallest arithmetic mean of the same indices depended on the facts that no insects
were found in two regimes out of twenty eight and that one species (H'= 0) were found in nine regimes
(Table 2-3), which reduced the arithmetic mean greatly although their influence on weighted mean (alpha
Shannon) was small because of their small number of individuals (mean = 2.00, min = 1, max = 3) (Table
2-3). Although their causes are not clear, the coolest climate in LOC-C may have been related to the events.

Beta Shannon in LOC-B was greatest (Table 2-6), which was not consistent to a result of
ANOSIM. I have no idea about the reason of the difference.

The result of ANOSIM (Fig. 2-3) also indicated that dissimilarity among the three locations was
greater than those within location, which was supported by the results of NMDS (Fig. 2-4), the largest
standardized partial coefficient of location obtained by MRM (Table 2-7). The results indicate that location
was the strongest factor to determine the ambrosia beetle guild. The results of NMDS indicated that the
guilds in LOC-C and LOC-B differed greatly and that in LOC-A was intermediate between them (Fig. 2-4).
Furthermore, similarity between LOC-A and LOC-B was greater than that between LOC-A and LOC-C
because overlap between LOC-A and LOC-B was greater (Fig. 2-4), which was supported by results in
Table 2-4. The number of species shared by two locations was greatest between LOC-A and LOC-B
(62.0%), followed by between LOC-C and LOC-A (45.5%), and lowest between LOC-B and LOC-C
(40.0%). In addition to these, the most major species in LOC-C was “endemic species” found exclusively
in the LOC-C. Geographic distance cannot explain these similarities in guilds among locations because
LOC-C is located between LOC-A and LOC-B. Among the three locations, the vegetation in LOC-C
differs greatly from those in LOC-B and LOC-A. Regarding to the genus Quercus, only two deciduous
species, Q. serrata and Quercus crispula Blume, grow in LOC-C (Igarashi and Iwata 2004). However, in
addition to the above two species, two deciduous species, Quercus valiabilis Blume, Quercus acutissima
Carruthers, and several evergreen oak species grow both in LOC-A and LOC-B (The University Forests in
Chiba 1985; Ecohydrology Research Institute 2011). Kabe (1960) listed host plant species of Scolytinae
and Platipodinae in Japan. For eight ambrosia beetle species that contain three major species from each of
the three locations (M. kadoyamaensis was the first major species in LOC-A and the third in LOC-B so
that the number was not nine but eight.), sixty three host plant species grow in the three locations (The

University Forests in Chiba 1985; Igarashi and Iwata 2004; Ecohydrology Research Institute 2011).
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Among the sixty three species, the number of shared species between two locations was forty three
between LOC-A and LOC-B, twenty four between LOC-B and LOC-C, twenty three between LOC-C and
LOC-A. Temperature was lowest in LOC-C among the three locations followed by LOC-B. Because
vegetation is strongly influenced by temperature, vegetation related to climate seemed to be a likely cause
of these similarity and dissimilarity in ambrosia beetle guilds among locations.

On the contrary, in lowland rainforests in Papua New Guinea, beta diversity among three locations,
in which furthest distance between the two locations was c. 1,000 km, was smaller than alpha diversity
(diversity within each location) (Hulcr et al. 2007). Actually, the percentage of the species that were
present in the three locations was greater in Hulcr et al. (2007) than my experiment. I speculate that small
difference among the three locations in the Hulcr et al. (2007) depended on their similar elevation
(between 100-200 m above the sea level), with minimal seasonal variation, and similar amounts of annual
rainfall (3,000-4,000 mm), which probably caused similar vegetation among the sites. Despite of shorter
distances among locations, differences in vegetation and in climate among the three locations were greater
in my study because of great difference in elevation (between 95-820 m above the sea level), which was a
likely cause of the great dissimilarity in ambrosia beetle guild among the locations.

The subfamily Platypodinae had higher proportion of “endemic species” than Scolytinae (Table 2-
4), indicating that an effect of location was stronger in Platypodinae than Scolytinae. Further information is
needed to test if this is universe phenomenon.

This is the quantitative studies to investigate relative importance of TC, TE, and WO in
determining ambrosia beetle guilds attacking one tree species. Standardized partial coefficient obtained by
MRM indicated that relative importance among TC, TE, and WO. Effect of TE was greatest among the
factors: 1.79 times as strong as that of TC, and 5.64 times as strong as that of WO (Table 2-7). This is very
likely because each species of ambrosia beetle flies at a certain period depending on its life cycle. For
example, attacks of P. quercivorus, the second most abundant species in LOC-A, were highly concentrated
in July (e.g.Ezaki 1957). On the contrary, oldness had the smallest effect (Table 2-7). Timing of cutting
wood and wood oldness (period after cutting) are both factors to determine wood condition. I found that
some sprout comes out late in the season from bolts cut in March, which indicates that these bolts were

kept in a good condition with living cells. Bolts that were prepared before the plants waked up from
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overwintering could probably be maintained in a good condition for long time compared to those cut in
growing season. This can be one of mechanisms that timing of cutting influenced ambrosia beetle guild via
effect of wood conditions. Preference to wood condition determined by timing of cutting and wood oldness
might not be strict for most of ambrosia beetle species. However, I hypothesize that hierarchical structure
among these factors was a likely cause of the results: No attacks occur if no adults are flying even though
the conditions of hosts remain suitable. Furthermore, no attacks occur if the insect species is not distributed.
Therefore, local fauna of ambrosia beetles are the highest hierarchy, seasonality is the second and wood
condition determined by timing of cutting and wood oldness is the lowest in determining their attacks.
Higher hierarchal factors were likely to mask effects of the lower ones. I conclude that such a hierarchical
structure among factors is likely to influence relative importance in determining guild structure of

ambrosia beetles attacking Q. serrata trees.
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Table 2-1 Experimental design of an artificial control for timing of cutting and timing of exposure of Quercus serrata bolts by covering and removing with wire net.

Regime no. Timing of Timing of exposure ~ Wood oldness Regimeno.  Timing of cutting Timing of Wood oldness
cutting trees (TE) (WO) trees (TC) exposure (TE) (WO)
(TC)
1 March March 0 15 May June 1
2 March April 1 16 May July 2
3 March May 2 17 May August 3
4 March June 3 18 May September 4
5 March July 4 19 June June 0
6 March August 5 20 June July 1
7 March September 6 21 June August 2
8 April April 0 22 June September 3
9 April May 1 23 July July 0
10 April June 2 24 July August 1
11 April July 3 25 July September 2
12 April August 4 26 August August 0
13 April September 5 27 August September 1
14 May May 0 28 September September 0

Wood oldness (WO) is difference in the number of months between timing of exposure and timing of cutting trees.
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Table 2-2 The number of ambrosia beetle galleries and that of ambrosia beetle species found in Aichi
(LOC-A), Chiba (LOC-B), and Chichibu (LOC-C), located in the Central Japan.

No. of galleries

No. of species

Identified  Unidentified  Total Scolytinae Platypodinae Total
LOC-A 1,251 319 1,570 16 2 18
LOC-B 276 131 407 14 2 16
LOC-C 238 118 356 11 3 14
Total 1,765 568 2,333 18 6 24
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Table 2-3 Frequency of regimes and mean abundance in relation to the number of species in each regime
(Aichi: LOC-A, Chiba: LOC-B, Chichibu: LOC-C).

LOC-A LOC-B LOC-C
speggé (I)If Frquency Mean Freqqency Mean Frequpncy Mean
a regime of regimes  abundance of regimes  abundance of regimes  abundance

0 2 0.0 1 0.0 2 0.0

1 1 1.0 5 2.0 9 2.0
2 2 44.5 5 2.8 *3 4.7
3 7 30.3 *7 10.1 5 7.8
4 *5 232 4 10.0 3 11.0
5 2 33.0 2 29.5 2 8.0
6 2 80.5 3 14.7 1 11.0
7 3 39.3 2 26.5
8 1 96.0

9 2 94.5 1 38.0

10 1 203.0 1 54.0

*: median
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Table 2-4 List of ambrosia beetle species baited by Quercus serrata bolts in Aichi (LOC-A), Chiba (LOC-B), and Chichibu (LOC-C), located in the Central Japan.
Abundance and frequency of regimes, in which each species was found, are shown.

LOC-A LOC-B LOC-C
No. Species Abundance Frequfzncy Abundance Frequgncy Abundance Frequgncy
of regimes of regimes of regimes

1 Ambrosiodmus lewisi (Blandford) 15 8 1 1 13 11
2 Ambrosiodmus rubricollis (Eichhof¥) 8 3 6 6 0 0
3 Debus emarginatus (Eichhof¥) 1 1 3 3 0 0
4 Euwallacea validus (Eichhoff) 3 3 0 0 38 15
5 Leptoxyleborus depressus (Eggers) 0 0 22 11 0 0
6 Microperus kadoyamaensis (Murayama) 517 20 47 13 0 0
7 Planiculus bicolor (Blandford) 227 18 4 4 0 0
8 Truncaudum agnatum (Eggers) 1 1 0 0 0 0
9 Xyleborinus saxesenii Ratzeburg 1 1 3 3 5 3
10  Xyleborus defensus Blandford 111 20 1 1 5 3
11 Xyleborus ganshoensis Murayama 9 4 87 21 3 3
12 Xyleborus laetus Niisima 1 1 1 1 0 0
13 Xyleborus pfeili (Ratzeburg) 1 1 0 0 3 2
14 Xyleborus seiryorensis Murayama 36 5 3 3 11 6
15  Xyleborus seriatus Blandford 2 2 0 0 34 4
16  Xyleborus volvulus (Fabricius) 0 0 1 1 1 1
17  Xylosandrus crassiusculus (Motschulsky) 58 13 10 6 6 3
18  Xylosandrus germanus (Blandford) 13 9 16 7 43 11
19  Crossotarsus niponicus Blandford 0 0 0 0 4 2
20 Crossotarsus simplex Murayama 0 0 5 2 0 0
21 Platypus calamus Blandford 7 3 66 6 0 0
22 Platypus modestus Blandford 0 0 0 0 69 15
23 Platypus quercivorus (Murayama) 240 9 0 0 0 0
24 Treptoplatypus solidus (Walker) 0 0 0 0 3 3
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Table 2-5 Independent (/) and joint (J) contributions (the percentage of the total explained variance) of
each predictor variable estimated from hierarchical partitioning for (a) the abundance and (b) the
species richness. Significance of the independent contributions was tested by Z-scores obtained
using 1,000 repeated randomizations. Asterisks indicate significant independent contributions (P <

0.05).
Depended factor Factor %1 %J % Total
(a) abundance TC 7.2 7.1 14.3
TC2 10.4 * 7.2 17.6
TE 6.0 -4.7 1.3
TE2 11.2 * -8.3 29
wO 5.0 0.8 5.8
wO2 22 0.6 2.8
LOC 553 % 0.0 55.3
Sum 97.3 2.7 100.0
(b) species richness TC 14.2 * 11.6 25.8
TC2 23.9 * 10.3 34.2
TE 11.0 * -3.7 7.3
TE2 15.5 * -4.2 11.7
WO 8.9 * -4.0 4.9
w02 9.0 -8.7 0.3
LOC 15.9 * 0.0 15.9
Sum 98.3 1.7 100.0

TC = Timing of cutting oak tree from March to September, TE = Timing of exposure of bait bolts from
March to September, WO = wood oldness, which is given by difference in the number of months between
timing of exposure and timing of cutting trees, LOC = location.
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Table 2-6 Alpha, beta, and gamma diversity (species richness and Shannon index) of ambrosia beetle
guilds on Quercus serrata bait bolts set in Aichi (LOC-A), Chiba (LOC-B), and Chichibu (LOC-

(), located in the Central Japan.

Species richness

Shannon index

Mean (SD) o mf (prop) r Mean (SD) o ap (prop) y
LOC-A 4.35 6.06 3.00(0.33) 18 0.93 1.05 0.66(0.39) 1.70
(2.53) (0.49)
LOC-B 3.18 475 3.37(041) 16 0.79 097 091(048) 1.94
(2.00) (0.47)
LOC-C 2.93 568 2.46(030) 14 0.72 1.17  0.88(0.43) 2.05
(2.42) (0.62)

Species richness: the number of species.

s
Shannon index: H'= — Z P, In p, where p; is the proportion of each species in the sample, and S is the

i=1

number of species (Shannon and Weaver 1964).

o: weighted mean by abundance in each regime.
v: calculated from whole data in each location.

mp: multiplicative beta calculated for species richness by y/a (Jost 2007).
af: additive beta calculated for Shannon index by y-a (Jost 2007).
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Table 2-7 The results of multiple regression on distance matrices (MRM) analysis to test effects of factors
determining community patterns of ambrosia beetles attacking Quercus serrata bait bolts in Aichi,
Chiba, and Chichibu, located in the Central Japan.

Coefficient Standardized
partial coefficient
asin (sp.dissim) P

Intercept 0.66 1.0000 0.00
TC 0.04 0.0003 0.11
TE 0.05 0.0001 0.17
WO 0.01 0.5403 0.02
LOC 0.52 0.0001 0.52

R 0.31 <0.0001

F 349 <0.0001

asin (sp.dissim) = arcsine of species dissimilarity, TC = Timing of cutting oak tree from March to
September, TE = Timing of exposure of bait bolts from March to September, WO = wood oldness, which
is given by difference in the number of months between timing of exposure and timing of cutting trees,
LOC = location.
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Figure 2-1 Scatter graphs of relationships between three factors (TC, TE, and WO) of abundance and
species richness of ambrosia beetle. A dash line is a least square linear regression and black line is
a smooth regression. (a) - (c) show relationship between log;o(X+0.5) of total abundance on each
independent factors: (a) TC = timing of cutting tree (3-9: March - September), (b) TE = timing of
exposure (3-9: March - September), (¢) WO = wood oldness (0-6). (d)- (f) show relationship
between species richness on each independent factors: (d) TC = timing of cutting tree (3-9: March
- September), (¢) TE = timing of exposure (3-9: March - September), (f) WO = wood oldness (0-6).
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Figure 2-2 Pielou’s evenness: J' and rank-abundance curve for ambrosia beetle species collected from
Quercus serrata bait bolts that had been set in three locations, Central Japan: (a) Aichi (LOC-A), (b)
Chiba (LOC-B), and (c) Chichibu (LOC-C).

s
J'=- Z p; In p, /1n (S), where p; is the proportion of each species in the sample, and S is the
i=1
number of species.

1: Ambrosiodmus lewisi (Blandford), 2: Ambrosiodmus rubricollis (EichhofY), 3: Debus
emarginatus (Eichhoff), 4: Euwallacea validus (Eichhoff), 5: Leptoxyleborus depressus (Eggers),
6: Microperus kadoyamaensis (Murayama), 7: Planiculus bicolor (Blandford), 8: Truncaudum
agnatum (Eggers), 9: Xyleborinus saxesenii Ratzeburg, 10: Xyleborus defensus (Blandford), 11:
Xyleborus ganshoensis Murayama, 12: Xyleborus laetus Niisima, 13: Xyleborus pfeili (Ratzeburg),
14: Xyleborus seiryorensis Murayama, 15: Xyleborus seriatus Blandford, 16: Xyleborus volvulus
(Fabricius), 17: Xylosandrus crassiusculus (Motschulsky), 18: Xylosandrus germanus (Blandford),
19: Crossotarsus niponicus Blandford, 20: Crossotarsus simplex Murayama, 21: Platypus calamus
Blandford, 22: Platypus modestus Blandford, 23: Platypus quercivorus (Murayama), 24:
Treptoplatypus solidus (Walker).
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Figure 2-3 Boxplot of ranked dissimilarity in ambrosia beetle guild collected by location. Pairwise
comparisons were grouped as “Between’ locations or within location (individual groups shown in
the plot). There are significant differences among the three locations (R = 0.555, P =0. 001).
Boxes represent the median and interquartile range (IQR). Dissimilarity among three locations was
greater than those within location. LOC-A: Aichi, LOC-B: Chiba, and LOC-C: Chichibu.
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Figure 2-4 Non-metric multidimensional scaling (NMDS) ordination of ambrosia beetle guilds attacking
Quercus serrata bait bolts in each experimental regime (01-28) in Aichi (LOC-A), Chiba (LOC-B),
and Chichibu (LOC-C), located in the Central Japan. The NMDS is based on a distance matrix
computed with Chao’s dissimilarity index. The result with “noshare = 0.4” is shown.
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CHAPTER 3: NICHE ANALYSISAND RISK ASSESSMENT
3.1. Introduction

Ambrosia beetles can be divided into two groups by physiological conditions of their host plants.
One group is called a primary attacker that is more aggressive and sometimes kills healthy living trees. The
other group is a secondary attacker attacking unhealthy or dead trees. Typically, most of the ambrosia
beetles are known as saproxylic insects, non-pest species that utilize dead trees, logs, fallen trees, broken
branches, and play a key role in nutrient cycling and ecosystem functioning in the forest (Lassauce et al.
2011), so that most of the ambrosia beetles are secondary, non-pest species (Wood 1972). In recent years
unusual secondary ambrosia beetle species have been increasingly observed to attack living trees
(Kiihnholz et al. 2001). For example, P. quercivorus attacks healthy-looking trees in Japan and kills them
in combination with R. querivora (Japanese oak wilt disease: JOW), which is a secondary attacker
infesting fallen trees or broken branches in the other countries, such as Taiwan (Murayama 1925),
Indonesia (Schedl 1972) ,Thailand (Hulcr et al. 2008), India (Beeson 1937), Papua New Guinea (Wood
1972), and Vietnam (Naoto Kamata, personal communication). Platypus koryoensis in Korea also causes
similar mortality to several species belonging to the genus Quercus and Carpinus laxiflora (Sieb. et Zucc.)
Blume. by an accompanied fungus, R. quercus-mongolicae (Kim et al. 2009).

On the other hand, during the last two decades the number of alien insect species has been
increasing greatly with globalization (Liebhold et al. 1995). Cases of interceptions of ambrosia beetles at
ports have been reported in the world (Browne 1986; Haack and Cavey 2000). Many ambrosia beetle
species have been established their population in US (Haack 2006): X. crassiusculus, X. germanus, X.
saxesenii. Reed and Muzika (2010) captured X. saxesenii, X. crassiusculus, X. germanus, Xyleborus
atratus Eichhoff, and Xyleborus californicus Wood in ethanol baited interception traps in Missouri, US,
where these species were believed to be exotic, and X. saxesenii was predominant in the ambrosia beetle
assemblage. Each of ambrosia beetles has specific niche characteristics that determine its ability to survive
in the environment. Traits that are common for alien species include: high potential of population growth
(fast growth, ability of both asexual and sexual reproduction, high fecundity, many generations), high
dispersal ability, phenotypic plasticity, broad habitat niche, broad food niche, broad niche for seasonality,

high tolerance to environment, and cryptic behavior (Davis 2009). Regarding to ambrosia beetles, they
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spend most of their life inside wood, which makes them escape from human quarantine and from natural
enemies (Kiithnholz et al. 2001) and also provides them more constant environment than outer world
(Aukema et al. 2010). Alien ambrosia beetle and fungus complexes have sometimes become horrendous
threat to forest ecosystems (Hulcr and Dunn 2011). Some of the alien ambrosia beetles have a tremendous
impact on economics especially in the US and the EU (Kenis et al. 2009; Gandhi et al. 2010). Probably the
greatest economic impact of alien ambrosia beetles is the laurel wilt of avocado crops in the US. This is
caused by R. lauricola carried by X. glabratus (Hanula et al. 2008), though X. glabratus is a rare species in
its native range: India, Japan and Taiwan (Harrington et al. 2011). Megaplatypus mutatus (Chapuis) is an
ambrosia beetle native to South America, which has recently become a serious pest in commercial poplar
and hazelnut fruit tree plantations in Italy as a vector of Raffaelea santoroi Guerrero (Funes et al. 2011). In
the Eastern US, two Asian ambrosia beetle species (X. germanus and X. crassiusculus) attack sapling in
nurseries (Oliver and Mannion 2001; Ranger et al. 2010). Euplatypus parallelus (Fabricius) with Fusarium
oxysporum Schlecht, which is native to tropical America (Bright and Skidmore 2002), attacks Pterocarpus
indicus Willd in Thailand (Bumrungsri et al. 2008). All these cases are caused by alien ambrosia beetle
species that are non-pest species in indigenous areas. One exception is that M. mutatus. Megaplatypus
mutatus attacks only living standing trees and causes a serious problem in commercial plantations of
poplars (Populus deltoides Bartr. ex Marsh.) in Argentina (Funes et al. 2011). The galleries degrade the
lumber and weaken the tree stems, which often then break during windstorms (Alfaro et al. 2007). These
cases indicate that the fungi were highly pathogenic to host plants due to their lack of coevolutionary
process with the host plant and/or that the insects shifted from colonizing dying trees to attacking living
trees (Hulcr and Dunn 2011).

Ambrosia beetles do not feed on plant materials but feed on fungi, so that host plant ranges of
ambrosia beetles are wider than close insect groups such as bark beetles that feed on plant material (Kolar
and Lodge 2001). This broad range of host plants was considered to be a major reason why they were
successful as invaders (Kirkendall et al. 2008; Stokkink 2008). Actually two-thirds of alien Scolytinae and
Platypodinae that have been found in Europe from Asia or North America are ambrosia beetles although
the number of species are smaller in ambrosia beetles than in bark beetles in the source fauna (Kirkendall

1993). Most ambrosia beetle species are subsocial insects with a few exceptions that were recently
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reported to have eusociality (Smith et al. 2009), which enable the founder females to lay eggs for a long
period and high reproductive success (Peer and Taborsky 2007; Biedermann et al. 2011). Some ambrosia
beetle species are known to use sex pheromone for mating or aggregation pheromone for attracting both
sexes for mass attacks and mating (Kiihnholz et al. 2001), which contribute to successful colonization.
True arrhenotoky has been demonstrated in two tribes (Dryocetini and Xyleborini) of the subfamily
Scolytinae (Kirkendall 1993): Some species in the tribe Dryocetini and all species belonging to the tribe
Xyleborini are haplodiploidy, of which virgin females can lay all-male broods (Kirkendall 1993).
Inbreeding polygyny, whereby a few males fertilize all their sisters before emerging from the brood trees,
is found throughout the tribe Xyleborini and some species of the tribes Dryocetini, Hyorrhynchini and
Xyloterini (Stokkink 2008; Biedermann 2010; Alfaro et al. 2007; Kirkendall and Faccoli 2010). These
features enable these species to establish new populations from a single female and contribute to
colonization success (Kirkendall and Odegaard 2007).

In this chapter, I estimated ecological niche of ambrosia beetles that infested oak trees, Q. serrata
in three locations in the Central Japan. I prepared freshly cut bolts of Q. serrata and controlled wood
freshness and timing of exposure to evaluate ecological niche for wood freshness and seasonality. My
major hypotheses were; (1) species with broader niche were advantageous in colonization success, (2)
species that attacked bolts soon after the bolts were cut had a potential for causing a wilt disease if some of
their symbiotic fungi were pathogenic enough to kill trees. I discussed my results in terms of a risk of alien
species and invasive alien species as well as that of vector insects of tree wilt disease in relation to their

ecological niche.

3. 2.Materialsand Methods
3.2.1. Field experiments

The data used in this study were partially obtained by the same experiment as the Chapter 2 of this
thesis. I tried to determine three dimensions of ecological niche for ambrosia beetles attacking Q. serrata.
Three factors, timing of cutting tree (TC), timing of starting exposure (TE), and wood oldness (WO), were

considered.
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In addition to the experiment in the Chapter 2, which I call “Normal experiment” in this chapter,
another twenty one regimes (“Conditioning experiment”) were prepared at the same regimes that started to
be exposed before September. Each regime of the Conditioning experiment was consisted of four bolts that
were exposed to insect attack until the end of September so that bolts of the Conditioning experiment were
exposed for two months to seven months depending on the TE. The Conditioning experiment did not
include regimes that started to be exposed from September because they were identical as the same
regimes of the Normal experiment. To collect ambrosia beetles, I marked all entry holes on the surfaces of
inner bark and of sapwood after debarking. The number of the entry holes, which was equal to the number
of galleries, was counted by matching inner bark with sapwood. Insects were checked first in the bark, then
in the sapwood by breaking the bolts into small pieces. Ambrosia beetles were collected from each entry
hole and kept separately in an individual container filled with 70% ethanol. Thereafter, each individual was

made into pin specimens for identification.

3.2.2. Data analysis

As suggested in the Chapter 2, the ambrosia beetle guild was strongly influenced by location. The
objective of this chapter was to analyze ecological niche of each ambrosia beetle species in relation to the
possibility of alien species and/or carrying tree-killing disease. Therefore, I excluded effects of location
from the following analysis. All the analyses were done using the statistical software R 2.13.1 (R
Development Core Team 2011).

I differentiated the twenty-eight regime of the Normal experiment using three dimensional niche
contexts (TC, TE, and WO). Niche center and niche breadth of each ambrosia beetle species were obtained
for each of the three dimensional niche contexts. I did not use normalized values but real numbers of
month. Therefore, the number, 3, 4, 5, 6, 7, 8 and 9 in the TC and the TE indicate in March, April, May,
June, July, August, and September, respectively. The WO was given by the difference in the number of
months between TE and TC, which ranged from 0 to 6 month old. Niche center was given as relative
preference value of species that was obtained by weighted mean of resource use as follows; first relative
abundance of each regime was calculated. Then average relative abundance was calculated for each value

of a niche axis (regime characteristic value: 3 - 9 for TE and TC, 0 - 6 for WO). Finally relative preference
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value was obtained by summing up products of the regime characteristic value and the average relative
abundance.

According to De Caceres et al. (2011), the notation for Rao’s quadratic entropy (Rao 1982) was
adopted for niche breadth.

Bp =3 Y2, 52, fifi di.
where fis a relative abundance of each regime, and dj is a distance between regimes j and k. The distance
was given by difference of the niche characteristic values between the two regimes. The scale of niche
broadness was also a month. Confidence interval of the niche breadth was incorporated in the bootstrap
framework described by Mueller and Altenberg (1985). Both the species resource use and resource
availability were treated as random variables in the calculation. This procedure was conducted in the
package “resniche (v. 1.3.0)” (De Céceres 2011) for the statistical software R.

Based on my hypothesis, effects of location and treatments (Normal experiment vs. Conditioning
experiment) were tested by a linear mixed model with a random effect of regimes, for each species by
paring the abundance in the two experiments of the same numbered regime. Difference in abundance
between the two experiments (Normal experiment vs. Conditioning experiment) was tested by paired ¢ test
for each species by paring the abundance in the two experiments of the same regime numbering. Before
the paired #-test, all abundance values were transformed by log;o(X+0.5) to improve normality of the
distribution (Yamamura 1999). Mann-Whiteny U test was employed to test the difference in niche breadth
for TC, TE, and WO between Scolytinae and Platypodinae and between species that were known as alien
species and those that were not by using subroutine program by Aoki (Aoki 2009) for the statistical
software R.

Regimes that started to be exposed in September (regimes No. 7, 13, 18, 22, 25, 27, 28) of the
Normal experiment were excluded from the further analysis because I did not set these regimes in the
Conditioning experiment. Competitive ability of each of ambrosia beetle species was evaluated from two
different viewpoints as follows:

(1) Can the species attack the bolts that have already been exploited by other species?
(2) Is the species a strong competitor or a weak one?

The first question was checked by the following procedure (Fig 3-1):
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(1)-1. The species that attacked from beginning of the season were basically excluded from this procedure.

However, if the abundance in a regime No.1 was small (<3) and if no galleries were found in regimes No.
2 and &, the species was included in this procedure.
(1)-2.The number of galleries was compared between the Normal and the Conditioning experiments for
regimes before the species started to attack in the Normal experiment. For species that was collected in
small abundance (< 3) in the regime No. 1 but not in regimes No. 2 and 8, the comparison was done for
regimes before the species started to be collected thereafter.

(1)-2-A. If the species was collected in regimes of the Conditioning experiment before the species
started to attack in the Normal experiment, the species was judged as to colonize trees that had been
exploited by other species.

(1)-2-B. If the species was not collected both in the Normal and Conditioning experiment, the species
was thought to avoid trees that had been exploited by other species.

The second question was checked by comparing abundance between the Normal and the
Conditioning experiments for the regimes, in which each species was collected in the Normal experiment.
A paired ¢-test was employed for the comparison between the Normal and Conditioning

experiments of each species.

Non-metric multidimensional scaling (NMDS) was used to illustrate niche similarity patterns
among ambrosia beetle species. Regimes with no identified galleries were omitted from the analysis.
Ordination may-have been difficult if a large proportion of species were not shared among multiple
regimes, so step-across dissimilarities were employed to improve the problem by stepwise 0.1 decrements
of the parameter “noshare” (1 —0.1) in a library “vegan (v. 1.17-3) ”” (Oksanen et al. 2011) for the

statistical software R.

3.3 Results

Table 3-1 shows abundance of ambrosia beetle for a Normal experiment (N) and for a
Conditioning experiment (C) for regimes that started to be exposed from March to August. The abundance
was strongly influenced by treatment (Normal vs. Conditioning experiment) and location (LOC) for ten

species: A. rubricollis, L. depressus, M. kadoyamaensis, P. bicolor, X. defensus, X. ganshoensis, X.
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seiryorensis, C. niponicus, P. calamus, and P. quercivorus. Three of these (L. depressus, C. niponicus, and
P. quercivorus) were found only in one location. In LOC-A, twenty species were found in the Normal and
eleven species in the Conditioning experiment. Seven species that were found in the Normal experiment
disappeared in Conditioning experiment; these were Ambrosiodmus rubricollis, Debus emarginatus,
Truncaudum agnatum, X. saxesenii, Xyleborus laetus, Xyleborus pfeili, Xyleborus seriatus. Six species
increased their abundance in the Conditioning experiment; M. kadoyamaensis increased 1.60 times
(abundance in the Conditioning experiment/ abundance in the Normal experiment = 727/453), P. bicolor
increased 2.21 times (ditto = 323/146), and X. defensus increased 1.36 times (ditto = 120/88). On the
contrary, excluding the seven species that disappeared in the Conditioning experiment, four species
decreased in abundance: 4. lewisi, X. ganshoensis, X. seiryorensis, and P. quercivorus. Especially the
decrease in the number was greatest in P. quercivorus (from 240 to 72). Significant difference in the
abundance was found between the Normal and the Conditioning experiments for 4. rubricollis, M.
kadoyamaensis, P. bicolor, and P. quercivorus (paired t-test, P < 0.05). In LOC-B, nine species were
found in the Conditioning experiment. Eight species that were collected in the Normal experiments
disappeared in the Conditioning experiment. They were A. lewisi, D. emarginatus, X. saxesenii, X.
defensus, X. laetus, X. seiryorensis, X. volvulus, and C. simplex. Abundance of five species increased in the
Conditioning experiment; M. kadoyamaensis increased 1.18 times (= 53/45), Xyleborus festivus Eichhoff,
and X. pfeili increased from O to 2, X. ganshoensis increased 1.79 times (= 125/70), and P. calamus
increased 2.62 times (= 173/66). On the contrary, excluding the eight species that disappeared in the
Conditioning experiment, four species decreased in abundance: A. rubricollis, L. depressus, X.
crassiusculus, and X. germanus. The difference was marginally significant for D. emarginatus, L.
depressus, X. saxesenii, X. seiryorensis, X. germanus, and P. calamus (paired t-test, P < 0.1). In LOC-C,
ten species were found in Conditioning experiment. Four species that were collected in the Normal
experiment disappeared in the Conditioning experiment. They were X. ganshoensis, X. pfeili, X. volvulus,
and T. solidus. Six species increased their abundance in the Conditioning experiment; X. saxesenii
increased 2.50 times (= 5/2), X. defensus increased 1.60 times (= 8/5), X. crassiusculus increased 4.14
times (=29/7), X. germanus increased 1.09 times (= 46/42), C. niponicus increased 7.50 times (= 30/4), and

P. modestus increased 1.09 times (= 62/57). Excepting the four species that disappeared in the
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Conditioning experiment, E. validus, X. seiryorensis and X. seriatus decreased in abundance in the
Conditioning experiment. Significant difference in abundance was found between the Normal and the
Conditioning experiments for E. validus (paired t-test, P < 0.05). The difference was marginally significant
for C. niponicus and T. solidus (paired ¢-test, P <0.1).

Table 3-2 shows an ability of ambrosia beetles to colonize bolts that had been exploited by other
species. Eleven species colonized bolts that had been exploited by other species. Six species among the
eleven showed significant difference (paired ¢ test, P<0.05) and evaluated as good at colonizing bolts that
had been exploited by other species. These were M. kadoyamaensis, P. bicolor, X. seriatus, X.
crassiusculus, P. calamus, and P. modestus. On the contrary, L. depressus and P. quercivorus avoid trees
that have been occupied by other species because these species did not attack bolts that started to be
exposed before they started to attack (Table 3-2).

Table 3-3 shows competitive ability of each species indicated by comparison in abundance
between the Normal and Conditioning experiments during the season, in which each species were captured
in the Normal experiment. Table 3-3(a) shows species that increased in abundance in the Conditioning
experiment. They were M. kadoyamaensis, P. bicolor, X. crassiusculus, C. niponicus, P. calamus, and P.
modestus, X. defensus, and X. ganshoensis. Among the eight species, only X. crassiusculus showed a
significant difference in the abundance between the Normal and the Conditioning experiments. Table 3-
3(b) shows sixteen species that decreased in abundance in the Conditioning experiment. Four species, A.
rubricollis, D. emarginatus, E. validus, and P. quercivorus, had a significant difference (P < 0.05).
Leptoxyleborus depressus had marginally significant difference (P <0.1).

Fig. 3-2 shows niche center and breadth for TC (Fig. 3-2a), TE (Fig. 3-2b), and WO (Fig. 3-2¢). In
each, the species were shown in a descendent order by niche breadth. Platypodinae species tended to have
narrower niche with one exception of P. modestus for all three niche axes. Between Scolytinae and
Platypodinae, no significant difference was found in niche breadth of TC (Mann-Whitney U test, U = 73.0,
P =0.45). However, significant difference was found in TE (Mann-Whitney U test, U= 97.0, P = 0.03)
and WO (Mann-Whitney U test, U= 95.5, P = 0.03). Most Platypodinae species attacked late in the
seasons with one exception of C. simplex of which niche center was 4.8 (early May) (Fig. 3-2b). Xyleborus

seiryorenis had the smallest value of niche center for WO, which indicated that the species had a tendency
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toward attacking most fresh status of wood. This was followed by P. quercivorus. Xyleborus volvulus had
the third smallest value of niche center for WO, though the abundance was small (N = 2). Platypus
calamus followed. On the contrary, some species that had greater values of niche center with broad niche
for WO also attacked fresh bolts: X. ganshoensis, E. validus, A. lewisi, X. defensus, D. emerginatus, and A.
rubricollis. Their lower limit value of niche broadness was smaller than that of P. calamus. Mean
abundance in the 0-month-old bolts was greatest in P. quercivorus, which was followed by X. ganshoensis,
X. seiryorensis, M. kadoyamaensis, X. defensus, E. validus, and X. germanus (mean per bolt > 0.1).

Figure 3-4 shows a result of NMDS, indicating ordination of each ambrosia beetle species based
on experiment regimes. Species with similar niche were plotted closely in the graph. Species with broad
niche and/or great abundance tended to be plotted near the origin. Abundance seemed to influence x-axis
(NMDST1). Nine species that were plotted near the origin were found to be in many regimes with great
abundance: They are A. lewisi (Sp.1), E. validus (Sp.4), L. depressus (Sp.5), M. kadoyamaensis (Sp.6), P.
bicolor (Sp.7), X. defensus (Sp.10), X. ganshoensis (Sp.11), X. crassiusculus (Sp.17), and X. germanus
(Sp.18). On the contrary, those with narrow niche or small abundance tended to be plotted far from the
origin. Platypus quercivorus and P. calamus were plotted peripherally despite of their great abundance (P.
quercivorus; N = 240, P. calamus; N = 73). The TE was likely to influence an angle of each plot in an anti-
clockwise manner, starting with X. seiryorensis that was collected earliest in the season and had the
smallest niche center of TE.

3.4. Discussion

Table 3-4 shows a summary of abundance categorized by the order of magnitude (S<1, M<2, L<3),
ability to attack trees that was exploited by other species, competitive ability, niche breadth classified by
an arithmetic mean (AM) and geometric mean (GM) of three niche breadth (broad niche (B): AM > 1 and
GM > 1, narrow niche (N): AM < 1 and GM < 1, and the rests were intermediate niche (I)), arrhenotoky,
sibling mating system, records as an alien species in non-native areas, features of attacking living trees,
and features to killing living trees. Regarding to the species with small abundance, note that narrow niche
was likely an artifact depending on their small abundance. All Scolytid species that were caught in my
experiment have a habit of haplodiploidy and sibling mating system. On the contrary, all Platypodid

species do not. Furthermore, Scolytid species had broader niche than Platypodid species (Table 3-2).
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Therefore, Scolytid species are likely to have greater potential as alien species. Actually nine species out of
the nineteen Scolytid species have been recorded as alien species in the world: 4. lewisi (Hoebeke 1991), A.
rubricollis (Lightle et al. 2007), E. validus (Coyle et al. 2005), X. crassiusculus (Kirkendall and Odegaard
2007), X. saxesenii (Reed and Muzika 2010), X. germanus (Mandelshtam 2001; Wood and Bright 1992), X.
seriatus (Haack 2006), X. pfeili (Vanhanen 2008), and X. volvulus. Among those, X. volvulus is originated
from North America and invasive to Japan (Wood 1982; Wood and Bright 1992). The rest is native in
Japan and known as alien species in North America and/or Europe.

With two exceptions of X. seriatus and X. pfeili, species that are known as alien species outside
Japan tended to have broad niche of TC. They were plotted near the origin of NMDS plot (Fig. 3-2).
However, abundance of X. pfeili was so small that I cannot conclude that its niche is narrow. Regarding to
TE, no consistent tendency was found for species that were known as alien species. However, species with
broad seasonality are probably advantageous in invading and establishing their population in a new world.
Four species, X. ganshoensis, E. validus, X. germanus, and X. defensus, were found throughout the season
from March to September. Xyleborus seiryorensis was found for five months from March to August.

The species that attacked 0-month old bolts (Table 3-2) are thought to be aggressive species that
potentially attack living trees. Actually, 4. rubricollis, E. validus, X. germanus, X. crassiusculs, T. solidus,
and P. quercivorus were known to attack living trees (Kajimura 2006; Chey 1996). Among these species,
P. quercivorus, X. crassiusculus, and X. germanus were reported as vector insects of the sap wood stain
fungus that caused wilt disease (Sreedharan et al. 1991; Kamata et al. 2002).

It is expected that there are relationships between ability to attack trees that was exploited by other
species and preference to wood oldness. Mean value of niche center for WO was 2.18 for all twenty-four
species, 2.38 for three ‘able’ species, and 2.79 for ‘good’ species for attacking bolts that had been
exploited by other species. On the contrary, the value of P. quercivorus was 0.96 (Fig. 3-2¢), which
avoided bolts that had been exploited by other species (Table 3-2). However, L. depressus also did not
attack bolts that had been exploited by other species though its niche center value for WO was 2.68 (Fig. 3-
2c¢). Abundance of L. depressus in regimes that started to be exposed by August was 20 for the Normal
experiment and 5 for the Conditioning. The number was so small that it seems impossible to conclude that

the species do not attack bolts that were exploited by other species.
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Species belonging to the subfamily Platypodinae tended to have narrow niche compared to those
belonging to the subfamily Scolytinae. Platypodid species do not have features of arrhenotoky or sibling
mating. Therefore Platypodid species has been thought to have a lower risk of invasiveness than Scolytid
species. Among Platypodid species P. modestus showed broad niche in TC and WO (Fig. 3-2a & ¢), so
that-P. modestus seem to have the highest risk of invasion in the subfamily Platypodinae. My results of
niche for WO (Fig. 3-2¢) suggested that Scolytid ambrosia beetles showed stronger preference to fresh
bolts than Platypodid ambrosia beetles did, though Speight and Wylie (2001) described that most of
species belonging to Platypodinae preferred fresh wood.

Xylosandrus crassiusculus was only a species that evaluated as good at direct competition (Table
3-3a). On the other hand five species were evaluated as bad at direct competition (Table 3-3b). Seventeen
species decreased their abundance in the Conditioning experiment whereas only seven species increased
(Table 3-1). Seven out of nine minor species that were categorized as “S” in abundance in Table 3-4
decreased in the Conditioning experiment (Table 3-1, 3-2), suggesting that these were not good at
competition, and which was a likely cause why these species were minor. Platypus quercivorus was major
in LOC-A, in which the JOW is epidemic. However, P. quercivorus was “very bad” at competition
because this species significantly decreased in the Conditioning experiment (Table 3-3b). This species
could not colonize trees that had been exploited by other species. Platypus quercivorus is distributed in
Asia-Pacific Region including Taiwan (Murayama 1925), Indonesia (Schedl 1972), Thailand (Hulcr et al.
2008), India (Beeson 1937), Papua New Guinea (Wood 1972), and Vietnam (Naoto Kamata, personal
communication). However, outside of Japan, there had been no JOW incidence and the population density
is generally low. It is likely that P. quercivorus can increase their number by creating its own resource by
means of a symbiotic pathogenic fungus R. quercivora as some bark beetles do.

There are many Scolytid ambrosia beetles that are known as alien species (Haack 2006). However,
there are not so many alien Platypodid species. One exception is M. mutatus, which was introduced from
Argentine to Italy (Tremblay et al. 2000 ) and has caused serious problems in both of the locations (Alfaro
et al. 2007). Crossotarsus niponicus and P. calamus are likely to establish their population if they will be
introduced to non-indigenous-area because of significant increase in their abundance in the Conditioning

experiment compared to the Normal (Table 3-1). However, infestations of those two species were both
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found for a short period of late in the season (Fig. 3-2b) so that timing of introduction seems critical to
succeed in colonization.

Ambrosiodmus lewisi is an Asian species with a broad range of hosts including more than thirty
broadleaf trees and shrubs (Murayama 1930, 1933; Ezaki 1957) with preference for Dipterocarpaceae and
Fagaceae (Browne 1961). Despite of its low abundance in my study, 4. lewisi showed broad niche: 1.52
for TC, 2.32 for TE, and 2.06 for WO (Fig. 3-2). Because of the broad niche, the species seems likely to be
a high risk species of invasion. Actually, 4. lewisi is a non-native species in North America but was first
found in 1990 from dead branches of an old black oak (Quercus velutina group) in Philadelphia (Hoebeke
1991). Small abundance and weak competitive ability of 4. lewisi (Table 3-3) in my study may have
depended on the fact that A. Jewisi mostly breeds in branches (Hoebeke 1991) and prefers smaller portions.
Ambrosiodmus lewisi was not included in a list of ambrosia beetles attacking a living tree made by
Kajimura (2006).

Ambrosiodmus rubricollis is native to East Asia and was introduced to Australia, North America
(Rabaglia et al. 2006), and Italy (Faccoli et al. 2009). Despite of its small abundance in my study (N = 14),
A. rubricollis showed TC (4.64), TE (6.78), and WO (3.27) (Fig. 3-2) and colonize trees that had been
exploited by other species (Table 3-2). There was a report that this species was collected throughout the
season in South Carolina, US (Coyle et al. 2005). This species was collected from 0 to 4-month-old bolts,
indicating the possibility of attacking living plant tissues. In Italy, A. rubricollis was actually reported to
attack living trees of horse chestnut (desculus hippocastaneum (L.)) and peach (Prunus persica (L.)
(Faccoli et al. 2009). In my study, competitive ability of A. rubricollis was evaluated as “very bad” (Table
3-3). It was reported that 4. rubricollis tended to attack smaller stems (2 - 15 cm in diameter) (Browne
1961). This may be a cause of the small abundance of this species in my experiment, since the size of bolts
was mostly larger than 15 cm in diameter.

Euwallacea validus is native to Asia and established its population in New York in 1976. It was
also reported from Pennsylvania in 1980 (Wood 1977, 1982), from Louisiana in 1984 (Chapin and Oliver
1986), and from South Carolina in 2003 (Coyle et al. 2005). In my experiment, E. vcalidus showed niche
breadth of 0.92 for TC, 2.19 for TE, 1.87 for WO (Fig. 3-2) and “very bad” competitive ability (Table 3-3).

In western Japan, E. validus was captured by alpha-pinene and ethanol baited traps from April to summer
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with a peak in May and June (Shibata et al. 1992), which coincides with a result of my study. The insect
attacked 0-month-old bolt in my study (Fig. 3-2c). Actually, E. validus attacked living trees in the US
although there were no records of attacking living trees in native area according to Kajimura (2006).

Xyleborus pfeili occurs in Asia, and was introduced to New Zealand and to the US (Bright and
Skidmore 2002; Wood and Bright 1992). Although X. pfeili had been believed to be native in Europe (e.g.
Eichhoff 1878), Kirkendall and Faccoli (2010) proposed that this species was non-native to Europe as well
as to Northern Africa and Turkey but native to southern China, Japan, and Korea, and was introduced into
Europe before 1837. In my experiment, the abundance was so small (N = 4) (Table 3-1) that I could not
argue with niche breadth of this species. Two individuals were collected from 3 and 4-month-old bolts (Fig.
3-2c¢) so that no evidence to attack fresh bolts or living trees was obtained.

Xyleborus seriatus is native to the Northern China (Shanxi, Sichuan), Japan, North and South
Korea, Taiwan, and the Russian Far East (Kuril Islands and Primorsk Territory) (Chu 1964; Choo and
Woo 1985; Hua 2000; Mandelshtam 2001, 2006; Wood and Bright 1992) and newly recorded in
Massachusetts, the US (Hoebeke and Rabaglia 2008). This species could colonize trees that had already
been exploited by other species and was evaluated as a “good” colonizer. Its host range is extensive
including both coniferous and broadleaved trees (Hoebeke and Rabaglia 2008), which is likely to be
advantageous as an alien species. In my experiment, niche breadth was narrow (0.58 for TC, 0.05 for TE,
and 0.58 for WO) (Fig. 3-2). In Massachusetts, the species was trapped from mid-April through mid-July
with a strong peak in May (Hoebeke and Rabaglia 2008), which coincides with my results. Its broad host
range enabled X. seriatus to colonize after arrival in the new area.

Xylosandrus germanus is known as an alien species in North America (Oliver and Mannion 2001)
and Europe (Kirkendall and Faccoli 2010). In my experiment, X. germanus had broad niche for TC (1.29),
TE (1.33), and WO (1.58) (Fig. 3-2) which are likely to be advantageous when they arrive in a new world.
Xylosandrus germanus decreased significantly in the Conditioning experiment compared to the Normal
experiment in LOC-B (Table 3-1). I speculate that some conditions differed in the LOC-B from the other
two locations but have no specific idea. Furthermore, X. germanus is a generalist with broad host range:
attacking both coniferous and broadleaved species (Weber and McPherson 1983). Under temperate climate,

this species is bivoltine or trivoltine depending on temperature (Gandhi et al. 2010; Oliver and Mannion
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2001), so that adults of this species appear from spring to fall, which was supported by my results (Fig. 3-
2¢). This species was also reported to attack apparently healthy trees: In early 1960s, X. germanus caused
mass mortality of tea trees by attacking living trees in tea plantations in Japan (e.g. Kaneko et al. 1965).
The species is an important pest of stored spruce in Switzerland (Graf and Manser 1996, 2000), and of
walnut (Juglans nigra (L.)) and chestnut (Castanea mollissima Blume) plantations in the US (Weber 1979;
Katovich 2004; Oliver and Mannion 2001). In this study X. germanus infested 0-month-old bolts. However,
estimated niche breadth of WO ranged from 1.28 to 2.83, indicating that the species preferred slightly
older bolts to fresh bolts. Some bark beetles are known to become aggressive enough to attack healthy
trees during epidemics, although they infest only weakened or fallen trees during endemic periods (Lieutier
et al. 2009). It is supposed that X. germanus was in endemic in my experiment so that the species may have
not showed strong preference to fresh bolts. Another possibility is that my results may have depended on a
diameter of bait bolts greater than the preferred size because there was a report that X. germanus preferred
branches with a diameter of 5-7 cm (Kappes and Topp 2004).

Xyleborus saxesenii is a Eurasian species and is believed to be the first alien ambrosia beetle
species in the US. It was first detected at the US port in 1915 (Haack 2001; Rabaglia et al. 20006).
Xyleborus saxesenii showed broad niche despite of small abundance of (N = 6): estimated niche breadths
were 1.58 for TC, 1.55 for TE, and 2.62 for WO. This broad niche of X. saxesenii contributed to great
success as an invasive alien species in the US. In fact, in Missouri, X. saxesenii represented 41% of
ambrosia beetles attracted by black oak trees killed every month from March to August (Roling and
Kearby 1975) and 33% of collection by ethanol baited traps (Reed and Muzika 2010). An ability of X.
saxesenii for colonization and competition was probably not evaluated correctly because it was minor
species in my experiment (Table 3-1-3). In spite of its great abundance, X. saxesenii was not reported to
attack living trees. Xyleborus saxesenii was probably not aggressive enough to attack living trees, although
Cebeci and Ayberk (2010) speculated that X. saxesenii was a potentially serious pest of fruit orchards,
hardwoods and conifers in Turkey because of their great abundance there. In my study only one individual
of X. saxesenii among six was found from 0-month-old bolt (Fig. 3-2c).

Xyleborus ganshoensis showed the broadest niche for TC and TE, and the third broadest niche for

WO (Fig. 3-2). Niche center for WO was 1.67 with estimated niche breadth ranging from 0.02 to 3.17. The
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abundance of X. ganshoensis on the 0-month-old bolts was 157. These results indicate that X. ganshoensis
attacks fresh to intermediately fresh bolts, which also suggests that this species is likely to attack living
trees despite of no records of attacking living trees in the list made by Kajimura (2006). Xyleborus
ganshoensis can be a vector of tree killing disease if the species establish a relationship with a fungus
pathogenic to living trees. Xyleborus ganshoensis was found throughout the season (Fig. 3-2b).
Furthermore, this species can reproduce by arrhenotoky and is highly inbred. In LOC-B, abundance
increased greatly from 81 in the Normal experiment to 132 in the Conditioning experiment (Table 3-1),
Considering its broad seasonality and habits of inbreeding and arrhenotoky, X. ganshoensis is likely a high
risk species as an invader to non-indigenous areas and as a possible vector insect of tree killing disease.
However, X. ganshoensis seems to be a good competitor because its increased its abundance in
Conditioning experiment (Table 3-3a). Therefore a risk of X. ganshoensis as alien species causing great
influence on other ambrosia species is possibly high if it carries tree-killing disease.

Niche breadth of L. depressus was 1.07 for TC, 1.03 for TE, 1.94 for WO. The species was found
in 0- to 5-month-old bolts indicating that the species is possible to attack living trees. However, estimated
niche center for WO was 2.68 (niche breadth 1.71 — 3.65) (Fig. 3-2c), which suggest that the species
preferred intermediately fresh wood. L. depressus was intercepted at Japanese ports from timbers imported
from Solomon to Nagoya and reported as its synonym, Xyleborus sejugatus Schedl (Browne 1981). The
species was also collected from Elaeocarpus ferrugineus (Family, Elaeocarpaceae) from Perak, Pennisula
Malaysia (Browne 1961) but has not previously been reported from Japanese forests so that this species is
likely an alien species in Japan (Roger Beaver, personal communication).

Six species, X. pfeili, X. volvulus, L. depressus, C. niponicus, T. agnatum, and T. solidus did not
attack 0-month-old bolts (Table 3-3). Abundance of each species was smaller than ten with one exception
of L. depressus. Among those, T. solidus was recorded to have attacked living trees in tropics (Speight and
Wylie 2001).

Platypus quercivorus, a vector insect of the JOW in Japan, showed the greatest mean abundance
per 0-month-old bolt (1.06) (Fig. 3-2¢). A result of NMDS showed that P. calamus had the most similar
niche to P. quercivorus (Fig. 3-3). Some studies showed that both the two species were collected from the

identical trees killed by the JOW (Hijii et al. 1991; Inoue et al. 1998). Platypus quercivorus, tends to attack
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earlier than P. calamus (Ueda and Kobayashi 2001). Platypus quercivorus attacks living trees, whereas P.
calamus does not (Inoue et al. 1998). These were supported by my results of WO (Fig. 3-2¢) and TE (Fig.
3-2b); P. calamus started to attack the bolts one month later than P. quercivorus, showing a peak at 1-
month-old bolt. Platypus quercivorus may play an important role as a primary attacker to produce a great
amount of resource for the species that infest later than the primary attacker by attacking living trees and
killing these. However, the results of Conditioning experiment (Table 3-1) indicated that P. calamus was a
good competitor, while P. quercivorus was a quick colonizer but a weak competitor (Table 3-1) and
avoided resource that had already been exploited by other species. It seems likely that P. quercivorus has
evolved for attacking trees soon after starting to be weakened before other species. The abundance in the
Conditioning experiment increased in P. calamus but decreased in P. quercivorus compared to the Normal
experiment. If they interact with each other, it is likely that P. calamus would drive out P. quercivorus. In
the LOC-A, where JOW occurred, abundance of P. calamus was so small in a Normal experiment (seven
individuals) (Table 3-1) that I could not test the competitive exclusiveness hypothesis. There was a report
that P. quercivorus tended to attack lower part of the tree trunk, whereas P. calamus tended to attack
higher (Hijii et al. 1991). Therefore, competition between the two species does not seem so severe that
competitive exclusion does not occur.

Future globalization would enhance chances of introduction of ambrosia beetles. To evaluate the
risks for ambrosia beetle species, a similar experiment can be applied in other locations and/or to other tree

species.
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Tables
Table 3-1 Abundance of ambrosia beetle species collected from Quercus serrata bait bolts in the three locations of Central Japan. The number of entry holes was

used as an indicator of the abundance of each species. Results for a Normal experiment (N) and for a Conditioning experiment (C) are shown. Total numbers
for regimes that started to be exposed in March-August are shown. A paired #-test was employed to test the difference in the abundance between the two
experiments in each location.

. Three locations LOC-A LOC-B LOC-C
Code Species
N C  P-value N C P-value N C P-value N C P-value
1 Ambrosiodmus lewisi (Blandford) 24 18 0.356 14 9 0.460 1 0 0.329 9 9 0.782
2 Ambrosiodmus rubricollis (EichhofY) 14 4 0.027 8 0 0.099 6 4 0.387 0 0
3 Debus emarginatus (Eichhof¥) 4 0 1 1 0 0.329 3 0 0.083 0 0
4 Fuwallacea validus (Eichhof¥) 40 27 0.115 3 4 0.576 0 0 37 23 0.037
5 Leptoxyleborus depressus (Eggers) 20 5 0.006 0 0 20 5 0.079 0 O
6 Microperus kadoyamaensis (Murayama) 498 780 <0.001 453 727 0.045 45 53 0.311 0 o0
7 Planiculus bicolor (Blandford) 147 326 <0.001 146 323 0.056 1 3 0.191 0 0
8  Truncaudum agnatum (Eggers) 1 0 1 1 0 0.329 0 0 0 0
9 Xyleborinus saxesenii Ratzeburg 6 5 0.763 1 0 0.329 3 0 0.083 2 5 0.190
10  Xyleborus defensus Blandford 94 128 0.023 88 120 0.206 1 0 0.329 5 8 0.511
*  Xyleborus festivus Eichhoff 0 2
11 Xyleborus ganshoensis Murayama 81 132 <0.001 9 7 0.627 70 125 0.826 2 0 0.170
12 Xyleborus laetus Niisima 2 0 1 1 0 0.329 1 0 0.329 0 o0
13 Xyleborus pfeili (Ratzeburg) 4 2 0.423 1 0 0.329 0 2 0.162 3 0 0.170
14 Xyleborus seiryorensis Murayama 50 32 0.049 36 22 0.757 3 0 0.083 11 10 0.649
15  Xyleborus seriatus Blandford 36 31 0.542 2 0 0.162 0 0 34 31 0.337
16  Xyleborus volvulus (Fabricius) 2 0 1 0 0 1 0 0.329 1 0 0.329
17  Xylosandrus crassiusculus (Motschulsky) 71 89 0.156 54 56 0.742 10 4 0.292 7 29 0.140
18  Xylosandrus germanus (Blandford) 70 65 0.667 13 18 0.995 15 1 0.066 42 46 0.805
19  Crossotarsus niponicus Blandford 4 30 <0.001 0 0 0 0 4 30 0.092
20 Crossotarsus simplex Murayama 5 0 1 0 0 5 0 0.186 0 O
21 Platypus calamus Blandford 73 186 <0.001 7 13 0.328 66 173 0.061 0 0
22 Platypus modestus Blandford 57 62 0.647 0 0 0 0 57 62 0.442
23 Platypus quercivorus (Murayama) 240 72 <0.001 240 72 0.021 0 0 0 O
24 Treptoplatypus solidus (Walker) 3 0 1 0 0 0 0 3 0 0.083
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Table 3-2 Colonizing ability of ambrosia beetles for bolts that had been exploited by other species. Abundance was compared between the Normal and the

Conditioning experiments before each species stated to attack in Normal experiment. If the number in a regime No. 1 was smaller than 3 and no galleries were found

in a regime No.2 and 8, the species was included in the analysis. A paired ¢-test was employed to test if the difference was significant.

Period Total no. Period No. No. P-value  Evaluation
collected in  individuals tested individuals  individuals
LOC NOR captured in captured in  captured in
NOR NOR during CON during
test period test period
Ambrosiodmus lewisi (Blandford) AB,C  APR-AUG 24 MAR 0 1 - -
Ambrosiodmus rubricollis (Eichhoff) AB,C MAY-AUG 14 MAR-APR 0 2 0.423 Able
Microperus kadoyamaensis (Murayama) AB,C MAY-AUG 498 MAR-APR 1 78 0.003 Good
Planiculus bicolor (Blandford) AB,C MAY-AUG 147 MAR-APR 2 60 0.003 Good
Xyleborinus saxesenii Ratzeburg AB,C MAY-AUG 6 MAR-APR 1 1 - -
Xyleborus pfeili (Ratzeburg) AB,C  JUN-AUG 4 MAR-APR 0 2 0.184 Able
Xyleborus seriatus Blandford A,B,C JUN-JUL 36 MAR-MAY 0 21 0.006 Good
Xylosandrus crassiusculus (Motschulsky)  A,B,C JUN-AUG 71 MAR-MAY 1 43 <0.001 Good
Crossotarsus niponicus Blandford A,B,C JUN 4 MAR-MAY 0 10 0.226 Able
Platypus calamus Blandford A,B,C JUN-AUG 73 MAR-MAY 0 26 0.019 Good
Platypus modestus Blandford A,B,C JUN-AUG 57 MAR-MAY 0 31 0.005 Good
Leptoxyleborus depressus (Eggers) B JUN-AUG 20 MAR-MAY 0 0 - Avoid
Platypus quercivorus (Murayama) A MAY-AUG 238 MAR-APR 0 0 - Avoid
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Table 3-3 Comparison between Normal and Conditioning experiments to test if species is good or bad in competition. (a): species that increased in a Conditioning
experiment. (b): Species that decreased in Conditioning experiment.

(@)
Period Total no. No. individuals Competitive
. collectedin  individuals captured in ability (CA)
Species Loc NOR capturedin ~ CON during P-value
NOR tested period
Microperus kadoyamaensis (Murayama) A MAY-AUG 563 779 0.109
Planiculus bicolor (Blandford) AB,C MAY-AUG 147 211 0.294
Xylosandrus crassiusculus (Motschulsky) C MAY-AUG 7 31 0.089 Good
Crossotarsus niponicus Blandford A,B,C JUN 4 18 0.836
Platypus calamus Blandford AB,C  JUN-AUG 73 160 0.297
Platypus modestus Blandford AB,C  JUN-AUG 57 31 0.391
Xyleborus defensus (Blandford) AB,C MAR-AUG 94 105 0.339
Xyleborus ganshoensis Murayama AB,C MAR-AUG 81 132 0.362
(b)
Period Total no. No. individuals Competitive
. collected in individuals captured in ability (CA
Species Loc NOR captured in COpN during Povalue Y
NOR tested period
Ambrosiodmus lewisi (Blandford) ABC  APR-AUG 20 13 0.241
Ambrosiodmus rubricollis (Eichhoff) ABC MAY-AUG 14 2 0.036 Very bad
Debus emarginatus (Eichhof¥) ABC  MAR-JUL 4 0 0.042 Very bad
Euwallacea validus (Eichhoff) ABC MAR-AUG 40 27 0.037 Very bad
Leptoxyleborus depressus (Eggers) B JUN-AUG 20 5 0.078 Bad
Truncaudum agnatum (Eggers) A JUL 1 0 0.339
Xyleborinus saxesenii Ratzeburg ABC  MAR-AUG 6 5 0.774
Xyleborus laetus Niisima ABC  APR-JUN 2 0 0.169
Xyleborus pfeili (Ratzeburg) ABC JUL-AUG 4 0 0.089
Xyleborus seiryorensis Murayama ABC MAR-AUG 50 32 0.561
Xyleborus seriatus Blandford ABC  JUN-JUL 36 10 0.257
Xyleborus volvulus (Fabricius) ABC JUL-AUG 2 0 0.167
Xylosandrus germanus (Blandford) ABC MAR-AUG 70 65 0.769
Crossotarsus simplex Murayama ABC  APR-MAY 5 0 0.208
Platypus quercivorus (Murayama) ABC MAY-AUG 238 71 0.028 Very bad
Treptoplatypus solidus (Walker) ABC JUL-AUG 3 0 0.208
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Table 3-4 Summary table for categorized abundance, categorized niche breadth, and biology of ambrosia beetle species collected from Quercus serrata bait bolts in
the three locations of Central Japan. Biology is shown for characteristics of arrhenotoky and of sibling mating, records of alien species, and aggressiveness attacking
living trees and killing trees or branches. Schedl (1964), Wood (1982), Hoebeke (1991), Wood and Bright (1992), Vandenberg et al. (2000), Mudge et al. (2001),
Haack (2006), Kajimura (2006), Lightle et al (2007), Biederman et al. (2009), Faccoli et al. (2009), Kirkendall and Faccoli (2010), Reed and Muzika (2010).

Ability to attack

-, . Records attacking killing
. trees that was Competitive Niche o1y . .
Species Abundance . . arrhenotoky siblling of alien living trees or References
exploited by other ability breadth .
. species tree branches
species
Ambrosiodmus lewisi (Blandford) M B yes yes yes 3,8
Ambrosiodmus rubricollis (Eichhoff) M Able Very bad I yes yes yes yes 12, 13,14
Debus emarginatus (Eichhoff) S Very bad I yes yes
Euwallacea validus (Eichhoff) M Very bad B yes yes yes yes 9
Leptoxyleborus depressus (Eggers) M Avoid bad B yes yes
Microperus kadoyamaensis (Murayama) L Good B yes yes
Planiculus bicolor (Blandford) L Good B yes yes yes yes 11,14
Truncaudum agnatum (Eggers) S I yes yes
Xyleborinus saxesenii Ratzeburg S B yes yes
Xyleborus defensus Blandford L B yes yes
Xyleborus ganshoensis Murayama L B yes yes yes 5,6,8,13
Xyleborus laetus Niisima S N yes yes
Xyleborus pfeili (Ratzeburg) S Able N yes yes yes 8
Xyleborus seiryorensis Murayama M N yes yes yes 1,2
Xyleborus seriatus Blandford M Good N yes yes
Xyleborus volvulus (Fabricius) S N yes yes
Xylosandrus crassiusculus (Motschulsky) M Good Good B yes yes yes yes yes 13, 14
Xylosandrus germanus (Blandford) M B yes yes yes yes yes 13, 14
Crossotarsus niponicus Blandford S Able N
Crossotarsus simplex Murayama S N
Platypus calamus Blandford M Good N
Platypus modestus Blandford M Good B
Platypus quercivorus (Murayama) L Avoid Very bad N yes yes 7
Treptoplatypus solidus (Walker) S N yes 9

Abundance: S, abundance < 10; M, 10 < abundance < 100; L, abundance > 100.

Niche broadness: Categorized by arithmetic mean (AM) and geometric means (GM) of the three values of niche width in Fig. 3-1; B, broad niche (AM>1 and GM>1); N, narrow niche (AM<1
and GM<1); |, intermediate niche broadness (others).

Reference: 1, Schedl (1964); 2, Wood (1982); 3, Hoebeke (1991); 4, Wood and Bright (1992); 5, Vandenberg et al. (2000); 6, Mudge et al. (2001); 7, Kamata et al (2002); 8, Haack (2006); 9,
Kajimura (2006); 10, Lightle et al (2007); 11, Biederman et al. (2009); 12, Faccoli et al.(2009); 13, Kirkendall and Faccoli (2010); 14, Reed and Muzika (2010).
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Q: No collection in a
normal experiment but
in the same regime of
a conditioning

Q: Did the species
attack from the
beginning of the
season?

experiment?

Species that avoid
trees exploited by
other species

Species that can
Excluded from the colonize trees
analysis exploited by other
species

Figure 3-1 A diagram of competitive ability of each of ambrosia beetle to exploit bolt.
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Figures

(a)

Mean abundance per bolt for TC

Species Total 3 4 5 6 7 8 9
Xyleborus ganshoensis Murayama 98 0.21 0.17 0.05 0.06 0.08 0 0
Ambrosiodmus rubricollis (Eichhoff) 14 021008 01 O 025013 0
Platypus modestus Blandford 6 0 0 01 006 0 0 0
Xvlosandrus crassiusculus (Motschulsky) 75 0 013 005 0 0 0 0
Xyleborinus saxesenii Ratzeburg 9 343 321 14 156 042 0 0
Ambrosiodmus lewisi (Blandford) 29 0.21 0.29 0.45 0.25 0.25 O 0
Xylosandrus germanus (Blandford) 72 0 021 0 O O O 0
Planiculus bicolor (Blandford) 231 0 096 055 0 0.17 0 0 ——
Leptoxyleborus depressus (Eggers) 22 0 0 005006 0 O 0
Euwallacea validus (Eichhoff) 41 0.68 0.54 0.35 0.06 0.08 O 0
Platypus quercivorus (Murayama) 240 0 004 O O O O 0 r——
Xyleborus defensus (Blandford) 117 0.11 046 0.2 0.19 0.08 0 0 e
Microperus kadoyamaensis (Murayama) 564 0.61 0.92 4.55 6.38 0.58 0.13 0
Platypus calamus Blandford 73 086 008 0.1 0 O O 0
Xyleborus seriatus Blandford 36 1.25 0.13 1.15 0.56 0.33 0.13 0 o e———
Xyleborus seiryorensis Murayama 50 0 008 0 0 O O 0
Xyleborus pfeili (Ratzeburg) 4 046 0.67 1.3 056 0.17 1.75 1
Xyleborus volvulus (Fabricius) 2 057033 01 0 0 O 0
Treptoplatypus solidus (Walker) 3 011004 0 O 0 O 0
Debus emarginatus (Eichhoff) 4 0 033125238 0 025 O
Crossotarsus niponicus Blandford 4 471 134 385 125 1.08 0 0
Truncaudum agnatum (Eggers) 1 2 2 085038008 0 0
Xyleborus laetus Niisima 2 064 125075 0.19 0.5 0 0
Crossotarsus simplex Murayama 5 0.57 1.08 0.5 0.44 0.58 0.38 O

54




(b)

Mean abundance per bolt for TE

10

Species Total I 2 3 3 T3 9 9) |
Xyleborus ganshoensis Murayama 98 0.25 1.25 0.17 0.31 0.60 1.54 0.61 |
Xyleborus defensus (Blandford) 117 3.75 0.63 3.00 0.88 1.10 0.54 0.82 |
Ambrosiodmus lewisi (Blandford) 29 0.00 0.50 0.00 0.56 0.35 0.17 0.18 |
Euwallacea validus (Eichhoff) 41 1.25 0.88 0.83 0.50 0.45 0.04 0.04 |
Debus emarginatus (Eichhoff) 4 0.25 0.00 0.08 0.06 0.05 0.00 0.00 |
Xyleborinus saxesenii Ratzeburg 9 1.00 0.00 0.08 0.00 0.15 0.08 0.11 |
Xyleborus seiryorensis Murayama 50 0.00 2.25 0.33 0.06 0.05 0.08 0.00 |
Xylosandrus germanus (Blandford) 72 1.00 0.13 0.17 2.19 1.15 0.21 0.07 |
Planiculus bicolor (Blandford) 231 0.00 0.00 0.25 1.88 3.95 1.46 3.00 | o
Microperus kadoyamaensis (Murayama) 564 0.25 0.00 2.67 12.69 7.95 4.29 2.36 | Fo—t
Leptoxyleborus depressus (Eggers) 22 0.00 0.00 0.00 0.50 0.25 0.29 0.07 | e —
Xyleborus laetus Niisima 2 0.00 0.13 0.00 0.06 0.00 0.00 0.00 |
Xylosandrus crassiusculus (Motschulsky) 75 0.25 0.00 0.00 0.56 1.85 1.00 0.14 | F————
Ambrosiodmus rubricollis (Eichhoff) 14 0.00 0.00 0.17 0.06 0.45 0.08 0.00 |
Platypus modestus Blandford 69 0.00 0.00 0.00 0.06 1.40 1.17 0.43 |
Xyleborus volvulus (Fabricius) 2 0.00 0.00 0.00 0.00 0.05 0.04 0.00 |
Treptoplatypus solidus (Walker) 3 0.00 0.00 0.00 0.00 0.05 0.08 0.00 |
Platypus quercivorus (Murayama) 240 0.00 0.00 0.08 11.6 2.65 0.04 0.00 |
Platypus calamus Blandford 73 0.00 0.00 0.00 0.38 2.95 0.33 0.00 |
Xyleborus pfeili (Ratzeburg) 4 6.00 0.00 0.00 0.00 0.05 0.13 0.00 |
Crossotarsus simplex Murayama 5 0.00 0.13 0.33 0.00 0.00 0.00 0.00 |
Xyleborus seriatus Blandford 36 0.00 0.00 0.00 0.13 1.70 0.00 0.00 |
Truncaudum agnatum (Eggers) 1 0.00 0.00 0.00 0.00 0.05 0.00 0.00 |
Crossotarsus niponicus Blandford 4 0.00 0.00 0.00 0.25 0.00 0.00 0.00

55



(©

Mean abundance per bolt for WO

Species Total 0 1 > 3 1 5 ¢ (? 1 2 3 zf 5 6.
Xyleborus defensus (Blandford) 117 0.93 1.29 0.75 0.88 1.25 2.38 2.00 | : *
Ambrosiodmus rubricollis (EichhofY) 14 0.18 0.04 0.05 0.06 0.50 0.00 0.00 | : e
Xyleborus ganshoensis Murayama 97 0.96 0.46 0.55 1.13 0.67 0.75 0.75 | k *
Xyleborinus saxesenii Ratzeburg 9 0.18 0.00 0.10 0.13 0.08 0.38 0.00 | *
Ambrosiodmus lewisi (Blandford) 29 0.11 0.42 0.40 0.19 0.08 0.38 0.25 | *
Planiculus bicolor (Blandford) 231 0.14 0.63 1.80 2.06 6.17 4.13 9.00 | : ®
Xylosandrus crassiusculus (Motschulsky) 75 0.11 0.54 0.65 0.75 1.92 1.38 0.00 | = ®
Platypus calamus Blandford 73 0.07 1.50 1.45 0.38 0.00 0.00 0.00 | ’ ® ‘
Debus emarginatus (Eichhoff) 4 0.04 0.00 0.10 0.00 0.08 0.00 0.00 | = -
Leptoxyleborus depressus (Eggers) 22 0.04 0.17 0.30 0.19 0.50 0.25 0.00 | >
Microperus kadoyamaensis (Murayama) 564 0.64 2.04 9.40 8.25 8.42 6.13 6.75 .
Euwallacea validus (Eichhoff) 41 036 0.54 0.45 0.31 0.17 0.25 0.00 | ' °
Xylosandrus germanus (Blandford) 72 0.39 0.42 1.45 0.69 0.83 0.13 0.00 | ®
Platypus modestus Blandford 69 0.07 0.13 0.70 1.81 0.50 1.88 0.00 | - .
Xyleborus laetus Niisima 2 0.04 0.00 0.05 0.00 0.00 0.00 0.00 | e
Xyleborus volvulus (Fabricius) 2 0.00 0.04 0.00 0.06 0.00 0.00 0.00 | L ——
Platypus quercivorus (Murayama) 240 3.18 3.67 2.30 1.06 0.00 0.00 0.00 | ]
Xyleborus seiryorensis Murayama 50 0.18 0.58 0.20 0.19 0.00 0.00 0.00 | b —————
Xyleborus seriatus Blandford 36 0.07 0.00 0.65 1.31 0.00 0.00 0.00 | s ——
Treptoplatypus solidus (Walker) 3 0.00 0.00 0.10 0.06 0.00 0.00 0.00 | o~
Xyleborus pfeili (Ratzeburg) 4 0.86 0.00 0.00 0.19 0.08 0.00 0.00 | =i
Crossotarsus niponicus Blandford 4 0.00 0.04 0.15 0.00 0.00 0.00 0.00 | et
Crossotarsus simplex Murayama 5 0.04 0.17 0.00 0.00 0.00 0.00 0.00 | -
Truncaudum agnatum (Eggers) 1 0.00 0.00 0.00 0.06 0.00 0.00 0.00 | °

Figure 3-2 Niche center and niche breadth of each of ambrosia beetles collected from bait Quercuss serrata bolts in the three location of the Central Japan. The data
are shown in a descendent order of niche breadth. Total abundance and mean abundance at each value of the niche context are also shown. (a) timing of
cutting trees (TC = 3, 4, ..., 9 indicate March, April,..., September, respectively), (b) timing of starting exposure (TE = 3, 4, ..., 9 indicate March, April,...,
September, respectively), (¢) wood oldness (WO =0, 1,..., 6).
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Figur e 3-3 Non-metric multidimensional scaling (NMDS) ordination of ambrosia beetle guilds attacking
Quercus serrata bait bolts in the three locations of Central Japan, based on ambrosia beetle species
(species codes are detailed in Table 3-1). The NMDS is based on a distance matrix computed with
Chao’s dissimilarity index. The result with “noshare = 0.1” is shown.
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CHAPTER 4: GENERAL DISCUSSION AND CONCLUSION

In this study, ambrosia beetles were collected using bait bolts of Q. serrata in three locations in
the Central Japan. Timing of cutting, timing of exposure, and wood oldness were artificially controlled. In
Chapter 2, factors influencing the ambrosia guild structure were determined. The LOC had the greatest
effect on determining guild structure. Effect of TE was greater than TC. The effect of WO was negligible.
A hierarchical structure among the three factors was a likely cause of their relative importance determining
guild structure. Hulcr et al. (2007) determined ambrosia beetle community in three lowland rainforests in
Papua New Guinea, in which furthest distance between the two locations was c. 1,000 km. In their study,
beta diversity (diversity among locations) was smaller than alpha diversity (diversity within each location).
Despite of shorter distances among locations, differences in vegetation and in climate among the three
locations were greater in my study because of great difference in elevation (between 95-820 m above the
sea level), which was a likely cause of the great dissimilarity in ambrosia beetle guild among the locations.
In the chapter 3, the niche center and niche breadth of each ambrosia beetle species were determined for
TC, TE, and WO. Species with wide niche in TC, TE, and WO were likely to be advantageous in
establishment in non-indigenous area. Species with strong competitive ability are likely to have a high risk
as invasive alien species. Species with small value of niche center of WO have a high risk to carry tree-
killing disease.

Until 1980s, most ambrosia beetles have been believed to be pests after logging, which do not
cause serious damage to living healthy trees (Coulson and Witter 1984). The situation has greatly changed
since late 1980s. The JOW has been reported since 1930s in some restricted areas of Japan (Ito 2008).
However, since late 1980s, epidemics have lasted for more than two decades, and the area with the JOW
incidence has been spreading to new localities where the JOW incidence has never been recorded in the
past (Ito 2008). A similar disease, the KOW, also suddenly emerged in the South Korea in 2003 and have
spread out around the country (Kim et al. 2009). There have been arguments among scientists on the cause
of recent epidemics of the JOW and the KOW. Yoshida (1994) implied a hypothesis of new associations of
P. quercivorus with exotic R. quercivora that are higher virulent than the original symbionts. Kamata et al.
(2002) proposed that the JOW epidemic in Japan probably resulted from global warming since the late

1980s. The unusual warm climate made possible the fateful encounter of P. quercivorus with Q. cripsula,
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which was distributed most north and most susceptible to the JOW among the host trees of P. quercivorus,
and by allowing the beetle to extend its distribution to more northerly latitudes and higher elevations.
Kobayashi and Ueda (2002) also suggested that tree stress by the global warming was also a possible cause
of JOW epidemics because the JOW incidence tended to start from lower elevation area and to shift to
higher elevation year by year. However, Ida and Takahashi (2010) speculated that the JOW occurred in
18" century depending on the records of symptom similar to the JOW around 1750 in Nagano Prefecture,
the Central Japan. Kobayashi and Ueda (2005) proposed that increase of large trees by having stopped
using coppice oak stands as fuel since 1960s was crucial to the JOW epidemics because large trees are
favorable resource to reproduction of P. quersivorus. Regarding to the KOW, underuse of fuel wood
forests and stress by the global warming are thought to be a likely cause of the epidemics (Kyung-He Kim,
personal communications).

The laurel wilt differs greatly from the JOW and the KOW. Xyleborus glabratus, a vector insect of
the laurel wilt, is believed to be an alien species that was first introduced to US in 2002 (Rabaglia et al.
2006). Because of a lack of coevolutinary history between host and pathogen, virulence of the pathogen R.
lauricola to redbay trees and to avocado trees is much greater than that of R. quercivora to Fagaceae trees
in Japan (Fraedrich et al. 2008 ; Inch and Ploetz 2012; Kusumoto et al. 2012). Mass inoculation by R.
quercivora is needed for the JOW to kill host trees (Ito et al. 1998). However, one-shot of inoculation by R.
lauricola can kill redbay trees and avocado trees (Inch and Ploetz 2012).

Kiihnholz et al. (2001) reviewed recent increase of ambrosia beetles attacking apparently healthy-
looking trees in the world and discussed the causes. Globalization that causes new encounters of ambrosia
beetles with host tree species and climate change (Kiithnholz et al. 2001) are possible triggers.
Phenological mismatch between ambrosia beetles and host plants caused by climate change (Kiihnholz et
al. 2001) is a direct cause because the beetles can attack before the host trees wake up to defense against
the beetle attacks (Kiihnholz et al. 2001). Cryptic behavior and chemical communication ability of
ambrosia beetles (Kiihnholz et al. 2001) are a background of the phenomena. Hulcr et al. (2011) reviewed
recent emergence of tree killing disease carried by ambrosia beetles and proposed hypothesis as follows:
“virulence of the symbioses in invaded ranges is often triggered when several factors coincide (i) invasion

into territories with naive trees, (ii) the ability of the fungus to either overcome resistance of the naive host
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or trigger a suicidal over-reaction, and (iii) an ‘olfactory mismatch in the insect whereby a subset of live
trees is perceived as dead and suitable for colonization (Hulcr and Dunn 2011)”.

Shea and Chesson (2002) proposed a concept of “niche opportunity” to understand biological
invasion of alien species at a community level. Community with low niche opportunity, which is supposed
to result from high species diversity, is more resistant to biological invasion. Regarding to ambrosia beetles,
there are many reports of establishment and spread of alien species in the world (Haack 2006). Xyleborus
glabratus causes serious problems in non-indigenous area by vectoring R. lauricola that can kill redbay
and avocado trees by one shot of inoculation (Fraedrich et al. 2008 ; Ploetz et al. 2012). Xyleborinus
saxesenii has become predominant in the ambrosia beetle assemblage of its non-indigenous area without
killing trees (Reed and Muzika 2010). These facts indicate that ambrosia beetle community/guild are high
niche opportunity and easily allow new invasions, which probably do not depend on vacant niche but on
high niche overlap.

It has been believed that relationships between ambrosia beetles and their associated ambrosia
fungi have established by a long coevolutionary process so that the combinations of ambrosia beetles and
ambrosia fungi are restricted compared to their compatibility (Kajimura 1995). Ambrosia beetles can grow
on some ambrosia fungi, with which no symbiotic relationship in fields(Kajimura 1995). Similar specific
many-to-many relationship was also reported in bark beetle-blue stain fungus complex (Yamaoka 2000).
However, my understanding on bark/ambrosia beetles-their symbionts has changed recently. Dutch elm
disease (DED) is caused by Ophiostoma ulmi and Ophiostoma novo-ulmi vectored by several species of
bark beetles (Sinclair and Lyon 2005). Scolytus schevyrewi is native in Asia but first found in US in 2003
(Negron et al. 2005). The Dutch elm disease fungus, O. novo-ulmi, was not accompanied by S. schevyrewi
soon after its establishment in US but was isolated from S. schevyrewi that emerged from DED-diseased
segments of American elm, Ulmus americana thereafter (Jacobi et al. 2007). Results of DNA analysis also
suggested that transmission of R. quercivora from Platypus taiheizanensis (Murayama) to P. quercivorus
in Taiwan (Naoto Kamata, personal communication). Actually “mycocleptism (Hulcr and Cognato 2010)”,
a strategy of acquiring symbiotic fungus by stealing fungus from inoculum of symbiotic fungi from
galleries of other ambrosia beetle species, were found from several clades of the tribe Xyleborini (Hulcr

and Cognato 2010) though R. quercivora between P. taiheizanensis and P. quercivorus is not the case of
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mycocleptism. Therefore horizontal exchange of fungi between ambrosia beetle species is probably more
common than it has been expected (Hulcr and Cognato 2010). Therefore, invasion of ambrosia beetles in
non-indigenous area promote potentially aggressive ambrosia beetle species to create new symbiotic
relationship with fungi with high virulence.

Mean annual temperature and precipitation are thought to have large effects on species
composition of ambrosia beetles in the Northern Thailand (Hulcr et al. 2008). There is also a report that
only approximately 2% of ambrosia beetle species in low elevations overlapped with those in high
elevations (Hulcr 2010). I speculate that temperature is a direct cause of this great difference in ambrosia
beetle species. Results of this study also showed that location had the greatest effect determining ambrosia
beetle guild factors. Temperature and temperature related vegetation was a likely cause of the strong
effects of the location. Kamata et al. (2002) hypothesized that distribution of P. guercivorus had expanded
to more northerly latitudes and higher elevation. Therefore not only not only globalization but also climate
change will possibly cause distribution shift of many ambrosia beetle species, which causes a fateful

encounter of these beetles with new host species and/or new symbiotic fungi as well as alien species.
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