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ABSTRACT

This study employs X-ray tomography to explore species-specific colonization patterns of ambrosia
beetles in flooded trees. The research focuses on elucidating the impact of tree species on host
selection and colonization success among ambrosia beetles under simulated flooding conditions.
The investigation compares the variations in the number of entry holes (a proxy for host selection)
and the number of successful galleries (a proxy for colonization success) across eight distinct tree
species prevalent in orchard and forest ecosystems. The species investigated include Malus
sylvestris, Prunus armeniaca, Prunus avium, Pyrus pyraster, Corylus avellana, Carpinus betulus,

Quercus ilex, and Quercus robur.

The results highlight the indispensable role of ethanol in the plant-host relationship, influencing
both host selection mechanisms and colonization success of four species of ambrosia beetles:
Xylosandrus crassiusculus, Xylosandrus germanus, Xyleborinus saxesenii and Anisandrus dispar.
The study reveals differential effects of flooding stress on these ambrosia beetle species boring
activities and colonization success, with trees in the Rosales group being subjected to higher attack

frequencies and higher colonization success levels than those in the Fagales group.

Furthermore, the research emphasizes the potential threat of ambrosia beetles in orchards and
nurseries, in particularly Xylosandrus crassiusculus was proven to be highly adaptable to different
conditions and tree species, thus posing a potential threat for trees that are undergoing flooding
stress. As climate change increases the frequency of flooding events worldwide, understanding
ambrosia beetle behaviour becomes crucial for effective monitoring and pest management in both

managed and natural environments.
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1. INTRODUCTION

1.1. Ecology of Ambrosia beetles

The term “ambrosia beetles” encompasses a diverse ecological strategy shared among thousands of
wood-boring weevil species (Coleoptera: Curculionidae), including about 6,000 species found
globally across over 250 genera (Hulcr & Skelton, 2023; Faccoli 2015). Ambrosia beetles are members
of two weevil subfamilies, Scolytinae and Platypodinae, which share a common ecological strategy:
fungus farming. These beetles introduce symbiotic fungi within their tunnels to let them colonize
the gallery, thus establishing fungus gardens from which the insects harvest food sources for both

the adults and their offspring. (Dzurenko & Hulcr, 2022; Hulcr & Skelton, 2023).

Ambrosia beetles are among the smallest weevils, with most species below 5 mm and always less
than one centimetre in length (Fig 1.1). They possess short legs and antennas, and an elongated and
cylindrical body adapted for boring into the wood and navigating inside tunnels, typically dark and

shiny in colour, provided with strong jaws (Dzurenko & Hulcr, 2022; Faccoli, 2015; Hulcr et al., 2015).

Figure 1.1. Xylosandrus germanus adult female (A) and male (B), the latter are also flightless. (C) The gallery
entrance created by ambrosia beetles are generally around 1 mm in diameter. (D) An adult X. germanus and a
gallery entrance created in sweetbay magnolia. (Source: Ranger et al., 2016. Photos by C. Ranger)

To start the colonization, adult female ambrosia beetles create an initial horizontal tunnel within the
xylem, typically on the trunk or the stem, where they introduce the spores of the symbiont fungus.
From this central tunnel, a network of additional tunnels may branch out, and some of them widen

to form brood chambers, where eggs are deposited in the distal portion (Ranger et al., 2016a). The



larvae then relocate and commence their feeding on the fungus present within these galleries,

sustaining themselves until they reach maturity (Hoffman, 1941).

Ambrosia beetles share a powerful ecological and evolutionary bond with their symbiotic fungi,
being considered reciprocally obligate mutualists: these insects carry around the fungal spores in
specialized anatomical structures on their exoskeletons called mycangia, that maintain, shelter, and
nourish living fungal propagules in dormant and dispersing adult beetles (Dzurenko & Hulcr, 2022;

Hulcr & Skelton, 2023; Batra, 1963; Skelton et al., 2019a) (Fig. 1.2).

Among the most well-known ambrosia fungi, many belong to the order Ophiostomatales, especially
the genus Raffaelea. Some species exhibit high selectivity for their fungal symbiont, favouring only
one or a few fungal species and excluding antagonistic fungal parasites and competitors (Skelton et
al., 2019a; Hulcr & Skelton, 2023; Hulcr & Stelinsky, 2017). Conversely, others may carry spores of
different fungal species in their mycangium, with Xyleborini in the Xyleborus group being among the

most promiscuous, often carrying several species of Raffaelea (Hulcr & Stelinsky, 2017).

Figure 1.2. (A) In X. germanus and crassiusculus, spores of the symbiotic fungus are contained within the
mycangium located between the pro- and mesothorax. (B) White ambrosial form of X. germanus’ symbiotic
fungus growing within a gallery containing a larvae, adult male, and adult female. (Source: Ranger et al., 2016.
Photo 2A by B. Anderson and 2B by C. Ranger)



Despite the roles are shifting between host and symbiont during the beetle and fungus life cycle,
being the insect the host of the fungus during its dispersion and then the fungi hosting the insect
within the colonized gallery (Hulcr & Skelton, 2023), both partners derive benefits from this
ambrosia symbiosis: the beetles gain sustenance from the fungi, while the fungi are dispersed to
suitable habitats by the beetles (Dzurenko & Hulcr, 2022). Since ambrosia beetles bypass the plant's
chemical defences by not feeding directly on host tissues, they can colonize a wide range of tree
species and spend a substantial portion of their adult lives sheltered within woody tissues, safe from
predators, parasitoids, and adverse environmental conditions (Hulcr & Skelton, 2023; Dzurenko &

Hulcr, 2022; Kirkendall et al., 2015).

Within this stable and protected environment, ambrosia beetles primarily or exclusively feed on
their fungal symbionts, which concentrate nutrients in enlarged conidia available to their larvae and
newly emerged adults (Hulcr & Skelton, 2023; Dzurenko & Hulcr, 2022). These fungi may grow in
different forms (Fig. 1.3), depending on the presence or absence of the beetles, thus providing
adequate food sources for the development of larvae and pupae (Ranger et al., 2016a) and allowing

the transmission of the symbiont fungi to the offspring through feeding (Carillo et al., 2013).

The ecology of the fungal mutualist has a direct effect on the degree of complexity of the beetle
society: in large dead tree trunks, where the symbiotic Raffaelea spp. can persist long enough to
support multiple life cycles, subsociality strategy among Xyleborus and Xyleborinus may lead to
overlap of multiple developmental stages as well as a rich array of interactions, including
allogrooming, cooperation in gallery maintenance, and disposal of debris (Hulcr & Stelinsky, 2017).
Moreover, Xyleborini ambrosia beetles show high levels of inbreeding among siblings within the

gallery system (Ranger et al., 2016a; Dzurenko & Hulcr, 2022).

Figure 1.3. (A) An adult female X. germanus with fungal growths on her body. (B-C) Galleries with established
fungal gardens, arrows indicate the entrance and the eggs. (Source: Ranger et al., 2016. Photos by C. Ranger)
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1.2. Relationship with trees and host selection mechanism

Ambrosia beetles infest dead or stressed trees (Carillo et al., 2013; Hulcr & Stelinsky, 2017),
exploiting their weakened state to colonize them. The majority of the species favour trees that are
dead or nearly so, which no longer process functioning defensive mechanisms (Hulcr & Skelton,
2023; Hulcr & Stelinsky, 2017); however, some species specialize in attacking living hosts under stress
conditions, becoming forest and silvicultural pests (Hulcr & Skelton, 2023; Hulcr et al., 2017; Ranger

et al., 2015; Wang et al., 2021).

Ambrosia Beetles rely on chemical signals released by distressed or deceased trees as olfactory cues
to select an appropriate host for colonization (Cavalletto et al., 2021; Ranger et al., 2010, 2012, 2015,
2021). Many different chemicals may attract or repel Ambrosia beetles, among which ethanol is an
effective attractant for many different unrelated beetle species (Kamata et al., 2008; Ranger et al.,

2010; Kendra et al., 2017) and has a key role in ambrosia beetles host selection mechanism.

Ethanol is induced and emitted by trees when stressed by abiotic factors, such as frost, flood, and
drought (Kelsey et al., 2014; Copolovici & Niinemets, 2010; Ranger et al., 2013, 2016b, 2019; La Spina
et al., 2013) or biotic factors, including the infection of trees by pathogens (Kelsey et al., 2013;
McPherson et al., 2008). Among these, flooding is a major plant stress factor in many temperate
countries in the Northern Hemisphere (Copolovici & Niinemets, 2010) and a recurrent condition on
intensively managed trees, such as in ornamental plant nurseries and young orchards, and forests

with poor soil drainage (Hulcr & Skelton, 2023; Ranger et al., 2016a) (Fig. 1.4A).

Figure 1.4. Trees subjected to flooding stress are more vulnerable to ambrosia beetles attacks. (A) An orchard
subjected to flooding and poor drainage. (B) The Mississippi River overflowing its banks on February 28, 2020
in Vicksburg, Mississippi, flooding the nearby forest. (Source: photo 4A by C. Ranger from Ranger et al., 2016,
photo 4B by Berry Lewis from Getty Images)



In addition, global change is inducing alterations in precipitation patterns and elevating sea levels,
thereby enhancing flood stress risks in Northern Hemisphere temperate forests (Parry et al., 2007;
Hulcr & Skelton, 2023; Easterling et al., 2000; Kharin & Zwiers, 2005), thus predisposing them to

attacks by ambrosia beetles (Fig. 1.4B).

Copolovici and Niinemets (2010) analyze the effect of flooding on tree metabolism: a lower oxygen
availability in the submerged plant part creates anoxic conditions in which a series of volatile stress
marker compounds are produced and emitted, among which ethanol is converted from pyruvate

formed during glycolysis and transported to the stem and leaf tissue (Ranger et al., 2012) (Fig. 1.5).

glucose

I Figure 1.5. Diagram of alcoholic
NAD+* ‘ fermentation pathway in plants.
Glycolysis ( E Alcoholic fermentation occurs
A/ NADH ~P» NADH NAD' in anoxic conditions following
* two reaction steps: the
Rkl pyruvate = gcetaldehyde ethanol :s:?arsjthy\:zzOzyo;;)zr:\geﬂ:
: FRC anH subsequent  reduction  of
v Alcoholic fermentation acetaldehyde to ethanol by
. ADH. (Source: Mikio Nazakono

Resplratlon from ResearchGate)

Rassati et al. (2020) and Cavalletto et al. (2021) discovered that ethanol concentration in tree tissues
differentially affects the host selection of ambrosia beetles, and influences ecological niche
partitioning among ambrosia beetle species, due to a broad host species range but a narrow

preference based on the condition of the host (Rassati et al., 2020; Hulcr et al., 2007).

Ethanol also favours the growth of ambrosia beetles’ nutritional fungal symbionts, as they can
process ethanol and use it as a carbon source, whereas the antagonistic fungi are strongly inhibited
in their growth by even small amounts of ethanol (Cavalletto et al., 2022; Lehenberger et al., 2021;

Chen et al., 2021; Ranger et al., 2018).

Ranger et al. (2018) discovered that the colonization success of ambrosia beetles depends deeply
on the capability of the symbiont fungus to establish flourishing fungal gardens. Ambrosiella and
Raffaelea fungi can exploit and emit ethanol to maintain the selectivity of the environment to create

favourable conditions. Oviposition is initiated only after the fungal gardens are established, thereby



posing a critical bottleneck in colonization success, brood production, and survivorship (Ranger et

al., 2018; Chen et al., 2021).

Host selection mechanism is also influenced by the tree species, due to the emission of volatiles that
enhance or inhibit the attraction of certain ambrosia beetles (Cavalletto et al., 2021; Rassati et al.,

2016; Reding & Ranger, 2020).

Another way in which ambrosia beetle may cause the death of the attacked tree is through the
inoculation of a virulent fungus partner, but this occurrence is restricted to Xyleborus glabratus
which causes Laurel wilt, a deadly disease of susceptible trees in the Lauraceae caused by the fungus

Harringtonia lauricola (Hulcr & Skelton, 2023; Hulcr & Stelinsky, 2017), and few other species.

However, the vast majority of ambrosia beetle species are harmless to forest environments, with
minimal effects on human industries (Hulcr & Stelinsky, 2017), except for plant nurseries and
orchards where the presence of these beetles may affect the ornamental value of the trees and

make them not marketable (Hulcr & Skelton, 2023; Ranger et al., 2021) (Fig. 1.6).

Figure 1.6. Ambrosia beetles dig
their galleries through the bark,
but the entrance hole may be
difficult to spot due to their
minute size. Other cues may
indicate their presence inside
the tree, such as (A) toothpick-
like extrusion of wood, (B)
presence  of  opportunistic
pathogens  exploiting  the
wound on the bark, (C) sap
production around and below
the hole, (D) wooden tissue
discoloration or (E) wilting
foliage during spring months.
(Source: 6A from Carloni, 2022,
6B-E by C. Ranger from Ranger
et al,, 2016)




The management of ambrosia beetles aims towards maintaining plant health, as ambrosia beetles
are poor colonizers of vigorous trees (Hulcr & Skelton, 2023; Hulcr & Stelinsky, 2017; Ranger et al.,
2016b, 2020) and no biological and chemical control strategies have proven to be effective (Ranger

et al., 2016b, 2020) (Fig. 1.7).

Hulcr and Skelton (2023) describe the ecological importance of ambrosia beetles: they often are the
first colonizers of dead and dying trees in most forest ecosystems, and as such, they are likely to play

an important role in the recycling of forest biomass and the release of carbon from decaying wood.

Skelton et al. (2019b, 2020) state that many of the saprotrophic fungi in decaying wood are
introduced by ambrosia beetles and that some beetle-associated fungi exclude, or compete with,
true wood-degrading fungi, resulting in decreased decay rates during the early stages of

decomposition.

One of the foundational elements of modern forest entomology is that increased insect activity is a
symptom of poor tree health (Manion, 1981; Hulcr & Skelton, 2023); rather than managing all
ambrosia beetles strictly as pests, it may be more appropriate to consider many ambrosia beetle
species as reliable bioindicators of underlying poor tree health that should be improved (Hulcr &

Skelton, 2023).

Figure 1.7. Management of ambrosia beetles in nurseries and orchards may be performed using traps, that
attract the beetles and prevent the attacks on nearby trees. (A) Lindgren traps are commonly used in forestry,
they can be purchased from a vendor and the number of funnels can be adjusted. (B) A tree can be injected
with ethanol using a pressurized system to attract ambrosia beetles. (C) Trees intolerant to flooding can be
flood-stressed and used as trap trees. (Source: from Ranger et al., 2016, photos by C. Ranger)



1.3. Influence of ethanol and host species on Xyleborini

Within the ambrosia beetle communities present in our territory, numerous species have become
invasive beyond their native ranges, driven by globalization and international trade (Brockerhoff &
Liebhold, 2017; Meurisse et al., 2019). Notably, the Xyleborini tribe has excelled as invaders (Rassati
et al., 2016; Hulcr & Stelinski, 2017).

Species such as the Asian Xylosandrus germanus (Blandford) and Xylosandrus crassiusculus
(Motschulsky), the Palaearctic Anisandrus dispar (Fabricius), and Xyleborinus saxesenii (Ratzeburg)
are noteworthy examples. They pose threats not only in ornamental nurseries and orchards within
their native and introduced regions but also exhibit the capacity to infest a wide array of tree species
in forests, plantations, and woodlands (Galko et al., 2019; Ranger et al., 2015a, 2016a; Rassati et al.,
2020).

Previous studies have established that the aforementioned ambrosia beetle species exhibit an
affinity for ethanol presence in woody tissues (Rassati et al., 2020; Ranger et al., 2010), but Cavalletto
et al. (2021, 2022) discovered how varying ethanol concentrations affect differently host selection

and colonization success.

A. dispar (Fig. 1.8) has shown an attraction to increasing ethanol concentration (Klimetzek et al.,
1986; Schroeder & Lindeléw, 1989), possibly due to the habit of this beetle of colonizing dying or
decaying trees (Cavalletto et al.,, 2021). The symbiont fungi associated with this species is
Ambrosiella hartigii, which favours an ethanol-rich environment (Lehenberger et al., 2021) and

grants higher colonization success with increasing ethanol concentration (Cavalletto et al., 2022).

Figure 1.8. A. dispar,
lateral and dorsal
view. (Source: photo
by J. Hulcr, from
Xyleborini Ambrosia
Beetles)

© Jiri Hulcr

1.0 mm



The host selection mechanism and colonization success in X. saxesenii (Fig. 1.9) are affected
positively by an increasing ethanol concentration (Cavalleto et al., 2022; Rassati et al., 2020), and
show a clear preference for certain tree species over others (Cavalletto et al., 2022; Chen et al., 2021;
Yang et al., 2018; Owens et al., 2019), probably due to its symbiont fungi, Raffaelea canadiensis,

being more sensitive to host-derived compounds over than ethanol (Cavalletto et al., 2021).

Figure 1.9. X. saxesenii,
lateral and dorsal view.
(Source: photo by J.
Hulcr, from Xyleborini
Ambrosia Beetles)

1.0 mm 1.0 mm

X. germanus (Fig. 1.10) and X. crassiusculus (Fig. 1.11) are known to have a broad host range,
combined with haplodiploid reproduction, which makes them efficient colonizers (Kirkendall et al.,
1993; Normark et al., 1999; Dole et al., 2010; Ranger et al., 2015b, 2016). Their fungal symbiont,
respectively Ambrosiella grosmanniae and Ambrosiella roeperi, can grow at lower ethanol
concentrations, making them able to colonize trees with lower stress levels (Ranger et al., 2018,

2016; Rassati et al., 2020). However, Cavalletto et al. (2022) show that X. germanus initiate boring at

higher ethanol concentration.

Figure 1.10. X. crassiusculus,
lateral and dorsal view.
(Source: photo by J. Hulcr,
from Xyleborini Ambrosia
Beetles)

1.0
1.0 mm —amm____

Figure 1.11. X. germanus,
lateral and dorsal view.
(Source: photo by J. Hulcr,
from Xyleborini Ambrosia
Beetles)

1.0 mm



Rassati et al. (2020) and Cavalletto et al. (2021) support the theory of a niche-partitioning
mechanism driven by ethanol concentration and host tree species, in determining the ecological
niche of each insect species. Cavalletto et al. (2022) also showed that the optimal ethanol

concentration maximizing colonization and offspring production can vary among species.

However, whether and how the host tree species is able to influence colonization patterns and host
selection mechanism, remains unclear. Sensitivity or intolerance to flood stress in plants has been
proven to influence positively host selection among ambrosia beetles (Ranger et al., 2015b), as

higher stress levels raise the concentration of emitted ethanol.

Moreover, conflicting patterns have been observed for A. dispar and X. germanus in Cavalletto et al.
(2022) when confronted with previous studies (Ranger et al., 2015b, 2016, 2018; Rassati et al., 2016,

2020; Cavalletto et al., 2021), which require more in-depth studies to be clarified.

Again, in Cavalletto et al. (2022), X. crassiusculus and A. dispar were proven to be more driven by
ethanol concentration for boring initiation and colonization success than X. saxesenii and X.
germanus, hypothesizing for the latter two species that volatiles other than ethanol could influence

host selection (Yang et al., 2018; Chen et al., 2021).
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1.4. Application of X-ray tomography in insect ecology

X-ray computer tomography (CT) is a useful and reliable technique that has become frequently used
in insect-related studies (Alba-Alejandre et al., 2018), enabling the observation and monitoring of

the cryptic lifestyles of wood-boring beetles.

This technology has been used on insects and invertebrates since the early 2000s (Postnov et al.,
2002; Tarver et al., 2006; Nahirney et al., 2006), but the first application for wood-boring insects was
performed on termites (Fuchs et al., 2004), reconstructing 3D images of the full structure of galleries

inside the wood.

Many other studies, in which CT was applied to xylophagous and wood-boring insects, have followed
(Jenning & Austin, 2011; Himmi et al. 2014, 2016a, 2016b, 2018; Aguilera-Olivares et al., 2017; Choi
et al.,, 2017; Berville & Darrouzet, 2019; Harit et al. 2021; Donko et al., 2022; Yang et al., 2022),
aiming to a deeper comprehension of the habits, social behaviour, and life cycles of the insects

through non-disruptive and advanced techniques (Fig. 1.12).

However, no studies on ambrosia beetles, that take advantage of CT, have been produced. The
application of X-ray tomography to study the complex gallery networks of this group of insects has
already been suggested by Alba-Alejandre et al. (2018), and a set of algorithms was presented by
Dolinko et al. (2022) to facilitate recognition and volume estimation of each gallery for ambrosia

beetles. Similar strategies have already been used in other studies (Seibold et al., 2022).

i

o I
oo ol |

Figure 1.12. Computer Tomography has been used since early 2000s to study wood-boring insects and their
galleries network. On the left, CT scans of the development of a termite nest from Himmi et al. (2016b). On
the right, CT scans of various insects’ galleries within deadwood, from Seibold et al. (2022), the study aimed
to quantify wood decomposition using machine learning and semi-automatic image analysis.

10mm
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2. OBIJECTIVES

This study aims to investigate the effect of tree species on host selection and colonization success in
ambrosia beetles under a simulated flooding event. More in particular, we compare how the number
of entry holes (used as a proxy for host selection) and the number of successful galleries (used as
proxies for colonization success) change in eight different tree species widespread in either orchard
(Malus sylvestris, Prunus armeniaca, Prunus avium and Pyrus pyraster) or forest and ornamental

ecosystems (Corylus avellana, Carpinus betulus, Quercus ilex and Quercus robur).

This information is very important to understand which ambrosia beetle species and which tree

species can be more affected by increasing flooding events under a climate change scenario.

3. MATERIALS AND METHODS

3.1.  Study site and fieldwork

A semi-field experiment was carried out in the Integrated Nature Reserve of the “Bosco Nordio”,
located in the Veneto region. Bosco Nordio is a broadleaf-dominated forest, it is part of the 'Natura
2000 Network' as a Site of Community Importance (S.1.C.) and Special Protection Zone (Z.P.S.) no. IT
3250032 under EEC Directive 92/43 'Habitat' and EEC Directive 79/409 'Birds'. It represents the

remains of old native forests that covered the upper part of the Adriatic coastal area (Rallo, 1992).

The forest is dominated by Holm oak (Quercus ilex L.) and Manna ash (Fraxinus ornus L.), whereas
Common oak (Quercus robur L.), Wild linden (Tilia cordata Mill.), Stone pine (Pinus pinea L.), and

White poplar (Populus alba L.) represent the most common secondary species.

For this project, 8 species were chosen in the orders Fagales and Rosales, selected for their common
use in forestry, crop production, and ornamental use, and for the acknowledged history of ambrosia

beetles targeting these tree species.
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The trees from the Fagales order are Hazelnut (Corylus avellana L.) and European Hornbeam
(Carpinus betulus L.), from the Betulaceae family, and Evergreen oak (Quercus ilex L.) and Common
oak (Quercus robur L.) from the Fagaceae family. The trees from the Rosales order, all from the
Rosaceae family, are the Apple tree (Malus sylvestris Mill.), Common apricot (Prunus armeniaca L.),

Wild cherry (Prunus avium L.), and European wild pear (Pyrus communis L. subsp. pyraster (L.) Ehrh.).

The trees were bought from a local nursery (Vivai Guagno Ferrara), and they were all about the same

size (3-5 cm diameter) and age. For each tree species, 5 individuals were bought, for a total of 40.

A pot-in-pot technique was used to simulate flood stress: the potted trees were placed inside
another pot filled with water, and plastic bags were used to contain the pot and avoid spillage or
draining of water. In this supersaturated environment in which the roots were immersed, the trees
were stimulated to produce ethanol naturally, which attracted ambrosia beetles. The water level was

periodically checked and adjusted if necessary.

Inside the Reserve, 4 glades were chosen to host 5 sites for the trees (sites 3 and 4 were in the same
glade) (Fig. 3.13); each site contained 8 individuals, one for each species. Trees were randomly
arranged in a straight line at 2 meters each. To secure the trees, metal wires were used to avoid

bending and falling during the time of the fieldwork.

500

Figure 3.13. Aerial photo of Bosco Nordio. On the map, the position of the five sites chosen for this project.
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The fieldwork started on the 5th of April 2022 and lasted for six weeks. After the treatments were
applied to the trees, a weekly check was performed on them to register the presence of new holes
dug by the insects. All the tree trunks were carefully observed and all the holes, dug by any insect,
that were visible on the bark, were circled with a specific colour, associated with each week of the
observation (Fig. 3.14). Week by week, every new hole was circled, so that it was possible to identify

the period in which every hole was dug.

: Week 1 RED: Week 2 : Week 3 BLUE: Week 4

Figure 3.14. Two logs with visible and circled holes. Each colour corresponds to the week in which the hole
was dug, as described on top of the image. Some holes are not circled, because they were dug on the fifth
week, at the end of which all the trees were cut into logs and no more circles were drawn.

At the end of the fifth week, all the treated trees were cut into logs and brought back to the lab. For

each tree, two logs were cut at different heights, so that a total of 80 logs were collected.

In the laboratory, the logs were placed in rearing chambers fitted with netting holes to allow air to
circulate. Each chamber was then marked with a code to identify the logs and stored in the
laboratory for five weeks. Every week, all ambrosia beetles that emerged from the logs were taken
from each box and placed in previously sterilized test tubes. All the emerged ambrosia beetles

present in each tube were identified into species and counted (Carloni, 2022).
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The code used to identify each sample was also carved on the bark of each log and written on one

of the ends where the cut was made (Fig. 3.15).

TREE SPECIES SITE NUMBER TREATMENT UPPER OR LOWER
e CA=Corylus avellana 1to5 Flooded CUT PORTION
e (B = Carpinus betulus AorB

e MC = Malus sylvestris

e  PAR = Prunus armeniaca
e  PAV = Prunus avium

e PP =Pyrus pyraster

e Ql=Quercus ilex

e QR =Quercus robur

Figure 3.15. All the logs were coded by tree species, site number, treatment and cut portion, as described by
the image above. The fieldwork involved other studies, that required different treatments, but for this study
only the trees that underwent flooding treatment were considered.

3.2. Computer Tomography of the logs

The tomography was performed by Carl Zeiss Vision Italia S.p.A. (Fig. 3.15). All the logs underwent
thermal treatment before they were sent to the labs; they were treated at 105°C for 5 days, in order
to kill all the insects that remained inside the wood after the end of the experiment. This process
was necessary to prevent the contamination of the tomography tools with dangerous parasites of

the wood, considering that many other wooden products are analysed with the same instruments.

In this process, some of the logs lost the bark, and with it also the coloured circles around the holes
that indicated in which period they were dug. To recover this data, pictures of the logs were taken
before removing the bark, to allow the association with each hole to its designated colour during

the analysis.
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Figure 3.15. In the lab, all the logs were wrapped in a light packing material that was almost invisible to the
X-rays, and they were grouped by 5 or 6, keeping them vertical and always separated.

The X-ray machinery used for the tomography was the M1500 G3, equipped with a 225 kV / 500 W
X-ray tube (model Viscom XT9225D, detector Varian PS 4343 DX-I), able to produce high-resolution
scans with very high accuracy. The software used to perform the X-ray scans was METROTOM OS,

which is owned by ZEISS, while the scan analysis was made with VGSTUDIO MAX software.

All the scans were performed at 1.5 K resolution (1512 x 1512 px / 212 um), excluding all the minor
defects present in the log (Fig. 3.16). The tomography was able to detect all the defects and voids
inside the wood, separating each of them into multiple defect masks. After that, meshes were
reconstructed around every defect with different colours, to make the future sampling work easier

to carry out.

After the tomography was completed, all the logs were sent back to the University of Padua with all

the files associated with the digital models of each log.

Figure 3.16. CT scans of
one of the logs, performed
at (A) 3K - 106 um, and (B)
1.5K-212 um. The scan on
the left has a better
resolution, but the scan on
the right has less defects,
which makes it favourable
for the analyses.
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3.3. Observation and analysis of the digital models of the logs

All 80 logs were observed, and for every gallery dug by ambrosia beetles, much data was collected
and filled into a dataset, an Excel sheet with all the information from every single gallery. The digital
tools used in this process are Microsoft Excel, myVGL and Blender 3.5; myVGL was required to
observe the full tomography of the log and to collect most of the data, and Blender 3.5 to reconstruct

the volumes of the compromised or crossed galleries.

3.3.1. Data collection using myVGL

myVGL is a free viewer app for projects created with Volume Graphics software (VGSTUDIO and
VGSTUDIO MAX format); this tool allows the user to view 3D objects in voxel, point cloud, mesh, and
CAD format, the analyses and measurements performed on these objects, and the results. It is a
viewer tool, which implies the impossibility of making any edit or modification to the visualized

digital model.

This program was chosen for its compatibility with the files sent by ZEISS labs and for the quality and
accuracy of the visualized models. It is mainly used for industrial purposes and 3D engineering, but
there are several recurrences in scientific literature where this tool was applied for CT (Computer
Tomography) analysis in the natural sciences field of research and, specifically, in insect ecology

(Himmi et al., 2014, 2016b; Choi et al., 2017).

The interface (Fig. 3.17) is divided into 4 different panels, 3 of which are the transverse section, and
the two longitudinal sections of the model, while the fourth panel is a 3D reconstruction of the full
digital model of the log. On the right, a menu shows both the mesh list and different analysis tools

for the volume.

Meshes are polygonal 3D models that trace and reconstruct all the defects surveyed in the digital
model; thanks to their presence, it is possible to visualize every single defect and void, including the

galleries dug by ambrosia beetles, and an accurate 3D reconstruction of each defect is provided.
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Figure 3.17. myVGL interface. (A) Top view. (B-C) Lateral views. (D) 3D model of the log. (E) Analysis tools, and the
Defect masks list. The coloured outlines around the defects are the meshes, listed above the analysis tools.

3.3.1.1. Defect Mask and Mesh number

Every mesh is numbered and associated with a distinctive colour, allowing easy recognition of each
gallery. Every mesh is associated directly with a defect mask, which is the surface occupied by the
defect; mesh and defect masks share the same number (Fig 3.18). The list of the Defect masks is
visible under the Regions of Interest menu, and each of them includes in their properties a volume
value of that region, expressed in voxels. A voxel is a 3D pixel, used to express the volume of a digital

object.
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Figure 3.18. A curved gallery in PP5FA, visible in myVGL interface. (A) The gallery can be easily told apart from the
other defects in the 3D model thanks to the colour of its mesh. (B) The gallery without the mesh. (C) The gallery with
the mesh. (D) The Mesh list menu, where every mesh is associated with (E) its Defect mask.
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Some galleries were not detected by the tomography (Fig. 3.19), so no mesh or defect mask was
present, leaving the entry blank on the dataset. In some other cases, multiple meshes and defect

masks were part of the same gallery, so only the number of the most relevant one was reported.
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Figure 3.19. The gallery in the image has not been detected by the tomography, and no mesh or defect mask has
been created. The Wall thickness analysis tool clearly shows that no data is available for this gallery.

3.3.1.2. Gallery colour

All the galleries that were visible on the bark, were circled with different colours during the fieldwork
activities. When an ambrosia beetle gallery was observed in the digital model of the log, it was
associated with its entrance hole that is visible on the bark. In most cases, this was easily done by
just following, hole by hole, the surface of the log, or by confronting the photos of the logs taken

before sending them to ZEISS labs (Fig. 3.20, 3.21).

X PERSTELS
Figure 3.20. Log QI2FA, photo taken (A) after the heat treatment, losing all the bark, and (B) before the heat
treatment, with the bark still on and all the holes colours visible.
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Figure 3.21. Log PP5FB,
showing the association
of each hole to the 3D
model. (A) photo of the
log where the entry hole
is visible on the bark
with its associated color,
which position can be
located on (B) the 3D
model of the log, where
the gallery is visible
thanks to the pink mesh.

In some cases, there was no coloured circle around the hole, because some of the galleries were dug
during the last week of the fieldwork before the trees were cut. In some other cases, the bark has
grown over the entry hole, hiding it from sight (Fig. 3.22); these holes were classified as “hidden”,

and it was not possible to determine when they were dug.

Figure 3.22. Log MC3FA, a hidden gallery. (A) When a gallery was observed in the tomography, but it wasn’t visible
on the bark, a superficial incision was performed on the log to remove the bark and reveal the presence of an entry
hole, making it visible. (B) in the tomography and (C) in the 3D model, the initial part of the gallery is visibly narrower,
due to partial cicatrisation of the bark, making the hole not visible on the surface.
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In some other cases, galleries originated from inside other galleries, narrower than the original (Fig.
3.23). The category “intruder” was assigned to these entries, with no colour to be assigned, as it is

impossible to know when the gallery inside was dug.

Walllthickness|(mm)

4100

Distance 1: 1.30 mm

Distance 2: 0.77 mm

Figure 3.23. Log MC1FA, an intruder gallery formed from inside
another gallery. (A) The gallery system visible on the
tomography and (C) on the 3D model. The intruder gallery
clearly originated from inside the wood, on the walls of the
preexisting gallery, and its diameter is smaller: the original
gallery is 1.30 mm large, while the intruder one is 0.77 mm
large. (B) Through Wall thickness analysis, it is possible to
clearly see the width difference from the two galleries, by
confronting their colour with the scale on the right: the yellow
colour of the original gallery can be associated to diameters
around 1.20 mm, while the intruder gallery’s orange colour can
be associated to the 0.80 mm range.

3.3.1.3. Gallery Shape and Ramifications

In most cases, the galleries were parallel to the transverse section, thus making them easy to observe
and classify; when the classification was not possible from only the view of the transverse section,
the 3D model of the gallery was used for observation. All the observed galleries were classified into

three categories by the shape: straight (Fig. 3.24A), curved (Fig. 3.24B) or branched (Fig. 3.24C).

Avalue of 0 was assigned, in the ramification category of the dataset, to straight and curved galleries,
indicating the presence of no ramifications, while for branched galleries, the end of each tunnel

counted as a ramification, and the total number was registered into the dataset.
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Figure 3.24. Gallery shapes classification. (A1-A2-A3) Straight galleries present no or lesser deviations from the
general trajectory of the tunnel, that is directed towards the centre of the log. (B1-B2-B3) Curved galleries have a
curved trajectory or present major deviations from the original direction of the tunnel. (C1-C2) Branched galleries
are made of several ramifications, which can generally be clearly seen, as shown in the picture with the ramification
count. In some cases, a ramification can be very short and look like bumps.
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3.3.1.4. Gallery diameter

The sampling of the diameter (Fig. 3.25) required the Wall thickness analysis (Sphere method) tool
under the Regions of Interest panel, which allowed the creation of an Analysis annotation on the
digital model that provided a diameter value of the selected defect region. For an accurate and
unbiased sampling, about 10 annotations were taken for every gallery, each at an equal distance
from the other, avoiding regions where the reconstruction of the gallery was visibly compromised.
Some galleries were very short and required fewer annotations, while others, especially branched

galleries, required more annotations, distributed on the different branches.

The total diameter was calculated as the mathematical average of the annotations. In some cases,
the whole gallery needed a total reconstruction, so an approximate diameter was taken at different

levels with the Caliper tool, directly on the transverse section view.

@ B wall thickn
® @ B wall thickn:

= B Wall thickn
@ W B wall thickni
@ ¥ & wall thickn

Figure 3.25. Diameter measuring. (A) The sampling is done by choosing 10 points or more on the gallery edge that are
equally distant (red marks on the image), then the average is calculated with (B) the annotations. (C) Wall thickness
analysis, visible with colours. (D) Diameter reconstruction using the Caliper tool, to sample the diameter correctly.
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3.3.1.5. Gallery volume

Under the Data from Porosity/inclusion analysis (From defect ROI) panel, the Analysis tool allows
the creation of annotations for the volume of the selected defect (Fig. 3.26); moreover, it gives access
to a Defects table where all the defects are listed, providing important information for each of them,

among which the volume is the most relevant.

When a gallery was observed, the Porosity/inclusion analysis tool was used to sample the volume.
This value was present in the Defects table of the Porosity/Inclusion analysis panel, so in this way, it

was possible to associate each defect present in the table with a specific defect mask and mesh.

The line of the interested defect was reported in the dataset; in this way, the volume and all the

other information related to the gallery were provided.
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Radius [mm] Diameter [mm] Equivalent diameter [mm] Center x [mm] Center y [mm] Center z[mm] Volume [mm?®] & Voxel

37.27 15.98

.53 11.08

16.06 2.54 25.08

32.92 2 16.47

0.64 12.76
21.61 15.65

15.62 : 1713 .53 3.1 -190.13

2456 20.09 -17.82 -195.77

Figure 3.26. Volume sampling. Using the Porosity/inclusion analysis (From defect to ROI) tool, it is possible to sample
the volume of a gallery, which value can be seen on a small tab connected to the gallery and as an annotation on the
menu, under the Analysis tool. In the Porosity/inclusion analysis properties, the Defect table, visible on the bottom,
can be accessed. Inside of it, the list of all the defects is present and they can be sorted by volume.
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3.3.2. Species recognition

Each ambrosia beetle species digs very narrow entry holes and galleries that can be directly
associated with their sizes, making it possible to recognize the insect species that dug each gallery

by association with a given diameter range.

From previous studies on these logs, emerging adults have been counted and classified by species
(Carloni, 2022), and four insect species were found: Xyleborinus saxesenii, Xylosandrus germanus,
Xylosandrus crassiusculus and Anisandrus dispar. A diameter range has been established for each
insect species, considering previous research and scientific literature (Rassati et al., 2020; Ranger et

al., 2016) about the size of the entry holes of each insect species (Fig. 3.27).

Anisandrus dispar

1.06-1.35mm

Xylosandrus crassiusculus

0.81-1.05mm

0.60 — 0.80 mm Xyleborinus saxesenii

Xylosandrus germanus

Figure 3.27. Each insect species was assigned to a specific diameter range. On the picture, a portion of wood where
the four circled entry holes were assigned to a different insect species each. A. dispar digs the largest holes, bigger
than 1.35 mm. X. crassiusculus digs holes that are 1.06 to 1.35 mm large. X. germanus digs holes that are 0.81 to
1.05 mm large. Finally, X. saxesenii digs the narrowest holes, which are 0.60 to 0.80 mm large.
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3.3.3. Volume reconstruction using Blender 3.5

In many cases, the defects detected by the tomography were affected by some form of damage that
represented important obstacles for the sampling and measurement of the galleries (Fig. 3.28). In
some cases, the gallery was divided into two or more different meshes or some portions of the
gallery were not detected. For these galleries, a simple sum across all the volumes that are part of
the gallery was made, while the volume of the missing portions was reconstructed using the cylindric
volume formula, including the length of the portion (sampled with the Distance tool) and the mean

diameter of the gallery.

d = diameter of the gallery

2
Volume = (g) ~7 el I =length of the gallery
(measured with Distance tool)

B BEEEEREE®S

Mesh [40]

Tol. (hi) n/a

Figure 3.28. A branched gallery in PAR3FA, with the
portion near the entry hole that is missing, not
being detected by the tomography, and its length
is measured with the Distance tool. (A) the 3D-
model of the gallery shows that only the inner part
of the gallery has a mesh and a defect mask, while
the first portion near the entry hole is visible but
not detected. The sampled distance is visible on
the interface and in the Mesh menu, under the
Instruments sub-menu. (B) The tomography view
of the gallery shows that the missing region is
lighter than the detected portion, which means
that a higher density was detected; it’s caused by
the presence of debris on the entrance hole.
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There were also galleries fused into a single defect, as they were intersecting or touching each other.
In some other cases, there was a bigger defect, such as a wood crack or a void space between the

bark and the sapwood, that grouped into a single defect all the galleries that were touching it.

In all these cases, the only data that was compromised was the volume, which needed
reconstruction. To do so, a different software was used: Blender 3.5. This is a free and open-source
software that is widely used in 3D modelling, supported by major hardware sellers and producers

such as AMD, Apple, Intel, and NVIDIA.

Blender 3.5 is able to read the STL file format, which is used for the meshes, and is provided with an
add-on for dimensional and volumetric measuring of the 3D models, called 3D-Print Toolbox. In this
way, it is possible to import any gallery’s mesh inside the program to sculpt and model it to fix all the

ruined sections and to separate the merged defects and galleries.

Whenever a gallery needed some form of reconstruction, the values in the Defect table of the
Porosity/inclusion analysis panel in myVGL were ignored, and the reconstructed value was reported

in the dataset under its specific column.

3.3.3.1. Cleaning merged defects

In many cases, void regions such as wood cracks, spaces between the bark and the sapwood, or even
generated by the surface features of the bark, are connected to a gallery, thus merging the defect
with the galleries that are touching or crossing it (Fig. 3.29). If the defect is big enough to significantly

influence the volume, a reconstruction is required.

Figure 3.29. (A) A straight gallery,
visible inside the red circle, was
merged with a wide flat defect,
originated from the separation of the
bark from the inner wood, which left a
void region. (B) A branched gallery
that crossed a flat defect, originated
from a wood crack. (C) A branched
gallery had another defect merged
together, highlighted by the red circle,
originated from a void region inside
the wood.
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In Blender, the meshes were imported and their total volume was sampled by the 3D-Print toolbox.
After that, the mesh was edited, deleting the portions of the unwanted defect, and closing the open

gaps using the Inset Faces tool (Fig. 3.30). Once cleaned, the mesh volume was measured again.

The final volume obtained in this way is not accurate: meshes are reconstructed by tracing the
defects, but the associated Defect mask in myVGL provides more reliable data (Fig. 3.31). To get the
most accurate volume from the reconstruction, the original volume of the gallery sampled with the
Porosity/inclusion Analysis tool in myVGL was divided by the original volume detected in Blender

and then multiplied by the final volume sampled after the reconstruction in Blender.

V; myVGL

Reconstructed volume = ———
V; Blender

. Vf Blender

Vi myVGL = Original volume sampled in myVGL

Vi Blender = Original volume sampled in Blender

Vf Blender = Volume after reconstruction, sampled in Blender

Figure 3.30. The mesh visualized in Blender 3.5 of a straight gallery merged with a defect originated from a wide
space between the bark and the wood, needs reconstruction. (A) The gallery, highlighted by the red circle, must be
isolated from the rest of the defect, that is erased. (B) After the cleaning, the gallery needs to be reconstructed. (C)
The reconstructed volume can be sampled for its volume.
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Figure 3.31. (A) The same mesh of Fig. 30 visualized in myVGL, the volume can be sampled with the
Porosity/inclusion analysis tool. (B-C) The 3D-print toolboxes of the mesh in Fig. 30, visualized in Blender 3.5, before
reconstructing the volume and after.

In some cases, multiple galleries were crossing or touching the same defect, merging them together
(Fig. 3.32). In the cleaning procedure, each gallery was separated into individual meshes and the
volume was reconstructed individually for each of them. In the dataset, these galleries were listed

individually and the entry “NO” was given under the Crossed Galleries column. All these galleries

were reported with the same mesh and defect mask number.

- Part 345 A

Figure 3.32. (A) Two branched galleries, both crossing the same wood crack, need to be separated and cleaned. (B)
After the cleaning of the wood crack defect, and the separation, the two galleries can be sampled individually for the
volume.
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3.3.3.2.  Separating crossed galleries

When multiple galleries intersect or touch each other, they merge into a single mesh and need to be
separated to reconstruct the volume correctly (Fig. 3.33). The mesh is imported in Blender and its
total volume must be written down, it is edited to separate the galleries and for each of them, the

final volume must be obtained.

Both the volume of the separated galleries obtained in Blender with the 3D-Print toolbox must be
divided individually by the original volume of the mesh. This ratio represents the percentage of
volume that each gallery occupies in the defect. This percentage is filled in the Sub Gallery
Percentage column of the dataset, together with the entry “YES” under the column Crossed
Galleries. The crossed galleries are listed individually in the dataset, each with their volume

percentage and the same mesh and defect mask number associated.

Vg = Volume of the single gallery

Gallery volume % = -100

Vi = Volume of the merged galleries
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Figure 3.33. Two branched galleries visualized in Blender 3.5 are crossing each other. (A) The galleries are touching
in the point where the red circle is drawn. (B) To separate them, one of the two galleries is selected, and, at the
junction point, the selection is made to include each polygonal face that is considered part of the gallery. (C) After
the separation, each gallery is sampled individually, and the volume is divided by the original, to get the gallery
volume percentage.
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To obtain the reconstructed volume, the Porosity/inclusion analysis tool in myVGL was used to
sample the volume, which was multiplied by the gallery volume percentage, and the result was filled

in the Reconstructed Volume column of the dataset.

Reconstructed volume = V; myVGL - g%

Vi myVGL = Original volume, sampled with myVGL

g% = Gallery volume percentage

This process was also applied to the galleries that originated from inside other galleries, separating

each of them (Fig. 3.34). The galleries originated from inside others were given the “INTRUDER”

entry under the Crossed Galleries column.

Figure 3.34. The same gallery system from Fig.
23, made of a curved gallery and another
narrower one, originated from inside it,
visualized in Blender 3.5. (A) The two galleries
are merged together and need to be
separated, in the same way performed in
previous cases. (B) After the separation, which
is visible thanks to the different colours of the
edges of the 3D model, the two galleries are
sampled individually and each gallery volume
percentage is calculated, following the same
steps for crossed galleries.

% &0
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3.3.3.3. Reconstruction by joining split galleries

Some rare cases occurred where a wood crack or a void in the bark divided the gallery, splitting it in
two (Fig. 3.35). In these cases, the reconstruction was carried out following the ordinary procedures,
but after the unwanted defect portions were cleaned, the gallery was manually reconstructed, by

joining the separated parts of the galleries and merging them back together.

When the splitting occurred along the whole length of the gallery, for a wood crack that crossed a
straight gallery, the diameter of the gallery was compromised, and it required a different sampling

procedure.

The diameter was sampled normally and also the width of the wood crack was sampled with the
Wall thickness analysis tool at the two ends of the gallery, moving the Top view to a point where it
was possible to sample it. In this way, it was possible to calculate the average width of the crack

across the gallery, and then it was subtracted from the diameter previously sampled.

: i di = Diameter sampled normally
Split gallery diameter = d; — d,

dc = average width of the wood crack

Distance 2: 1.08 mm|

Distance 1: 0.95 mm

Distance 2: 1.08 mm|

Analysis 1
v] [E wall thickness 1: 1.25 mm
[E wall thickness 2 1.30 mm
[E wall thickness 3: 1.30 mm
[E wall thickness 4: 1.46 mm
) B wall thickness 5: 1.76 mm
[E wall thickness 6: 1.76 mm
[ wall thickness 7: 1.78 mm
Wall thickness 8: 1.44 mm
Wall thickness 9: 1.42 mm
all thickness 11: 1.56 m

Distance 1: 0.95 mm

o [ B

Figure 3.35. A straight gallery in PAR1FA, split in two by a wood crack. (A) The diameter of the crack is measured at
two points aligned with the entry hole and the end of the gallery. (B) The two points where the crack width is sampled
are right below the wood gallery. (C) The diameter of the gallery is sampled normally, but the width of the wood
crack must be subtracted. It is visible that the two width measurements for the wood crack correspond to the entry
hole and to the end of the gallery. (D) All the values are visible in the menu on the right.
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3.4. Statistical analysis

All the analyses were carried out in R software (R Core Team, 2021). To evaluate the effect of the
plant species on the number of entry holes, for each of the three insect species a generalized
linear model (GLM) with a negative binomial distribution (log link-function) was built and validated.
The response variable was the number of entry holes counted per log. The categorical explanatory
variable was the plant species (eight levels). To evaluate the effect of the plant species on the
colonization success, for each of the three insect species a linear model (LM) with a Gaussian
distribution was built and validated. The response variable was the percentage of branched
galleries on the total number of galleries. The categorical explanatory variable was the plant
species (eight levels). Pairwise multiple comparisons were run using post-hoc tests with Tukey

correction of p-values. All the analyses were carried out in R software (R Core Team, 2021 ).
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4. RESULTS

4.1. General observations

A total of 2318 galleries over 80 logs collected from 40 trees of 8 different species, were observed
and analyzed for this thesis. Among them, both branched, straight, and curved galleries were
observed in a significative number for 3 out of 4 surveyed ambrosia beetle species: Xylosandrus
crassiusculus, Xylosandrus germanus and Xyleborinus saxesenii. Very few Anisandrus dispar galleries

were observed, thus making this species unsuitable for colonization success analysis.

X. crassiusculus had the highest incidence in boring activity and colonization success, followed by X.
saxesenii and X. germanus, with significantly lower incidence in both boring activity and colonization

success. A. dispar dug only 10 galleries out of 2318 total.

Boring activity and colonization pattern differed among ambrosia beetle species and were influenced
by the host tree species. Trees in the Rosales group (M. sylvestris, P. armeniaca, P. avium and P.
pyraster) were generally more subjected to boring activities, and in all four tree species, positive
ratios of colonization success were registered for all insect species considered (X. crassiusculus, X.

saxesenii, X. germanus).

Trees in the Fagales group (C. avellana, C. betulus, Q. ilex, Q. robur) were generally less subjected to
boring activities, but the colonization pattern was influenced by the tree species. C. avellana and C.
betulus were proven to be the least preferred and colonized tree species by all the insect species,

while Q. ilex and Q. robur were shown to be preferred by some insect species over others.

Inside the wood, straight and curved galleries were mostly very short, while branched galleries have
come in a wide variety of different shapes and sizes: some were composed of a main gallery with

shorter ramifications on the sides, while others created complex patterns of multiple ramifications.

Some of the branched galleries presented wide flat brood chambers. In most of the cases, the gallery
networks were dug horizontally, with all the ramifications aligned on the same level, while brood
chambers were dug vertically, following the direction of the gallery. Several crossed galleries were
observed, both between tunnels dug by the same species or by different ones. Cases of galleries

originating from inside other galleries were also observed.
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4.2. Mean number of entry holes and successful galleries

Boring activity incidence differed among ambrosia beetle species (Fig. 4.36): X. crassiusculus (39.71
+ 7.66) scored the highest value, while X. saxesenii (10.68 + 2.20) and X. germanus (10.34 + 2.05),

scored similar results compared to each other, but almost 4 times lower than X. crassiusculus.

Colonization pattern differed among ambrosia beetle species (Fig. 4.37) and reflected the same
trend observed for boring incidence (Fig. 4.36): X. crassiusculus (15.42 + 4.23) scored again the
highest value, and X. saxesenii (2.21 + 0.77) and X. germanus (1.18 + 0.36), scored lower results

compared to X. crassiusculus, with an even greater difference.

Compared to the other insect species, A. dispar scored a significantly lower value both in boring
incidence (0.26 + 0.14) and colonization success (0.18 + 0.14), its presence was observed only in 5
out of 8 tree species (C. avellana, M. sylvestris, P. avium, P. pyraster, Q. ilex) and for a total number

of 10 out of 2318 galleries, thus making this species unsuitable for further analysis.
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Figure 4.36. Mean number of entry holes, over all
the logs, divided by insect species.

Xc = Xylosandrus crassiusculus
Xs = Xyleborinus saxesenii

Xg = Xylosandrus germanus
Ad = Anisandrus dispar

Figure 4.37. Mean number of branched galleries,
over all the logs, divided by insect species.

Xc = Xylosandrus crassiusculus
Xs = Xyleborinus saxesenii

Xg = Xylosandrus germanus
Ad = Anisandrus dispar



4.3. Plant-host effect on the number of entry holes

Across all the 3 insect species, M. sylvestris and P. armeniaca were the most attacked tree species,
reaching the highest or the second highest average number of entry holes for all the insect species,
together with P. avium being the third or fourth highest (Fig. 4.38, 4.39, 4.40). Table 4.1 shows

statistical indices related to boring activity results presented in Fig. 4.38, 4.39, 4.40.

The most attacked tree species by X. crassiusculus were PAR (112.25 + 5.20), MC (105.60 * 13.19)
and PP (44.20 £ 22.23), followed by PAV (26.40 + 17.10) and QI (16.25 + 3.71), and finally CA (9.20 +
6.11), QR (7.60 £ 2.71) and CB (6.00 + 4.34). Estimated marginal means show that PAV and Ql values
share statistical similarities with all the other tree species, while PAR and MC are shown to be

different from CA, QR and CB (Fig. 4.38).

The most attacked tree species by X. saxesenii were PAR (27.00 £ 6.15), MC (21.00 £ 8.25) and PAV
(18.60 + 7.51), followed by QI (8.50 + 3.50), PP (6.80 + 4.84) and CA (3.80 + 1.88), and finally QR
(2.20 £ 0.97) and CB (0.40 + 0.40). Estimated marginal means show that PP and CA share statistical
similarities with all the other tree species, while PAR, MC and PAV are shown to be different from CB

and QR (Fig. 4.39).

The most attacked tree species by X. germanus were MC (25.80 + 9.56) and PAR (22.75 + 7.95),
followed by PAV (11.00 + 2.02), Ql (8.50 £ 4.19), QR (6.00 + 3.21) and CB (5.40 £ 2.50), and finally PP
(3.60 + 1.33) and CA (1.80 + 1.11). Estimated marginal means show that PAV, Ql, QR and CB share
statistical similarities with all the other tree species, while PAR and MC are shown to be different

from PP and CA (Fig. 4.40).

Considering the results reported in this analysis and the comparisons observed through estimated
marginal means, a difference exists between the results achieved in trees among the Rosales group
and the ones among the Fagales group. In particular PAR and MC, and also PAV for X. saxesenii, all
belonging to the Rosales, were shown to be different from CA, QR or CB, which belong to the Fagales
group. Ql and PP reported similarities with other tree species belonging to different groups or

presented no substantial difference with other tree species.

Insect species LRChisq Df Pr(>Chisq) Table 4.1. Statistical indices for X. crassiusculus, X. saxesenii
X. crassiusculus  46.901 7 0.00005836 and X. germanus boring activity, showing Likelihood Ratio
X. saxesenii 38.313 7  0.002642 Chi-square [LR Chisq], Degrees of freedom [Df] and P value
X.germanus 34684 7 0.01282 [Pr(>Chisq)].
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Figure 4.38. Mean number of entry holes of X.
crassiusculus for each attacked tree species.
Estimated marginal means are represented as
letters above each tree species. Means with
the same letters are proven to not be
statistically different. On the left, the tree
species in the Rosales group (M. sylvestris, P.
armeniaca, P. avium and P. pyraster); on the
right, the tree species in the Fagales group (C.
avellana, C. betulus, Q. ilex, Q. robur).

Figure 4.39. Mean number of entry holes of X.
saxesenii for each attacked tree species.
Estimated marginal means are represented as
letters above each tree species. Means with
the same letters are proven to not be
statistically different. On the left, the tree
species in the Rosales group (M. sylvestris, P.
armeniaca, P. avium and P. pyraster); on the
right, the tree species in the Fagales group (C.
avellana, C. betulus, Q. ilex, Q. robur).

Figure 4.40. Mean number of entry holes of X.
germanus for each attacked tree species.
Estimated marginal means are represented as
letters above each tree species. Means with
the same letters are proven to not be
statistically different. On the left, the tree
species in the Rosales group (M. sylvestris, P.
armeniaca, P. avium and P. pyraster); on the
right, the tree species in the Fagales group (C.
avellana, C. betulus, Q. ilex, Q. robur).



4.4. Colonization success ratio per tree species

Fig. 4.41 shows the average percentage of branched galleries over the total number of galleries
within each tree species dug by each insect species. Fig. 4.42, 4.43, 4.44 show colonization success
ratios individually for every insect species, but only Fig. 4.42 for X. crassiusculus shows grouping
symbols (letters a, b, c) for estimated marginal means, as the results for X. saxesenii and X. germanus
composed a statistical sample too small for this analysis. Tables 4.2, 4.3, 4.4 show statistical indices

related to colonization success results presented in Fig. 4.41, 4.42, 4.43, 4.44,

Among all the tree species, P. avium and P. armeniaca reached the highest colonization success ratios
for all the insect species, while Q. robur showed a relevant colonization success ratio only for X.

germanus. No galleries dug in C. betulus were reported as successful for any insect species.
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Figure 4.41. Mean percentage of branched galleries for every insect species in every tree species. On the left, the
tree species in the Rosales group (M. sylvestris, P. armeniaca, P. avium and P. pyraster); on the right, the tree
species in the Fagales group (C. avellana, C. betulus, Q. ilex, Q. robur).

X crassiuscalus DF SumSq_Meansq Fvalue Priof) Table 4.2. Statistical indices for X. crassiusculus, showing
Tree_species 7 14635 2090.76 48.063 0.001295 Degrees of freedom [Df], sum squared error [Sum Sqg], mean
Residuals 27 11745 435.01

squared error [Mean Sq], F value and P value [Pr(>F)].

X. saxesenii  Df SsumSq MeanSq Fvalue  Pr(>F) Table 4.3. Statistical indices for X. saxesenii, showing Degrees
Tree_species 715211 217.30 09324  0.5026 of freedom [Df], sum squared error [Sum Sq], mean squared
Residuals 21 4894.4  233.07

error [Mean Sq], F value and P value [Pr(>F)].

X. germanus  Df SumSq MeanSq Fvalue Pr(>F) Table 4.4. Statistical indices for X. germanus, showing
Tree_species 411977 29943 0.6284  0.6488 Degrees of freedom [Df], sum squared error [Sum Sqg], mean
Residuals 17 8099.8  476.46

squared error [Mean Sq], F value and P value [Pr(>F)].
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Colonization success was influenced by the tree species. Each insect species reached positive success
ratios of colonization over the four tree species in the Rosales group, while the four species in the
Fagales group have proven to exert a stronger selectivity on colonization success of each insect
species, with several cases of complete unsuccess where no branched galleries were observed, and

other cases of exceptionally high ratios of success for individual insect species.

The success ratios for each species colonized by X. crassiusculus are unevenly distributed, but
positive for 7 out of 8 tree species (Fig. 4.42). PAV (51.92% + 14.67%) and PAR (48.97% + 14.84%)
show the highest percentage of colonization success rate, followed by PP (13.93% + 8.69%), QI
(9.20% = 4.12%), MC (3.79% * 3.39%), CA (3.79% + 3.79%) and QR (1.67% + 1.67%) with a
significantly lower colonization success rate. CB was the only tree species where X. crassiusculus dug
no branched galleries. Estimated marginal means show that MC, Ql and PP share statistical

similarities with all the other tree species, while PAV is shown to be different from CA, CB and QR.

The success ratios for each species colonized by X. saxesenii are evenly distributed among PAR
(19.91% + 10.12%), PAV (14.62% + 6.56%), MC (13.56% + 7.62%) and PP (11.54% + 11.54%), while
Ql (2.78% * 2.78%) ratio is significantly lower (Fig. 4.43). CA, CB and QR have shown no branched

galleries for X. saxesenii.

The success ratios for each species colonized by X. germanus are unevenly distributed among PAV
(26.23% + 13.15%), QR (20.27% + 17.23%), PAR (13.21% + 10.40%), MC (8.83% * 4.67%), and PP
(7.50% + 7.50%). CA, CB and QI have shown no branched galleries for X. germanus (Fig. 4.44).

Considering the results reported in this analysis, a difference exists between the results achieved in
trees among the Rosales group and the ones among the Fagales group, as every insect species was
proven to be able to colonize successfully all the tree species among the Rosales group, while only
X. crassiusculus achieved positive results in 3 out of 4 tree species among the Fagales group, and

only Quercus spp. reported positive results for X. saxesenii and X. germanus.
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Figure 4.42. Mean percentage of
branched galleries of X. crassiusculus
for each attacked tree species.
Estimated marginal means are
represented as letters above each
tree species. Means with the same
letters are proven to not be
statistically different. On the left, the
tree species in the Rosales group (M.
sylvestris, P. armeniaca, P. avium and
P. pyraster); on the right, the tree
species in the Fagales group (C
avellana, C. betulus, Q. ilex, Q. robur).

Figure 4.43. Mean percentage of
branched galleries of X. saxesenii for
each attacked tree species. On the
left, the tree species in the Rosales
group (M. sylvestris, P. armeniaca, P.
avium and P. pyraster); on the right,
the tree species in the Fagales group
(C. avellana, C. betulus, Q. ilex, Q.
robur).

Figure 4.44. Mean percentage of
branched galleries of X. germanus for
each attacked tree species. On the
left, the tree species in the Rosales
group (M. sylvestris, P. armeniaca, P.
avium and P. pyraster); on the right,
the tree species in the Fagales group
(C. avellana, C. betulus, Q. ilex, Q.
robur).



5. DISCUSSION

To improve management strategies for native and non-native ambrosia beetle species introduced
outside their native range, it is necessary to understand all the factors that affect host selection and

colonization patterns (Ranger et al., 2016; Cavalletto et al., 2022; Hulcr & Skelton, 2023).

Ethanol constitutes an olfactory cue for several species of ambrosia beetles in locating suitable hosts
to colonize and enhance the growth of their nutritional fungal symbionts, favouring trees containing
certain ethanol concentrations over others (Ranger et al., 2012, 2015b; Rassati et al., 2020;

Cavalletto et al., 2021, 2022).

X-ray tomography has been proven to be an accurate instrument in research to investigate wood-
boring insects’ activities and cryptic lifestyles in a non-disruptive way (Himmi et al. 2014, 2016a,
2016b, 2018; Aguilera-Olivares et al., 2017; Donko et al., 2022), and its application to ambrosia
beetles have been suggested and supported (Alba-Alejandre et al., 2018; Dolinko et al., 2022), but

never attempted before.

The results of this work show a higher incidence of boring activity and colonization success for X.
crassiusculus over the other insect species, suggesting good performances of this species on flooded
trees. On the other hand, results for A. dispar suggest an opposite trend, scoring the lowest

incidence of boring activity and the lowest presence of developed galleries.

In previous research, X. crassiusculus was proven to be effective in boring initiation and colonization
at different ethanol concentrations, while A. dispar was proven to be positively influenced by
increasing concentration of ethanol (Cavalletto et al., 2021, 2022). Both these insect species seem
to use ethanol as a main olfactory cue to select their host, with their fungal symbionts being more
efficient at different ethanol concentrations, as A. roeperi for X. crassiusculus has a lower ethanol
tolerance than A. hartigii for A. dispar (Ranger et al., 2018; Lehenberger et al., 2021; Cavalletto et
al., 2022).

This explains the attitude of X. crassiusculus to attack trees in both early and advanced physiological
stress stages, making it a major pest in orchards and tree nurseries (Ranger et al., 2016, 2021), and
also explains the opposite preference for A. dispar to attack dying or severely stressed trees

(Klimetzek et al., 1986; Schroeder & Lindelow, 1989).
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Trees subjected to flooding have relatively low ethanol concentration levels, being in the early stages
of physiological stress, thus becoming more attractive for X. crassiusculus than for A. dispar. The
results in this thesis support the hypothesis that ethanol plays a major role in the host selection
mechanism for these two insect species, thus regulating niche partitioning among ambrosia beetles

(Rassati et al., 2020; Cavalletto et al., 2021, 2022).

The intermediate results achieved by X. saxesenii and X. germanus can be also explained by the
relatively low concentration of ethanol in flooded trees. In previous research, ethanol concentration
was proven to influence X. saxesenii and X. germanus boring activity, with an increasing incidence at
higher concentrations, but not the colonization success, which may require the interplay of both

ethanol and other olfactory cues (Cavalletto et al., 2021, 2022).

The results of this work show that colonization success is higher for X. saxesenii than for X. germanus,
which is the opposite trend observed by Rassati et al. (2020). This may enforce the hypothesis that,
for both X. saxesenii and X. germanus, compounds other than ethanol may influence colonization

success, such as quercivorol or a—copaene (Owens et al., 2019).

Considering the relationship between each tree species and the ambrosia beetle species analysed,
different patterns are revealed. The difference between trees among the Rosales and the ones
among the Fagales is clear for both boring incidence and colonization success, as the trees in the

first group reported sensibly higher values than trees in the second group.

The reason why trees in the Rosales group are more sensible to attacks of ambrosia beetles than
trees in the Fagales may be related to the plant resistance to flooding stress, which may lead to
different emission levels of ethanol and other stress-related compounds (Copolovici & Niinemets,

2010).

Among the eight tree species present in this work, P. avium and P. armeniaca, in the Rosales group,
are the most sensitive species to flood stress (Glenz et al., 2006; Ranney et al., 1994), thus producing
the highest amount of ethanol when subjected to flooding. In fact, P. armeniaca was the most or the
second most attacked and colonized species for all three insect species, while P. avium reported high
boring activity and colonization success for X. saxesenii and the highest colonization success for X.

crassiusculus and X. germanus.

The other two species in this group reported different trends. M. sylvestris was one of the most
attacked tree species overall, indicating high levels of ethanol emitted, but the colonization success
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ratio was unexpectedly low compared to P. armeniaca and P. avium for X. germanus and X.
crassiusculus, highlighting the interplay of factors other than ethanol that influence colonization
success of these species. P. pyraster reported an overall low incidence of boring activity and
colonization success ratios, as this tree species is considered resistant to flood stress (Vidakovi¢ et

al., 2022; Glenz et al., 2006), thus emitting a lower concentration of ethanol.

On the other hand, among the Fagales group, C. avellana and C. betulus reported the lowest
incidence of boring activity and colonization success ratios almost null, with only X. crassiusculus

being able to establish a few developed galleries in C. avellana.

The other two tree species, however, reported unexpected results. Q. ilex reported the highest
boring activity among Fagales, with an incidence similar to Rosales. This may be related to the low
tolerance of this tree species to flooding stress, which caused the emission of higher concentrations
of ethanol (Holzinger et al., 2000) and attracted more insects. However, colonization success was

null for X. germanus and significant only for X. crassiusculus, with lower ratios for X. saxesenii.

Q. robur reported a low incidence of boring activity among all insect species, and colonization
success was null for X. crassiusculus and X. saxesenii, but exceptionally higher for X. germanus. This
tree species has moderate resistance to flooding (Glenz et al., 2006), so factors other than ethanol
concentration must be involved in colonization success, which is in line with previous research on

this insect species (Cavalletto et al., 2022).

All the results suggest that flooding may affect differently the eight tree species involved in this
research, with the Rosales group being more sensitive than Fagales to flooding stress. Ethanol is
confirmed to be the main attracting cue for ambrosia beetle species, driving host selection

mechanisms and regulating niche partitioning among the insect species.

However, colonization success is proven to be affected not only by ethanol emissions, which increase
with lower flooding stress tolerance of the plant, but also by other unclear factors related to specific
insect species, with X. crassiusculus being able to colonize almost all the analysed tree species, and
X. germanus reporting high colonization success ratios in Q. robur, which is a flood-resistant tree

species.
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6. CONCLUSIONS

X-ray tomography is an essential instrument to study wood-boring beetles such as ambrosia beetles,
unravelling the mysteries of their cryptic lifestyles and allowing deep and detailed comprehension

of their ecology and biology.

The observation of the complex gallery systems dug by these insects opens new frontiers for
research on their social behaviour, gallery structure, interactions among different species and much

more.

This research has remarked on the importance of ethanol in the plant-host relationship, affecting

the host selection mechanism and the colonization success of ambrosia beetles.

Through the observation of the galleries dug by ambrosia beetles, it was proven that flooding stress
affected differently the incidence of boring activities of ambrosia beetles and their colonization

success, with trees among the Rosales being attacked more frequently than trees among the Fagales.

Tree species in the Rosales group are common in tree nurseries and orchards, which are intensively
managed environments where poor drainage of the soil is a recurrent condition, posing a major

threat for possible ambrosia beetle attacks.

Management strategies in these environments should be focused on keeping plants in good health

conditions, as ambrosia beetles are proven to be ineffective on healthy trees.

However, both natural and intensively managed forest environments may face increasing levels of
ambrosia beetles’ attacks in the future, due to climate change that will inevitably raise the frequency

of flooding events all over the world.

Considering this trend, research on these insects is becoming more and more relevant to understand
their behaviour, monitor their presence, and manage them when they become pests, especially
exotic species such as X. crassiusculus, that is highly adaptable on several different tree species and

conditions and has already posed a major threat for orchards and tree nurseries in the US.
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