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The polyphagous shot hole borer (PSHB, Euwallacea fornicatus) has invaded multiple countries, including South
Africa. Along with its fungal mutualist, PSHB has caused the death of a wide range of tree species. Unmitigated
costs of invasion in South Africa are estimated to be high. This study consisted of a 26-month PSHB monitoring

Mr;eﬁst orin programme using baited traps in an urban-agricultural fringe setting in the Western Cape province, focusing on
Managemfnt revealing the factors most important to flight activity, beetle abundance, and infestation severity. It also tested
Peri-Urban the validity of felling infested trees as a management option to reduce beetle numbers (propagule pressure). More
Euwallacea fornicates than half of the 94 study plots evaluated had PSHB-infested trees. Beetle flight activity was highest in summer

and negligible in winter, with flight activity being positively correlated with temperature, beetle developmental
degree days and beetle flight hours. The surrounding abundance of infested hosts was positively correlated with
beetle abundance and infestation levels, though “saturation” in the infestation of a focal host tree may be a
deterrent to dispersing beetles. Trees in plots that experience water stress (seasonal flooding) had higher
dispersing beetle abundance and infestation levels, suggesting that tree stress might play a role in attracting
beetles or making trees more vulnerable to infestation. Beetle activity during tree felling echoed the overall
seasonal trend, and higher numbers of dispersing beetles on the day of tree felling in summer suggest that felling
activities should best be conducted in winter. For three host tree species, infestation severity increased with
decreasing tree size, which may be due to larger trees having thicker bark or other better defence systems. This
study provides insight into the ecology of PSHB in this region of South Africa, which is important for developing
monitoring and management strategies.

1. Introduction

Due to globalisation and increased global trade, the number of forest
pest invasions is increasing worldwide (Liebhold et al., 2012).
Wood-boring insects such as bark- and ambrosia beetles (Curculionidae;
Scolytinae), are some of the most common and destructive invasive alien
species globally (Haack, 2006; Roques, 2010). Long-term monitoring
programmes are critical to understand the drivers behind these species’
population dynamics in invaded ranges. This generates information that
can be used to evaluate the potential impacts of invaders and inform

management strategies.

The polyphagous shot hole borer beetle (PSHB) (Euwallacea for-
nicatus; Coleoptera: Curculionidae: Scolytinae) is native to Southeast
Asia but has spread to multiple countries where it has emerged as a
damaging tree pest (van Rooyen et al., 2021). PSHB was first identified
in South Africa in 2017 (Paap et al., 2018), but it has been present in the
country since at least 2012 (Stouthamer et al., 2017). The invasion in
South Africa represents the most widespread outbreak of this species in
the world, reaching every province except Limpopo (van Rooyen et al.,
2021). The species likely arrived at South African harbours with infested
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wood packaging material or other wood products, but dispersal within
the country has since been aided by the formal and informal firewood
trade (van Rooyen et al., 2021).

The PSHB is an ambrosia beetle characterised by a developmental
dependence on fungal mutualists. Female beetles bore into woody host
trees and deposit their fungal symbionts into the xylem from specialised
organs called mycangia (Hulcr and Dunn, 2011; Six, 2012). The fungi
use host tree resources and grow into fungal gardens within beetle
galleries, upon which the larvae and adult beetles feed (Hulcr and Dunn,
2011; Joseph and Keyhani, 2021). Male PSHB are haploid and cannot
fly, so dispersal to new hosts is limited to the diploid females (Umeda
etal., 2016). One female PSHB can produce over 50 female offspring in 7
weeks, and PSHB colonies produce and maintain multiple overlapping
generations per year (Cooperband et al., 2016). Fusarium euwallaceae is
the primary mutualistic fungal symbiont of the dominant haplotype of
the PSHB in numerous invaded countries, including South Africa
(Bierman et al., 2022; Freeman et al., 2016; Lynch et al., 2016; Paap
et al., 2018). Fusarium euwallaceae is phytopathogenic to many hosts as
it can block tree vasculature and cause dieback disease (Fusarium
dieback) in highly susceptible trees (Eskalen et al., 2013; Na et al.,
2018). Non-reproductive host tree species are those in which the fungus
can grow after inoculation by the beetle, but the beetles are unable to
establish viable colonies (Eskalen et al., 2013). These host trees usually
survive PSHB colonisation attempts. Tree species within which the
beetle can reproduce often die from Fusarium dieback (Eskalen et al.,
2013). This pest-disease complex has caused host mortality across a very
diverse range of tree species (Gomez et al., 2019). In South Africa, 83
tree species (indigenous and alien) have been shown to support viable
PSHB colonies (FABI, 2023).

Total social cost due to unmitigated PSHB invasion in South Africa
over the next 10 years is expected to be around 18 billion dollars, or
about 0.6 % of the country’s gross domestic product (de Wit et al.,
2022). Most of this cost will be incurred in urban areas, but native forests
and agricultural crops are also vulnerable. For example, the expected
loss to the avocado industry due to PSHB invasion in South Africa over
the next 10 years is estimated at 28 million dollars (de Wit et al., 2022).
Apple (de Jager and Roets, 2022), stone fruit (de Jager and Roets, 2023),
pear (Engelbrecht et al., 2024) and pecan nut trees (de Beer and Fell,
2022) have also recently been identified as reproductive hosts for PSHB,
but the potential economic effects of these invasions have not yet been
quantified (Neethling et al., 2024).

To mitigate the spread and impact of PSHB, there is a strong need to
understand the factors that influence its flight activity, abundance and
infestation severity. Like with many other insects, PSHB flight activity
may be strongly linked to seasonal changes in abiotic conditions, such as
changes in temperature, precipitation and number of daylight hours
(Berryman, 1986; Régniere et al., 2012). For example, aspects of
increasing temperature were found to increase flight activity in the tea
shot hole borer (a close relative of PSHB) in its native range, and
reduction of aerial numbers was found in the coldest months of the year
(Calnaido and Thirugnanasuntharau, 1966). In contrast, the flight ac-
tivity of PSHB and two closely related species was lowest in warmer
months and highest in colder months in Taiwan (Liu et al., 2022).
Although not yet tested, flight activity is expected to peak during
warmer months in South Africa, though as the previous results show,
PSHB flight activity may vary in different locations, and especially be-
tween its natural environment and invaded regions. Seasonal changes
also impact the state of potential host trees, especially for deciduous
species (Berryman, 1986; Na et al., 2018). In addition to climatic con-
ditions, numerous local site- and biological factors may influence PSHB
flight activity. For example, tree canopy cover and understory cover may
impact local temperature and habitat suitability. The above factors may
influence fungal growth and beetle development, therefore impacting
beetle emergence and flight behaviour (Dodge and Stouthamer, 2021;
Hulcr et al., 2007; Umeda and Paine, 2018).

Numerous biotic and environmental factors may be important to
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PSHB abundance and infestation severity in different locations. In
accordance with the biotic resistance hypothesis, areas with increased
tree species richness may be more resilient to PSHB invasion (Fridley
et al., 2007). Alternatively, increased availability, abundance and den-
sity of preferred host tree species is expected to positively influence the
chances of invasion of an area and subsequent PSHB abundance as there
will be increased availability of resources (Lynch et al., 2018; Townsend
et al., 2024). Higher numbers of infested reproductive hosts could also
increase the likelihood of PSHB infestation on less preferred hosts, due
to increased propagule pressure and a tendency to alight on tree species
seemingly at random (Lynch et al., 2021; Mendel et al., 2012; 2017).
This is especially relevant in agricultural areas where crop species may
become infested when they are surrounded by infested reproductive
hosts. It is also thought that the overall health status and stress level of
host trees may influence host susceptibility to colonisation (Hulcr and
Dunn, 2011; Mendel et al., 2012). Increased PSHB abundance and
infestation levels are therefore expected in areas with a greater abun-
dance of stressed reproductive hosts such as those negatively influenced
by natural or human impacts including water availability, storm damage
or tree pruning (Boland, 2016; Hulcr and Stelinski, 2017; Mendel et al.,
2021; Townsend et al., 2024). There is also mounting evidence that
larger trees suffer higher numbers of attacks than smaller trees for some
ambrosia beetles (Choudhury et al., 2020; Haas et al., 2016; Mayfield
and Brownie; 2013), although this has not yet been clearly demonstrated
for PSHB (Townsend et al., 2024). The impact of many of these factors
on PSHB infestation levels has recently been evaluated in a native forest
in South Africa (Townsend et al., 2024). However, the impact of these
factors on PSHB abundance and infestation levels has not been evaluated
in an agricultural or urban setting in South Africa.

Higher infestation levels on reproductive hosts are expected to
positively correlate with a higher abundance of dispersing PSHB in-
dividuals, particularly in the warmer summer months. This will likely
lead to increased chances of higher infestations and dispersal to new
hosts and sites (Howe et al., 2021; Kautz et al., 2016). Many managing
authorities and scientists therefore recommend the removal of highly
infested reproductive host trees (Chen et al., 2020; Jones and Paine,
2015), especially since there is currently no effective way of eradicating
PSHB from infested individuals (Greer et al., 2018; Paap et al., 2020;
Roberts et al., 2024). However, there is also concern, especially from
homeowners, that tree removal practices may lead to increased abun-
dance of dispersing individuals following disturbance within galleries
due to tree felling activities, even though the recommended subsequent
chipping of wood would kill most beetle individuals (Chen et al., 2020;
Jones and Paine, 2015). Therefore, there is still a need to demonstrate
the reductive effect of infested tree removal on local PSHB numbers and
to determine the best-suited time for tree felling to avoid unintended
dispersal.

1.1. Research objectives

This study included a two-year monitoring programme with the
overall objective to understand the factors behind PSHB population
dynamics in an invaded area. The study site was a peri-urban landscape,
which was directly adjacent to an urban area and itself maintained a
hybrid landscape of scattered urban, rural and agricultural elements. It
first aimed to elucidate factors that influence PSHB flight activity (when
beetles fly), abundance of dispersing PSHB individuals (propagule
pressure), and timing of infestations. It is hypothesized that beetle flight
activity, the abundance of dispersing individuals, and the rate of infes-
tation on tree individuals will increase during warmer periods. Here-
after, the factors that may affect PSHB propagule pressure and
infestation severity were evaluated at a local site scale. The progression
of infestations at the plot level was followed to determine which of these
factors lead to a faster increase in PSHB colonisation. The influence of
tree felling on PSHB propagule pressure was then evaluated. If the
numbers of active beetles (propagule pressure) are correlated to
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infestation levels, it is hypothesised that the removal of highly infested
reproductive hosts will reduce the number of active beetles at a site. If
the numbers of active beetles increase in summer and decrease in winter,
it is hypothesised that tree felling activities will produce higher unin-
tended dispersal activity in summer than in winter. Factors that may
influence the severity of infestations of individual host trees in a plot
were then investigated for three selected host species: English oak,
Australian beefwood and Chinese poplar.

2. Methods and materials
2.1. Study site

This study was conducted on Lourensford Estate, a 4000-hectare,
privately owned property in Somerset West (S34°04°47.0”
E18°53’12.3”), in the Western Cape province of South Africa (Fig. 1),
after confirmation of PSHB infestation in January 2021. However, it is
likely that the beetle has been present on the property since 2020 just
after it was locally detected by the PSHB Research Network. The region
maintains a Mediterranean climate, characterised by hot, dry summers
and cold, rainy winters, and it has a naturally Fynbos-dominant land-
scape (Cowling and Holmes, 1992). Monthly temperature and rainfall
data during the study period are presented in Fig. Al. The most abun-
dant tree species within the estate are presented in Table S1. Several of
the tree species listed in Table S1 have previously been recorded as
either PSHB reproductive hosts or as preferred hosts (FABI, 2023; Gomez
et al., 2019). Reasons for host susceptibility are not yet well understood
but may include phylogenetic affinities to other susceptible host species
(Lynch et al., 2021; Townsend et al., 2025). Cultivated areas maintain
commercial crop species (mainly deciduous fruit species) and tree spe-
cies used as windbreaks, many of which are PSHB reproductive hosts
(Table S1). Transition areas are found scattered between cultivated and
ornamental zones, many of which are semi-natural and invaded by alien
woody host species (Table S1). Ornamental areas maintain tree species
for gardens and recreation, many of which are also reproductive hosts
(Table S1).

2.2. Data collection

Monitoring traps were constructed using two plastic bottles joined at
the openings using a short piece of hosepipe (Fig. 2). The top bottle had a
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Fig. 1. An outlined map of South Africa with study area indicated in red.
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volume of 2 L, was orientated upside down and had a large window cut
out into the side. It was placed upside down to act as a funnel and
catching panel (Fig. 2). Arthropods that flew into the trap (through the
window) were funnelled down into a smaller 1 L collection bottle, which
contained ca. 200 ml undiluted propylene glycol to euthanise and pre-
serve catches (Fig. 2). Traps were suspended on metal poles 1.24 m high
from the ground, corresponding to general flight height observed for
PSHB in a previous study (Byers et al., 2017). Traps were baited with a
slow-release Quercivorol ((1S,4 R)-p-menth-2-en-1-ol) lure (Synergy
Semiochemicals Corp.) (Byers et al., 2020; Dodge et al., 2017). The ef-
ficacy of Quercivorol lures for attracting Euwallacea species reduces
substantially after 9 weeks (Owens et al., 2019a). Therefore, lures were
replaced every 8 weeks throughout the study period.

One hundred traps were placed in various strategic areas on the
property (Fig. 3). Trap areas were identified based on the monitoring
needs of the estate, following some of the borders of the property,
various connecting roads, open spaces between garden and agricultural
areas, and within fruit orchards. Traps were placed at least 60 m apart to
avoid trap interference (Owens et al., 2019b), but inter-trap distances
were often greater than this minimum. Trap catches were collected and
the number of PSHB individuals counted monthly; the first half of the
traps were collected after the first two weeks of every month, and the
rest were collected at the end of every month. Traps were set from
February 2021 to April 2023 (n = 26 monthly catches for every trap).
Individual PSHB were morphologically identified using a stereomicro-
scope following Gomez et al. (2018), Smith et al. (2019) and Stouthamer
et al. (2017).

A circular plot (20 m diameter) was established around each trap.
The 20 m plot diameter was chosen to ensure that trap catches and
beetle activity only corresponded to environmental variables in the
immediate surroundings (Byers et al., 2018). The following variables
were recorded within each plot: tree species richness, surface water
availability (surface water always available to trees within the plot
[including when trees were regularly irrigated], never available or
seasonally available), vegetation type (cultivated [including windbreak
zones], transition [including semi-natural areas], or ornamental), can-
opy cover (as a percentage) and understory cover (as a percentage). The
following variables were recorded for every tree that was over 3 cm in
circumference at breast height (CBH) (~1.37 m above ground level)
within each plot (n = 900 trees in total): tree species, CBH, crown health
(as a percentage), tree damage (as a percentage of the crown and/or
trunk affected), overall tree health (scored from 1 to 5, [1 = healthy, no
damage; 5 = dead/dying]), distance to surface water (0 m when regu-
larly irrigated), distance (m) to natural impact (e.g., fallen tree), and
distance (m) to human impact (e.g., road or building).

Trees were visually inspected for signs of PSHB infestations (on
known reproductive hosts) or F. euwallaceae inoculations (on known
non-reproductive hosts), detected by looking for entry holes (~0.85 mm
(van Rooyen et al., 2021)), and/or other signs of beetle attack including
frass, oozing, or resin flow (Eskalen et al., 2013; Mayorquin et al., 2018).
Upon recognising these symptoms, the outer bark of the tree around an
entry hole was removed for at least one hole to verify fungal staining as
expected from F. euwallaceae (usually a vertical stain 1-2 mm wide,
ranging from red to dark brown). When in doubt, especially when a
possible new host was detected, a piece of the fungus-infested wood was
collected and the identity of the fungus was confirmed as F. euwallaceae
following procedures outlined in de Jager and Roets (2022). The number
of PSHB entry holes (from the base of the tree up to 3 m height) was
recorded for each infected tree (F. euwallaceae — non-reproductive host)
and/or infested (PSHB reproductive host). These surveys were repeated
in autumn (April/May) and spring (September/October) for two years,
starting in May 2021 (n = 4 repeats). Spring was chosen because it
corresponds to the first signs of yearly beetle activity, and autumn was
chosen because it corresponds to when beetle activity decreases (F.
Roets, pers. observ.). In successive surveys, any changes to relevant
variables were recorded. The time since the first colonisation of a
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Fig. 2. (A) Front view and (B) side view of baited traps showing slow-release lure containing Quercivorol ((1S,4 R)-p-menth-2-en-1-ol) (arrow).

Fig. 3. A map of Lourensford Estate with baited trap locations indicated
in yellow.

particular tree was calculated as either time 1 (when the tree was
infested at the start of the survey period), time 2 (when the tree was
newly infested in April/May 2021) or time 3 (when the tree was newly
infested in April/May 2022).

Ninety-six PSHB-infested trees were felled on Lourensford Estate in
winter (June through August) and summer (December through
February) between 2021 and 2023. Trees with close to or over 50 PSHB
entry holes up to a 3 m height were chosen for removal. Trees selected
for felling also had a health score of > 3, indicating that they were un-
healthy and likely declining due to PSHB infestation and Fusarium
dieback. Sixty-two trees were removed in summer (December through
February) and 34 trees were removed in winter (June through August).
Between 7 and 16 trees were removed on the same date (x = 9 har-
vesting events, 3 harvesting events in winter and 6 harvesting events in
summer). The felling procedure followed guidelines in Jones and Paine
(2015), with felled material chipped into a large plastic casing and left to
solarise for between 6 weeks and 4 months, depending on the average
ambient temperature. The following was recorded for every tree: spe-
cies, CBH and number of infested hosts within a 20 m diameter. One
Quercivorol-baited bottle trap was placed 5m from each tree. The
temperature (peak and daily average) and the number of beetles present

were recorded daily for seven days before and seven days after each tree
was felled (15 total days of monitoring).

2.3. Statistical analyses

Hourly temperature data used in analyses were obtained from Ileaf
Weather stations (Mérieux NutriSciences, South Africa) located on the
estate. All data were analysed using R programming software (R
Development 9 Core Team, 2020; version 3.6.3). For all analyses, a
confidence level of 5 percent (P < 0.05) was used to determine statis-
tical significance.

2.3.1. Factors that influence PSHB flight activity, abundance of dispersing
individuals and timing of infestations

The total number of beetles collected in each trap per month was
compared between different collection months across the study period.
The distribution of monthly abundance data was first evaluated for
normality using a Shapiro-Wilks (1965) test (using the package “nortest”
(Gross and Ligges, 20150) whereafter beetle catches were compared
between months using a Kruskal-Wallis (1952) test followed by a Dunn’s
(1964) post-hoc test with p-values adjusted with the
Benjamini-Hochberg method (using the package “FSA” [Ogle, 2017]).
To elucidate the relationship between the abundance of dispersing in-
dividuals and temperature, a Spearman’s rank correlation test was
performed between beetle numbers per trap per month and the mean
monthly temperature (Cohen et al., 2009). A LOWESS (Locally Weighted
Scatter-plot Smoother) line was fitted to this data (using the “stats”
package (Liidecke et al., 2021)).

Temperature data were used to calculate the daily mean temperature
for each 24-hour period (calculated from the daily maximum and min-
imum temperatures). Hereafter the number of degree days and dispersal
hours for PSHB beetle development was calculated for each month as
outlined in Liu et al. (2022). The species can develop between 13.34°C
and 33.08°C (Cooperband et al., 2016; Umeda and Paine, 2019). When
the mean daily temperature fell within this range, the number of degree
days were calculated as the mean daily temperature minus the lower
limit for beetle development, otherwise it was regarded as zero.
Euwallacea species are known to actively disperse between 20°C and
30°C (Calnaido, 1965), and in Sri Lanka and in Florida, most beetle
individuals only dispersed between 11:00 and 16:00 (Calnaido, 1965;
Kendra et al. 2017; Owens et al. 2019b). Although not tested for South
Africa, it is assumed that dispersal hours would be similar. For each day,
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the total number of hours spent between 20°C and 30°C was calculated.
Hereafter the total number of degree days per month and the number of
dispersal hours per month were compared with the number of beetles
collected per trap and per month, and the total numbers of beetles
collected in all traps per month using Spearman’s rank correlation tests
fitted with LOWESS lines (Cohen et al., 2009).

The numbers of additional attacks on trees since the first survey
(April/May 2021) were calculated until the final survey (September/
October 2022). Only plots that contained known reproductive and
nonreproductive host tree species were considered for these analyses.
The number of host tree individuals per plot was summed and divided by
the number of holes gained over the entire survey period to obtain an
average number of new PSHB holes per host tree in these plots. A
Spearman’s correlation with a fitted LOWESS line was then used to
compare the average number of new holes per host with the total
number of dispersing beetles collected between the first and the last
surveys.

2.3.2. Factors that influence the numbers of dispersing PSHB individuals
collected at a site (propagule pressure) and the infestation levels of a site
(number of PSHB holes in trees)

The effect of selected plot characteristics on the number of actively
dispersing PSHB individuals and the infestation levels of a site was
assessed for all plots except those in which trees were felled during the
study period. The final data set consisted of 94 sites. Beetle abundance
data consisted of the total number of beetles collected in each trap over
the entire collection period. Data on the total numbers of beetles
collected per trap were evaluated for normality using a Shapiro-Wilks
test and then used as the response variable in generalized linear mixed
models (GLMM’s) fitted to a zero-inflated Poisson distribution using the
“glmmTMB” package in R, chosen because the count data was right-
skewed and contained many zeroes (Brooks et al., 2017). Plot vari-
ables (listed in the previous section) recorded from the last survey point
(September/October 2022) were incorporated as fixed effects. The full
model included fixed effects of vegetation type (cultivated, transition or
ornamental), surface water availability (always, seasonally or never),
percentage canopy and understory cover, tree species richness (number
of species), number of damaged trees, number of reproductive host trees,
number of infested reproductive host trees (at the end of the monitoring
period), and number of inoculated non-reproductive host trees (at the
end of the monitoring period). Spatial autocorrelation was assumed due
to the patchy distribution of highly infested hosts, and including plot
number as a random effect substantially improved the models based on
Second-order Akaike’s information criterion (AICc), which was used to
rank all possible combinations of candidate models. The model with the
lowest AIC value was retained. After performing Tukey tests to deter-
mine significance of categorical variables, categories were separated
using the packages “emmeans” (Lenth et al., 2018), “multcomp” (Hothorn
et al., 2008) and “multcompView” (Graves et al., 2012). These analyses
were repeated to assess the effect of all plot variables on the total
number of holes in PSHB-infested trees per site to give an indication of
factors that influence infestation levels at the plot level. The full model
incorporated the same fixed and random effect(s) as above, but omitted
the number of infested reproductive hosts.

2.3.3. Factors that lead to increases in the numbers of dispersing PSHB
individuals collected at a site and increased rates of infestation in a site
The effect of selected plot characteristics (as above) on the increase
in number of actively dispersing PSHB individuals and to the increase in
infestations from the start of monitoring to the end of the study period
were assessed for the 94 sites. For these analyses, data for plot charac-
teristics taken at the first assessment (April/May 2021) were used as
fixed effects and plot number was used as random effect in GLMM’s
fitted to a zero-inflated Poisson distribution using the “glmmTMB”
package in R after evaluating the distribution of the data for normality
using a Shapiro-Wilks test. Response variables in models were either the
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increase in number of PSHB holes in a plot (number of holes at the end of
the study minus the number of holes at the beginning of the study) or the
increase in beetle catches after this first assessment of plot characteris-
tics (total number of beetles collected per trap at the end of the study
minus the total number of beetles collected per trap before April/May
2021). Model selection procedures and post-hoc testing followed those
outlined in the previous section.

2.3.4. Influence of tree felling on PSHB propagule pressure

A Spearman’s correlation test was used to determine whether the
number of PSHB holes in trees per plot at the end of the study period was
significantly correlated with the total number of beetles collected per
trap over the entire experimental period. Daily PSHB capture data in
plots in which infested trees were felled were then analysed as the
response variable in GLMM’s fitted to a zero-inflated Poisson distribu-
tion after testing for normality using a Shapiro-Wilks test. The full model
included season (summer or winter), day classification (before, during,
or after harvest), the interaction between the season and day variables,
average daily temperature, and daily maximum temperature as fixed
effects. Tree number nested within the harvesting event was included as
a random effect. Second-order AICc was used to rank all possible com-
binations of candidate models and the model with the lowest AIC value
after using stepwise model selection procedures was retained. Levels
within factors for categorical variables retained after model selection
were separated using the procedures and packages previously outlined.

2.3.5. Factors that influence the severity of infestations of individual host
trees

The effect of tree and plot characteristics on the severity of PSHB
infestations at the end of the monitoring period were assessed for
selected individual reproductive host tree species. The tree species
assessed were chosen if they had at least 30 infested individuals. These
species included English oak (n = 36 individuals), Australian beefwood
(n = 41 individuals) and Chinese poplar (n = 34 individuals).

The density of holes on a tree was calculated by using the circum-
ference of the tree at breast height (m) to calculate the surface area of
that tree as a function of a cylinder 3 m tall (up to the height for which
holes were counted in surveys). The number of holes in the tree up to
3 m was then divided by the surface area and expressed as holes/m?. The
addition of plot number as a random factor substantially lowered the fit
based on AIC value, so the holes/m? value was used as the response
variable in generalized linear models (GLM). After testing the contin-
uous data for normality using a Shapiro-Wilks test, the model was fitted
to a gamma distribution because it was right-skewed and provided a
better fit over log distribution based on lower AIC value. Predictor
variables assessed in these analyses included: tree size (CBH), the
number of surrounding reproductive hosts, the number of surrounding
infested reproductive hosts, distance to natural or human impact, per-
centage canopy cover, percentage understory cover, percentage focal
tree damage at start of surveying (April/May 2021), focal tree health
status at the start of surveying, surface water availability (always,
seasonally or never), vegetation type (cultivated, transition or orna-
mental), and beetle activity (total number of beetles collected in the
surrounding trap over the experimental period). Model selection and
post-hoc testing followed those previously outlined.

These analyses were repeated for the increase in density of in-
festations on trees from the start to the end of the survey period. This
was represented by data on the number of holes gained between April/
May 2021 and September/October 2022, which was used as the
response variable for model selection procedures. Predictor variables
assessed in these analyses were the same as above: tree size (CBH), the
number of surrounding reproductive hosts, the number of surrounding
infested reproductive hosts, distance to natural or human impact, per-
centage canopy cover, percentage understory cover, percentage focal
tree damage at start of surveying (April/May 2021), focal tree health
status at the start of surveying, surface water availability (always,
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seasonally or never), vegetation type (cultivated, transition or orna-
mental), and beetle activity (total number of beetles collected in the
surrounding trap over the experimental period). However, PSHB beetle
activity in this case only included the total numbers of beetles caught in
traps between April/May 2021 and September/October 2022. Model
selection and post-hoc testing followed those previously outlined.

3. Results

3.1. Factors that influence PSHB flight activity, abundance of dispersing
individuals and timing of infestations

Beetle numbers varied considerably between months and traps. The
highest number of dispersing beetles collected in a single trap was 13
621, collected during the month of February. The lowest number of
beetles collected in a trap was zero and was often the case in June —
August. Data on the total number of beetles collected in each trap across
all monitoring months was nonparametric (Shapiro-Wilks W = 0.844,
P < 0.0001). Month had a significant influence on the numbers of bee-
tles collected within traps (Kruskal-Wallis Chi? = 44.736, Df = 11,
P < 0.0001) (Fig. 4). Dispersing beetle abundance was higher during the
warmer late summer to early autumn months (Jan — March) than in the
colder winter months (June - August) (Fig. 4; Fig. Al). Congruently,
monthly abundance of beetles collected in all traps was strongly corre-
lated with monthly mean temperatures (Spearman r; = 0.8886,
P < 0.0001) (Fig. 5; Fig. Al).

There was a significant positive correlation between dispersing
beetles per month and per trap and the number of developmental degree
days per month (Spearman rg — 0.5992, P < 0.0001) (Fig. 6a), as well as
between dispersing beetles per month and per trap, and flight hours per
month (Spearman rg — 0.5864, P < 0.0001) (Fig. 6b). The correlation
between the total number of beetles per month (all traps combined) and
the monthly degree days, as well as the monthly flight hours, were
significantly positive (Spearman rs — 0.8828, P < 0.0001 [Fig. 6¢]; rs —
0.8072, P < 0.0001 [Fig. 6d], respectively).

The total number of new PSHB holes in host trees per plot (increase
in holes over the monitoring period) was significantly correlated with
the number of beetles collected in traps over the survey period
(Spearman rg — 0.2518, P < 0.0002) (Fig. 7). However, this correlation
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Fig. 5. Scatterplot showing the relationship between beetle abundance and
mean monthly temperature. A LOWESS line is fitted to the data.

was not particularly strong. This is likely because there was an initial
strong positive correlation between these two variables up to about 70
holes, whereafter the number of dispersing beetles did not positively
correlate with increased number of holes in host trees (Fig. 7).

3.2. Factors that influence the numbers of dispersing PSHB individuals
collected at a site (propagule pressure) and the infestation levels of a site
(number of PSHB holes in trees)

Due to tree felling activities, 6 of the 100 intial study plots were
removed from analysis, leaving 94 total plots. Data on the total number
of dispersing PSHB individuals per trap were nonparametric (Shapiro-
Wilks W = 0.84, P < 0.0001). After model selection, the best-fit model
retained vegetation type, surface water availability, percentage under-
story cover, number of reproductive host trees, and number of infested
reproductive host trees as fixed effects, with plot number as a random
effect (AIC = 1538.8, BIC = 1561.7, deviance = 1520.8, Df = 85). The
percentage understory cover (Z = 0.00493, P = 0.0007) (Fig. A2a) and
the number of infested reproductive host trees (Z = 3.110, P = 0.0019)
(Fig. A2b) were positively correlated with total numbers of dispersing
beetles. Vegetation type and surface water availability also had a sig-
nificant influence on the total numbers of dispersing beetles (Fig. A3).
More beetles were collected at sites containing transition vegetation
than cultivated or ornamental vegetation, but this was only significantly
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Fig. 4. Box plot showing the differences in beetle abundance per trap across different months. Different letters above bars indicate significant differences between
months. Box indicates 25-75 % data range, whiskers indicate 1.5 times the interquartile range, dots represent outliers.
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Fig. 7. Scatterplot showing the relationship between total abundance of dispersing beetles per plot and the increase in numbers of holes caused by infestation in host

trees over the monitoring period. A LOWESS line is fitted to the data.

evident when compared to cultivated zones (Fig. A3a). Significantly
more beetles were collected at sites with seasonal water availability
(seasonal flooding) than at plots that always or never had surface water
available (Fig. A3Db).

The best-fit model for infestation level data (total number of holes in
host trees in plots at the end of the surveying period) retained vegetation
type, surface water availability and tree species richness, as well as plot
number as a random effect (AIC = 823.3, BIC = 841.1, deviance =

809.3, Df = 87). Species richness was significantly positively correlated
with infestation levels in sites (Z = 2.203, P = 0.0276) (Fig. A2c). Plots
with seasonal access to surface water were associated with higher
infestation levels than plots that always or never had access, but this was
only significantly evident against those that always had access
(Fig. A3c). Post-hoc testing showed no significance between levels in
different vegetation types.
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3.3. Factors that lead to increases in the numbers of dispersing PSHB
individuals collected at a site and increased rates of infestation in a site

The best-fit model for data on the increase in the number of
dispersing PSHB individuals over the monitoring period retained vege-
tation type, surface water availability, percentage understory cover, and
the number of infested reproductive hosts as fixed effects, and plot
number as a random effect (AIC = 1419.9, BIC = 1440.2, deviance =
1403.9, Df = 86). Percentage understory cover and the number of
infested reproductive host trees were significantly positively correlated
with an increase in dispersing PSHB beetle numbers (Z = 2.365,
P =0.018; Z = 3.507, P = 0.0005, respectively) (Fig. A2d). Vegetation
type and surface water availability also had a significant impact, with
the transition vegetation type and seasonal water availability having the
highest association with increased beetle abundance (Fig. A3d & A3e).

The best-fit model for data on the increase in infestations between
the first survey and the last survey included vegetation type, the number
of reproductive host trees, and the number of infested reproductive hosts
as fixed effects, and plot number as a random effect (AIC = 730.4, BIC =
745.6, deviance = 718.4, Df = 88). The number of infested reproductive
host trees was significantly positively correlated with an increase in
infestations in plots (Z = 6.480, P < 0.0001) (Fig. A2e). Plots with
seasonal access to surface water (seasonal flooding) had increased
infestation levels compared to plots that never or always had surface
water access (Fig. A3f). Post-hoc testing showed no significance between
levels in different vegetation types.

3.4. Influence of tree felling on PSHB propagule pressure

Beetle propagule pressure (number of beetles collected per trap over
the entire monitoring period) was significantly positively correlated
with infestation levels (number of holes at the end of the monitoring
period) (Spearman rs = 0.5189 & P < 0.0001) (Fig. 8). The numbers of
beetles and infestation levels were strongly positively correlated up to
~150 holes or 3000 beetles, whereafter the association seemingly dis-
appeared (Fig. 8).

Daily PSHB dispersing individual abundance data was found to be
nonparametric (Shapiro-Wilks W = 0.4964, P < 0.0001). The best-fit
model for these data retained season (summer or winter), day classifi-
cation (before, during, or after tree removal), the interaction between
the season and day classification, and daily maximum temperature as
fixed effects, as well as tree number nested within the harvesting event
as a random effect. The daily average temperature was removed before
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analysis because it was significantly correlated with maximum tem-
perature and the latter provided a better model fit (AIC = 7577.9, BIC =
7620, deviance = 7561.9, Df = 1432). Post-hoc testing of the interactive
effects of tree felling on PSHB abundance revealed that overall numbers
of beetles did not differ before, during or after tree removal in winter
(Fig. 9), although numbers were significantly lower in winter than in
summer (Fig. 9). In summer, beetle numbers increased on the day of tree
removal, but thereafter were significantly lower than pre-tree removal
numbers (Fig. 9). An increase in maximum daily temperature led to
higher dispersing beetle numbers (Z = 46.30, P < 0.0001) (Fig. A4).

3.5. Factors that influence the severity of infestations of individual host
trees

Data on the overall hole density and the increase in hole density
between the first and last survey periods were both nonparametric for all
three tree species analysed (Table 1), and the best-fit models for these
three species are presented in Table 2.

The overall hole density of English oak trees was significantly
negatively correlated with tree size (Table 2a; Fig. A5a). Cultivated
zones had higher hole density for this species than ornamental or tran-
sition zones, however this was only significantly apparent against
transition zones (Table 2a; Fig. 10). The increase in English oak hole
density between the first and last survey events was significantly
negatively correlated with tree size (Table 2b; Fig. A5b). Cultivated
zones experienced the highest increase in hole density, and trees with an
initial health category of 2 experienced the highest increase in hole
density (Table 2b; Fig. 11).

The overall hole density of Australian beefwood trees was signifi-
cantly negatively correlated with tree size and distance to the nearest
impact (Table 2a; Fig. A5c & A5d). The increase in the number of holes
in Australian beefwood between the first and the last survey events was
also negatively correlated with tree size and distance to impact
(Table 2b; Fig. A5e & A5f). Though the number of infested host trees
initially indicated significance, visual inspection showed that this was a
false positive result.

The overall hole density of PSHB on Chinese poplar trees was
significantly negatively correlated with tree size (Fig. A5g) and per-
centage canopy cover (Fig. A5j), while being significantly positively
correlated with the number of surrounding reproductive host trees
(Fig. A5h) and percentage understory cover (Table 2a; Fig. A5i). The
increase in hole density on Chinese poplar between the first and last
survey events was significantly negatively correlated with tree size
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Fig. 8. Scatterplot showing the relationship between beetle abundance and infestation levels over the experimental period. A LOWESS line is fitted to the data.



E. Roberts et al.

Urban Forestry & Urban Greening 112 (2025) 128980

b
150
[
o
c
[
2 _
S 100
E d c
2
k] -
$ 50
[
a a a l l
I P e -
T T T T | T
o < W <
) S & < S I
@ S 5 @ S 5
Kol Koj £ & & £
§ 0§ = & &5
1%
2] 2]

Season and Day

Fig. 9. Violin plot showing the differences between daily beetle numbers across summer and winter and before, during and after tree removal. Different letters above
bars indicate significant differences between events. Box indicates 25-75 % data range, whiskers indicate 1.5 times the interquartile range, white dots repre-
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Table 1
The Shapiro-Wilks test results of overall hole density and hole density between

survey points for selected reproductive host tree species.

Host species Overall hole Hole density
density between the first
and the last survey
periods
W- P-value W-value  P-value
value
English oak (Quercus robur) 0.6165 < 0.0001  0.6641 < 0.0001
Australian beefwood (Casuarina 0.7131 < 0.0001 0.75158 < 0.0001
cunninghamiana)
Chinese poplar (Populus simonii) 0.8656 0.0019 0.8252 0.0003

(Fig. A5k) and percentage canopy cover (Fig. A5n), and was positively
correlated with the percentage understory cover (Fig. A5m) and beetle
abundance between the first and last survey points (Table 2b; Fig. AS5]).

4. Discussion

The PSHB and its primary fungal mutualist, F. euwallaceae, are
responsible for the death of a wide range of tree species in multiple
countries, including South Africa. In South Africa, the costs of unmiti-
gated PSHB invasion are predicted to be high (de Wit et al., 2022).
Although much of these costs would be sustained in the country’s urban
areas, native and agricultural systems are also threatened because many
species in these systems have been confirmed as reproductive hosts (de
Beer and Fell, 2022; de Jager and Roets, 2022; 2023; FABI, 2023;
Engelbrecht et al., 2024; Neethling et al., 2024; Townsend et al., 2024).
To mitigate negative effects, more information is needed on the factors
that influence PSHB’s ecology and invasion success in these different
environments. This 26-month study investigated the flight activity,
abundance and infestation severity of PSHB in an urban-agricultural
fringe environment in the Western Cape province of South Africa. It
further tested the impact of tree-felling on dispersal activity in different
seasons. Overall, beetle numbers and infestations increased throughout
the monitoring period, with the highest monthly catch being over 13000
individuals. About 37 percent of all plots had infested trees at the
beginning of monitoring, which increased to more than 65 percent by
the end of the monitoring period, encompassing 17 tree species. Even
when trees weren’t infested within a plot, at least one PSHB was found in
all traps over the study period. Three important fruit tree species

(avocado, pear and plum) also had signs of infestation by the end of
monitoring, which indicates that agricultural crops in the Western Cape
province with high PSHB propagule pressure are at risk (Neethling et al.,
2024).

4.1. Factors that influence PSHB flight activity, abundance of dispersing
individuals and timing of infestations

Monthly PSHB trap catches are representative of overall flight ac-
tivity. Therefore, as expected, based on the developmental and flight
temperature ranges of PSHB or closely related species (Calnaido, 1965;
Cooperband et al., 2016; Umeda and Paine, 2019) and its previous in-
vasion success in other Mediterranean climates (Boland, 2016; Mendel
et al., 2017), overall flight activity was higher during the warmer and
drier summer months and lower in colder and wetter winter months,
with the highest trap catches in February and the lowest in June and
July. Interannual population dynamics were not considered in this
analysis, however, patterns were similar between the different years, as
evident by the relatively low level of variance in trap catches, especially
during the cooler months. Flight activity was highly positively corre-
lated with temperature, which aligns with their developmental and
flight temperature ranges, as well as with a previous study on the flight
patterns of the closely related tea shot hole borer (Calnaido and Thir-
ugnanasuntharan, 1966). These same parameters (developmental de-
gree days and flight hours) proved highly significantly correlated with
actively dispersing beetle numbers in this study. However, these results
oppose those of a recent study comparing the flight activity of PSHB and
two closely related species to degree days and flight hours (calculated
using the same ranges) in Taiwan (Liu et al., 2022). Liu et al. (2022)
theorised that high temperatures and summer rains in their experi-
mental region may have depressed dispersal by flight, and/or that an
increased need for brood care may have delayed female flight (Peer and
Taborsky, 2007). Brood care is expected in the same season in both
Taiwan and the Western Cape province in South Africa, while the
Western Cape experiences winter rain, so the present study suggests that
high temperatures and summer rains in Taiwan are the most likely of
these options. Liu et al. (2022) found that midday temperatures in
Taiwan were frequently higher than the 30°C dispersal threshold, and
that summer rains and the increased humidity it causes could have de-
terred or prevented beetle flight.

While the correlation between the number of attacks on trees versus
beetle abundance was significant, the positive association was relatively
weak, thus there are likely multiple influences. One factor may be that
beetles are not always using dispersal by flight, but sometimes just walk
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Table 2
Model results for factors that influence the severity of infestations of individual host trees based on (A) total hole density at the end of the survey period and (B) increase
in hole density from the first until the last survey period.

A) Best-fit model

Host species AIC Residual deviance  Degrees of freedom  Variables (significance*) Z- P-value
value
English oak (Quercus robur) 127.7  49.74 60 Tree —6.429 < 0.0001
circumference*
Vegetation category™ NA NA
Health category NA NA
Australian beefwood (Casuarina cunninghamiana)  231.3  37.89 51 Tree —3.991 0.0002
circumference*
Distance to impact* 2.570 0.0131
Percentage understory 1.926 0.0597
Chinese poplar (Populus simonii) 78.53  9.8382 21 Tree —2.545 0.0188
Circumference*
Vegetation category NA NA
Number of surrounding reproductive hosts*  —2.643 0.0152
Percentage understory* —2.469 0.0222
Percentage canopy* —2.021 0.0562
Overall beetle number NA NA

B) Best-fit model

Host species AIC Residual Degrees of Variables (significance*) Z- P-value
deviance freedom value
English oak (Quercus robur) 160.3 45.47 59 Tree —6.626 < 0.0001
Circumference*
Health Category* NA NA
Vegetation Category™ NA NA
Australian Australian beefwood (Casuarina 275.4  27.88 50 Tree —4.740 < 0.0001
cunninghamiana) Circumference*
Number of surrounding infested hosts* 2.011 0.0497
Distance to impact* —2.809 0.0071
Number of beetles between survey NA NA
points
Chinese poplar (Populus simonii) 101.5  29.90 20 Tree 2.249 0.0359
Circumference*
Vegetation category NA NA
Number of surrounding reproductive NA NA
hosts
Number of surrounded infested hosts NA NA
Percentage understory* —3.949 0.0008
Percentage canopy* —2.415 0.0255
Beetle number* —2.988 0.0073
.
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Fig. 10. Box plot showing the differences between English oak (Quercus robur) tree hole density at the end of the survey period across vegetation categories. Different

letters above bars indicate significant differences between categories. Box indicates 25-75 % data range, whiskers indicate 1.5 times the interquartile range, dots
represent outliers.

10



E. Roberts et al.

0.9

=
@
c
S a b
o
o 0.6
o
2 . .
x
©
(o] .
ui ).3
ab
.
0.0 T T
cultivated ornamental transitiol

Vegetation Category

Urban Forestry & Urban Greening 112 (2025) 128980

2

2

@ a b

f=]

2

3 . .

x .

©

o .

uj
ab
.

 — T ——

Tree Health Category

Fig. 11. Box plot showing the differences between the increase in the number of holes on English oak (Quercus robur) trees from the beginning to the end of the
survey period across (A) vegetation categories and (B) tree health categories. Different letters above bars indicate significant differences between categories. Box
indicates 25-75 % data range, whiskers indicate 1.5 times the interquartile range, dots represent outliers.

to start new galleries on the same host tree (Dodge et al., 2017; Liu et al.,
2022), therefore triggering discrepancies between beetles caught in
traps versus new holes observed. The possibility of host tree saturation
may have also played a role. At the lower end of beetle abundance, the
number of holes on infested host trees increases with the number of
beetles, yet as beetle numbers grow increasingly higher, the number of
holes remains constant. This observation supports the theory that as a
host tree becomes more infested, the deteriorating condition of the tree
may encourage individuals to disperse (leading to higher beetle abun-
dance), and deter dispersing individuals from colonising that same host
(leading to lower numbers of new holes on the focal host tree)
(Cooperband et al., 2016). The exact cues used by PSHB beetles that
encourage them to disperse and deter them from colonising a saturated
host tree are still unknown and need to be further investigated.

4.2. Factors that influence the numbers of dispersing PSHB individuals
collected at a site (propagule pressure) and the infestation levels of a site
(number of PSHB holes in trees)

Beetle numbers increased with a higher abundance of infested
reproductive host trees in plots, a tendency that aligns with other ob-
servations of the PSHB in different invaded regions and environments
(Byers et al., 2017; Townsend et al., 2024). This may help explain why
the transition vegetation plots, which were considered semi-natural and
invaded by mostly alien species, had greater beetle abundance than
either of the other vegetation types. These transition zones were often
populated by infested PSHB reproductive host species (e.g., Quercus
spp., Acacia spp. and Populus spp.), which also occurred at a higher
density than trees in the heavily managed ornamental and cultivated
zones. This finding supports the hypothesis that PSHB may be attracted
to volatiles produced by its fungal associates at nearby infestations. This
is supported by Cooperband et al.’s (2017) finding that Quercivorol, the
chemical used as an attractant in PSHB lures, is also produced by the
beetle’s fungal symbionts.

Dispersing PSHB beetle abundance was positively correlated with
the percentage of understory cover in plots. These results contradict the
theory that ambrosia beetles prefer open spaces with less understory
cover and therefore fewer obstacles between hosts and more opportu-
nity for wind-mediated dispersal (Chen et al., 2010; Townsend et al.,
2024). One reason for the difference found in this study is that many
plots in which understory cover was higher were also in the less
managed zones which, as mentioned above, had a higher density of
infested reproductive hosts than other zones. The percentage of under-
story cover was also less than 30 percent for many of the plots, with a
few outliers having both far more coverage and more beetle abundance.
These outliers may therefore be overrepresented in the data.

11

Plots with seasonal access to surface water had significantly higher
dispersing beetle abundance and infestation levels. Studies on PSHB (or
near relatives) have not yet provided clarity on their preference for trees
based on water availability (Bennett, 2020; Boland, 2018; Umeda,
2017). In this case, however, plots with seasonal access to surface water
may be more of an indication of trees with water stress than overall
water access. These plots were often located along the farm’s artificial
canal system, which experienced oscillating periods of overflow and
drought (e.g., inundation during winter). This likely puts the trees in
these areas, especially those that are relatively flood-intolerant, under
stress. Some bark and ambrosia beetles have shown a preference for
water-stressed trees (Kelsey et al., 2014; Ranger et al., 2013), especially
in non-native regions (Ranger et al., 2015). However, this attraction is
often in response to ethanol, a stress volatile produced by these trees,
whereas PSHB was observed not responding to ethanol, at least not in
high concentrations (Byers et al., 2018). Regardless, trees under stress
would have compromised defence systems (Gely et al., 2019; Hulcr and
Stelinski, 2017), making it easier for pests to overcome tree defences.

As the number of tree species increased in plots, so did infestation
levels. This contradicts with what was hypothesised based on the biotic
resistance theory (Fridley et al., 2007). This is also opposite to the trends
observed for ambrosia beetles in forest ecosystems in Italy (Rassati et al.,
2016) and for PSHB in the Afro-temperate forests in South Africa
(Townsend et al., 2024). Townsend et al. (2024) theorised that the
reason for decreasing infestations with increasing species richness was
because suitable host tree species decreased. Therefore, one reason for
the discrepancies between previous studies and the current one could be
that even when tree species richness increased within plots, the majority
of the species were still hosts for PSHB. The biotic resistance theory may
therefore be more relevant for predicting PSHB invasion in species-rich
native vegetation than in species-poor urban and agricultural settings.

4.3. Factors that lead to increases in the numbers of dispersing PSHB
individuals collected at a site and increased rates of infestation in a site

Some of the same factors that were significant in explaining overall
propagule pressure (dispersing beetle numbers) and infestation levels
(total number of holes in trees) were also significant explanatory vari-
ables for greater rates of increases in dispersing individuals and rates of
infestations over the monitoring period. These included the positive
correlations with percentage of understory cover and the number of
infested reproductive hosts, with faster rates of increase in beetle
abundance and infestations in transition vegetation types and with
seasonal surface water. The similarities between overall beetle abun-
dance and infestations versus the rates of their increase were expected
since there was a significant positive correlation between propagule
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pressure and infestation levels over the entire experimental period. This
leads to a positive feedback loop between beetle infestations and beetle
abundance, therefore if there is uncolonised host material available,
greater beetle abundance will lead to more infestations, and vice versa.

4.4. Influence of tree felling on PSHB propagule pressure

Tree pruning and removal are often recommended for heavily
infested PSHB material (Chen et al., 2020; Jones and Paine, 2015), but
the effect of tree felling on local beetle activity before and after removal
and between seasons has not been evaluated. The daily numbers of
dispersing beetles in winter were low across all monitoring days, which
was expected. The results of tree felling in summer showed that beetle
numbers were statistically lower in the days after tree removal than the
days before, which aligns with the hypothesis and advice that infested
tree felling is helpful in reducing local beetle activity (propagule pres-
sure). In summer, beetle numbers were statistically higher on the day of
tree removal than the days before or after removal, indicating that the
activities of tree removal stimulate beetle flight activity. Although the
exact cause of this is unknown, it has been theorised that bark beetles
have sensitive vibration detectors which they may use to communicate
between conspecifics within the tree (Hofstetter et al., 2019). Thus, it
could be that the mechanical disturbance caused by tree removal creates
vibrations that cue the beetles to emerge and disperse.

The above results also indicate that, as hypothesised, beetle numbers
in winter were significantly lower than the days before, during, and after
tree felling in summer. This correlates with the previous results sur-
rounding beetle catches across the months which show much higher
numbers in summer than in winter, and those that show beetle abun-
dance being positively correlated with temperature. Overall, these re-
sults indicate the felling of infested trees, while important for reducing
local beetle activity, may be best conducted in seasons of low beetle
activity or overall lower temperatures. If tree felling in summer is
necessary, further studies could determine whether the time-of-day
impacts beetle activity during felling activities, whether due to
changes in temperature or general PSHB flight times.

4.5. Factors that influence the severity of infestations of individual host
trees

All three of the tree species analysed separately here, English oak,
Australian beefwood and Chinese poplar, are considered reproductive
hosts for PSHB (FABI, 2023). Results showed that the negative associ-
ation between tree size and overall infestations, as well as the rate of
increase in infestation severity, was consistent amongst all species. This
is surprising because there are prevailing theories that larger host trees
may be easier for bark and ambrosia beetles to find and that they may
have more resources available for colonisation (Choudhury et al., 2020;
Mayfield and Brownie, 2013). One explanation could be that these
studies have looked at the incidence of disease or beetle presence across
tree trunks of different diameters, whereas the present study uses the
density of holes on trees based on trunk surface area. Another reason
could be that the observed trees of the three tree species in the present
study, and especially those of English oak, have much thicker bark as
they grow larger. Boland and Woodward (2021) found that a near
relative of PSHB avoided boring into thicker bark in willow (Salix sp.)
trees. Aside from mechanical deterrence, bark can also maintain layers
of chemicals that can be toxic or repellent to pests (Franceschi et al.,
2005; Thomas, 2014) which could be more abundant or more effective
when there is a larger quantity of bark. It therefore follows that, because
larger trees with thicker bark were often found growing next to smaller
trees of the same species, PSHB preferentially infested the trees with
thinner bark. Infestations could therefore also increase in larger trees in
the future as the smaller trees die and there is less host material from
which to select.

English oak trees also experienced higher overall infestations and
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rates of increase in infestations in cultivated areas. This varies from
overall beetle abundance and infestations which were significantly
higher in the transition zones. However, there was a greater abundance
and higher density of English Oak trees in cultivated areas, and culti-
vated areas had few other available host trees and species. This aligns
with the previously mentioned theory that PSHB may select host ma-
terial according to availability (Carlsson et al., 1990; Choudhury et al.,
2020).

In Australian beefwood trees, overall infestations and rates of
infestation severity were negatively associated with distance to human
or natural impact. This echoes the sentiment that areas that are nega-
tively impacted by human or natural disturbances will experience higher
rates of infestation (Boland, 2016; Hulcr and Stelinski, 2017; Mendel
et al., 2021; Townsend et al., 2024). In the case of this species, the
majority of these disturbances were roads. The negative impact of roads
on most ecosystems is in fragmentation and edge creation. Many bark
and ambrosia beetles first occupy the edges of a natural system (Didham,
1997), and this tendency held true for PSHB in the natural forest areas
(Townsend et al., 2024). In this study, increased wind speeds and even
wind tunnels created by roads may have been important, because this
area is known for instances of high wind speed. This could have
increased wind-mediated dispersal along roads.

The number of surrounding infested hosts demonstrated significance
for increasing rates of infestation severity in Australian beefwood, and
the beetle abundance along with the number of surrounding reproduc-
tive hosts were important to infestation levels in Chinese poplar. These
factors again align with previous observations about host material
availability and possible beetle attraction to nearby infestations. Inter-
estingly, host abundance and infested host abundance did not indicate
significance for English oak. English oak is considered a highly suscep-
tible reproductive host (FABI, 2023), and the PSHB is known to quickly
amplify within it and cause its death. Therefore, PSHB may preferen-
tially select an English oak and cause severe infestation, regardless of its
proximity to other infested hosts.

4.6. Conclusions

The overall invasion of PSHB at this study site continued to intensify
throughout the 26-month monitoring period. The highest flight activity
periods occurred in the drier summer months and the lowest activity
periods were in the wetter winter months, with flight activity being
positively associated with temperature, developmental degree days and
flight hours (within previously determined general flight times for a near
relative of PSHB). These results corroborate previous theories of PSHB
activity in Mediterranean climates and confirm that most of the
increasing invasion severity will occur in summer. However, these re-
sults are limited to this climatic region, and further studies will be
needed to determine PSHB population dynamics in other climatic zones.
Even when PSHB flight activity is lower, infestations may still be
increasing if individual beetles walk to start new galleries on the same
host tree. Host tree saturation may be an important deterrent to further
colonisation of highly infested hosts. The factor most important to beetle
dispersal and infestation levels, as well as the rates of increase to both,
was greater abundance and density of infested reproductive host trees,
and therefore removing host tree material is important to preventing
infestations and stemming infestation levels. Tree stress, such as water
stress, may also play a role, but this needs to be further investigated to be
confirmed. Beetle activity was significantly higher during tree removal
periods in summer than in winter, and there was more beetle activity on
the day of tree removal than on the days before or after felling during
summer. Felling activities may therefore be better conducted in winter,
though further research could ascertain whether the time-of-day has an
influence. More studies are also needed to determine the feasibility of
tree felling at larger scales across different landscapes, as it is resource
intensive and proved to be logistically complex during this study.
Smaller trees were more likely to become infested and increase in
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infestation severity, which may be due to larger trees having thicker
bark or better tree defences. Larger trees are however still at risk as host
availability may reduce host selective pressures on PSHB.
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Appendix A
Overall Climate Data
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Figure A2. Scatterplots showing the relationship and direction of association (fitted line) between (A) total beetle abundance up to the end of the survey period
versus percentage understory cover and (B) total beetle abundance up to the end of the survey period versus the number of infested reproductive host trees in plots
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cunninghamiana) trees from the beginning to the end of the survey period versus tree size (F) the increase in hole density on Australian beefwood (Casuarina cun-
ninghamiana) trees from the beginning to the end of the survey period versus distance to nearest impact (G) the hole density on Chinese poplar (Populus simonii) trees
at the end of the survey period versus tree size (H) the hole density on Chinese poplar (Populus simonii) trees at the end of the survey period versus number of
surrounding reproductive hosts (I) the hole density on Chinese poplar (Populus simonii) trees at the end of the survey period versus percentage understory cover (J)
the hole density on Chinese poplar (Populus simonii) trees at the end of the survey period versus percentage canopy cover (K) the increase in hole density on Chinese
poplar (Populus simonii) trees from the beginning to the end of the survey period versus tree size (L) the increase in hole density on Chinese poplar (Populus simonii)
trees from the beginning to the end of the survey period versus beetle abundance (M) the increase in hole density on Chinese poplar (Populus simonii) trees from the
beginning to the end of the survey period versus percentage understory cover and (N) the increase in hole density on Chinese poplar (Populus simonii) trees from the
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Supplementary data associated with this article can be found in the online version at doi:10.1016/j.ufug.2025.128980.

Data availability

The datasets generated during and/or analysed during the current
study are available from the corresponding author on request.
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