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Abstract

The polyphagous shot hole borer (PSHB), Euwallacea fornicatus Eichhoff (Coleoptera:
Curculionidae, Scolytinae), is a significant tree-killing pest recently introduced into
South Africa. Many native trees in urban settings are susceptible to infestation, but
the presence of PSHB in natural ecosystems is unstudied. The presence and drivers
of PSHB colonization in 1682 trees of 68 species were evaluated in 51 plots across a
native Afrotemperate forest complex in South Africa. Breeding colonies of PSHB were
found in six native species (breeding hosts). An additional 11 species did not contain
PSHB colonies but hosted its mutualistic fungus Fusarium euwallaceae Freeman et al.
(Hypocreales: Nectriaceae). Invasibility increased when plots were closer to the urban
infestation border, further away from surface water, and when containing a larger
number of breeding hosts. Invasibility decreased with an increase in tree species rich-
ness. Polyphagous shot hole borers were found in climax forest distant to urban areas
at sites frequented by tourists. The severity of infestation of trees increased with an
increase in host diameter, breeding host abundance, and infested tree abundance.
Probability of infestation increased with an increase in the number of infested trees.
Infested trees were not spatially clumped. Instead, PSHB preferentially selected eight
of the 17 native host species. And the data suggest that larger trees of these species
may be more susceptible to PSHB. Eight species were infested at random and two
were infested seemingly accidentally. Infestations increased more rapidly on larger
trees and on those surrounded by a high abundance of breeding hosts. This study
confirms that Afrotemperate forests are highly susceptible to invasion by PSHB. Direct
anthropogenic impact had no discernible effect on infestations, but humans aided
spread of PSHB to distant sites. Halting movement of contaminated wood is impor-
tant. Management of PSHB should focus on highly infested areas and trees as these
increase the likelihood of further and more severe infestations.
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Hughes et al., 2017). The polyphagous shot hole borer
(PSHB), Euwallacea fornicatus Eichhoff, has recently invaded

The rate of biological invasions by highly destructive
bark and ambrosia beetles (Coleoptera: Curculionidae,
Scolytinae) is on the increase globally (van Wilgen
etal., 2020). Ambrosia beetles alter biological communities
and degrade native forest ecosystems (Cobb et al., 2012;

urban, agricultural, and natural environments in many parts
of the world, killing thousands of trees (Mendel et al., 2012;
Li et al., 2016; Gomez et al., 2019). Estimates of damage to
economies are severe, and for South Africa alone dam-
ages amount to 18.45 billion international dollars, or about
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AFROTEMPERATE FOREST INVASION BY PSHB

0.66% of the country's gross domestic product (de Wit
et al., 2022).

In South Africa, PSHB was first discovered in 2012
(Stouthamer et al., 2017) but, aided by humans, it has
now spread to nearly all provinces (van Rooyen et al,
2021). Polyphagous shot hole borer vectors a fungal mu-
tualist within mandibular mycangia, Fusarium euwallaceae
Freeman et al. (Hypocreales: Nectriaceae), that, together
with the boring activities of the beetle in living woody
hosts, can cause Fusarium dieback disease that often cause
tree mortality (Freeman et al., 2013). This fungus serves as
the food source for both larvae and adults (Freeman et al.,,
2013). Polyphagous shot hole borer has a particularly wide
host range (Gomez et al., 2019; Mendel et al., 2012) and,
in South Africa, has been identified from 162 hosts (van
Rooyen et al., 2021; FABI, 2023). The beetle attempts to
colonize hosts seemingly indiscriminately and may inocu-
late trees with F. euwallaceae even if they fail to establish
breeding colonies. These ‘non-reproductive’ hosts often
survive. However, when the beetle can readily establish
reproductive colonies, these ‘reproductive’ trees may per-
ish. In South Africa, PSHB reproduction has been recorded
in at least 79 tree species of which 41 are indigenous (van
Rooyen et al., 2021; FABI, 2023). Other reasons for the inva-
sive success of PSHB include its small size (<2 mm), cryptic
biology within woody tissues, high reproduction rate, and
a haplodiploid reproductive strategy (van Rooyen et al.,
2021). To date, no comprehensive or long-term surveys of
PSHB infestations in native South African forests have been
undertaken. The susceptibility of natural forest ecosystems
to invasion depends on numerous biotic factors. For exam-
ple, tree size may play a role as larger trees may be more
susceptible to Scolytinae infestations (Smith & Hoffman,
2001; Kendra et al., 2013; Haas et al., 2016). Tree and canopy
densities have been shown to influence many Scolytinae
species' diversity and population densities, with some
species being more abundant in open canopies at forest
edges and others being more abundant in closed canopies
(Maetd et al., 1999; Igeta et al., 2004; Holusa et al., 2021).
Proximity to surface water has also been shown to increase
Euwallacea infestations in riparian forests (Boland, 2016).

Increased propagule pressure is a major driver of
establishment of invasive organisms in many ecosys-
tems (Simberloff, 2009), therefore infestations could
also increase as a result of increased abundance of in-
fested breeding hosts (Christiansen et al., 1987; Ostfeld &
Keesing, 2012), and a decreased distance to infested hosts
(Wichmann & Ravn, 2001; Muirhead et al., 2006; Kautz
et al,, 2011). Some other important biotic factors may in-
clude tree species identity, tree species diversity, and
individual tree health (Smith et al., 2008; Boland, 2016;
Coleman et al., 2019). Abiotic factors such as temperature
and moisture are also important for scolytine beetle move-
ment and reproduction (Damon, 2000; Coyle et al., 2005).
Anthropogenic factors such as tree mechanical injury and
forest clearing also influence beetle abundance and tree
attack (Holt et al., 2003; Ghazoul et al., 2015; Shimwela

et al., 2018; Choudhury et al., 2020). Understanding the rel-
ative importance of these factors in explaining the spread
and impact of invasive species is critical for their manage-
ment. South African forests are patchy in distribution (Low
& Rebelo, 1996; Mucina et al., 2006), making them particu-
larly vulnerable to disturbance and invasion (Berliner, 2011;
King & Lively, 2012; Prospero & Cleary, 2017). Disturbances
such as storms and fires are also frequent and combined
with anthropogenic disturbances - such as plant harvest-
ing, agriculture, and tourism - increase the chances of
PSHB establishment in native forests (Keesing et al., 2006;
Boland, 2016; Coleman et al., 2019). Consequently, al-
though not determined yet, PSHB may have established in
the largest South African Afrotemperate forest complex, as
it is situated close to the PSHB-invaded towns of Knysna
and George in the Western Cape province (Phillips, 1931;
Mucina et al., 2006).

The main aims of this study were to determine (1) cur-
rent PSHB infestation levels, (2) host preferences, and
(3) factors that increase invasion success by PSHB in the
largest Southern Afrotemperate forest complex in South
Africa. We evaluated both the factors that may affect the
invasibility of these forests — including distance to infesta-
tion border, abundance of breeding hosts (host density),
disturbance, native tree species richness, canopy cover,
and distance to nearest surface water — and the factors
that affect the susceptibility and severity of infestations
of trees — including tree size, host density, infestation den-
sity, disturbance, canopy cover, distance to nearest surface
water and distance to nearest infested breeding host - at
this very early stage in the invasion process. In addition, the
progression of infestations was followed over a 14-month
period to determine which factors, including those men-
tioned above, lead to a faster increase in PSHB invasions in
these natural forests.

MATERIALS AND METHODS
Site selection

Surveys to assess the level of PSHB infestation in
Southern Afrotemperate forests were conducted be-
tween George (33.9425S, 22.4613 E) in the west and
Tsitsikamma (33.9641S, 23.8997 E) to the east (Southern
Cape, South Africa), between June 2019 and September
2020 (Figure 1). Surveys were conducted at 11 sites that
were chosen to represent a diverse array of impacts and
ecologies (Appendix 1). For example, sites were chosen
where humans frequent for picnics and with fireplaces
in mature forest (where PSHB can presumably enter with
the importation of firewood), next to roads (routes along
which PSHB can presumably spread with human assis-
tance), next to urban areas (that are known to be invaded
by PSHB), and next to hiking trails (sites less likely to have
PSHB introduced with human activities). A focal site for
more in-depth study of PSHB infestations was selected
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FIGURE 1

at the George Botanical Garden's as this site showed
substantial invasion by the beetle. Ten permanent moni-
toring plots were established at the George Botanical
Garden'ss and at the Pledge Nature Reserve. Pledge
Nature Reserve also showed signs of PSHB infestation
but this area is smaller, contains many planted trees and
was recovering from a fire which may have been con-
founding factors and therefore this area was not chosen
as a focal site. At the other sites, the number of plots var-
ied between 1 and 6 (n=51). Plots were 15 x 10 m, at least
30m apart, and selected to include many different tree
species growing under a wide variety of conditions (e.g.,
different distances to surface water or nearest human
impact).

Data collection

All permanent monitoring plots were surveyed ca. every
3 months during the study period (i.e., 4x). Surveys com-
prised all living trees/shrubs found in the plot that had a
stem circumference of >3 cm at breast height regardless
of health condition. Plot-level data variables that were re-
corded included: distance to surface water from the mid-
dle of each plot, distance to the border of closest known
infestations (usually nearest urban border), abundance
of trees of species that were confirmed or suspected
as breeding hosts for PSHB at any time throughout the
study (i.e., breeding hosts as defined below), canopy
cover (% as average of estimation by two observers), de-
gree of natural impact (e.g., storm damage, fallen trees)
scored as the percentage of trees in a plot that had signs
of damage by natural causes, degree of physical human

Map of the Southern Cape of South Africa depicting long-term monitoring sites for polyphagous shot hole borer (PSHB). Sites where
evidence of PSHB infestations were found are indicated by triangles. The dark grey areas indicate forest cover.

impact scored as the percentage of trees in a plot that
had signs of damage caused by humans (e.g., cutting of
branches, digging up of roots), total tree species richness
and abundance, and the number of trees showing signs
of PSHB colonisation (breeding hosts with extensive gal-
leries) or attempted colonization (non-breeding hosts
without beetle colonization but with colonization by
F. euwallaceae). Host species included all species in which
either the beetle or its fungal symbiont F. euwallaceae
could be isolated in at least one tree across all sampling
sites (confirmed host, see below), or in South Africa (van
Rooyen et al., 2021). Breeding hosts included all species
that contained at least one tree with more than 10 PSHB
entry holes across all sites, or that showed signs of ex-
tensive gallery formation when opening the wood. Non-
host species were those that showed no signs of PSHB
infestations or attempted infestations across all sites
throughout the study.

Data recorded from each tree surveyed included tree
species, diameter at breast height (dbh), canopy con-
dition scored as percentage of crown dieback/yellow-
ing (average of two observers), overall health condition
of each tree was then scored as a rank between 1 and
5 (5=completely healthy, 1=dead/dying), tree injury
scored as the percentage damage (average of two ob-
servers) to the entire tree (irrespective whether fungal,
insect, or human), distance to nearest human impact
(hiking trails, road, etc.), and distance to nearest nat-
ural impacts (fallen tree, root excavations by wild pigs,
etc.). If an infested tree was discovered, the PSHB holes
were counted (standardized from the base to the breast
height of the tree, i.e., ca. 1.5 m). The mean flight height of
PSHB is ca. 1.24 m (Byers et al., 2017). From each infested
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breeding host (focal tree) in each plot, the distance to the
nearest healthy and infested conspecific trees was mea-
sured. The distance from every focal tree to the nearest
infested and healthy breeding host species (including
any breeding host and not just conspecifics) was also
measured. Lastly, the distance was measured from every
focal tree to the nearest infested and healthy tree from
any tree species that was confirmed to be infested by
PSHB during the study period (i.e., the nearest confirmed
non-reproductive host).

Infested tree confirmation

All trees were inspected for PSHB colonization or at-
tempted colonization by evaluating trunks for entry
holes of the correct size (ca. 0.85mm) or other symp-
toms of boring beetles (such as sap flows and presence
of frass, as highlighted in van Rooyen et al., 2021). When
holes were present, bark was removed from the affected
area using a sterile chisel to reveal any damage to the
cambium and deeper wood tissue. Boring activity/colo-
nization attempts were confirmed by the presence of an
entry hole of the expected size for PSHB under the bark
that may or may not have been accompanied by wood
staining around the gallery (indicative of fungal growth).
Based on the notion that F. euwallaceae is a host-specific
symbiont of E. fornicatus in South Africa, and that it can-
not spread without the help of its symbiotic beetle vec-
tor, confirmation of host status/successful colonization
was based on the presence of F. euwallaceae within these
galleries in wood. A sample of wood that contained a
part of the gallery and fungal stained wood was re-
moved and isolated following the methods of Paap et al.
(2018). For genetic analysis, DNA was extracted from my-
celia using the modified cetyl trimethylammonium bro-
mide (CTAB) extraction (Lee et al., 1988; Wu et al., 2001).
Thermocycling conditions followed Na et al. (2018) and
O'Donnell et al. (1998). Amplification products were pu-
rified and sequenced by the Central Analytical Facilities
(CAF) at Stellenbosch University.

Statistical analysis

Factors influencing the number of trees infested
in plots (i.e., invasibility of a site)

The influence of selected variables on the number of
infested trees per plot (n=51 plots) was tested using
generalized linear mixed models (GLMMs) fitted to a
zero-inflated Poisson distribution, with plot number
nested in site as a random variable. This was done using
the gImmTMB package (Brooks et al., 2017) in R v4.3.1 (R
Development Core Team, 2020). The overall model in-
corporated the fixed plot effects of distance to infesta-
tion border, abundance of breeding hosts (host density),

percentage of trees with human impact, percentage of
trees with natural impact, overall tree species richness,
canopy cover, and distance to nearest surface water.
Second-order Akaike's information criterion (AlCc) was
used to rank candidate models using the dredge func-
tion in the MuMIn package in R (Barton, 2009). The model
with lowest AlCc and all models that had a AAICc <2 were
included in the subset of best models for further evalu-
ation (Burnham & Anderson, 2002). Values of parameters
retained in all included models according to this criterion
were estimated by conditional model averaging of the
best model subset using the model.avg function in the
MuMin package in R (Barton, 2009).

Factors influencing the severity and
probability of infestation in susceptible hosts

To reduce biases in tree-colonization due to timing of ar-
rival of PSHB in distant areas, evaluation of tree-level in-
festation data was focused on a single locality, George
Botanical Garden's (10 plots). As the total forested area is
small, there is increased chance that all trees had a similar
chance of infestation when only considering spatial extent.
The effect of selected variables on the number of holes on
trees of breeding host species was tested using general-
ized linear models (GLMs) fitted to a zero-inflated nega-
tive binomial distribution using the gimmTMB package in
R. The overall model incorporated the fixed effects of dbh,
abundance of breeding hosts within a plot (host density),
abundance of infested breeding hosts within a plot (in-
festation density), distance to nearest human impact, dis-
tance to nearest natural impact, canopy cover, overall tree
injury level, distance to nearest surface water, and distance
to nearest infested breeding host. Best candidate models
and model averaging procedures followed those previ-
ously outlined. These analyses were repeated on a data set
that contained only presence/absence data (i.e., whether a
tree was infested or not) instead of the numbers of holes
on an individual. Therefore, we were able to test whether
the abovementioned variables could lead not only to anin-
creased severity of infestation on a particular tree (number
of holes), but also whether these variables could influence
the probability of infestation.

Movement and spread

To determine any patterns of colonization or attempted
colonization by PSHB beetles in plots (n=51 plots), the dis-
tances between all infested breeding hosts and the near-
est healthy and nearest infested conspecific trees, trees of
any breeding host species, and trees of any species that
can host the beetle or fungus (non-breeding hosts) were
measured. The data was then log-transformed in R to en-
force normality. Visual analyses of density plots and Q-Q
plots (quantile-quantile plot) followed by Shapiro-Wilk
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tests were used to assess the normality of the data. Data
were non-normal and log-transformed to enforce normal-
ity. Inter-tree distances were compared using linear model-
ling (ANOVA) in R. Post-hoc analysis was performed on the
inter-tree distances using a Tukey post-hoc test in R using
the multcomp package (Hothorn et al., 2008). Using these
data, it was possible to determine whether PSHB infesta-
tion of trees were clumped, i.e.,, whether attacks spread
from reproductive hosts preferentially to any other possi-
ble host (breeding or non-breeding) simply due to its prox-
imity to the source tree.

Progression of infestation at the plot level

To determine which factors may contribute to an increase
in the number of trees that become infested over time,
data collected during the first survey (June 2019) were
compared with data collected during the final survey
(September 2020). For these analyses, only plots that had
confirmed presence of PSHB during the final survey were
considered (n=27 plots). The increase in the number of in-
fested trees per plot (from a total of 54 infested trees to
83 trees) was used as the response variable and the same
plot-level variables were used as described previously
as explanatory variables. In addition to these factors, the
explanatory variables for the number of colonized breed-
ing hosts per plot during the first sampling period and the
total number of PSHB entry holes on breeding hosts per
plot at the first sampling period were included. Greater in-
creases in PSHB attack were expected in plots with a higher
number of breeding hosts and more severe infestations on
host trees. A GLMM fitted to a zero-inflated Poisson distri-
bution using the g/immTMB package in R was used follow-
ing procedures described before.

Progression of infestation at the tree level

To determine which factors may lead to a more rapid in-
crease in infestation severity over time, data collected
during the first sampling period were compared with
data collected during the final sampling period. For these
analyses, all trees infested with PSHB at any time during
the sampling period from all plots were considered. Data
were analysed using GLM procedures as outlined before.
The overall model incorporated all fixed effects as outlined
in the section ‘Factors influencing the severity..., above.
Variables added for this particular analysis included (1) the
number of holes recorded during the first sampling period
(i.e., we predicted an increase in infestations in trees with
higher levels of initial infestations), (2) total number of holes
on all breeding hosts in a plot during the first sampling pe-
riod (i.e., we predicted a larger increase in infestations in
trees that are surrounded by more severely infested breed-
ing hosts), and (3) the distance to nearest infested breed-
ing host as of the first sampling period (i.e., we predicted

that close proximity to an infested breeding host would
increase the chances of increased infestation severity). Best
candidate models and model averaging procedures fol-
lowed those previously outlined. Analyses to determine
which factors may lead to a more rapid increase in infesta-
tion severity over time were first conducted on data from
all infested trees in which tree species could not be ac-
counted for due to too few trees of many species showing
anincrease in the number of holes. In addition, abovemen-
tioned analyses were repeated, but included host identity
as an explanatory variable to determine whether certain
host species have the potential for faster colonization by
PSHB than others. For this analysis only those host species
that had at least three infested trees and more than five
trees in total were included. Post-hoc analyses were per-
formed on the different species using a Tukey test in R in
the multcomp package (Hothorn et al., 2008).

Preferential colonization

Preferential colonization of host species (breeding or not)
was tested by comparing the percentage of infested and
healthy trees of each host species that was found infested
at least once. Only data from plots that had at least one
infested tree (n=27) were included to minimize biases
caused when PSHB infestations have not yet reached some
plots. The percentages infested and healthy trees ob-
served for each species were compared to those expected
by chance [i.e.,, the % composition of all infested vs. all
healthy trees (breeding or not)] using y? tests for goodness
of fit followed by a Yates correction for multiple testing
(Yates, 1934).

RESULTS

The presence of PSHB was confirmed at eight of the 11
monitoring sites and in a total of 27 of the 51 plots at the
end of the monitoring period (Appendix 1). These sites
were spread across the survey area (Figure 1) but most,
e.g., those in the George Botanical Garden's and in the
Pledge Nature Reserve, were near urban transition zones.
However, PSHB infestations were confirmed in climax for-
est areas distant from the urban fringes such as at Jubilee
Creek and Tsitsikamma. Both sites have fire-making facili-
ties where visitors can import their own wood. Other plots
that were not infested tended to be in deep forest and
away from high human traffic.

A total of 1682 trees and 68 species were assessed for
possible infestation across the 51 monitoring plots. Six
of the assessed species were exotic, whereas the others
were indigenous to the area (Table S1). Six native and one
exotic species were confirmed as breeding hosts of PSHB,
whereas 11 species were found to host the fungus with-
out PSHB establishment (Table S1). Fifty plant species did
not have any visible signs of attempted PSHB infestation



AFROTEMPERATE FOREST INVASION BY PSHB

despite some of these occurring in high numbers in plots
that also contained PSHB infested hosts. Only one host tree
[Vepris lanceolata (Lam.) G.Don] died during the monitor-
ing period likely due to PSHB infestations. The crowns of all
other infested host trees did not show any signs of reduc-
tion in health at the end of the monitoring period despite
some being heavily infested. External symptoms of infes-
tations varied considerably on different tree species with
some [e.g., Diospyros glabra (L.) De Winter, Diospyros whyte-
ana (Hiern) FWhite, Halleria lucida L., and Quercus robur L.]
showing dark staining on the bark around the entry holes
and others with no external symptoms other than a small
entrance hole and extruded frass [e.g., H. lucida, Nuxia flo-
ribunda Benth., and Gymnosporia buxifolia (L.) Szyszyll].
Dried sap was also often observed around entry holes on
recently colonised species such as Rapanea melanophloeos
(L.) R.Br.ex Sweet, V. lanceolata, and Virgilia oroboides subsp.
ferruginea B.-E. van Wyk. After removal of bark and cambial
tissues, fungal colonisation was evident for all host species,
but the colour of the wood staining varied between red-
dish brown to black depending on species.

Factors influencing the invasibility of a plot

The best model had an AlCc value of 153.5 and a weight
of 0.16 (d.f. =8, LogLink=—68.77). Ten competing models
were retained after model selection procedures (AAICc
<2). After model averaging procedures, five variables were
retained, all of which were significant (Table 1). The num-
ber of infested trees across all 51 survey plots decreased
with an increased distance from an infestation border and
an increase in the tree species richness within plots. The
number of infested trees increased with an increase in
abundance of breeding hosts within a plot, the percentage
of trees with natural impact within a plot, and an increased
distance from a plot to a water source (Table 1, Figure 2).

Factors influencing the severity and
probability of infestation in susceptible hosts

These analyses only included the 10 plots from the George
Botanical Garden's which contained a total of 423 trees.
Here, in total 36 trees were infested (9% of all trees sur-
veyed) of which 26 trees were breeding hosts (5% of all
trees surveyed) (Table S2). When considering the severity
of infestations on hosts the best model had an AlCc value
of 333.1 and a weight of 0.41 (d.f. =5, LogLink=-161.58).
No competing models were retained after model selection
procedures (AAICc <2). After model averaging procedures,
three variables were retained, all of which were significant
(Table 1). Here, trees with a larger diameter tended to have
more holes, an increase in the number of breeding hosts
within a plot increased the severity of infestations on trees,
and the severity of infestations also increased with a higher

number of infested trees (breeding and non-breeding)
within a plot (Table 1, Figure 3).

When considering the probability of infestations on hosts
the best model had an AlCc value of 106.3 and a weight of
0.18 (d.f. =3, LogLink=—-50.16). Six competing models were
retained after model selection procedures. After model aver-
aging procedures, two variables were retained, one of which
was significant (Table 1). As with data on severity, the proba-
bility of infestation also increased with the number of infested
trees (breeding and non-breeding) within a plot (Figure 4).

Movement and spread of PSHB

Normality tests showed the movement data to have a non-
normal distribution (all Shapiro-Wilk tests: P<0.001). In
total 53 infested breeding hosts were used as basis to in-
vestigate progress of infestations (i.e., possible patterns of
movement from an infested breeding host to other trees).
Inter-tree distance data analysed with linear modelling
procedures on log transformed data returned a significant
result (F5,260= 11.75, P=2.037"9). The distance between an
infested reproductive host and its nearest infested host
was significantly larger when compared to the nearest
healthy host, irrespective of the host type (breeding or
not), any breeding host (of any species), or conspecific spe-
cies (Figure 5).

Progress of infestation at the plot level
(increase in probability of infestation over
time)

At the start of the monitoring in June 2019, in total 54 trees
were infested compared to 83 trees after the final moni-
toring survey in September 2020. No additional plots were
infested. Using data on the probability of increase in in-
fested trees per plot between the two monitoring periods
the best model had an AlCc value of 85.9 and a weight of
0.09 (d.f. =6, LogLink=-30.9). Eleven competing models
were retained after model selection procedures (AAICc
<2). After model averaging procedures, one variable was
retained, which was not significant (Table 2).

Progress of infestation at the tree level
(increase in severity of infestation over time)

The total number of PSHB holes counted at the end
of the monitoring period was 1726 from 83 trees
(mean +=SE=21.31+41.45). A maximum of 300 holes and a
minimum of one hole was recorded per individual. Infested
trees showed an increase of 62% in the number of holes
recorded over time. For the total data set, the best model
had an AlCc value of 382.5 and a weight of 0.16 (d.f. =6,
LogLink=-185.2). Eleven competing models were retained
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TABLE 1

Model-averaged estimates of environmental variables predicting severity of polyphagous shot hole borer (PSHB) invasion within a plot

and in susceptible hosts. Also shown are estimates for environmental variables predicting the probability of infestation by PSHB in susceptible hosts.

Relative No. containing
Variable Estimate SE importance models Y4 P
Infestation severity within Intercept -1.187 0.839 - - -1.145 0.16
aplot
Distance to infestation -0.383 0.120 1.00 10 -3.182 0.001
border
Breeding host abundance 0.132 0.032 0.99 10 4.034 <0.001
Tree species richness —0.074 0.032 0.64 7 —2.299 0.022
Distance from water 0.025 0.009 0.58 3 2.576 0.009
Natural impact 3.74 1.63 0.53 3 2.292 0.022
Infestation severity of Intercept —5.423 1.631 - - -3.325 0.088
susceptible hosts
Diameter at breast height 0.019 0.005 0.99 1 3.826 <0.001
Breeding host abundance 0.183 0.073 0.63 1 2.500 0.012
Infested host abundance 0.293 0.113 0.83 1 2.599 0.009
Overall tree injury 0.058 0.043 0.64 1 1.339 0.18
Infestation probability of Intercept -2.871 0.506 - - —5.680 <0.001
susceptible hosts
Diameter at breast height 0.003 0.002 0.51 3 1.890 0.058
Infested host abundance 0.186 0.065 0.97 6 2.881 0.004
Relative importance: sum of Akaike weights over all models in the top subset in which the variable was included.
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after model selection procedures. After model averaging
procedures, three variables were retained of which two
were significant (Table 3). A faster increase in severity of in-
festation over time was positively correlated to an increase
in diameter of trees and the number of breeding hostsin a
plot (Table 3, Figure 6).

The second analysis included host species as an explan-
atory variable (reduced data set as many host taxa had in-
sufficient numbers of trees with increased infestations over
time). For this data set, the best model had an AlCc value
of 378.2 and a weight of 0.14 (d.f. =6, LogLink=-183.11).
Fifteen competing models were retained after model
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selection procedures. After model averaging procedures,
three variables were retained of which two were significant
(Table 3). An increase in severity of infestations over time
was positively correlated to an increased tree diameter
(Figure 6). As expected, host species identity also signifi-
cantly affected the increase in severity of infestation be-
tween the first and the last sampling period and is likely
driving much of the differences between the results of the
two data sets (full and reduced data set). Post-hoc analyses
revealed that the significance of this factor was driven by a
faster than expected increase in the severity of infestations
on D. glabra and H. lucida (data not shown).

Preferential colonization

A total of 598 trees belonged to species that have had at
least one tree with PSHB infestations in the 27 plots where

infestations were recorded across the sampling area.
Eighty-three trees of 18 species were infested by PSHB. Of
the 18 species that could be included in analyses, 10 spe-
cies were found to significantly differ in their observed
infestation probability vs. what was expected by chance
(Table S3). Eight host species were infested at probabilities
that were expected by chance and do not seem to be pref-
erentially selected by PSHB (Table S3). These taxa included
two reproductive host species and six non-reproductive
host species. Eight species had a higher chance of being
infested by PSHB than was expected by chance (Table S3).
Most of these species are known to be breeding hosts (van
Rooyen et al., 2021). Two species [Burchellia bubalina (L.f.)
Sims and R. melanophloeos] with signs of infestations in
the monitored plots were infested at lower probabilities
than expected by chance and therefore are likely selected
against (Table S3).

DISCUSSION

The polyphagous shot hole borer is a recent invader in
South Africathat has caused disease and death of thousands
of trees globally (Eskalen et al., 2013; Freeman et al., 2013;
Chen et al., 2014; Coleman et al., 2019). Information regard-
ing its impact on native ecosystems in its invaded range is
lacking, but Euwallacea kuroshio Gomez & Hulcr, a close rel-
ative, has caused destruction of native willows (Salix spp.)
in the Tijuana River Valley (CA, USA) (Boland, 2016) with se-
vere impact on ecosystem processes and resilience (Boland
& Uyeda, 2020). The present study is the first to investigate
the ecological factors that aid PSHB invasion into a native
forest. Numerous native tree species in Afrotemperate
forests were colonized by PSHB and its symbiotic fungus.
Breeding PSHB colonies were evident in nearly 10% of all
native species surveyed which may suffer high mortality.
Organisms associated with these species will also be threat-
ened as each tree species is known to support unique bio-
diversity (Swart et al., 2020). Normal ecosystem functioning
of Afrotemperate forests and surrounding local economies
may therefore be at risk (Umeda et al., 2016).

Factors that influence invasibility of
Afrotemperate forests

As expected, areas that were in close proximity to outbreak
areas, especially those with a high abundance of reproduc-
tive hosts and in more open early-successional forest, were
more likely to be invaded at this early stage in the inva-
sion process (Holt et al., 2003; Haas et al., 2016; Choudhury
et al.,, 2020). The most likely explanation for PSHB presence
in climax forest sites, in sites distant from other invaded
areas, and in urban areas, is through long-distance human-
mediated transport as contaminants of firewood. Large and
mature trees, expected in climax forest, were shown to gen-
erally suffer from greater PSHB infestation probability and
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severity. The potential loss of large trees of climax forest spe-  forest canopies (Libbe & Geldenhuys, 1991; Geldenhuys &
cies such as Afrocarpus falcatus (Thunb.) C.N. Page is not only Von Dem Bussche, 1997), but social and economic impacts
of ecological concern as the main emerging tree in these are expected as some trees in the study region are South
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TABLE 2 Model-averaged estimates of environmental variables predicting progress of infestation by polyphagous shot hole borer at plot level.

Relative No. containing
Variable Estimate SE importance models z P
Intercept 0.326 0.311 - - 1.049 0.29
Distance to infestation border -0.327 0.208 0.6 5 -1.572 0.12

Relative importance: sum of Akaike weights over all models in the top subset in which the variable was included.

TABLE 3 Model-averaged estimates of environmental variables predicting progress in severity of infestations by polyphagous shot hole borer at
the tree level without species as explanatory variable and including species as explanatory variable.

Relative No. containing
Variable Estimate SE importance models Y4 P
Without species as explanatory Intercept -1.519 0967 - - -1.571 0.12
variable
Breeding host abundance 0.164 0.061  0.92 1 2.706 0.006
Infested host abundance 0.208 0.114  0.51 6 1.822 0.068
Diameter at breast height 0.001 0.005 0.59 7 2.062 0.039
Including species as explanatory Intercept 1.91 0.620 - - 3.076 0.002
variable
Diameter at breast height 1.908 0.000 1.00 13 4.231 0.002
Infested host abundance 0.173 0.091 0.49 6 1.904 0.056
Species -0.464 0.094 1.00 13 -4919 <0.001

Relative importance: sum of Akaike weights over all models in the top subset in which the variable was included.

African champion trees (Golding & Geldenhuys, 2003) that
generate income for surrounding poor communities as
tourist attractions (Saayman et al., 2012).

As with other studies on the epidemiology of pests
and diseases, an increase in breeding host abundance
(or density) significantly correlated to an increase in the
number of PSHB infestations in plots (Carlsson et al., 1990;
Roy, 1993; Burdon et al., 1995; Antonovics et al., 1997;
Gilbert et al., 2002; Choudhury et al., 2020). A high density
of hosts increases the available resources in the vicinity of
a dispersing population and the chances of locating a host
with minimal dispersal time. This pattern is especially con-
cerning when considering the high densities of the PSHB
reproductive hosts D. glabra, H. lucida, and V. oroboides
along southern Afrotemperate forest edges (Phillips, 1931;
Coetsee & Wigley, 2013). They are amongst the main con-
tributors to forest succession (especially V. oroboides) as
nursery plants for climax forest trees and protects forest
interiors from harsh external factors such as fire and wind
(Phillips, 1926; Coetsee & Wigley, 2013). Local decimation of
these species could hold disastrous consequences for nor-
mal forest ecology and for the biota directly dependent on
them (Machingambi et al., 2014; van der Colff et al., 2015).

The biotic resistance hypothesis predicts that diverse
native communities are more resistant to invasion (Fridley
et al.,, 2007). In our study, the number of infested trees de-
clined with an increase in tree species richness. Rassati et al.
(2016) showed that in temperate deciduous forest stands in
the northeast of Italy, higher tree species diversity resulted
in lower densities of non-native ambrosia beetles, which
significantly decreased their ability to establish in an area.

The exact cause for this is not known, but it is likely that
as the species richness of a plot increases the number of
suitable hosts decreases.

Natural disturbances in monitoring sites studied here
increased the chances of colonization by PSHB (Keesing
et al., 2006; Boland, 2016; Coleman et al., 2019). High num-
bers of injured and damaged trees may attract PSHB bee-
tles to a certain area as stressed trees release kairomones
which Euwallacea beetles are highly sensitive to (Hulcr &
Stelinski, 2017). Even when PSHB can easily infest healthy hosts
(Kiihnholz et al., 2003), most ambrosia beetles prefer stressed
trees in their native and invaded ranges (Ploetz et al., 2013;
Boland, 2016). If tree stress is found to be a contributing fac-
tor to PSHB epidemiology, a major natural (e.g., storm or fire)
or anthropogenic disturbance (e.g. development of road
or plantation forestry) could have severe negative conse-
quences. In addition, increased distance from surface water
resulted in increased invasibility of sites contrary to what was
documented for E. kuroshio in the USA (Boland, 2016; Boland
& Uyeda, 2020). Moisture content of the trees in the present
study may be reduced further away from surface water, which
may increase plant stress and increase their susceptibility to
pests and pathogens (Swart et al., 2018, 2020).

Factors that increase the severity and
probability of infestation of susceptible
host trees

As hypothesized, probability of infestation (whether a tree
is infested or not) and severity of infestation (increase in
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number of entrance holes) were positively correlated with
tree size (dbh). Coleman et al. (2019) found no significant
difference in dbh between PSHB-infested and non-infested
trees in California (USA), but the opposite was found in
the native range of PSHB in southwestern China. The av-
erage dbh of trees infested by E. kuroshio was, however,
larger than that of uninfested trees in California (Coleman
etal., 2019). Larger trees are some of the first attacked (and
have larger densities of beetle populations) for other am-
brosia beetles such as Xyleborus glabratus Eichhoff (Kendra
et al., 2013). Larger trees present a larger surface area and
emit more kairomones, making them easier to locate.
Some Scolytinae may also visually select for larger trees by
comparison of their silhouette and larger trees also have
a higher probability of passively intercepting a flying bee-
tle (Mayfield & Brownie, 2013). As PSHB is a diurnal-active

species, it likely uses visual cues (host silhouette diameter)
along with increased expression of kairomones to locate
potential hosts as was found for the redbay ambrosia bee-
tle (Fraedrich et al., 2008; Mayfield & Brownie, 2013; Frank &
Ranger, 2016). Severity of infestations on larger hosts may
also increase due to greater availability of brood produc-
tion resources (i.e., sapwood) (Mayfield & Brownie, 2013;
Ranger et al., 2016; Choudhury et al., 2020). A high density
of larger hosts therefore tends to have a higher pest and
disease incidence in other examples of Scolytidae infesta-
tions (Anderson & May, 1986; Holt et al., 2003; Reynolds &
Burke, 2011; Choudhury et al.,, 2020), but this has not been
established for PSHB and more research would be needed
to determine whether it has a true preference for larger
(thicker) trees (Choudhury et al., 2020).

The number of infested hosts in a plot also increased
both the likelihood and the severity of infestations by
PSHB. This is to be expected as a high propagule pressure
will exist with many infested trees. As expected, the sever-
ity of infestations also increased with an increase in breed-
ing host abundance, as these species are particularly good
for rapid increase in beetle population numbers. Higher
dominance of non-breeding hosts in the environment
may therefore suppress the spread of future infestations
(Keesing et al., 2006; Prospero & Cleary, 2017). As breed-
ing hosts succumb to PSHB, the ratio of non-breeding and
non-hosts will increase, possibly leading to an ‘infestation
plateau’ or ‘infestation carrying capacity’. Long-term mon-
itoring of the plots set out in the current study is therefore
highly recommended to determine at what level infesta-
tion rates may significantly decrease.

Although at the plot level PSHB infestations increased
with tree injury level, an increase in tree injury level and
distance to human activities did not increase the likeli-
hood of infestations and the severity of infestations on
trees. Therefore, PSHB seemingly infests native hosts in
these forests regardless of their health status (Umeda
et al., 2019), increasing chances of their unremitting
spread into pristine habitats. More surprisingly, results
indicated that distance to nearest infested breeding
host did not increase the likelihood and severity of in-
festations, as expected (Wichmann & Ravn, 2001; Mendel
etal., 2017; Choudhury et al., 2020). This result was echoed
when considering inter-tree distances between infested
breeding hosts to nearest healthy and infested conspe-
cific host, any breeding host, and any non-breeding host.
In fact, distance to nearest healthy hosts were always
significantly smaller than to infested hosts. This could
be due to trees intercepting beetles during flight and
PSHB beetles opportunistically attacking trees of any
health status. However, results indicated that PSHB also
preferentially selected for certain plant species in plots.
Eight out of the 19 tree species that were confirmed to be
colonised by either PSHB or F. euwallaceae had a higher
number of infested trees than that expected by chance.
Six of these species were confirmed as breeding hosts
here or before: A. falcatus, H. lucida, Q. robur (exotic),
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Sparrmannia africana L.f., V. lanceolata, and V. oroboides
(van Rooyen et al., 2021). The other two (D. whyteana and
Ekebergia capensis Sparrm.) are suspected PSHB breeding
hosts but could not yet be confirmed. Polyphagous shot
hole borer therefore finds these hosts suitable, leading
to a higher invasion success (Lantschner et al., 2020). Two
host species (B. bubalina and R. melanophloeos) had lower
numbers of colonised trees than expected by chance.
Even though the fungus can colonize the vascular tissues
of these taxa, PSHB is unable to capitalize on this. This
indicates that these hosts, along with all other plant spe-
cies that did not sustain PSHB or its symbiont throughout
this study, may produce allomones with effective activi-
ties against initial attack by the beetle. Other taxa that
were able to host F. euwallaceae, but not PSHB, were in-
fested by PSHB at random. These hosts probably do not
produce allomones that deter initial attack by PSHB but
can deter its colonization even after establishment of F.
euwallaceae. These hosts may therefore still be vulnera-
ble to fusarium wilt (Bonilla-Landa et al., 2018).

Progression of infestation

At the plot level there were only 29 additional trees in-
fested after the year of monitoring. Due to a low sample
size, there were no factors at the plot level that could ex-
plain this increase. This slow increase is likely due to the
early stage of invasion in which this study took place and
rapid increase in the rate of infestations is expected over
time (Chen et al., 2014; Stouthamer et al., 2017). However,
the severity of infestation did increase on many trees,
especially for some of the breeding hosts (D. glabra and
H. lucida). In addition to host identity, tree size was posi-
tively correlated to the increase in infestations adding
credence to the hypotheses that larger hosts are more
easily located or can sustain higher populations. When
the overwhelming effect of host species on increase in
infestations was not included in analyses, the number
of breeding hosts were positively correlated to infesta-
tion rate, as expected under the same aforementioned
hypotheses as both host size and host density relates to
the number of available resources and the ease of how
to find it. The increasing severity of infestations in the
breeding hosts D. glabra and H. lucida is concerning as
both are early-successional forest species predominantly
found on forest margins. Halleria lucida does also occurin
deep forest (Geldenhuys, 1993). Both host species were
found in high numbers in early-successional forest sites
during this study. This could mean that the first severe
impact of PSHB in these forests will be realised in early-
successional forest communities. This will then have
negative indirect impact on climax forest. These edges
will also sustain large breeding populations of PSHB that
can easily move into climax communities. In the process,
more open canopies will be created (from dead or dis-
eased trees), forming a positive feedback loop.

Management considerations

Early detection, management, and control of infestations
are vital to mitigate future impact (Rabaglia et al., 2008).
This study identified some of the hosts that are currently
most at risk during this early stage of infestation, and these
species can form the basis of programs designed to moni-
tor the presence and movement of PSHB throughout this
forest complex. Focussing on areas close to urban fringes
and in forests where visitors frequent would increase the
likelihood of early detection. Once detected, manage-
ment will be very difficult as removal of highly colonized
reproductive hosts would not be possible (due to access
problems or environmental sensitivity) or very expensive
(Umeda et al., 2016). This is, however, still an option and
should be encouraged, in the urban areas next to these
forests. As was shown in the present study, an increase
in infested host abundance increased both the likelihood
and the severity of infestations. Therefore, as was previ-
ously recommended (Chen et al., 2020), removal of heav-
ily infested (>10 holes as nearly all of these trees showed
increased attacks) reproductive hosts in urban areas will
reduce propagule pressure, not only on the native for-
ests, but also in the urban areas themselves. Infested
wood needs to get chipped (<5cm) and solarized (Jones &
Paine, 2015; Chen et al., 2020). For native forests, the devel-
opment of a biocontrol agent would be essential as chemi-
cal control is not an option. These studies have now been
initiated in the USA (R Stouthamer, pers. comm.) and in
South Africa (Nel et al., 2023), but it may take a long time to
develop an effective agent. In the meantime, all movement
of wood into these forests should be halted as this is the
most likely pathway for infestations at new sites, especially
in deep forest. Using locally sourced wood is not an option
due to the high value of native trees and the proximity of
PSHB populations. It is therefore recommended that only
charcoal-based products are allowed into these forests by
visitors. Future studies should pursue why certain hosts are
preferred over others and may involve PSHB host choice
experiments, the identification of allomones against PSHB,
oridentifying tree vascular anatomical traits that may ham-
per fungal growth.
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APPENDIX 1 Description of sites in the Southern Cape of South Africa that were monitored for polyphagous shot hole borer (PSHB) infestations.

Site Plot Coordinates Treerichness Tree abundance PSHB Site description
George Botanical 1 33°56'31.80"S, 4 35 Yes Early-successional forest. Previously a pine plantation
Garden's 2 22°27'41.90"E 2 61 Yes but has been rehabilitated for the past 15 years.
Close to urban areas with infestations.
3 6 50 Yes
4 4 45 Yes
5 5 36 No
6 5 21 Yes
7 6 40 Yes
8 4 34 Yes
9 3 45 Yes
10 8 56 Yes
Jubilee Creek n 33°53'18.50"S, 15 55 No A picnic site in climax forest with fire making facilities
12 22°57'58.50"E 13 34 No next to a creek. Distant to urban areas.
13 12 31 Yes
14 4 13 No
15 13 43 No
Katrivier 16 33°57'25.80"S, 9 23 Yes Small forest patch next to the Katrivier, a small river.
17 22°29'55.80"E 18 31 No Close to urban areas.
WildernessEbb & 18 33°59'2.20"S, 6 7 Yes Overnight camping area with fire making facilities,
Flow 19 22°36'33.00"E 6 17 Yes next to large river. Close to urban areas.
20 2 14 Yes
Pledge Nature 21 34°1'54.60"S, 16 33 Yes Small nature reserve situated in an urban area.
Reserve 2 23°2'39.50"E 20 31 No Impacted by a severe fire in 2017 that damaged
many trees. Contains numerous planted trees.
23 21 40 Yes
24 9 24 No
25 " 40 No
26 13 54 Yes
27 8 20 Yes
28 n 26 No
29 7 19 Yes
30 13 22 Yes
Diepwalle 31 33°57'22.00"S, 12 42 No Climax forest site with fire-making facilities. Distant to
32 23°99.00"E 18 29 No urban areas.
33 12 43 No
Garden of Eden 34 34°2'0.70"S, 12 43 No A small hiking trail that loops through climax forest
35 23°11'53.70"E 9 26 No next to a major highway. Experiences high tourist
numbers.
36 12 23 No
Harkerville 37 34°2'54.15"S, 17 39 Yes Climax forest at the start of a day-hiking trail. Has few
38 23°13'49.83"E 17 20 Yes I'arge, exot|F Quercus robur trees in the vicinity
(infested with PSHB).
Leermansdrift 39 34°0'37.10"S, 12 22 Yes A farm containing a patch of native forest adjacent
40 23°17'11.60"E 9 20 No to the farmstead and a river. Closest town is
Wittedrift. Exotic Q. robur trees are found in the
41 6 25 Yes vicinity (infested with PSHB).
42 12 37 No
43 1 28 No
Nature's Valley 44 33°58'11.50"S, 15 27 No Campsite with fire-making facilities on a forest edge.
45 23°33'47.40"E 5 10 No
Tsitsikamma 46 33°57'53.90"S, 9 45 Yes Climax forest situated next to a major highway.
47 23°53'57.90"E 14 29 No Forest receives 80000 tourists annually. A major
attraction is the ‘Big Tree’, a very tall Afrocarpus
48 n 36 No falcatus tree that is one of South Africa's champion
49 9 25 Yes trees.
50 10 36 No

51 10 37 No
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