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Abstract: Extreme climatic events, including droughts and heatwaves, can trigger
outbreaks of woodboring beetles by compromising host defenses and creating habitat
conducive for beetle development. As the frequency, intensity, and duration of droughts
are likely to increase in the future, beetle outbreaks are expected to become more common.
The combination of drought and beetle outbreaks has the potential to alter ecosystem
structure, composition, and function. Our aim was to investigate a potential outbreak of the
native Eucalyptus longhorned borer, Phoracantha semipunctata (P. semipunctata),
following one of the most severe droughts on record in the Northern Jarrah Forest of
Southwestern Australia. Beetle damage and tissue moisture were examined in trees ranging
from healthy to recently killed. Additionally, beetle population levels were examined in
adjacent forest areas exhibiting severe and minimal canopy dieback. Severely
drought-affected forest was associated with an unprecedented outbreak of P. semipunctata,
with densities 80 times higher than those observed in surrounding healthier forest. Trees
recently killed by drought had significantly lower tissue moisture and higher feeding
damage and infestation levels than those trees considered healthy or in the process of
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dying. These results confirm the outbreak potential of P. semipunctata in its native
Mediterranean-climate Eucalyptus forest under severe water stress, and indicate that
continued drying will increase the likelihood of outbreaks.

Keywords: woodborer; damage; die-off; die-back; forest mortality; heat wave; Cerambycidae;
populations; climate change; Jarrah

1. Introduction

Woodboring beetles are among the most widespread insect pests of trees, and can be especially
responsive to drought stress in their hosts [1-3]. With droughts expected to increase with climate
change in many regions [4], outbreaks of some woodboring beetles are expected to become more
frequent and intense [5]. For example, forests in Mediterranean regions are already experiencing
significant shifts in precipitation and temperatures, increasing tree water stress [6-8]. Associated with
these climate changes, forests are being challenged from abiotic factors (e.g. high temperatures and
drought) and by biotic factors such as damaging outbreaks of woodboring beetles in semiarid,
temperate, and boreal climate regions [9-12]. While bark beetles (Coleoptera: Curculionidae) are
well-known forest pests of drought-stressed hosts, other woodboring beetles (e.g., Cerambycidae and
Buprestidae) can also cause widespread damage under drought conditions [13]. For example, in the
Ozark mountains (a temperate climate region) of the Southeastern United States, outbreaks of the red
oak borer (Enaphalodes rufulus Haldeman (E. rufulus) (Coleoptera: Cerambycidae)), coinciding with
drought and loss of tree vigor, led to large-scale mortality of several Quercus species in the early
2000s [13].

Phoracantha semipunctata (P. semipunctata) (Coleoptera: Cerambycidae) has become a major pest
of Eucalyptus species throughout the world where they have been introduced [14,15]. Worldwide, it is
among the most economically damaging Phoracantha species [15]. For example, in California, it
causes extensive tree losses, attacking a wide range of Eucalyptus species in plantations [16,17].
Drought stress is a predisposing factor for P. semipunctata attack and tree mortality [15]. Despite the
amount of literature on this species outside of Australia, in its native forest ecosystems in drought
prone Australia, where the insect has a wide distribution [18], its behavior and response to drought
stress in its hosts has received limited attention. In fact, evidence of P. semipunctata causing
widespread damage to its native ecosystems is rare [19,20].

The Mediterranean climate region of Southwestern Australia has experienced a climatic shift since
the 1970s, with a step-wise reduction in rainfall and steady increase in average temperature [5].
Coinciding with this drying trend, a series of canopy dieback events have occurred in multiple
ecosystems over the past two decades [21,22], with some associated with outbreaks of endemic
woodboring beetles [23]. The largest, in terms of spatial extent, and most damaging event, occurred
during the Australian summer 2010/2011 in the largest forest type in the region (the Northern Jarrah
Forest) [24]. While dieback and tree mortality were largely suspected to be driven by the combination
of drought and heat, woodboring beetle activity was also evident in many dying and recently-killed
trees [24]. Collection of adults from infested stems showed that the native P. semipunctata was the
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primary beetle present in the two overstory dominant tree species in the Northern Jarrah Forest,
Eucalyptus marginata Donn ex Smith (E. marginata) and Corymbia calophylla L.A.S Johnson
(C. calophylla) (Matusick, pers. observations). Although the behavior of P. semipunctata is well
known where it has been introduced outside of Australia [15,16,25], little research has been conducted
on its population biology and host damage in native ecosystems. Furthermore, given the close
association of P. semipunctata with tree water stress, and the magnitude of climate changes projected
for the Australian continent, research on this species is particularly important.

Following the cessation of drought in 2011, we conducted a study to determine the host damage and
infestation response of P. semipunctata in relation to drought stress in the Northern Jarrah Forest of
Southwestern Australia. Two surveys were conducted (2011 and 2012) to determine (1) the association
between tree crown health and damage by P. semipunctata (2011), and (2) the infestation of
P. semipunctata in severely and minimally drought-affected forest areas and among trees of varying
health conditions (2012). Results will determine the strength of the association between
P. semipunctata and severe host drought stress, and provide a basis to estimate its outbreak potential
with continued drying in the region.

2. Experimental Section
2.1. Study Area

The Northern Jarrah Forest ranges from tall open sclerophyll forest in the west to open woodland in
the east due to a strong west-east precipitation (ranging from 1300 mm to 800 mm) and evaporation
gradient (ranging from 575 mm to 700 mm) [26]. The uplands are dominated by E. marginata and
C. calophylla, which commonly occur as overstory codominants. Common midstory species include
Allocasuarina fraseriana (Miq.) L.A.S.Johnson, Banksia grandis Wild, Persoonia longifolia R.Br, and
Persoonia elliptica R.Br [27]. Soils throughout the study area are lateritic, predominantly ironstone
gravels with sandy matrixes of low moisture holding capacity, and include many areas of shallow soils
over granite [28].

2.2. Study Site and Plot Selection

Twenty sites were selected for field sampling from a population of 235 severely drought-affected
sites determined by an aerial survey in May 2011 (Figure 1). For detailed methods of the aerial survey
see Matusick et al. [24]. Briefly, the severely-affected sites (>70% complete crown discoloration) were
located from the aerial survey and accurately delineated using a differential GPS (Pathfinder Pro XRS
receiver, Trimble Navigation Ltd., Sunnyvale, CA, USA) (#0.4 m) on the ground.

In June 2011, shortly following the cessation of drought, a survey was conducted to estimate beetle
damage to trees. Plots were selected by choosing 3 points randomly on a 20 m %20 m grid (using fGIS
forestry cruise software (Wisconsin DNR-Division of Forestry, Madison, United States) from within
the severely-affected forest in each of the 20 sites selected and represented the center point of a 0.011
ha fixed radius forest plot. Severely-affected areas were associated with shallow soils surrounding rock
outcrops and on soil types with lower water holding capacity than minimally-affected areas [29].
Additionally, 3 plots were located outside the severely-affected area in forest minimally-affected
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(<20% crown discoloration). These plots were located 20 m outside the perimeter of the
severely-affected area. A differential GPS was used to locate plots within each area.
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L
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|

Figure 1. Study site location was the Northern Jarrah Forest of Southwestern Australia.
Study sites (black dots) were located in the remaining intact, native vegetation of the forest
(dark grey color). Within each study site (inset), three and ten plot locations were randomly
selected for severely- (white dots) and minimally-affected (black triangles) forest area for
Survey 1 and Survey 2, respectively. The discrete nature of the damage allowed for
sampling both severely and minimally drought-affected forest in close proximity. A 10 m
forest area buffered severely from minimally-affected areas.

For the second survey in May 2012, a subset of 11 sites was revisited to estimate beetle infestation
levels. The life cycle of P. semipunctata is known to last up to 9 months [30], so by returning to the
sites after this time it ensured nearly all P. semipunctata had emerged from infested trees. For this
survey, the minimally-affected forest areas were defined as a band of forest 30 m wide surrounding the
severely-affected area, buffered by 10 m from the severely-affected area (Figure 1). The distinct and
sharp contrast between severely and minimally drought-affected areas allowed for sampling of both
populations in close proximity to one another. Twenty plot point locations were chosen randomly on a
40 m > 40 m grid using fGIS within severely and minimally drought-affected forest, and a subset of
6-10 points were used for sampling. On each plot point, the point-centered quarter method of tree
sampling was used to select trees [31]. Four trees were selected surrounding each point by measuring
the closest tree (E. marginata or C. calophylla, diameter at breast height over bark (DBHOB) >10 cm)
to the plot point in each of four quadrats (NW, NE, SE, SW). The distance from the plot center to the
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four trees selected was measured and used to determine the density of trees in each forest area based
on the methods outlined in Mitchell [31].

2.3. Damage and Tissue Moisture

Either 3 or 4 overstory trees (>10 cm DBHOB, E. marginata or C. calophylla) were chosen for
sampling on each plot. Each sampled tree was assessed using differences in visual condition [32] and
placed into one of three crown health classes, based on the severity of discoloration exhibited by crown
foliage, adapted from Worrall et al. [33]. Trees considered “healthy”” had predominantly (>75%) green,
turgid foliage and limited evidence of stress, “dying” trees had predominantly yellow, pink, and/or dry
foliage, while “recently killed” trees had completely red, dead foliage. On each tree at DBHOB and
ground line, four patches of bark, greater than 100 cm? in size, were removed from each cardinal
direction (8-100 cm? patches per tree). Removing the bark exposed the surface of the inner
bark/phloem where P. semipunctata forms feeding galleries [16]. The area of stem surface damaged by
P. semipunctata feeding was determined to the nearest 1 cm? using a 100 cm? transparent grid, placed
over each patch of exposed inner bark. In order to estimate the phloem and outer sapwood tissue
moisture, which is thought to be important in P. semipunctata infestation success [14,34], a 2 cm
diameter plug of tissue was collected from each sampled patch using a 19 mm diameter drill bit. Tissue
samples were weighed in the field immediately following collection, taken to the laboratory, dried at
70 <C for five days, and re-measured to determine moisture content.

2.4. Infestation Levels

For each tree, the loose outer bark was scraped from the bottom 2 m of the stem to more clearly
detect P. semipunctata exit holes. Following outer bark removal, the total number of P. semipunctata
exit holes (defined as being 8-12 mm in diameter) was counted. The density of P. semipunctata
(exit holes per m? stem surface area) was derived for each tree using DBHOB and assuming a perfect
cylinder of 2 m in height. These methods closely followed other studies, where Cerambycid beetle
populations were estimated using only the bottom 2 m of trees [35], and is justified by within-tree
studies that have shown this area represents the majority of beetle emergence [36] Seaton (unpublished
data). To calculate adult emergence (ha™?) tree densities found from surveys, and population levels per
tree for each forest area (averaged over all sites measured) were then scaled-up and used to calculate
total estimated borer populations for each minimally and severely drought-affected forest areas.
Sample trees crown health were similarly assigned into classes based on Worrall et al. [33], where;
“healthy” showed limited evidence of crown dieback from the disturbance (>90% of original crown
present), “moderate dieback” included trees showing evidence of partial crown dieback, while retaining
some (>10%) original foliage, “severe dieback” included trees which lost all original foliage (and had
coppice and epicormic shoots present) and “recently killed” trees had lost all foliage during the
disturbance and either failed to resprout or all resprouts were dead.
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2.5. Data Analysis
2.5.1. Damage and Tissue Moisture

Since stem damage and tissue moisture were found to be similar between E. marginata and
C. calophylla following Mann—Whitney tests (damage U = 2.39, df = 1, p = 0.1217, moisture U = 0.81,
df = 1, p = 0.3679), they were grouped for all analyses. To examine the association between
P. semipunctata damage and crown health class, the proportion of inner bark damaged (severity) by
P. semipunctata and tissue moisture were analyzed using nonparametric Kruskal-Wallis tests followed
by Mann-Whitney tests with Bonferonni correction in SAS (Statistical Analysis System, SAS Institute,
version 9.3, Cary, NC, USA) due to non-normally distributed data. Means (¥SE) are shown as
appropriate. To determine whether inner bark damage (%) is related to tissue moisture (%), Spearman
Rank correlation procedure (PROC CORR) was used in SAS.

2.5.2. Infestation Levels

We compared E. marginata and C. calophylla infestation levels using Mann—-Whitney tests and were
found to be not significantly (U = 1.07, df = 1, p = 0.285) different. Data were then pooled for all
analysis. To compare infestation levels of P. semipunctata in severely and minimally drought-affected
forest areas and the percentage of trees and infestations of P. semipunctata among each crown health
class in the severely-affected forest area were analyzed using nonparametric Kruskal-Wallis tests
followed by Mann-Whitney tests with Bonferonni correction due to unequal variances among health
classes in Genstat v16 for Windows, (VSN International, Hempstead, United Kingdom). Means (*SE)
are shown as appropriate.

3. Results
3.1. Damage and Tissue Moisture

Phoracantha semipunctata damage to the inner bark/phloem was found to vary with crown
condition (H2 = 37.97, df = 2, P < 0.0001), with the greatest damage in trees considered to be
recently-killed when surveyed (Figure 2). There was a significant negative relationship (r = —0.4009,
p < 0.0001) between tissue moisture and the proportion of inner bark damaged (Figure 3).
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Figure 2. The pooled percentage incidence of Phoracantha semipunctata damage, the
average severity of damage (% inner bark surface area damaged) and mean tissue moisture
content (%) in healthy, dying and recently killed trees across 20 sites in the Northern Jarrah
Forest, southwestern Australia (n = 60). Significant differences among crown health classes
were found for damage severity and tissue moisture from Kruskal-Wallis tests at
alpha = 0.05. Columns sharing the same letter within a variable are not different from
individual Mann—Whitney tests with Bonferroni correction. Error bars represent the
standard error of the mean.
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Figure 3. Correlation between the percentage tissue moisture and the percentage of inner
bark damaged from Phoracantha semipunctata in the Northern Jarrah Forest, southwestern
Australia. A significant relationship was determined from Spearman Rank correlation at
alpha = 0.05.
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3.2. Infestation Levels

On average in the severely-affected forest area, P. semipunctata infestation levels (measured as exit
holes) were 80 times higher than in the minimally-affected area (3.44 +0.39 m2 vs. 0.05 +0.04 m2,
H = 60.85, df = 1, P < 0.001) (Figure 4). This scaled-up to an estimated 2265 beetles per hectare for a

severely-affected forest and 41 beetles per hectare for a minimally-affected forest, when considering
only the lower 2 m of trees.

Emergence holes (m?2)

Minimally Severely

Figure 4. Mean density of Phoracantha semipunctata emergence holes (m2) per bottom 2 m
of stems in minimally and severely drought-affected forest areas in Northern Jarrah Forest,
southwestern Australia. Significant differences between forest areas were found for

emergence holes from Kruskal-Wallis tests at alpha = 0.05. Error bars represent the
standard error of the mean, n = 92,304.

In the severely-affected forest, the majority of trees showed severe dieback (>50%) (H = 21.33,
df = 3, P <0.001) with the highest incidence of trees being infested by P. semipunctata (Figure 5).
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Figure 5. The mean percentage of trees and the pooled percentage incidence of
Phoracantha semipunctata emergence holes in trees from four crown health classes within
the severely drought-affected forest area across 11 sites in the Northern Jarrah Forest,
southwestern Australia. Significant differences among trees with different health classes
were found from Kruskal-Wallis tests at alpha = 0.05. Columns sharing the same letter for
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percentage trees are not different from Mann—Whitney tests with Bonferroni correction.
Error bars represent the standard error of the mean.

Density of P. semipunctata emergence holes varied with crown health class (H = 21.26, df = 3,
P < 0.001), where infestation levels increased as crown health deteriorated (Figure 6). Emergence
holes in trees with severe dieback and recently killed were 17 times higher compared to trees that were
healthy or had moderate dieback (Figure 6). Density of P. semipunctata emergence holes was found to
be different between sites (H = 37.22, df = 10, P < 0.001).
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Figure 6. The density of emergence holes (m™2) of Phoracantha semipunctata in trees with
different crown health classes within severely-affected forest areas across 11 sites in the
Northern Jarrah Forest, southwestern Australia. Significant differences between emergence
holes in trees with health classes were found from Kruskal-Wallis tests at alpha = 0.05.
Columns sharing the same letter are not different from individual Mann—-Whitney tests
with Bonferroni correction. Error bars represent the standard error of the mean.

4. Discussion

This is the first study to report that, following a severe drought, canopy collapse was one of the
main contributors to outbreaks of P. semipunctata, in a native ecosystem in Australia. While this
interaction is well known in California and other regions where P. semipunctata and its hosts have
been introduced, it has been rarely reported from native ecosystems [19]. These findings are significant
since the tree species in the Northern Jarrah Forest have historically been resistant to the combined
effects of drought and forest pests [37]. This beetle outbreak, along with other pest outbreaks in similar
ecosystems [23], suggest that climate shifts are changing host-pest interactions in the region.

Host defense against forest pests is expected to be altered with climate change and associated
increases in host stress [12]. Inner bark tissue moisture has been found to be an important defense
against the successful development of P. semipunctata in eucalypts [14,34]. Sufficient inner bark and
phloem moisture is thought to force larvae to feed in poorer quality outer bark tissue, which can reduce
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beetle growth and survival and limit damage to the host [14]. If beetles are unable to avoid the moist
inner bark, death of larvae can occur from excessive moisture, or drowning [34]. The association
between low tissue moisture and high inner bark damage reported here, during severe drought,
provides some support for previous findings [14,34]. However, other related factors, including the
concentration of non-structural carbohydrates in tissues, reduced secondary defense compounds, and
elevated temperatures may have also contributed to larval development [38-40]. Further research is
necessary to determine the environmental changes that occur in hosts during periods of drought stress,
and the relative influence of these factors on P. semipunctata establishment and success in the
Northern Jarrah Forest.

This is the first study to estimate population levels of P. semipunctata in the Northern Jarrah Forest,
and indeed any natural forest in its native range. Infestation levels of P. semipunctata observed in
minimally-affected forest are likely to be near, background levels for the Northern Jarrah Forest, since
the level of drought stress observed in these areas is consistent with that observed during the seasonal
summer drought. In comparison, background levels of other endemic Cerambycids, such as E. rufulus
are generally higher [13]. However, outbreak population levels of P. semipunctata were found to be
comparable to levels of E. rufulus in oak (Quercus spp.) trees [35]. The implications of high
populations of P. semipunctata are not well-known in its native ecosystems; however, this study
clearly shows that beetles stayed confined to severely-stressed areas, unlike the pine bark beetles in
North America’s forests which attacked healthy trees during outbreaks [41]. This suggests that
populations of P. semipunctata fall considerably after the cessation of drought. Despite this, with
continued drying in southwestern Australia, the combination of drought and heat may lead to more
frequent and severe outbreaks of P. semipunctata.

The drought-induced canopy collapse in the Northern Jarrah Forest was not unlike other mortality
events observed in recent years [42], in terms of its severity and extent. While results from this study
strongly suggests P. semipunctata populations are likely to rise in the coming years with increases in
forest drought stress, the effects of increased beetle populations on the Northern Jarrah Forest is
unclear. If the behavior of P. semipunctata in the Northern Jarrah Forest closely follows that of other
endemic Cerambycids [35,43], population outbreaks such as the one observed following the 2011
collapse may predispose trees to suffer higher mortality during less severe drought episodes in future
years. Increased population monitoring may enable us to determine the magnitude of forest changes
from P. semipunctata outbreaks in relation to climate warming.

5. Conclusions

Drought-affected trees in this study were vulnerable to beetle attack from the native Cerambycid,
P. semipunctata, with trees killed by the 2011 drought containing the highest infestation levels. Low
levels of tissue moisture in dead and dying trees, which is known to make other hosts susceptible to
P. semipunctata, was correlated with high levels of beetle damage. Since P. semipunctata was largely
restricted to trees severely-affected by drought, and these trees were concentrated in discrete areas,
there is minimal evidence that P. semipunctata can attack and kill trees not experiencing severe water
stress. However, as a result of climate change, drought prone areas are expected to become more
common and could result in more frequent outbreaks.
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