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Abstract

The polyphagous shot hole borer beetle (PSHB, Euwallacea fornicatus) is a pest of global significance. PSHB is an
ambrosia beetle which, together with its mutualistic fungi (including Fusarium euwallaceae), can cause the death of more
than 100 tree species in invaded ranges. Management of PSHB mostly relies on the removal of infested plant material.
Chemical control options have been investigated only in the USA and Israel and only on a few tree species. This study
evaluated four chemical treatments for the therapeutic control of PSHB on American sweetgum (Liquidambar styraciflua)
in South Africa (1) bifenthrin + surfactant (alcohol ethoxylate), (2) cypermethrin + surfactant (vitamin E)+ salicylic acid,
(3) emamectin benzoate, and (4) propiconazole. Trees were inoculated with F. euwallaceae and mature PSHB females
using a novel technique to document fungal lesion development and PSHB colony establishment success. The bifenthrin
and cypermethrin treatments reduced additional PSHB colonisation attempts on treated trees by ca. 40%, while the other
treatments had no effect. Colony establishment success was reduced in all treatments by between 20 and 40%. Fungal
growth was inhibited only after the application of propiconazole by ca. 36%. Gallery length and the number of PSHB
individuals in successful colonies were unaffected by any of the chemical treatments. These results indicate that chemical
control of PSHB is only partially effective. Successful PSHB management will likely depend on a combination of chemi-
cal control options and other control strategies in an integrated pest management program.
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Introduction Italy, Germany and the Netherlands (Schuler et al. 2023).

The PSHB vectors multiple species of fungi, which grow

The polyphagous shot hole borer (PSHB, Euwallacea
fornicatus, Coleoptera: Curculionidae: Scolytinae) is an
ambrosia beetle that has become a global pest within the
past few decades. Originating from Southeast Asia, it has
now been found in Israel (Mendel et al. 2012), the United
States (Eskalen et al. 2012), South Africa (Paap et al. 2018),
Australia (Government of Western Australia 2021), Poland,
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within galleries that the beetle constructs in the xylem
tissues of woody hosts (Freeman et al. 2019). The beetle
carries these fungi in specialised organs called mycangia
(Huler and Dunn 2011; Six 2012). Mutualistic fungal spe-
cies vectored, such as Fusarium euwallaceae, grow into the
xylem tissues and along gallery walls, providing nutrition
for developing larvae and adults (Freeman et al. 2016). The
tunnelling action of the beetle combined with xylem tissues
becoming blocked by F. euwallaceae causes Fusarium die-
back, a disease that can lead to the death of highly suscep-
tible host trees (Umeda et al. 2016).

This pest-disease complex can affect a wide range of tree
species in invaded regions (Gomez et al. 2019). Since its
first report in South Africa in 2017 (Paap et al. 2018), 161
species have been found to host the beetle and/or F. euwalla-
ceae (FABI 2023). However, not all attempts on trees result
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in successful colony formation. For many tree species, the
beetle attempts colonisation and successfully establishes F.
euwallaceae in the xylem, but thereafter it fails to establish
a viable colony (Eskalen et al. 2013; Lynch et al. 2021). The
fungus may persist and cause disease symptoms, but fungal
establishment alone is usually not fatal. In other hosts, the
beetle readily establishes breeding colonies. These hosts are
more likely to develop symptoms of Fusarium dieback, and
many can die from the disease (Eskalen et al. 2013; Lynch
et al. 2021). Currently, there are 83 of these PSHB repro-
ductive host species (41 indigenous and 42 alien) reported
in South Africa (FABI 2023), though more will likely be
added to the list as the invasion extends (van Rooyen et al.
2021). Without implementing effective management strate-
gies, the ecological and economic implications of the PSHB
for South Africa will be severe (de Wit et al. 2022; Paap et
al. 2020; van Rooyen et al. 2021). Current mitigation meth-
ods are centered on the removal of affected material, either
by pruning of infested branches (Lynch et al. 2018; Mendel
et al. 2017) or felling of highly infested trees, followed by
chipping and solarisation (Jones and Paine 2015). While
these techniques are important for mitigating the beetle’s
spread and impact, they are expensive and impractical at
large scale (Byrne et al. 2020; Mayorquin et al. 2018).

Chemical management of PSHB and its close relatives
is challenging, though it has been attempted in a few tri-
als as preventative, prophylactic, or therapeutic control on
various tree species (Byrne et al. 2020; Grosman et al. 2019;
Jones et al. 2017; Jones and Paine 2018; Mayorquin et al.
2018). Alone, traditional contact pesticides may be largely
ineffectual, especially as therapeutic treatments, because
the PSHB and its fungal symbiont spend most of their life
cycle inside the host tree (Umeda et al. 2016). However,
combining contact insecticides with a surfactant has been
proposed to increase the translocation of the active ingredi-
ent through the bark when applied as a trunk spray (Jones
et al. 2017; Mayorquin et al. 2018). Systemic insecticides
and fungicides, applied through soil drench, soil injection
or trunk injection, have also been evaluated in a few labora-
tory (Freeman et al. 2012; Mayorquin et al. 2018) and field
settings (Byrne et al. 2020; Grosman et al. 2019; Jones et al.
2017; Mayorquin et al. 2018). Systemic treatment methods
are seen as potentially more effective at reaching their target
(Cooperband et al. 2016). However, since they are xylem or
phloem mobile, systemic chemicals may be less effective
in heavily infested trees with vasculature obstructed by the
boring activity of the beetle and growth of its fungal sym-
biont (Byrne et al. 2020; Grosman et al. 2019; Mayorquin
etal. 2018).

Results of studies on contact and systemic pesticides
have not yet presented a definitive option for chemical con-
trol, especially as long-term and/or therapeutic treatments
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(Umeda et al. 2016; Grosman et al. 2019). Contact appli-
cations of bifenthrin and a surfactant as well as systemic
applications of emamectin benzoate and propiconazole
have shown promise as suitable control agents (Byrne et al.
2020; Grosman et al. 2019; Jones et al. 2017; Mayorquin et
al. 2018), though they must still be tested under a variety
of field settings and across a broader host range. In South
Africa, the contact insecticide cypermethrin has been used
in conjunction with a surfactant (vitamin E) and salicylic
acid (fungicide) for PSHB management, however, it has not
been scientifically evaluated for efficacy against the species
(PanAfrican Farms [PanAf], Parys, South Africa, https://
www.panafricanfarms.co.za).

The aims of this study were to test the efficacy of (1)
bifenthrin + surfactant (alcohol ethoxylate), (2) cyperme-
thrin+ surfactant (vitamin E)+salicylic acid, (3) ema-
mectin benzoate, and (4) propiconazole as therapeutic
treatments for PSHB/F. euwallaceae infested American
sweetgum (Liquidambar styraciflua) trees in the Western
Cape province of South Africa. This tree species is a repro-
ductive host of PSHB, which can suffer Fusarium dieback
disease symptoms and even death (FABI 2023; Gomez et al.
2019; van Rooyen et al. 2021). While studies abroad have
trialed and/or recommended the use of some of these chemi-
cals in combination, here they were evaluated individually,
in the event that one or more fails to become registered
for PSHB control in South Africa. It is hypothesised that
bifenthrin + surfactant, cypermethrin + surfactant + salicylic
acid, and emamectin benzoate will be moderately effective
as temporary therapeutic treatments against PSHB and that
propiconazole will reduce F. euwallaceae growth rate.

Methods and materials
Study site and host species

Experimental trees were situated at Lourensford Estate in
Somerset West (S34°04°47.0” E18°53°12.3”) in the West-
ern Cape province of South Africa. Lourensford Estate’s
land use ranges from commercial agriculture (pome fruit,
stone fruit, wine grapes and avocados) to residential and
recreational use. The first observation of PSHB on the estate
occurred in the residential and recreational zones, in Janu-
ary 2021. Since then, it has spread rapidly and killed several
trees on the estate (notably Boxelder [Acer negundo] and
English oak [Quercus robur]). This study used American
sweetgum, a prominent tree species planted on the estate.
It is a deciduous species native to the USA, but it is exten-
sively planted as an ornamental tree in gardens, parks and
agricultural areas throughout South Africa. Although often
infested with PSHB, this tree species has not yet been
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used in any evaluations of chemical treatments against the
beetle/Fusarium complex.

The selected experimental trees (n=40) were all mildly
infested (<40 PSHB holes up to a 3 m trunk height) and
were planted at the same time (same age) along a grassy
field in a recreational zone on the estate. All trees were in
good health and showed no signs of canopy loss or dieback,
as would be expected in reaction to severe vascular block-
age (Mayorquin et al. 2018). Eight trees were selected for
each of the four treatments and the control. Each tree was
numbered and then randomly assigned to one of the four
therapeutic treatments, or the control group, using a random
number generator (Research Randomizer). Before apply-
ing treatments, the diameter at breast height (DBH) and
the number of PSHB holes (up to a 3 m trunk height) were
recorded for each tree on November 4, 2022.

Fungal growth and inoculation

Three isolates of F. euwallaceae (CMW 52826, CMW53018
and CMW-1A3) were used for inoculation using the tooth-
pick method (Scandiani et al. 2011; Twiddy et al. 2021).
These isolates were obtained from PSHB-infested pear,
apple and plum trees in South Africa (de Jager and Roets
2022; Jager and Roets 2023). Inoculum was prepared by
placing autoclaved bamboo toothpicks onto potato dextrose
agar (PDA; Bioloab, Midrand, South Africa) plates, inocu-
lating these with the fungal isolates and allowing the fungus
to overgrow for ca. 2 weeks at 25 °C in the dark (Scandiani
et al. 2011). Toothpicks for controls were treated similarly
but left uncolonised by fungi.

The lowest branch (ca. 1.5 m height and 10 cm diam-
eter) on each selected tree was inoculated with the three
F. euwallaceae isolates, and a control (n=4 inoculations
per branch per tree; Twiddy et al. 2021). All inoculations
were conducted on November 5th, 2022 (late Spring for this
location). Inoculation points were made by drilling 2 cm
deep into the branch using a sterile 2 mm diameter drill
bit. Inoculation points were at least 5 cm apart and were
rotated around the branch to prevent overlap of expanding
fungal lesions (Twiddy et al. 2021; Fig. 1A). Toothpicks
were placed into the holes, cut off flush with the branch, and
sealed with parafilm to reduce desiccation and contamina-
tion (Fig. 1B).

Beetle collection and introduction

PSHB beetles were introduced onto the same branch as
fungal inoculation on each (experimental and control) tree.
Beetle introductions were conducted on November 6th and
7th, 2022. Beetles were introduced using 3-D printed entry
devices (Berry et al. 2016; Fig. 1C) secured to the branch

using horticultural tubing. Beetles were placed in the vile of
each device and allowed to enter the branch through a small,
predrilled hole (2 mm diameter and ca. 5 mm deep) located
beneath the device (Berry et al. 2016). Three devices were
used per branch, placed in between fungal inoculation points
(n=3 introduction points per branch per tree; Fig. 1D). Indi-
vidual beetles used for introduction onto selected branches
were collected using funnel traps equipped with a Quercivo-
rol ((1 S,4R)-p-menth-2-en-1-ol) (Synergy Semiochemicals
Corp.) lure and containing a moist paper towel (Berry et
al. 2016). Traps were erected near the experimental trees
one day before beetle introductions to maximise the use of
healthy PSHB individuals in experiments.

Chemical treatment

One week after fungal inoculations and beetle introductions
(November 14th, 2022), the parafilm and beetle introduc-
tion traps were removed and experimental trees were treated
with one of four treatments (Table 1). For the two systemic
treatments (emamectin benzoate and propiconazole), the
trunk injection method was applied (n=8 trees per treat-
ment). Spring-loaded injectors (Chemjet tree injectors,
Queensland Plastics) were filled with the treatment and
placed into holes drilled 5 cm deep (using a 4 mm thick drill
bit) and spaced 10 cm apart around the diameter of each
selected tree, 15 cm up from the soil surface (Byrne et al.
2020; Fig. 1E). After being placed into the holes, injectors
were released, and the tree was allowed to absorb the chemi-
cal. Injectors remained inside the tree until the entirety of
the solution was taken up.

For the two contact insecticide treatments (bifen-
thrin + surfactant and cypermethrin+ surfactant), the trunk
spray method was used. For both, hand sprayers were
rotated around the trunk of the tree, up to a 3 m trunk height
(including the branches into which the fungus and beetles
were introduced), and sprayed until runoff was seen (Jones
et al. 2017; Mayorquin et al. 2018). The treatments were
allowed to dry for 24 h. The fungicide component of the
cypermethrin treatment, salicylic acid, was applied in the
same fashion, one week after the cypermethrin+ surfac-
tant, to avoid possible chemical interactions that may cause
the breakdown of active ingredients. The entire cyperme-
thrin treatment was repeated twice (n=3 total applications;
cypermethrin + surfactant at weeks 1, 3 and 5; salicylic
acid at weeks 2, 4 and 6) following application instructions
(PanAfn.d.).

Branch removal and assessment

Three months after trial initiation, the number of PSHB
holes was re-recorded for every tree (February 10th, 2023),
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Fig. 1 (A) Branch of Liquidambar styraciflua inoculated with three
Fusarium euwallaceae isolates and a control (back of branch) using
fungus-overgrown toothpicks. (B) Branch inoculated with three Fusar-
ium euwallaceae isolates and control where toothpicks were cut flush
to the surface of the bark and thereafter sealed with parafilm to prevent
contamination and desiccation. (C) 3-D printed beetle entry device,
with collection tube attached. One end of the trap was sealed with
spongy double-sided tape to prevent beetles from escaping. (D) Beetle
entry devices secured to the selected branch using horticultural tubing
and ready to receive living Euwallacea fornicatus beetles. (E) Spring-

and the inoculated branch of each tree was removed. For
each F. euwallaceae inoculation point, the bark layer
was removed, and the fungal lesion length was measured
(Fig. 1F). Samples of discoloured woody tissue were then
recovered from the lesions. They were surface sterilised,
grown on PDA plates for 2 weeks at 25 °C, and confirmed
as F. euwallaceae through morphological assessment (De
Jager and Roets 2022). Branches were cut into ca. 1 cm
thick disks around each beetle introduction point, which
enabled visualisation of fungal colonisation by follow-
ing the gallery system (Fig. 1G). Total gallery length was
measured for each established colony. The galleries were
then carefully opened and excavated using a utility knife to
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loaded injectors filled with treatments and placed into predrilled holes
around the tree trunk, 15 cm up from the base and 10 cm apart. (F)
Fungal lesion (brown staining) caused by Fusarium euwallaceae three
months after inoculation into Liquidambar styracifiua. (G) Brown fun-
gal staining on a 1 cm disk cut around the introduction hole of PSHB in
the xylem of Liquidambar styraciflua following gallery formation of
the beetle three months after introduction. (H) Gallery contents three
months after Euwallacea fornicatus introduction into Liquidambar
styraciflua. A pupa (p), larva (1) and an egg (e) can be seen

record the numbers of dead adult PSHB beetles, living adult
PSHB beetles, pupae, larvae and eggs (Fig. 1H).

Statistical analyses

The data were analysed using R programming software
(version 3.6.3). To exclude confounding effects on beetle
colonisation and fungal growth among the trees, tree size
data (DBH) was compared between the treatments. This
data was tested for normality using a Shapiro-Wilks (1965)
test (W=0.9232; P=0.009), which was followed by a Krus-
kal-Wallis (1952) test for the non-parametric data. To inves-
tigate whether aggregation behaviour by PSHB affected the
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Table 1 Description of the four treatments used as therapeutic treatments against Euwallacea fornicatus | Fusarium euwallaceae

Treatment Type Mode of action Application Dose and/or Rate

method applied
Emamectin benzoate =~ Systemic aver- Disrupts chloride ion channels in invertebrates, causing Trunk 300 ng/g (Byme et al.
(Warlock 19.2 EC) mectin family paralysis (Jansson et al. 1997) injection 2020)
insecticide 2.4 m{/cm DBH

(Jones et al. 2017,
Mayorquin et al. 2018)

Propiconazole (Bum-  Systemic triazole Disrupts fungal cell wall formation, inhibiting fungal Trunk 600 ppm

per 250 EC) fungicide growth (United States Environmental Protection Agency  injection 3.9 m¢/cm DBH (May-

2006) orquin et al. 2018)

Bifenthrin (Maxxthor  Pyrethroid con-  Disrupts sodium channels in invertebrates, impacting the ~ Trunk spray 240 g/€ (Jones et al.

100 SC) tact insecticide nervous system (Gammon et al. 2019) 2017; Mayorquin et al.

Alcohol ethoxylate Nonionic Enhances the bioavailability of pesticides by raising 2018)

as surfactant (8.92%,  surfactant solubility, improving translocation into the target, and may 300 m¢€/100 € (0.3%;

Wetcit) increase the cuticular permeability of the target (Schnabel high label rate)

etal. 2012)

Cypermethrin (Kem-  Pyrethroid con-  Disrupts sodium channels in invertebrates, impacting the ~ Trunk spray 20 m€/50 ¢ H,O

prin 200 EC) tact insecticide nervous system (Gammon et al. 2019) (PanAfn.d.)

Vitamin E as Fat-soluble Can be a linactant and can protect plants against environ- 1 €/50 € H,O (PanAf

surfactant (10 g/€, vitamin mental stressors, claims of deep penetration within a tree n.d.)

PanAf supplementary  Phenolic benzoic  due to amphiphilic nano oil delivery system (PanAf n.d.) 2 £/200 € H,O (PanAf

surfactant) acid derivative Demonstrated inhibiting fungal growth and spore germina- n.d.)

Salicylic acid (1 g/,  (with antifungal  tion, molecular mechanisms only partially resolved (Li et

(PanAf PSHB properties) al. 2022)

fungicide)

number of additional colonisation attempts of PSHB on
individual trees, a Pearson’s correlation (Cohen et al. 2009)
was used to determine if the initial number of PSHB holes
on the trees were significantly correlated with the additional
holes gained over the experimental period.

Thereafter the data was tested for treatment effects on
the various factors of beetle and fungal success. Treatment
effects on PSHB colony establishment success were evalu-
ated using chi® tests for each treatment versus control, and
p values were adjusted for multiple testing using the Holm-
Bonferroni method for multiple testing (Holm 1979). A
colony was considered successful when it contained at least
one living PSHB individual after the trial period, regardless
of life stage. Colony successes and failures were summed
across all trees in each treatment (n=3 chances per tree;
8 trees per treatment=24 total chances per treatment). The
number of successes and failures for control trees were used
as expected values and the number of successes and failures
for treatments were used as observed values.

Additional PSHB attempts and average gallery length of
successfully established colonies per tree were compared
across the treatments using one-way Analysis of Variance
(ANOVA; Girden 1992) for the parametric data (Shapiro-
Wilks, W=0.959 and P=0.157; W=0.941 and P=0.086,
respectively). The average number of living individuals in
successful colonies per tree (regardless of life stage) was
compared between treatments using a Kruskal-Wallis test
(Shapiro-Wilks W=0.928 and P=0.013).

Fungal lesion length data were analysed using linear
regression mixed model analyses within the “/me4” pack-
age. The data were log-transformed to enforce normality
(Shapiro-Wilks W=10.986; P=0.259). The full model con-
tained isolate and treatment as fixed effects and individual
trees as random effect. After model selection, the best-fit
model (based on the lowest REML value) included the fixed
effect of treatment and the random effect of individual tree
(REML = -0.6; AIC = -3.88; BIC=15.63). Post hoc tests
were used for pairwise comparisons between treatments for
factors that proved significant after main tests (Tukey [1949]
HSD tests for parametric data and Dunn [1964] tests for
nonparametric data). For all analyses, a confidence level of
5% (P<0.05) was used to determine statistical significance.

Results

Tree size did not differ between the various treatments
and controls (Chi’=6.491; Df=4; P=0.165). Also, the
initial number of PSHB holes in the trees was not signifi-
cantly correlated with the additional holes gained over the
experimental period (Pearson’s r=0.193;t=1.212; Df=38;
P=0.233). Tree size and possible aggregation behaviour by
PSHB could therefore be excluded as explanatory variables
for PSHB colonisation success and differences in fungal
growth between treatments and controls.

Colony establishment success on control trees was
relatively high (ca. 71%; Fig. 2). Colonies that failed to
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Fig. 2 Stacked bar plot showing

the differences in PSHB colony 25
establishment success across

treatments (n=24 colonisation

attempts per treatment) 20

15

10

Colony Establishment

Table 2 Chi? test results for colony establishment in treatment versus
control trees. P-value = Holm-Bonferroni adjusted confidence level

Treatment Chi? Degrees of ~ P-value
Freedom

Bifenthrin + Surfactant (Alcohol 142 1 0.004

ethoxylate)

Cypermethrin + surfactant (vitamin ~ 22.2 1 0.0004

E) +salicylic acid

Emamectin Benzoate 222 1 0.0004

Propiconazole 109 1 0.014

establish often contained the dead remains of the founding
female beetle (4 colonies in the control and emamectin ben-
zoate treatment trees, 3 each for the cypermethrin and propi-
conazole treatment trees, and 6 for the bifenthrin treatment
trees). Five of the colonies that were successfully estab-
lished on control trees also contained a dead female beetle,
presumably the foundress, while only a single established
colony in each of the chemical treatments also contained
a dead foundress. The numbers of failed colonies that con-
tained no trace of any PSHB individuals were 2, 8, 12, 13
and 8 for the control, bifenthrin, cypermethrin, emamectin
benzoate and propiconazole treatments, respectively. The
total number of successful colonies established for all treat-
ments was significantly lower than for the controls (Table 2;
Fig. 2). Percentage colony success after chemical treatment
was reduced to between ca. 46% and 33% depending on the
treatment (Fig. 2).

Control trees had a mean number of 8.12 (+/- 1.96
SD) additional colonisation attempts after the experi-
mental period. Treatment had a significant effect on the
number of additional attempts recorded on trees after
the trial period (F=5.69; Df=4; P=0.001). Treatments
with contact insecticides, bifenthrin+ surfactant and
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cypermethrin + surfactant +salicylic acid, had significantly
fewer additional PSHB colonisation attempts than the con-
trol trees but did not differ from each other (Fig. 3). The
mean number of additional attempts was reduced to 5 (4/-
2.56 SD) and 4.88 (+/- 1.73 SD) for these two treatments
respectively. Other treatments had no significant effect on
the additional number of PSHB attempts after treatment
(Fig. 3).

The mean gallery length for established colonies on
control trees was 27.79 mm (+/- 7.41 SD). There were no
significant differences in gallery length for established colo-
nies between treatment and control trees (F=0.437; Df=4;
P=0.781). The median number of individuals per success-
ful colony per tree in controls (irrespective of life stage)
was low at 1.83 (+0.667 IQR). Treatment had no significant
effect on the median number of individuals in successful
colonies per tree (Chi*=6.95, Df=4, P=0.138).

The mean fungal lesion length was 32.71 mm (+/- 7.5
SD) in control trees. Treatment had a significant impact on
lesion length (Chi?=18.5; Df=4; P=<0.001), but this was
only evident for the systemic fungicide (propiconazole)
treatment (Z = -4.292, P=<0.001). The average fungal
lesion length for this treatment was reduced to 20.83 mm
(+/- 3.94 SD; Fig. 4).

Discussion

PSHB and its primary fungal symbiont, F euwallaceae, form
part of a pest-disease complex that poses a serious threat to
a wide range of tree species in invaded regions. In South
Africa, current mitigation methods are still largely centred
on infested branch and tree removal. This study evaluated
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four chemicals or combinations as therapeutic treatments
against the proliferation of PSHB/F. euwallaceae (1) bifen-
thrin + surfactant (alcohol ethoxylate), (2) emamectin ben-
zoate, (3) propiconazole, and (4) cypermethrin + surfactant
(vitamin E)+salicylic acid. The first three treatments have
shown success in other trials for PSHB or its close relatives
in previous experiments, but this is the first time these were
evaluated in South Africa. This is also the first time evalu-
ating these treatments for the management of PSHB on
American sweetgum trees, which are commonly planted in
South Africa. The cypermethrin treatment is often used for
PSHB management in South Africa, but to the best of our
knowledge, this is the first time evaluating it against other

treatments. Overall, the results show that all four treatments
are moderately effective as therapeutic measures on Ameri-
can sweetgum. Propiconazole is also moderately effective
at reducing the growth of F. euwallaceae on American
sweetgum. However, none of the treatments alone demon-
strated the ability for complete control of PSHB on this host.
Rather, all treatments merely reduced infestation rates over
the experimental period. These treatments should therefore
be considered viable options as part of a management pro-
gram against PSHB on American sweetgum.

The two contact treatments, bifenthrin and cypermethrin,
significantly reduced new PSHB colonisation attempts.
These are both pyrethroids and though they may have
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different modes of action, they are both synthetic com-
pounds that impact the nervous system of insects (Gammon
et al. 2019). Insects may be repelled or even killed when
exposed to high enough concentrations of these compounds.
In previous studies, contact pyrethroids have had inconsis-
tent results for reducing PSHB colonisation attempts. Jones
and Paine (2018) found bifenthrin to be the most effective
in reducing PSHB attempts in cut Caster Bean (Ricinus
communis) logs, but Jones et al. (2017) showed significant
reduction using bifenthrin on California sycamore (Plata-
nus racemosa) only when it was used in combination with
other pesticides. Mayorquin et al. (2018) found that bifen-
thrin significantly reduced beetle colonisation attempts in
moderate, but not heavily infested California sycamore
trees. The variable success of contact insecticides is likely
due to the limited exposure of ambrosia beetles to the sur-
face of the host tree (and therefore these chemicals) and
because, unlike bark beetles, ambrosia beetles only ingest
small amounts of tree tissues (Beaver 1989; Mayorquin et
al. 2018). The results of this study, therefore, echo previous
studies in that infestation attempts can be reduced, but not
halted altogether, even after multiple applications of these
contact insecticides (as was observed for the cypermethrin
treatment in the current study).

The systemic treatments, emamectin benzoate and
propiconazole, did not reduce colonisation attempts. This
contrasts with other studies surrounding the control of
Euwallacea species, which have trialed emamectin benzo-
ate alone and in combination with other pesticides (includ-
ing propiconazole), with positive results. Jones et al.
(2017) found emamectin benzoate to be effective for their
entire trial period when combined with two other chemi-
cals (bifenthrin and metconazole). Mayorquin et al. (2018)
found that emamectin benzoate (alone and in combination
with propiconazole) significantly reduced beetle colonisa-
tion attempts, and Grosman et al. (2019) had longer-term
success using emamectin benzoate and propiconazole as a
control measure. One reason for the difference seen here
could be a difference in host species’ vasculature or resis-
tance to uptake of these chemicals, as the above studies
were conducted on California sycamore trees, and this study
was done on American sweetgum trees. It has also been cau-
tioned that systemic treatments could take a long time to
distribute throughout the tree (Fettig et al. 2013), and thus
the effects of emamectin benzoate and propiconazole may
improve over time (Grosman et al. 2019). The chemical for-
mulations of these systemic chemicals may have also had
an impact, as emulsifiable concentrates of pesticides have
demonstrated phytotoxic effects in other studies using trunk
injection (Archer et al. 2022; Kiss et al. 2023), which could
have inhibited uptake if tree transport tissues were affected.
In this study, observation 12 months after injection showed
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that 3 (of 16 total) trees had bark discoloration up to ca.
10 cm surrounding injection sites, but no visible impacts on
overall tree health were observed. Nonetheless, it is recom-
mended that chemical formulations created for trunk injec-
tion be used in future research iterations, especially in the
case of repeat applications.

While emamectin benzoate and propiconazole were
evaluated individually here, efficacy may be increased when
these are used in combination (Mayorquin et al. 2018; Gros-
man et al. 2019). It is therefore recommended that these sys-
temic treatments should be evaluated in combination, and
in longer-term control studies on American sweetgum and
other PSHB hosts in South Africa.

All treatments significantly lowered the colonisation suc-
cess for introduced PSHB beetles. All of these can therefore
be considered therapeutic treatments in the management
of PSHB, at least early on in the colonisation process. The
success of bifenthrin and cypermethrin in reducing colo-
nisation success may suggest that they have some absor-
bance within the tree, aided by the addition of surfactants
(Mayorquin et al. 2018; Schnabel et al. 2012). However,
it is likely that these contact insecticides killed or repelled
some foundress females before they were able to start a col-
ony. This is because no dead larvae or teneral adult beetles
were observed in this study despite often observing dead or
missing foundress females. The posterior end of foundress
females is often found blocking the entrance of holes at the
bark surface, a posture that helps them to protect their gal-
lery and offspring from external threats (Dodge 2019; Part-
hiban 1992). In this position, pesticides applied as sprays
can more easily encounter foundress females. The success
of the two contact insecticides here indicates that they may
be useful candidates for PSHB management and could be
included in further therapeutic assessments on American
sweetgum and other hosts in South Africa.

Like the contact insecticides, the systemic insecticide,
emamectin benzoate, and the systemic fungicide, propi-
conazole, were able to reduce (but not halt) PSHB colony
establishment success, indicating that they are suitable, but
not entirely efficacious candidates for therapeutic treat-
ment. This echoes the results of other laboratory and field
trials (Byrne et al. 2020; Grosman et al. 2019; Jones et al.
2017; Mayorquin et al. 2018). Therefore, it is possible that a
combination of a contact treatment, like bifenthrin or cyper-
methrin, along with a systemic treatment like emamectin
benzoate or propiconazole, might offer greater protection
against both new colonisation attempts and colonisation
success stemming from those attempts. Because emamec-
tin benzoate and propiconazole reduced PSHB colonisation
success, but not new attempts, visible signs of PSHB holes
on the outside of trees may not be an accurate indication
of successful colony establishment. The novel methodology
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used in the present study to characterise PSHB colonisation
success may therefore be more relevant than visual inspec-
tions in future evaluations of chemical trials against this
pest.

Treatment had no impact on the gallery length or the
abundance of individuals within successful colonies. There-
fore, chemical treatments did not deter established beetle
colonies from expanding in size or in population numbers.
However, the median abundance of individuals within suc-
cessful PSHB colonies was only 1.87. Cooperband et al.
(2016) found that, when reared on host tree sawdust, 32 adult
female offspring could be produced by one PSHB foundress
in 22 days at 24 °C, and this number almost doubled in 7
weeks due to generational overlap. In comparison, given the
3.5-month trial period in the present study and that ambient
temperatures were within PSHB’s optimal range, the abun-
dance of PSHB individuals was lower than expected in all
colonies. This may mean that American sweetgum, while
being a reproductive host for PSHB, is not a preferred host
species. It is therefore recommended that these experiments
should be expanded to a variety of different host tree spe-
cies, including preferred hosts such as Boxelder and English
oak.

There was no evidence of fungicidal activity of salicylic
acid towards F. euwallaceae within American sweetgum
hosts. Propiconazole was the only treatment that reduced
the fungal growth rate within this host, and its success aligns
with previous in vitro trials using triazole fungicides against
Fusarium sp. (Freeman et al. 2012; Mayorquin et al. 2018).
The propiconazole treatment also reduced PSHB colonisa-
tion success, and may therefore be a strong candidate to use
in conjunction with a systemic insecticide such as emamec-
tin benzoate to manage PSHB infestations (Mayorquin et al.
2018; Jones et al. 2017; Grosman et al. 2019). However, it is
unclear whether propiconazole reduced colonisation success
due to reduced fungal growth (the food source of the beetle),
or because propiconazole may have insecticidal properties
(Drummond 2022; Haizhen et al. 2006). It seems plausible
that during the current study, propiconazole concentration
in sapwood tissues were sufficient to reduce F. euwallaceae
growth, but insufficient to entirely halt growth (Peyton et
al. 2015). Therefore, the fungus was likely still available as
a food source to the beetles in the galleries. Beetle popula-
tion numbers in successfully established colonies on trees
treated with propiconazole were also the same as those in
all other treatments, indicating that suitable resources were
still available for beetle development. For these reasons,
and because of the relatively high numbers of dead beetles
observed within PSHB galleries in propiconazole-treated
trees, we suspect that propiconazole may have insecticidal
properties which aided the reduction in PSHB colony suc-
cess. This may be the reason why control of PSHB can be

enhanced when combining propiconazole with an insec-
ticide, as the effective concentration of insecticide in the
treatment would ultimately be increased.

Conclusion

All the treatments evaluated here may be considered in a
program for the management of PSHB. Bifenthrin and
cypermethrin reduced new PSHB colonisation attempts, all
treatments reduced colonisation success, and propiconazole
reduced F. euwallaceae growth rate. More research will
have to continue in South Africa to determine if these pesti-
cides are useful in the longer term against PSHB on Ameri-
can sweetgum and other important host species. Because not
one of the evaluated treatments offered complete control,
even when applied regularly (e.g. the cypermethrin treat-
ment), different combinations of these treatments or com-
binations of these with untested control measures should
be undertaken to determine whether greater efficacy could
be attained. Importantly, the environmental impact of these
treatments, especially the contact chemicals, as well as
the possible phytotoxic effects, especially for the systemic
chemicals, should be evaluated. These chemical treatments
should also be evaluated as part of an integrated pest man-
agement program that includes other forms of management,
such as monitoring, biological control (Guevara-Avendafio
et al. 2018; Nel et al. 2023), and attractants and repellents
(Byers et al. 2020, 2021, 2022).
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