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Abstract
The Euwallacea fornicatus (Eichhoff) species complex includes the polyphagous shot hole borer (PSHB), an ambrosia beetle infesting
avocado limbs,Persea americanaMill. Synthetic quercivorol, a monoterpene alcohol, is known to attract females (males are flightless)
over a range of release rates spanning three orders of magnitude. The upper release dose was extended 10-fold using sticky traps baited
with quercivorol released at 1× (0.126mg/day), 10×, and 108× relative rates to obtain a dose−response curve fitting a kinetic formation
function. Naturally infested limbs of living avocado trees were wrapped with netting to exclude the possibility of catching emerging
beetles on the encircling sticky traps. The results indicate PSHB are significantly attracted to infested limbs. Ethanol released over a 64-
fold range (lowest rate of 7.5mg/day) wasmoderately inhibitory of PSHB attraction to 1× quercivorol.β-caryophyllene and eucalyptol
did not appear to affect attraction at the rates tested. A field test of potential inhibitors of 1× quercivorol was done using ~1 mg/day
releases of monoterpene ketones: (−)-(S)-verbenone, (+)-(R)-verbenone, 3-methyl-2-cyclo-hexen-1-one (MCH or seudenone),
piperitone, (+)-(S)-carvone, and racemic cryptone. Only piperitone and the two enantiomers of verbenone were strongly inhibitory.
A blend of piperitone and verbenone tested together at different distances (0, 0.5, 1, 2, and 4m) from a 1× quercivorol baited sticky trap
became increasingly ineffective in inhibiting the attractant as separation distance increased. Due to the relatively short-range repellency
(<1 m), the inhibitors would need to be released from several places on each tree to effectively repel PSHB from avocado trees.
Effective attraction radii, EAR, and circular EARc are estimated for the quercivorol baits released at 1×, 10× and 108× rates. Push-pull
simulations of moving beetles were performed in 1 ha plots with 2, 4, or 16 traps of 10× EARc and 400 trees (0, 1, or 3 inhibitors per
tree) of which ten had an infested limb (EARc = 0.5 m). The simulations indicate that push-pull methods would be more effective in
reducing PSHB mating than simply using mass-trapping alone.
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Introduction

The ambrosia beetle, Euwallacea fornicatus (Eichhoff)
(Curculionidae: Scolytinae) comprises a species complex of
at least three cryptic species that includes the polyphagous

shot hole borer (PSHB) which originated in Southeast Asia.
PSHB invaded California about 2003, and shortly thereafter
Israel (Eskalen et al. 2012; Freeman et al. 2012; Mendel et al.
2012). Another important species of the E. fornicatus complex
is the tea shot hole borer (TSHB), originally from Sri Lanka,
which has become a pest in Florida (Carrillo et al. 2015, 2016;
Cooperband et al. 2016). These two species and a third,
Kuroshio shot hole borer (KSHB), are morphologically indis-
tinguishable but differ in host preferences, fungal symbionts,
and DNA geographically (Eskalen et al. 2013; Freeman et al.
2012; O’Donnell et al. 2015; Stouthamer et al. 2017). PSHB
has a relatively broad host range of woody shrubs and trees
and may carry Fusarium dieback disease (Cooperband et al.
2016; Eskalen et al. 2013; Freeman et al. 2012; Lynch et al.
2016). In Israel, PSHB is a pest of avocado because beetle
infested limbs die reducing tree growth over time (Freeman
et al. 2012; Mendel et al. 2012). Like other ambrosia beetles,

* John A. Byers
John.a.byers@gmail.com

1 Department of Entomology, Robert H. Smith Faculty of Agriculture,
Food and Environment, The Hebrew University of Jerusalem,
Rehovot, Israel

2 The Israel Fruit Growers Association, Yahud, Israel
3 Synergy Semiochemicals, Burnaby, British Columbia, Canada
4 Institute of Plant Protection, Agricultural Research Organization,

Volcani Center, Rishon LeZion, Israel

Journal of Chemical Ecology (2018) 44:565–575
https://doi.org/10.1007/s10886-018-0959-8

http://crossmark.crossref.org/dialog/?doi=10.1007/s10886-018-0959-8&domain=pdf
mailto:John.a.byers@gmail.com


PSHB carries symbiotic fungi that grow in beetle tunnels in
the sapwood and serve as food (Wood 1982; Freeman et al.
2012; Hulcr and Stelinski 2017). Only the females of the spe-
cies complex leave the brood tree after mating since the males
are flightless (Calnaido 1965; Carrillo et al. 2015). Our obser-
vations of PSHB and that of others suggest that females usu-
ally do not bore alone into their host avocado tree but are
commonly found together in an aggregation of female attacks
in a relatively concentrated area of a branch (Byers et al. 2017;
Eskalen et al. 2013).

Scolytid beetles, including many bark beetles and some
ambrosia beetles, usually are attracted from tens of meters to
aggregation pheromones that consist of one to three chemicals
produced by either one or both sexes depending on the species
(Byers 1989, 2004). Quercivorol, (1S,4R) − p −menth−2 − en
− 1 − ol, was identified by Tokoro et al. (2007) as the aggre-
gation pheromone of the oak-killing ambrosia beetle Platypus
quercivorus (Murayama) of Japan. They synthesized racemic
quercivorol that was predominantly the cis-isomer of which
half was the (1S,4R) enantiomer. Quercivorol is commercially
available (Synergy Semiochemicals, Burnaby, Canada) and
contains racemic 85% cis-isomer that was shown to be attrac-
tive to TSHB in Florida (Carrillo et al. 2015; Kendra et al.
2017) and to PSHB in Israel (Byers et al. 2017). Quercivorol
either acts as a kairomone released by the fungal infection in
the host (Carrillo et al. 2015), elicits cross−attraction of PSHB
in the ancestral range, is a pheromone mimic, or is a phero-
mone component of PSHB.

It is clear that synthetic quercivorol is highly attractive to
PSHB females in the field as shown by a standardized compar-
ative method termed the effective attraction radius (EAR) devel-
oped earlier (Byers 2012a, b; Byers et al. 2017). Quercivorol
released at a 1× rate (0.126 mg/day) had an EAR of 1.02, 1.18,
and 1.28m in three tests while the 10× rate (1.26mg/day) had an
EAR of 2.0 m (Byers et al. 2017). The mean flight height of
PSHB was calculated as 1.24 m with a standard deviation (SD)
of the vertical flight distribution of 0.88 m (Byers et al. 2017).
Using 0.88 m SD and 1.18 m EAR (1× rate), then the EARc
(circular effective attraction radius in two dimensions for simu-
lation models) was calculated to be 0.99 m (the 10× rate gave an
EARc of 2.86 m). Simulations (Byers et al. 2017) suggested that
mass trapping would be effective in reducing infestations of
PSHB if the trapping was begun when the beetle begins to fly
in June. A dose-response curve for quercivorol released at 10-
fold increasing rates (0, 0.01×, 0.1×, 1×, and 10×) in the field fit a
kinetic formation function (Byers 2013; Byers et al. 2017).

Many conifer-infesting bark beetle species are inhibited by
verbenone, a ketone and oxidation product of the common
monoterpene α-pinene that may indicate a degrading and un-
suitable host tree (Byers et al. 1989; Byers 1989, 2004).
Hughes et al. (2017) found verbenone (unreported release rate
and enantiomer mix) to inhibit the attraction of redbay ambro-
sia beetles, Xyleborus glabratus Eichoff, to manuka tree oil.

Since E. fornicatus was formerly designated in the genus
Xyleborus (Calnaido 1965), we hypothesized that verbenone
and other monoterpene ketones might be inhibitory to PSHB.
Some monoterpene ketones, likely oxidation products of tree
monoterpenes, have structures similar to quercivorol such as
piperitone and cryptone. Another candidate inhibitor was
MCH (3-methyl-2-cyclohexen-1-one) that inhibits Douglas-
fir bark beetles (Furniss et al. 1972, 1976; Rudinsky et al.
1975). Inhibitors are revealed by a reduction in catch when
the attractant is released together with the inhibitor as com-
pared with the attractant alone (Byers and Wood 1980).
Eucalyptol is found in hosts of X. glabratus (Hanula and
Sullivan 2008) and is attractive to this ambrosia beetle species
(Kuhns et al. 2014), but the behavioral activity of eucalyptol is
not known regarding PSHB. Several sesquiterpenes including
β-caryophyllene, α-copaene, and α-cubebene from host tree
species of X. glabratus are possible kairomone candidates for
PSHB (Hanula and Sullivan 2008; Kendra et al. 2011, 2012,
2014). Recently, TSHB in Florida was shown similarly
attracted to lures releasing either α-copaene or quercivorol,
and when both were released together the attraction was ap-
proximately doubled (Kendra et al. 2017).

Ethanol is commonly reported to be attractive to ambrosia
beetles and some bark beetles (Byers 1989, 1992, 2004).
Ethanol together with quercivorol appears weakly attractive
to TSHB in Florida, and while ethanol alone caught more than
controls this was not statistically significant (Carrillo et al.
2015). We hypothesized that ethanol may enhance the attrac-
tion of PSHB to quercivorol. Attractive response to host
monoterpenes of some bark beetles depends on release rate
of ethanol (Klimetzek et al. 1986; Schroeder and Lindelöw
1989; Byers 1992) and also for attraction of some ambrosia
beetles to their aggregation pheromone (Byers 1989, 2004).

We reported (Byers et al. 2017) that artificially
infesting cut avocado logs with PSHB females did not
create an attractive source in the field. However, avocado
trees with limbs naturally infested by PSHB when
surrounded by sticky traps caught significantly higher
numbers compared to control limbs on nearby avocado
trees. This suggests that infested limbs connected to a
living tree emit an aggregation signal that is more attrac-
tive. However, the infested limbs were not wrapped with
fine screen to prevent the possibility of emerging brood
beetles being caught on the sticky traps thereby possibly
creating a false impression of attraction. Thus, our first
objective was to confirm that naturally-infested limbs of
avocado are attractive to PSHB as suggested from catches
on sticky traps surrounding the limbs (Byers et al. 2017).
This test was improved by use of fine screen to cover the
infested limbs and prevent any emerging beetles from be-
ing caught as they flew outward toward the surrounding
sticky mesh trap. A second objective was to expand the
dose-response curve of quercivorol ten-fold to include a
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108× high-release rate. A third objective was to test var-
ious volatiles such as verbenone and piperitone as poten-
tial inhibitors of PSHB response to quercivorol, which
could be used later in a push-pull management strategy
(Cook et al. 2007; Miller and Cowles 1990; Pyke et al.
1987). We also wanted to test computer simulations of a
push-pull semiochemical method to see if these would be
more effective than mass trapping alone. Assuming potent
inhibitors could be found, we wanted to investigate the
effect of placing inhibitors at increasing distances from
the quercivorol attractant source, again to gain knowledge
to better simulate a push-pull strategy as well as imple-
ment such a method in the field. We wanted to test the
effect of ethanol over a 64-fold range of release rates in
combination with the attractant to see if this combination
would be more attractive than quercivorol alone. A few
other volatiles were tested to see if they increased or de-
creased the response of PSHB to quercivorol.

Methods and Materials

Attraction of PSHB to Infested Limbs of Avocado Earlier work
suggested that sticky screens surrounding PSHB-infested
avocado limbs caught higher numbers of beetles (Byers
et al. 2017), but this result could have been influenced by
reemerging and emerging brood adults. Thus we located
avocado trees with an infested limb (N = 8) or without
infested limbs (N = 8) in an orchard at Beit HaEmek,
Israel (32°58′20.2^N 35°08′41.4″E). The limbs of each
type were wrapped with nylon screen that excluded bee-
tles and then a sticky cylinder trap (25 cm long × 25.5 cm
diam. of 6 mm mesh wire screen) was aligned to surround
each limb. The sticky screens were covered with adhesive
(80% polyisobutene, Rimifoot, Rimi, Petah Tikva, Israel)
and exposed from 12 Sept. to 20 Nov. 2017. The sticky
traps were collected and PSHB counted in the laboratory
and compared with a Mann − Whitney U test (R
Foundation for Statistical Computing version 3.1.2).

Quercivorol Dose-Response Curve of PSHB AttractionThe pre-
vious dose-response curve for PSHB attraction to quercivorol
used doses of 0.01× and 0.1× made by mole-percentage dilu-
tion with decanol (Byers 1988) as well as neat 1× and 10×
rates (Byers et al. 2017).We used the previous data for the two
lowest rates with new results from 1×, 10×, and 108× rates
obtained during the second half of the flight season in the
same Hass variety avocado orchard (2.5 km east of
Nahsholim, Israel, 32°,36′,31^ N; 34°,56′,49″ E) where all
subsequent experiments were done. The 1× dispenser
consisted of 20 μl of quercivorol (racemic 85% cis, 15%
trans; Synergy Semiochemicals, Burnaby, Canada) placed at
the bottom of a glass flat-bottom 250 μl tube (3.29 mm i.d. ×

30.6 mm long, J.G. Finneran Associates, Inc., Vineland, NJ,
USA) that gives an almost constant release rate at a specified
temperature (Byers 1988). The release at 25 °C for the 1×
dispenser was 0.126mg/day according to previous weight loss
measurements (Byers et al. 2017). Either one (1×) or 10 dis-
penser tubes (10×) were Scotch taped upright inside an
inverted aluminum foil-covered plastic cup (8 cm diameter ×
10 cm) to protect from sun and rain. For the 108× high dose
we placed four bubble cap dispensers (#3250 Synergy
Semiochemicals) inside the plastic cup. Each bubble cap dis-
penser released 3.4 mg/day at 25 °C as measured by linear
regression of the weight losses (N = 3) determined by a 0.1 mg
precision microbalance over 5 weeks in the laboratory. The
tubes or bubble caps were then surrounded by a sticky screen
trap (cylinder, 28 cm diameter × 33 cm high). Two replicates
of the three higher release rates were placed in the avocado
orchard (20 m between traps) and beetles collected each week
for 8 weeks (27 Sept. – 26 Nov.). Traps were randomized
among positions each week. Non-linear regression software
(TableCurve 2D version 5.01, Systat Software Inc., Chicago,
USA) was used to find a function that fit the catch data best
(Byers 2013). The three-dimensional EAR was calculated
from catches at the three higher doses according to
EAR = [Ca × S/ (π ×Cb)]0.5, where Ca is the mean catch of
the pheromone traps, Cb is the mean catch of the unbaited
traps and S is the silhouette area (0.0924 m2) of the cylinder
trap. A two-dimensional EARc for simulation models was
calculated from the respective EAR using the standard devia-
tion (SD) of the vertical flight distribution of PSHB (0.88 m)
according to EARc = π × EAR2/ [2 × SD × (2 × π)0.5] (Byers
2011; Byers 2012a, b; Byers et al. 2017).

Inhibitory Effects of Various Volatiles on Attraction of PSHB to
Quercivorol In the first experiment, the candidate inhibitors,
MCH (3-methyl-2-cyclohexen-1-one, also known as
seudenone, 99% chemical purity, Acros Organics), (±)-
cryptone (4-isopropyl-2-cyclohexen-1-one, 91% pure,
Synergy Semiochemicals), (−)-(S)-verbenone (99% pure,
85% ee, enantiomeric excess, Acros Organics), and piperitone
(95% pure, 50% ee (R)-enantiomer, Synergy Semiochemicals)
were each released together with 1× quercivorol and com-
pared to 1× quercivorol alone. Chemical purity of compounds
was analyzed by GC-MS (Levi-Zada et al. 2017). Sixty μl of
each volatile was placed in the bottom of a 2-ml glass vial
(5.2 mm top opening, 32 mm long; Chrom4 GmbH,
Thüringen, Germany) and Scotch taped on the inside of a
foil-covered plastic cup next to a 1× tube of quercivorol as
described above. The treatments were placed in the center of
cylinder sticky traps (25 cm long × 25.5 cm diam., described
above) at 1.2 m height in the avocado orchard near
Nahsholim, Israel (10 July – 7 August 2017). Three replicates
of each treatment were set up randomly for a total of 15 traps
each separated 10 m apart in two parallel lines (20 m between
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lines). Traps were picked of PSHB and randomized by posi-
tion every week for 4 weeks. Trap catches of PSHB were
square root transformed and analyzed by ANOVAwith signif-
icant differences between pairs of treatments indicated by
Tukey’s HSD at α = 0.05 (JMP 4.0.4, SAS Institute Inc.,
USA). Release rates of compounds (N = 3 each volatile) were
determined by linear regression of the weight losses as above
at 25 °C. The rates were 2.45, 1.22, 0.80, and 0.52 mg/day for
MCH, cryptone, (S)-verbenone, and piperitone, respectively.

Effect of Spacing Inhibitors Away from Quercivorol on PSHB
Attraction Because (S)-verbenone and piperitone each exhib-
ited a strong inhibitory effect on PSHB attraction to
quercivorol (Results), we tested the effects of increasing the
distance between the attractant and these two inhibitors to-
gether. The distance of separation was 0 m [1× quercivorol
dispenser together with 2-ml vials of (S)-verbenone and
piperitone (as above) inside a cup in a 25.5 cm diameter sticky
trap described above at 1.2 m height], or either 0.5, 1, 2, or 4 m
apart. In these latter four cases, the 1× quercivorol was alone
in a cup and placed at 1.2 m height inside a sticky trap while
the two inhibitors were placed inside a cup at the same height
on a pole without a sticky trap. Trap pairs of the five distances
were replicated twice at random in two lines with separation of
20 m between pairs and lines. The sticky traps were picked
each week of beetles and randomized for 6 weeks (10 August
– 27 September 2017). Non-linear regression using
TableCurve 2D software was used to find a function that fit
the relationship best.

Tests of Possible Synergists or Inhibitors on Attraction of
PSHB to Quercivorol These tests were similar to the earlier
tests for the candidate inhibitors and included the opposite
enantiomer (+)-(R)-verbenone (97% pure, 78% ee, Synergy
Semiochemicals) and (+)-(S)-carvone (98% pure, 93% ee,
Acros Organics) as possible inhibitors. Eucalyptol (1,8-cineol,
99% Acros Organics) and (−)-β-caryophyllene (>98.5%,

α½ �20D ¼ −10°, Fluka) were tested as quercivorol synergists.
Sixty μl of each volatile was placed in the bottom of a 2-ml
glass vial (described above) and Scotch taped on the inside of
a foil-covered plastic cup next to a 1× tube of quercivorol as
described above. However, four 2-ml glass vials were used for
testing β-caryophyllene because of its low volatility and its
release rate appeared negative possibly due to oxidation or
water vapor absorption. The treatments were placed in the
center of the 25 cm long × 25.5 cm diam. Sticky traps at
1.2 m height in the avocado orchard near Nahsholim, Israel
(27 Sept. – 26 Nov. 2017). Three replicates of each treatment
were set up randomly for a total of 15 traps each separated
10 m apart in two parallel lines (20 m between lines). Trap
catches of PSHB were analyzed statistically as in the first test
for inhibitors. Release rates of the dispensers (N = 3 each

volatile) were determined by linear regression of the weight
losses determined by the microbalance over 5 weeks in the
laboratory at 25 °C. The rates were 0.80, 0.61, and 8.2 mg/day
for (R)-verbenone, (S)-carvone, and eucalyptol, respectively.

Effect of Ethanol Release Rates on Attraction of PSHB to
Quercivorol We employed a range of ethanol release rates
spanning a 64-fold range together with a 1× rate of
quercivorol. This was done using 10 ml glass vials
(16.8 mm diam. × 61.3 mm long, Chrom4 GmbH) filled half
full with ethanol and drilling their caps with different sized
holes. The holes were 0.5, 1, 2, and 4mm diameter. According
to theory (Byers 1988), the release rate from a tube depends on
the vapor pressure of the compound and is proportional to the
area of the top opening and the distance the liquid surface is
from the opening. For the 2-mm diameter hole, the rate ini-
tially would be proportional to this area of π(2/2)2 =
3.141 mm2 that released 120 mg/day of ethanol at 25 °C as
measured by weight loss. Thus, the 0.5, 1, 2, and 4 mm diam-
eter openings had areas of 0.196, 0.785, 3.141, and
12.566 mm2, respectively, releasing 7.5, 30, 120, and
480 mg ethanol/day. Each release rate vial of ethanol was
clipped into brackets inside the cups next to a 1× quercivorol
dispenser and filled with ethanol weekly if needed (three rep-
licates of each rate). The inverted foil-covered cups were
placed in the sticky traps (25 cm long × 25.5 cm diam., de-
scribed above) at 1.2 m height in the avocado orchard near
Nahsholim, Israel (10 August – 27 September 2017). PSHB
were collected from the sticky traps each week and then ran-
domized by position for 6 weeks and analyzed statistically by
ANOVA and Tukey’s HSD as above.

Simulation of Push-Pull in Avocado Orchard Computer simu-
lations programmed in Java 1.6 similar to that described ear-
lier (Byers 2012b; Byers et al. 2017) were performed to esti-
mate the effect of inhibitors in a push-pull system compared to
mass trapping alone in an avocado orchard. Simulated avoca-
do trees were spaced 4m apart within a row, with parallel rows
6 m apart, and the radius of each tree was 2 m (dimensions
suggested by growers in Israel). Thus, in a 1 hr area (100 m
sides) 400 trees could be placed. The model used either 2, 4 or
16 traps each of 2.8 m EARc for the 10× bait of quercivorol
(from Results). One thousand initial beetles were simulated
each moving in a correlated random walk with steps of
0.5 m in which their forward direction could vary at each step
by an angular deviation randomly selected from a normal
distribution with a standard deviation of 6°. Ten infestations
were placed at random in the orchard in randomly selected
avocado trees but within 1 m of the trunk to account for
PSHB preference for larger branches. The model allows
changing the EARc of PSHB infestations (amature infestation
may have an EARc = 0.98 m, Byers et al. 2017) but the EARc
used in the simulations was assumed to be 0.5 m to coincide
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with a smaller aggregation beginning earlier in the season.
Beetles wandered up to 14,400 steps until usually encounter-
ing either a trap or an infestation. Either 0, 1, or 3 inhibitors of
0.6 m EARc (solving for X at a/2 in Fig. 3) were spaced
uniformly along a radius of 1 m inside the tree in order to be
close to any aggregations. When a beetle encountered the
circle of an inhibitor they then ignored aggregations (inhibited
from landing) for 3 steps (1.5 m of flight) without changing its
random walk. The numbers of beetles attracted to aggrega-
tions on trees or caught in traps were counted and converted
to a percentage of the initial population. The number of steps
for all beetles to encounter a trap or aggregation also was
recorded. The simulations at each of the nine parameter com-
binations (number traps x number inhibitors per tree) were
repeated eight times.

Results

Attraction of PSHB to Infested Limbs of Avocado The average
catch on traps surrounding infested limbs was 219.6 ± 40.5
(±SE) which was significantly higher than on traps around
control limbs of 73.1 ± 17.9 (U = 5, N1 =N2 = 8, P = 0.0027
two−tailed), indicating that the naturally infested limbs were
producing volatiles attractive to female PSHB. The results of
2016 with unwrapped limbs (Byers et al. 2017) are supported
by the results here in which the infested and control limbs
were wrapped with fine screen to preclude catch of any
reemerging adults and brood.

Quercivorol Dose-Response Curve of PSHB Attraction The
dose-response curve of mean catch per trap per week (Y)
increased with increasing release rate (X) and fit perfectly a
second-order hyperbolic kinetic function (R2 = 1; Fig. 1). The
data also fit as well a second-order kinetic formation function,
Y = a(1-(1/(1 + abX))), where a = 83.53 and b = 0.00495.
Both curves can be plotted on the x-axis with either a loga-
rithmic scale (giving a sigmoidal shape) or on a linear scale
(Fig. 1). To convert X as a relative rate to absolute rate of
release, simply multiply X by 0.126 mg/day. The dose-
response tests indicate that the 108× dose catches the most,
although 10× (1.26 mg/day) is almost as potent as 108×
(13.6 mg/day) catching about 84% as much as the highest
dose (Fig. 1). In 2016, the EAR for 1× and 10× were calcu-
lated as 1.02 and 2.00 m, respectively, with EARc of 0.73 and
2.86 m (Byers et al. 2017). In the present study in 2017, the
EAR for 1×, 10×, and 108× were 1.18, 1.98, and 2.17 m,
respectively, giving EARc of 0.99, 2.80, and 3.35 m,
respectively.

Inhibitory Effects of Various Volatiles on Attraction of PSHB to
Quercivorol It is clear that the monoterpene ketones (S)-
verbenone and piperitone are both inhibitors of the attraction

of PSHB to quercivorol (Fig. 2). (S)-verbenone reduced the
response to quercivorol by 78% while piperitone reduced re-
sponse 90% compared to quercivorol alone. There was no
significant reduction in PSHB response to quercivorol when
either cryptone or MCH were tested (Fig. 2).

Effect of Spacing Inhibitors Away from Quercivorol on PSHB
Attraction The reduction in response to quercivorol by the
combination of the two inhibitors, piperitone and (S)-
verbenone, identified above became gradually less as the dis-
tance between inhibitors and attractant was increased (Fig. 3).
The relationship of distance and mean catch followed an ex-
ponential function of separation distance (Y = a + b(exp(−X))).
This means that as the distance is increased at X then the mean
catch Y will more slowly increase at a rate proportional to X.
The value a = 21.159 (Fig. 3) suggests the maximum mean
catch at maximum separation, and taking half this value with
b = −19.247 and solving for X gives:

X ¼ −ln
Y−að Þ
b

� �
¼ 0:6m ð1Þ

(the distance where half the mean catch is expected). This
value was used as an approximation for the size of the inhib-
itory radius in the push-pull model presented subsequently.

Fig. 1 Mean catch per trap-week of PSHB attracted to 10-fold increasing
release rates of quercivorol on a logarithmic scale (a) or on a linear scale
(b). Error bars are ±SE (N = 16)
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Tests of Possible Synergists or Inhibitors on Attraction of
PSHB to Quercivorol Eucalyptol and (S)-carvone did not en-
hance or reduce attraction of PSHB to quercivorol, but (R)-
verbenone did significantly reduce the response by 85%
(Fig. 4). Thus, both enantiomers of verbenone appear to re-
duce attraction of PSHB to quercivorol. The catch on traps
baited with quercivorol plus β-caryophyllene did attract more
than any other treatment containing quercivorol, but this was
not significant except when compared to (R)-verbenone (Fig.
4).

Effect of Ethanol Release Rates on Attraction of PSHB to
Quercivorol All rates of ethanol decreased the response to
quercivorol, but only the 120 mg/day rate was significantly

less than quercivorol alone (Fig. 5). An increase in release rate
may have increasingly reduced the attraction to quercivorol
but the highest rate does not support this conclusion. In any
case, there is no evidence that ethanol can enhance attraction
of PSHB to quercivorol and therefore adding ethanol is not
justified.

Simulation of Push-Pull in Avocado Orchard The case of mass
trapping alone was simulated by zero inhibitors per tree, while
one or three inhibitors per tree caused an increase in trap catch
regardless of trap density (Fig. 6). Of more interest is that at all
trap densities, an increase in inhibitors per tree caused a de-
crease in numbers of beetles finding aggregations and repro-
ducing. Mass trapping alone with 16 traps and no inhibitors
per tree allowed 8.9 ± 0.6% (±95% CI) of the females to find
one of the 10 aggregations while the same trap density with
three inhibitors per tree allowed only 2.5 ± 0.3% of females to
mate. At three inhibitors per tree, increasing trap density from
two to 16 per ha decreased mating percentage from 20.7 ±
2.1% down to 2.5 ± 0.3% (Fig. 6). As the number of traps per
ha was increased to four or 16, all beetles were either caught or
found aggregations during the simulation period (up to
7200 m flight or 14,400 steps). Only in two of eight simula-
tions at 2 traps/ha were a few beetles still flying at the end of a
simulation. The number of inhibitors extended the time for all
beetles to be caught or to find aggregations, regardless of trap
density. This was due to the 3-step or 1.5 m flight where
aggregations were ignored after encountering an inhibitor ra-
dius.With an increase in trap density, the time for all beetles to
be caught or find aggregations was reduced significantly. For
example, at three inhibitors per tree, the mean number of steps

Fig. 4 Effect of volatiles on attraction of PSHB to quercivorol at 1×
release rate from sticky traps in an avocado orchard (27 Sept. – 26
Nov. 2017, Nahsholim, Israel). Vertical lines on bars represent 95% CI
of means (N = 12 each bar). Bars with the same letter were not
significantly different (α = 0.05, Tukey’s HSD)

Fig. 2 Effect of potential inhibitors on attraction of PSHB to quercivorol
at 1× release rate from sticky traps in an avocado orchard (10 July – 7
August 2017, Nahsholim, Israel). Vertical lines on bars represent 95% CI
of means (N = 12 each bar). Bars with the same letter were not
significantly different (α = 0.05, Tukey’s HSD)

Fig. 3 Effect of increasing distance of combined inhibitors piperitone and
(S)-verbenone on attraction of PSHB to 1× attractant quercivorol in sticky
traps (10 August – 27 September 2017, Nahsholim, Israel). Vertical lines
above and below points represent 95% CI of means (N = 12 each bar)
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for all beetles to have encounters (trap or aggregation) was
11,370 ± 1678, 5673 ± 919, or 1559 ± 133 (±95% CI) at 2, 4,
or 16 traps, respectively.

Discussion

In 2016, sticky traps surrounding infested limbs that were not
wrapped with fine screen caught a mean of 140 PSHB that

was about four times the catch on unwrapped control limbs
with a mean of 35 (Byers et al. 2017). In the present study, the
mean catch on the wrapped infested limbs caught about three
times more than wrapped control limbs. The catch on the
control limbs was probably due to interception of flying bee-
tles searching for nearby infested areas. These results suggest
that collection of volatiles from infested limbs in avocado
trees should be attempted and subjected to chemical analysis
by GCMS. Recently we argued that females are attracted to
aggregations on avocado limbs because females have an in-
terest that their daughters and sons mate with the progeny of
non-related females similarly attracted to the aggregation in
order to reduce harmful genetic inbreeding (Byers et al. 2017).
In addition, there may be reproductive benefits for PSHB fe-
males, as in other bark beetle species, to cooperate in a simul-
taneous attack of a living host that otherwise might resist a
single attacking beetle. Furthermore, attractive volatiles would
indicate a food and habitat resource to exploit.

A dose-response curve performed in 2016 indicated that
the mean catch per trap per week (Y) increased with increas-
ing release rate (X) and fit a first-order kinetic formation func-
tion (Byers 2013; Byers et al. 2017). However, the expanded
dose-response curve that included a 108× high dose did not fit
this function as well but rather fit perfectly both a second-
order hyperbolic kinetic formation function (Fig. 1) or a
second-order kinetic formation function Y = a(1-(1/(1 +
abX))). The earlier dose-response curve for quercivorol
(Byers et al. 2017) or the two curves mentioned here are all
examples of kinetic formation functions that fit many data sets
from dose-response studies reported earlier (Byers 2013). In
both second-order kinetic formation functions above, a = 83.5
represents the predicted maximum mean catch/trap/week pos-
sible, which is close to 81.25 catch for the 108× dose.
However, since the 10× dose caught 84% as much as 108×,
the 10× rate appears the most cost-effective. Catches on the
10× dose were used to calculate an effective attraction radius,
EAR = 1.98 m, which can be converted using the SD of the
vertical flight distribution (0.88 m, Byers et al. 2017) to a
circular EARc = 2.80 m. This latter radius is very close to that
calculated in 2016 for the 10× dose giving an EARc = 2.86 m
(Byers et al. 2017). In the push-pull simulations discussed
shortly, we used the 2.80 m value.

The EAR calculation proposed in 1989 (and EARc in
2008) is a construct that unfortunately is little used when de-
signing mass-trapping or push-pull control strategies (Byers
2012a, b). Many studies, too numerous to mention, have pre-
sented statistically significant catches that indicate attractive
pheromone compounds in field tests. However, some of the
conclusions of these studies have implied exaggerated attrac-
tive potency for specific semiochemicals since a lure could
appear strongly attractive at high population densities while
weakly attractive at low densities. Therefore, in order to ap-
propriately measure the catching strength of a lure and trap

Fig. 6 Mean percentages of initial populations of 1000 simulated beetles
that were trapped by various numbers of traps (EARc = 2.8 m, lighter
bars) or found one of 10 aggregations (EARc = 0.5 m, darker bars) in a
1 ha area. Inhibitors had a radius of 0.6 m and were placed on all 400 trees
(seeMethods for details). Each bar mean of eight simulations, and vertical
error lines on top of each bar represents 95% CI (bars are significantly
different if error lines do not overlap)

Fig. 5 Effect of ethanol at four release rates (64-fold range) on attraction
of PSHB to quercivorol at 1× release rate from sticky traps in an avocado
orchard (10 August – 27 September 2017, Nahsholim, Israel). Vertical
lines on bars represent 95% CI of means (N = 12 each bar). Bars with the
same letter were not significantly different (α = 0.05, Tukey’s HSD)
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that does not depend on the insect population density, several
blank sticky traps of known dimensions are needed to estimate
the density of flying insects at the same time when an attrac-
tive lure in a trap is presented. The EAR appears like a spher-
ical three−dimensional Bsticky ball^ that, if large enough,
would catch the same as a trap releasing a pheromone plume
(Byers 2012a, 2012b; Byers et al. 2017). In order to model
mass trapping of insects, two-dimensional models are less
computationally intensive but do require that the EAR be con-
verted to a circular EARc (see Methods).

The relationship between EAR and EARc depends on the
Bthickness^ of the vertical flight distribution reflected in its
standard deviation, SD. An insect with a large SD of its verti-
cal flight distribution (e.g., bark beetles of tall pine trees)
would tend to have a smaller EARc than EAR, while a more
shallow SD (e.g., moths flying just above ground crops)
would have an EARc several times larger than their EAR.
For example, the European spruce bark beetle, Ips
typographus (L.) has an SD of its vertical flight layer of
2.75 m, and its standard pheromone bait gives an EAR =
1.55 m and a smaller EARc = 0.55 m; the California 5-
spined ips, Ips paraconfusus Lanier, has an SD = 5.14 m and
a 50 male-infested pine log an EAR = 3.17 m and smaller
EARc = 1.23 m (Byers 2012a). In contrast, the pink bollworm
moth, Pectinophora gossypiella (Saunders), of cotton has an
SD = 0.26 m with an EAR = 1.03 m and larger EARc = 2.61 m
(Byers and Naranjo 2014), while the lesser date moth,
Batrachedra amydraula Meyrick, has a flight SD = 1.53 m
and monitoring delta traps were estimated to have an EAR =
2.89 m and larger EARc = 3.43 m (Levi−Zada et al. 2017).

Piperitone [75% (R)-enantiomer], (S)-verbenone and (R)-
verbenone are among the most potent of inhibitors tested on
any species of scolytid beetle, reducing response of PSHB to
quercivorol in our study by 90, 78, and 85%, respectively. In
comparison, the aggregation response to synthetic pheromone
components of the western pine beetle, Dendroctonus
brevicomis LeConte, was reduced 56% by verbenone released
at 4 mg/day (Bedard et al. 1980). The response of Tomicus
piniperda L. to host monoterpenes was reduced by 75 or 80%
by 0.25 mg/day of (R)-verbenone or (S)-verbenone, respec-
tively (Byers et al. 1989). They also showed increasing
verbenone release from infested logs as they aged and sug-
gested this was probably due to microorganisms as the beetles
contained little verbenone. These intraspecific reductions can
be compared to an interspecific response in which 4 mg/day
release of (S)-verbenone (known from male D. brevicomis)
reduced the attraction of Ips paraconfusus to its own aggrega-
tion pheromone (pine log with 50 males) by 92% (i.e., only
8.4% catch compared to 50-male log alone; Byers and Wood
1980).

(S)- and (R)-verbenone are monoterpene ketone oxidation
products of (S)- and (R)-α-pinene. The quantities of
verbenone in hindguts of some bark beetles as well as

increasing release of verbenone from bark beetle colonized
and degrading pine logs over several days (and low constant
amounts of verbenone from control logs) led to the hypothesis
that verbenone indicates an unsuitable host tree (Byers 1989;
Byers et al. 1989). Piperitone appears to be a ketone of α-
terpinene. Cryptone can be chemically converted to
quercivorol (named cis-1-hydroxy-menth-2-ene) and
quercivorol can be oxidized to piperitone (Thomas et al.
1967). Because of the structural similarity of piperitone with
quercivorol, piperitone may block the PSHB’s antennal recep-
tor for quercivorol and perhaps result in the inhibition of
attractive response. Rudinsky et al. (1975) demonstrated
piperitone was inhibitory to Douglas-fir beetles and suggested
it might be a pheromonemimic ofMCH. Perhaps the presence
of piperitone is signaling that the local host area is no longer
suitable for colonization.

MCH is well known to reduce response of Douglas fir
beetle (Furniss et al. 1972, 1976; Rudinsky et al. 1975) but
at the dose we tested did not affect PSHB response. (+)-(S)-
carvone is a ketone oxidation product of the monoterpene
(+)-(R)-limonene while eucalyptol is not an alcohol but rather
a cyclic ketal ofα- or γ-terpinene. Cryptone would be a direct
oxidation product of quercivorol. However, there was no sig-
nificant reduction in PSHB responses when either (±)-
cryptone, (+)-(S)-carvone, or eucalyptol were tested.
Eucalyptol is much more volatile than the monoterpene ke-
tones and thus may not have been released at the rate expected
during the entire test period. The release of β-caryophyllene
could not be determined due to weight gain in the laboratory.
This weight gain might be due to oxidation and polymeriza-
tion and/or water vapor absorption (Turek and Stintzing
2013). Assuming the vapor pressures of β-caryophyllene
(0.0128 Torr, 25 °C) and carvone (0.0656 Torr, 25 °C) are
correct (SciFindern database) then we estimate the release of
β-caryophyllene per vial was 0.12 mg/day or 0.48 mg/day for
four vials.

Earlier observations of small bark beetles Pityogenes
bidentatus (Herbst) approaching within 0.5 to 1 m from a
source of aggregation pheromone and inhibitory non-host tree
volatiles were described as Brepelled^ and they Bturned away^
(Byers et al. 2004). Thus, we suspected that inhibitors many
function primarily over a relatively short distance. Because
piperitone and (S)-verbenone in the earlier test were highly
inhibitory when placed together with quercivorol (Fig. 2) we
separated these inhibitors together at increasing distances
from an attractive source of quercivorol and found a relation-
ship of catch as a function of separation distance (Fig. 3). The
effect of the two potent inhibitors appears close-range where
the reduction in catch lessens to about half at 0.6 m away, and
they are hardly effective by 2 m away. Therefore, a push
system of control would need to use several inhibitors spaced
around the avocado tree (as used in the model). We are not
aware of any previous work that has investigated the effect of

572 J Chem Ecol (2018) 44:565–575



increasing the distance of repellents/inhibitors away from an
attractant, despite many such studies showing various com-
pounds inhibit the attractants that are usually pheromones
(Byers 1989, 2004). Byers (1987) separated bark beetle ag-
gregation synergists exo-brevicomin and frontalin of
D. brevicomis and found that the attraction rapidly decreased
with an increase in separation distance. However, the effects
of inhibitors such as verbenone are usually investigated by
increasing densities of the inhibitor to Bblanket^ an area for
protection of trees (Furniss et al. 1976; Gillette et al. 2012).

The release of ethanol over a 64-fold range did not enhance
attraction of PSHB to quercivorol, on the contrary, ethanol at
all rates reduced response (Fig. 4). Only in one case, however,
was the reduction significant. The responses decrease with
dose but at the highest dose the reduction was intermediate.
However, the 4-mm hole allowed ethanol to evaporate the
most of any dose causing the meniscus to drop substantially
and reduce release rate during the latter part of the week until
refilling. Thus, the dose-response at the highest ethanol dose
may have been compromised. It appears ethanol over the
doses tested is not enhancing attraction to quercivorol.
Ethanol together with quercivorol as well as ethanol alone
was shown by Carrillo et al. (2015) to attract low numbers
of TSHB in Florida. We did not test ethanol alone.

The simulation model of push-pull can accommodate dif-
ferent (a) sizes of inhibitor radius, (b) numbers of inhibitors
per tree, (c) numbers of traps, (d) EARc size of traps, (e)
numbers of aggregations, and (f) EARc size of aggregations.
The modelling of attraction to traps and aggregations in our
view is appropriate, while the modeling of inhibitors and their
effect on behavior of beetles is debatable. This is because the
behavior of insects after encountering inhibitors is poorly
known. There seems to be a change of path, at least briefly,
and for the insect to leave the area of highest concentrations of
inhibitor (Byers et al. 2004). In our model, this was accom-
plished by Bblinding^ the beetle or inhibiting her from landing
in aggregations encountered immediately after exposure to the
inhibitor radius. The number of steps of landing inhibition can
be changed in the model but at least two steps are needed to
affect encounter rates (Byers unpublished), so three steps were
used in the model. More than three steps may be an exagger-
ation. The size of the inhibitor in the model was 0.6 m (the
distance experimentally found with piperitone and verbenone
causing half catch level at quercivorol). This distance for the
inhibitor radius in the model is somewhat arbitrary but does
reflect the position and size of the inhibition effect at the dose
tested in the field.

One major parameter that is poorly known is how far fe-
males fly during their search for an aggregation on an avocado
tree. Female PSHB probably have the same flight capacity as
TSHB that were observed to fly for up to 24 min in the labo-
ratory at 0.3 to 0.6 m/s (or up to 864 m without aid of wind;
Calnaido 1965). Females could rest between flights and wind

would increase their potential dispersal range. However, the
864 m distance may be an underestimate. Jactel and Gaillard
(1991) flew a larger bark beetle, I. sexdentatus Boern, on
rotary flight mills and found that 50% of the beetles could
fly more than 20 km and 10% more than 45 km based on
about 50 interrupted flights. Forsse and Solbreck (1985)
placed I. typographus on a flight mill and the longest contin-
uous fight was 6 hr and 20 min, suggesting that a few of these
beetles can fly up to 45.6 km at a ground speed of 2 m/s. Other
reports indicate that Scolytus multistriatus (Marsham), a beetle
(2–3 mm long) similar in size to PSHB (2–2.5 mm), were
caught on pheromone traps 30 km from the nearest elm tree
in a ‘desert’ valley bordered by the Sierra Nevada mountains
of California (Paine et al. 1984). In our simulations, however,
the size and number of aggregations as well as the number of
traps was the main limit on reproduction and not the length of
the search flight of a maximum 7.2 km. The model only con-
siders the maximum mean flight distance possible for females
(7.2 km) which would result in nature from the female’s in-
herent mean speed plus wind speed (equations in Byers
2012a), thus the simulated time of maximum flight (14,400
steps) would represent less than 4 hr of flight in nature. The
model of push-pull does not purport to predict outcomes spe-
cifically but rather has the goal of better understanding the
important parameters and effects of different densities and
sizes (EARc) of traps, aggregations, and inhibitors.

Byers (2012b) conducted simulations that showed male-
searching flight for stationary females was as efficient as
female-searching flight for stationary males. However, in the
presence of mass trapping, female-searching flight was less
effective and caused less mating. In the case of PSHB, females
are searching for aggregations of females in competition with
pheromone traps. In this scenario, mass trappingwould reduce
female mating more so than for a male-searching system as in
moths. The simulations indicate that inhibitors (push) in the
model as well as traps (pull) were able to enhance efficacy of
control compared to mass trapping alone.

In practical respects, a 1 to 3 mg/day release rate of
quercivorol should attract significant numbers of PSHB and
be suitable for monitoring, mass trapping or push-pull control.
The 10× rate of quercivorol (1.26 mg/day) caught about 2.6
times more PSHB than the 1× rate in 2016 and 2.8 times more
in 2017. In selecting the optimal density of traps for mass
trapping it is necessary to consider that an overly high density
of traps is expensive and can cause multiple odor plumes to
disrupt orientation of PSHB and thereby lower trap efficiency.
On the other hand, a too low density will not give good cov-
erage and take longer to trap out the population allowingmany
females to find suitable host branches/trees. In addition, the
density of competing attractive sources (baited traps and nat-
ural sources) is very important to the success of mass trapping
(Byers et al. 2017). Therefore, in order to reduce natural
sources of competition it is imperative that mass trapping
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begin early in the spring season before females fly and attack
new colonization sites (enlarging their EARc). In the push
part, the more dispensers of inhibitor the better, and although
only dispersers and not traps are needed, costs of chemical
must be considered. The great advantage with PSHB is that
females, the reproductive sex, are caught and not males alone
as with moths (Byers 2012b). Thus we believe that PSHB is a
good candidate for mass trapping and push-pull methods.
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