Journal of Pest Science (2021) 94:991-1002
https://doi.org/10.1007/510340-020-01310-x

ORIGINAL PAPER q

Check for
updates

Protecting avocado trees from ambrosia beetles by repellents
and mass trapping (push—pull): experiments and simulations

John A. Byers'® . Yonatan Maoz? - Barak Cohen? - Maayan Golani* - Daniela Fefer® - Anat Levi-Zada®

Received: 30 July 2020 / Revised: 22 October 2020 / Accepted: 27 November 2020 / Published online: 3 January 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract

The polyphagous shot hole borer (PSHB), Euwallacea fornicatus (Eichhoff), is an ambrosia beetle (Coleoptera: Curculio-
nidae) infesting avocado branches Persea americana Mill. in North America, South Africa and Israel. Field experiments
were conducted with attractive quercivorol traps and repellents on trees to develop push—pull control methods. PSHBs were
collected over the summer from multiple-funnel traps baited with quercivorol in grids of low-, medium- and high-density
traps to assess mass trapping interactions and capture trends. Mean catch/trap-week was higher on peripheral outer traps
compared to the next inner ring of traps in grids. These ratios and grids were simulated to estimate the circular effective
attraction radius (EARc) of multiple-funnel traps and compared to a previous relationship for sticky traps yielding EARc
from release rate of quercivorol. The results indicate that multiple-funnel traps have smaller EARc in higher-density grids,
likely due to interactions between traps. Tests with verbenone compared to methyl salicylate (MeSA) indicate both are
repellents and no evidence for synergism. Dollops of verbenone-MeSA-SPLAT (5% each volatile) were applied monthly
at 10- and 40-cm spacings along branched trunks of avocado trees, with release of volatiles declining exponentially over a
month. These treatments caused a reduction in both numbers of aggregations/tree and attacks/aggregation to about half that
of untreated control trees. Verbenone—-MeSA—SPLAT dollops caused localized phytotoxicity on avocado bark, suggesting 8
cm? plastic bag dispensers containing 0.25 g verbenone are preferred at 40-cm spacing. Push—pull should be done just before
flight season to overwhelm natural attraction of single females initiating aggregations.
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Introduction

The polyphagous shot hole borer (PSHB), Euwallacea for-
nicatus (Eichhoff), is an ambrosia beetle (Coleoptera: Cur-
culionidae: Scolytinae) from Southeast Asia that invaded
California about 2003 and shortly thereafter Israel. The
female beetle bores into branches of many woody plants
and is an important pest of avocado Persea americana
Mill. (Eskalen et al. 2012, 2013; Mendel et al. 2012, 2017,
Freeman et al. 2012). A sibling species, the tea shot hole
borer (TSHB) from India and Sri Lanka, feeds on avocado
bark in Florida and previously was named E. fornicatus
(Carrillo et al. 2015, 2016; Cooperband et al. 2016). How-
ever, both species differ in DNA and are considered sepa-
rate species (Eskalen et al. 2013; O’Donnell et al. 2015;
Stouthamer et al. 2017; Smith et al. 2019). Recently, Smith
et al. located a type specimen of E. fornicatus which was
identical to PSHB, requiring TSHB to be renamed E. per-
brevis (Schedl). Only females of these species leave brood-
tree limbs after mating since males are flightless (Fig. S1
in Supplementary material; Calnaido 1965; Carrillo et al.
2015). In Israel, PSHB females aggregate in scattered
infestations in avocado limbs that die due to beetle feeding
and vectoring of Fusarium dieback disease, reducing tree
growth (Eskalen et al. 2012, 2013; Freeman et al. 2012;
Mendel et al. 2012, 2017; Lynch et al. 2016). Like other
ambrosia beetles, PSHB bores into sapwood and intro-
duces symbiotic fungi that the beetle feeds upon in their
tunnels (Wood 1982; Freeman et al. 2012; Hulcr and Ste-
linski 2017). Insecticides are not used to control PSHB in
Israel because (i) the beetles are protected under the bark
and (ii) domestic and export markets desire avocados free
of residues. Therefore, our goal was to investigate control
of PSHB using environmentally benign semiochemicals
such as repellents and attractants to develop push—pull
methods (Miller et al. 1990; Borden et al. 2006; Cook
et al. 2007; Byers et al. 2018, 2020) to protect avocado
limbs from attack.

Scolytine beetles including many bark beetles and
ambrosia beetles usually are attracted from tens of meters
to aggregation pheromones that consist of one to three
chemicals produced by either males or females, or both,
depending on the species (Byers 1989). Quercivorol, (1
S,4R) —p —menth—2 —en—1—ol, is the aggregation
pheromone of the oak-killing ambrosia beetle Platypus
quercivorus (Murayama) of Japan (Tokoro et al. 2007).
Quercivorol is commercially available and attractive to
TSHB (Carrillo et al. 2015; Kendra et al. 2017) and to
PSHB (Byers et al. 2017, 2018). However, quercivorol has
not been shown to be a pheromone of either species.

Monitoring traps releasing semiochemicals such as
pheromones to attract and trap responding insects is a
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well-known management tool for assessing populations
of adult pests. An extension of monitoring is mass trap-
ping, whereby many attractive traps in an area are used to
reduce populations of adults before they mate and repro-
duce (El-Sayed et al. 2006; Miller et al. 2015; Levi-Zada
et al. 2018). In both monitoring and mass trapping, the
trap’s capture rate is due to the following factors: (a) blend
of attractive components, (b) chemical release rates, (c)
trap size and efficiency, (d) population density of flying
insects and (e) competitive sources of natural attraction.
Thus, the most desirable trap lure is strongly attractive,
efficient in pest capture, of low cost and easy to main-
tain and service. A strongly attractive lure of pests at low
population density would likely catch few and erroneously
appear ineffective, while a weak bait in the same trap at
high pest densities might catch many insects and wrongly
appear effective. Therefore, it is crucial to have a con-
sistent measure of trap lure potency regardless of flight
density.

The effective attraction radius (EAR) is such a measure of
an attractive trap’s capture strength (Byers 2012a, b). Given
a catch of an insect species by a baited trap, the EAR of this
trap lure is equivalent to the radius of an unattractive sticky
sphere that would intercept the same number in the area
during the trapping period (Byers et al. 2017, 2020). The
calculation of EAR requires comparison of attractive trap
catch (Ca) to passive (blank) trap catch (Cb) in the same area
and the silhouette interception area (S) of the passive trap (S
is mean of all interception areas as the trap is rotated). For
example, a tubular sticky screen trap 0.25 m diam. X 0.3 m
high has §=0.075 m? (same interception area from any
direction). The passive trap should have a high capture effi-
ciency such as a sticky screen, while the attractive trap can
be any design type. The equation: EAR =[Cax S/(Cbxm)]*>
gives a consistent value for a specific bait and trap regardless
of insect density during the field test, as shown by simula-
tions (Byers 2009). The size of the spherical radius of the
EAR indicates the strength of the combination of lure and
trap.

Although insects fly in three dimensions (3D), flight of
insects searching for mates or resources over large areas
occurs essentially in two dimensions (2D). Because simula-
tions in 2D are less complex and faster than in 3D, the spher-
ical EAR can be converted to a circular effective attraction
radius (EARc) in 2D by estimating the vertical flight distri-
bution of a species using sticky traps at several heights above
ground (Byers 2011). 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). An
EAR is converted to EARc (Byers 2012a) with the equation:

EARc = 1 x EAR?/[2 x SD X (2 x )] (D)
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(Eq. 1) for use in simulation models (Byers et al. 2017,
2018). Our previous experiments showed that flying PSHB
females are attracted to their aggregations on limbs of avo-
cado trees and a typical aggregation has an EAR of 1.17 m
and EARc of 0.98 m, about the same as a trap releasing a
1 X dose of quercivorol (0.126 mg/day) (Byers et al. 2017,
2018). A 10xhigher release rate of quercivorol (1.26 mg/
day) from traps gave an EAR of 1.98 m which is similar
to EAR of aggregation pheromones of bark beetles (Byers
2012a; Byers et al. 2018).

Measurement of EAR/EARCc of a specific baited trap is
important to estimate how many such traps might be needed
in mass trapping to reduce a population of pest insects
(Byers 2009, 2011, 2012a; Byers et al. 2017; Levi-Zada et al.
2018). A curve of quercivorol dose related to trap catch/
week was recently converted to curves of quercivorol release
rate yielding EAR or EARCc for predicting sticky trap capture
potency (Byers et al. 2020). In addition to the above method
of obtaining EAR and SD to calculate EARc, EARc can
be estimated from ratios of catch on rings of pheromone
traps of insects dispersing from a central release point (Byers
1999) or into a trap grid (Byers 1993). Our first objective,
regarding the “pull” of push—pull, was to use 0.5 ha plots
with 3 x4, 5% 5 or 5x 10 grids of quercivorol-baited bar-
rier traps (multiple-funnel) to attract PSHB. The ratios of
mean catch on traps in outer grid positions to mean catch
on traps in the next inner ring positions will be compared to
corresponding ratios from simulations to estimate EARc of
the particular bait, trap and grid.

As mentioned above, push—pull requires chemicals that
are repellent. Volatiles are termed inhibitors if they reduce
response of insects to attractants such as pheromones (Byers
and Wood 1980, 1981; Byers et al. 1989, 2004). An inhibitor
is indicated if its release along with an attractant semio-
chemical causes significantly lower captures compared to
control traps with attractants alone. The behavioral mecha-
nism of inhibitors resulting in lower catch seems to involve
repellency (turning away) near the odor source. Byers et al.
(2004) reported that bark beetles in late afternoon sun flew
several meters upwind directly into a trap releasing aggre-
gation pheromone, but when inhibitors were added, bee-
tles turned away at 0.5 to 1 m from the trap. One of the
best-known inhibitors of scolytine beetles is verbenone,
a monoterpene ketone, that may indicate a degrading and
unsuitable host tree (Byers and Wood 1980; Byers et al.
1989; Byers 1989, 1992; Borden et al. 2006; Burbano et al.
2012; Hughes et al. 2017). Byers et al. (2018) reported that
either piperitone or verbenone strongly reduced attraction
of PSHB to quercivorol traps and that when both inhibi-
tors (hereafter also called repellents) together were placed at
increasing distances from the quercivorol trap, their repellent
effect became apparent only at distances within~1 m from
the trap. In subsequent experiments, as verbenone (0.8 mg/

day) was moved increasingly closer to a quercivorol trap,
the catch of PSHB declined to 50% at 0.5 m from the trap
(Byers et al. 2020). Increasing tenfold doses (0.01-10x) of
either verbenone or piperitone released at 1 X quercivorol
traps caused a sigmoidal kinetic—decay relationship in catch
(Byers et al. 2020). They suggested these repellents should
be placed regularly along avocado trunks in spacings < 0.5 m
where PSHB aggregations occur and preferably before the
flight season.

In order to develop the “push” of push—pull, our second
objective was to treat two plots of 16 avocado trees each with
commercial 10% verbenone—SPLAT at two spacings, 10 cm
and 40 cm along major branches, compared to adjacent
untreated trees and two plots without treatments. However,
after the avocado trees were treated with commercial SPLAT
we found it contained 5% verbenone and 5% methyl salicy-
late (MeSA). Therefore, we subsequently tested MeSA and
verbenone individually and together for inhibitory effects on
PSHB attraction to quercivorol traps.

Materials and methods
Mass trapping of PSHB in avocado

Mass trapping experiments were conducted in
three Hass variety avocado orchards in Israel at
Beit-Haemek (32°58'26.6"N 35°08'05.4"E), Nah-
sholim (32°36'25"N 34°56'44"E) and Kfar-Masrik
(32°52'09.0"N 35°07'32.3"E). Multiple-funnel traps were
hung at 1.5 m height and consisted of 12 black plastic fun-
nels (diameter 19 cm top, 5.5 cm bottom) stacked 1 m verti-
cally (Organi Sheli Ltd., Israel). In Beit-Haemek and Nah-
sholim, traps were placed inside rows of trees (~4 m tree
spacing) in grids of 12 (3 traps/row x4 rows), 25 (5 traps/
row X 5 rows) and 50 traps (5 traps/row X 10 rows) each
placed in 0.5 ha plots, while at Kfar-Masrik grids consisted
of 12 (2x6), 20 (4% 5) and 40 (4 x 10) traps in 0.4 ha plots.
For 3 x4 grids (lower density traps), the traps were placed
in rows of trees every 24 m (horizontal spacing) and in
every fourth row (~ 18 m vertical spacing). For the 5% 5
grids (medium-density traps), traps were placed in rows of
trees every 12 m (horizontal spacing) and in every other row
(~12 m vertical spacing). For the 5x 10 grids (higher-den-
sity traps), traps were spaced apart by 12 m in each row and
by ~6 m vertical spacing in adjacent rows. The same relative
spacings between traps for the medium- and higher-density
traps were used for the 4 X5 and 4 x 10 grids at Kfar-Masrik.

Traps were baited with thin-film polyethylene bags
(bubble caps) initially filled with 300 pL of quercivorol
(racemic 85% cis, 15% trans; Synergy Semiochemicals,
Burnaby, Canada). Bubble-cap dispensers release constant
amounts of volatiles at constant temperature, and weight
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loss measurements on a microbalance indicated quercivorol
release rate was 4.5 mg/day at 25 °C. Traps were picked of
PSHB four times at Beit-Haemek (about every month from
July1 to December 4, 2017), nine times at Nahsholim (every
1-2 weeks from June 24 to October 1, 2017) and four times
at Kfar-Masrik (variable periods from 10 to 65 days during
August 10 to December 4, 2017). The mean catch/trap-week
in each area was calculated from the raw catch to normalize
results of trapping periods of variable length when compar-
ing trends in catch over time and between the three trapping
densities. Seasonal trends in mean catch/trap-week collec-
tion in each grid in the three areas were assessed by linear
regression (TableCurve 2D version 5.01, Systat Software
Inc., Chicago, USA). To determine if traps compete more as
the trap density increases (low-, medium- and high-density
grids), mean catch/trap-week over the entire season in each
of three areas was compared by one-way ANOVA with sig-
nificant differences between pairs of density grids indicated
by Tukey’s HSD at a=0.05 (JMP 5.0.1a, SAS Institute Inc.,
USA).

In the first two areas above for the low-density grids
(3x4), the average catch per trap calculated from the 10
traps on the rectangular “ring” of peripheral traps (outer
traps) was divided by the average catch/trap for the two traps
on the next inner rectangular ring of traps (inner traps) to
obtain ratios for all collections. The same calculations were
made for the medium- and higher-density trap grids that had
16 outer and 8 inner traps, or 26 outer and 18 inner traps,
respectively. In Kfar-Masrik with the same medium- and
higher-density grids, but in 0.4 ha, the medium-density traps
had 14 outer and 6 inner traps, while the higher-density traps
had 24 outer and 16 inner traps. The 2 X 6 grids at Kfar-Mas-
rik were not analyzed because there were no inner traps. We
postulated that a mean ratio of outer to inner trap catch> 1
would suggest movement of flying beetles into the trapping
grids encountering outer traps first and causing fewer bee-
tles to pass through to the inner ring of traps. Means of the
ratios + SE were calculated for each collection in each grid
density and area. Ratios of the total outer and inner catches
during the season for each grid and area were also calcu-
lated. These ratios were considered significantly different
from a ratio of 1 (no difference between mean catch on outer
and inner traps) if a chi-square test was significant (P <0.01)
when comparing observed catches (outer/inner) to expected
catches at a ratio of 1 (R Statistics, Version 3.2.3). The ratio
results also were compared to simulations of beetles cap-
tured by trap grids of the same dimensions (presented in the
next section).

Simulation of mass trapping

Individual-based movement of beetles in two-dimensions
was simulated in the respective trapping grids described
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above to investigate effects on the outer/inner trap catch
ratio due to increasing trap EARc. The computer simulations
were programmed in Java 1.6 using movement and trap cap-
ture algorithms described earlier (Byers 2012b; Byers et al.
2018). The 3 x4, 5x5 and 5x 10 trap grids were centrally
located in areas with 70.7 m sides (0.5 ha), while the 4 X5
and 4 x 10 grids were placed inside areas with 56.6x70.7
sides (0.4 ha). The 55 and 4 X 5 trap grids had an inter-trap
spacing of 12 m in the x- and y-directions, while the 5x 10
and 4 x 10 grids had a spacing of 12 m in the x-direction
and 6 m in the y-direction. The 3 x4 grid had 24-by-18 m
spacing within 0.5 ha area. In each simulation, 1000 bee-
tles were equally distributed along the edges of the area and
initially moved in a random direction inward. Thereafter,
each individual moved in a correlated random walk with 1-m
steps in which their forward direction at each step could vary
from the previous direction either right or left according to
a random deviation of mean zero and probability function
of a normal distribution with standard deviation of angles
(SDA) of 10°. This distribution produces movement that
appears consistent with flight of insects searching for host
plants or mates (Byers 2012b; Byers et al. 2018). Individuals
attempting to move outside the simulation area rebounded
inward at a random angle. In the simulation series, the circu-
lar radius (EARCc) of traps placed in the 3 x4, 4 X5, or 5% 5
grids was increased from 0.2 to 4 m in increments of 0.2.
Each increment of EARc was simulated eight times (total
8000 beetles). For the 4% 10 and 5 x 10 grids, the EARc was
incremented similarly from 0.2 to 2.6 m to avoid overlap of
the radii. Beetles moved until all individuals intercepted a
trap and were captured whereupon a new simulation was
initiated. The ratio of mean catch/trap for the outer traps to
the mean catch/trap for the inner traps in the grids and areas
above was recorded for each simulation (N=8), and the
mean and 95% CI were recorded at each increment of EARc.

An inverse quadratic regression (Byers 1993) was used to
model the resulting simulated data (X=EARc and Y =ratio
of outer/inner mean trap catch) using nonlinear regres-
sion software (TableCurve 2D). The regression functions
for the simulation results of each grid were then solved for
X (EARCc), and ratios of outer/inner catches from the field
trapping experiments were used to estimate the EARc of
the respective baited traps in the field. These results will be
compared to EARc obtained previously with the standard
method based on comparison of catches on baited and blank
cylinder sticky traps that gave a function: EARc=aX/(b+X)
where a=3.44387 and b=0.30459 (R>=0.999) and X is mg
quercivorol released per day (Byers et al. 2020). Using this
function, the release of 4.5 mg/day from the bubble-cap dis-
penser gives an EARc of 3.23 m for a tubular sticky screen
trap (25 cm diam X 30 cm high).
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Release rates of SPLAT volatiles

Amounts and release rates of methyl salicylate (MeSA)
and verbenone in samples of SPLAT (ISCA Technologies
Inc, Riverside, CA) were tested each week over 45 days
in the laboratory at 25 °C and analyzed by GC-MS. Ver-
benone’s enantiomeric percentages were also determined by
chiral GC analysis. Release rates of the two volatiles were
determined by drawing air through an activated charcoal
filter into a 50-ml glass tube containing a~1 g sample of
SPLAT (weighed in mg, N=4) and then through a 0.4 cm
diam X 10 cm Porapak SuperQ glass column into a vacuum
pump at 0.2 L/min. After 24 h, the Porapak was washed with
1 mL hexane and diluted (X 10) for GC-MS-FID analyses.
These analyses were performed on an Agilent 7890A GC
instrument interfaced with an Agilent 5975C MS detector
and FID detector working in parallel (Agilent, Santa Clara,
CA, USA). The GC was equipped with a chiral Hydrodex-f-
6TBDMS column (25 mx0.25 pm, Macherey-Nagel, Ger-
many) kept at 70 °C for 5 min, then increased at 5 °C min™!
to 140 °C and held for 10 min. Column helium flow was
1.5 ml min~!, and the GC-MS inlet temperature was 230 °C
with an injection time of 1 min in splitless mode. Amounts
were calculated by calibration curves with commercial
standards of verbenone (Acros) and MeSA (Fluka).

Field testing repellents in SPLAT

Since the chemical analysis of SPLAT revealed both ver-
benone and MeSA, but the latter’s behavioral effect was
unknown, we conducted inhibition tests of these two com-
pounds in Hass avocado orchards near Nahsholim, Israel.
Traps consisted of sticky cylinders (25 cm long X 25.5 cm
diam.) of 6-mm mesh wire screen covered with adhesive
(80% polyisobutene, Rimifoot, Rimi, Petah Tikva, Israel).
Traps were baited with a small glass test-tube dispenser
(3.29 mm i.d. X 30.6 mm long) containing 20 pL of quercivo-
rol (1 x dose) releasing an almost constant rate of 0.126 mg
quercivorol/day at 25 °C (Byers et al. 2017). Verbenone
(Sigma-Aldrich) was > 95% pure and a mixture of 74% (S)-
and 26% (R)-enantiomers, while MeSA (Fluka) was >99%
pure. The verbenone and MeSA dispensers were 2-mL glass
vials (5.2 mm top opening, 32 mm long; Chrom4 GmbH,
Thiiringen, Germany) containing 60 uL of either compound
(1 xdose) releasing 0.8 or 1.3 mg/day, respectively, at 25 °C
as determined by weight loss on microbalance. Treatments
with dispensers of either (1) quercivorol, (2) verbenone and
quercivorol or (3) MeSA and quercivorol were scotch-taped
inside an inverted plastic cup covered with aluminum foil
and placed centrally within a sticky trap. Each of the three
treatments was replicated three times with sticky traps sepa-
rated by 15 m in a line. PSHBs were collected from traps
every 9 to 14 days and replicate positions re-randomized

(August 19-October 2019). Trap catches of each collection
were adjusted to catch/week (V= 12) and treatment differ-
ences analyzed by ANOVA and Tukey’s HSD as described
above.

In order to determine if verbenone and MeSA are syn-
ergistic in inhibiting attraction of PSHB to quercivorol, we
tested a lower (one tenth) dose of both MeSA and verbenone
with 1 X quercivorol compared to a lower (one tenth) dose
of verbenone with 1 X quercivorol. Because 1 X doses of
verbenone reduced responses to quercivorol to only ~10%,
while a 0.1 X dose reduced response to~50% (Byers et al.
2020), we hypothesized that synergism would be easier to
observe at lower 0.1 doses of verbenone and MeSA. The
0.1 x dose dispensers of each compound consisted of 2-mL
glass vials filled with 60 pL diluted solutions. The solu-
tions were made by diffusion—dilution method that mixes
the semiochemical in a solvent of similar volatility to obtain
a mole proportion giving the desired proportion of the
release rate of the neat semiochemical (Byers et al. 2020).
Thus, 0.1 X verbenone (0.08 mg/day) was prepared from
102.25 pyL verbenone (MW 150.21, density 0.978 g/mL)
and 1.128 mL decanol (MW 158.28, density 0.829 g/mL),
while 0.1 Xx MeSA (0.13 mg/day) was a mixture of 85.17 uL
MeSA (MW 152.15, density 1.174 g/mL) and 1.1425 mL
decanol. Treatments of (1) verbenone with quercivorol and
(2) verbenone and MeSA with quercivorol were compared
in sticky traps with three replicates of each treatment and
four collections of trapped PSHB (October 3—November 24,
2019) as described above.

The test for synergism above compares 0.1 dose ver-
benone versus 0.1 doses of verbenone and MeSA (twice as
much inhibitor). Another comparison would be to compare
verbenone + MeSA to a 0.2 dose of verbenone. We did not
do this test, but earlier results (Byers et al. 2020, Fig. 4) of
mean catch (Y) as a function of verbenone dose (X) gave
the kinetic decay relationship Y=a+b / (1 + bcX), where
a=12.02, b=205.03 and ¢=0.035 (R*=0.99). This func-
tion can be applied to mean catch on 0.1 dose verbenone
to predict catch on 0.2 dose verbenone in order to detect
synergism.

SPLAT treatments on avocado limbs

A pilot test to protect avocado trees from PSHB attack
intended to use commercial 10% verbenone—SPLAT, but
our analysis of the delivered material showed that it con-
tained 5% verbenone (S isomer 11%, R isomer 89%) and
5% MeSA. Two control areas of 16 untreated trees each
and two SPLAT-treated areas of 16 treated trees each were
designated. Separation of areas was 100—150 m. Treated
trees (4 rows of 4 trees per row) had two untreated trees in
between, with one of the untreated trees selected at random
as a control. On July 16, 2019, we applied ~ 1 mL dollops
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of SPLAT along the major trunks (>4 cm diam.) of treated
trees, with treatment areas having either 10- or 40-cm spac-
ing between dollops. A second application of SPLAT was
done on August 19, 2019, and a third application on October
7, 2019 (dollops placed on or next to previous ones). The
number of aggregations per tree and number of attack holes
per aggregation on treated and control trees were recorded
on November 19, 2019.

Results
Mass trapping of PSHB in avocado

Mass trapping over time should cause a pest population to
decline as indicated by progressively fewer captures; how-
ever, such trends could be counteracted by immigration and
population buildup/emergence during the season. At Beit-
Haemek, the normalized mean catch/trap-week increased
linearly during the 156-day trapping period (N=4 collec-
tions) in the low- (3 X 4), medium- (5% 5) and high-den-
sity (5% 10) grids (all R*>0.8). For example, traps in the
medium-density grid increased from 0.35+0.12 (+95% CI)
PSHB/trap-week to 4.64 +1.39 at the end of the experiment,
while in the high-density grid the results were similar with
an increase from 0.57+0.15 to 6.49 + 1.33 at the end. In
Nahsholim (July 1-October 1; N=9), there were no sig-
nificant linear trends in catch during the season in any of
the three grid densities (R2:0.02, 0.08 and 0.25 in low-,
medium- and high-density grids, respectively). At Nah-
sholim, the medium-density grid had 2.44 +0.93 PSHB/
trap-week in the beginning and 1.66 +0.61 in the end,
while the high-density grid attracted 1.20+0.31 PSHB/
trap-week in the beginning and 1.58 +0.33 in the end. In
Kfar-Masrik (August 10-December 4; N=4), all three
trap densities declined linearly in catch during the trapping
period (R*=0.48, 0.71 and 0.73, respectively). The medium-
density grid had 12.01 +3.77 PSHB/trap-week in the begin-
ning and 1.94 +0.97 in the end, while the high-density grid
attracted 8.02 +1.80 PSHB/trap-week in the beginning and
1.86+0.46 in the end. Thus, in one area mean catch/trap
trended upward during the summer, in a second area no
trends were observed, while in the third area catch declined
during the season.

One hypothesis is that traps in a grid tend to compete for
the local PSHB population such that grids with more traps
in the same area would catch fewer per trap compared to
traps in grids with fewer traps. However, there was no sig-
nificant difference in mean trap catch/week in either low-
(1.65+1.27,+95% CI), medium- (1.97 +1.83) or high-
density (3.10+2.47) grids in Beit-Haemek over the entire
season (F, ¢=0.61, P=0.56), nor in low- (5.30 +4.45),
medium- (7.31 £ 6.58) or high-density (4.03 +3.27) grids
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in Kfar-Masrik (F,9=0.43, P=0.66). In Nahsholim,
however, the hypothesis was supported because the low
density caught most (3.28 +0.52), the medium intermedi-
ate (2.29 +0.44) and the high-density traps caught least
(1.40£0.19) (F, 54 =20.43, P <0.0001; each density dif-
ferent from others, Tukey’s HSD at a =0.05).

The hypothesis that flight of PSHB into grids would
cause outer traps to catch more per trap than inner traps
(next inner ring) giving catch ratios outer/inner > 1 was
supported. In the three areas, outer/inner catch ratios
were > 1 in 38 cases of the three trap grid densities,
which was significantly more than in 9 cases where ratios
were < 1 (X2 =17.9,df=1, P<0.0001). At Beit-Haemek,
all eight ratios were > 1 for the medium- and high-density
traps, while only one of four was > 1 for the low-density
traps, perhaps because of higher variation with only two
inner traps. At Nahsholim, 16 of 18 ratios were > 1 for
the medium- and high-density traps, while 7 of 9 ratios
were > 1 for the low-density traps. At Kfar-Masrik, 7 of
8 ratios were > 1 for the medium- and high-density traps
(low density ratio undefined as no inner traps). The total
catches on outer and inner traps (and respective numbers of
traps) in each trap density grid in the three areas (Table 1)
were compared with expected catches on outer and inner
traps assuming that there was no difference in catch pro-
portions (ratio = 1) by a chi-square test. In all comparisons,
the observed catch ratios were significantly > 1 except for
the 3 x4 grid at Nahsholim where the ratio was not quite
significant (Table 1). The table also shows the ratios of
mean catch/trap for outer divided by inner traps for each
collection during the experimental period. These ratios
from collections as well as the overall ratios for each grid
and area were then used to calculate EARc (explained in
the next section).

Simulation of mass trapping

The paths of 100 simulated beetles are shown moving in a
correlated random walk with steps of 1 m and SDA of 10°
until all intercept a trap (Fig. 1). In each grid simulation, the
mean catch/trap on the outer traps along the periphery was
usually higher than on the inner traps (Fig. 1). This appears
due to the filtering effect of the outer traps intercepting bee-
tles as they move into the grid. It is reasonable that in a
relatively small grid of traps, most beetles would fly from
outside into the grid of traps. For a 55 trap gridin a 0.5 ha
area, the larger the radius of the traps (EARc) the larger the
ratio of mean catch of an outer trap to the mean catch of an
inner trap (Fig. 2). This effect was seen for all the simulated
trap grids. If the EARc is very small or nearly zero, then
the ratio is expected to be about one, which is indicated
by the curve in Fig. 2. An inverse quadratic function fit the
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Table 1 Parameters calculated for each trap grid and area: total catch proportions on traps, mean ratio of catches + SE for several col-
catches on outer and inner traps of various grids in three areas, chi- lections, EARc estimated from simulation-generated relationships
square P values of observed versus expected catches assuming equal (see text) and EAR calculated from EARc (Eq. 4)

Trap grid  Outer catch (traps)  Inner catch (traps) X2 P* Mean ratio of catches® EARc (m) simulations® EAR (m) simulations

Beit-Haemek

3x4 322 (10) 88 (2) 0.009 0.954+0.25 - -

55 764 (16) 222 (8) <0.0001 1.596+0.31 2.06 (2.26) 1.70 (1.78)
5% 10 1998 (26) 1017 (18) <0.0001 1.339+0.05 0.83 (0.85) 1.08 (1.09)
Nahsholim

3x4 487 (10) 77 (2) 0.055 1.542+0.25 3.95(2.35) 2.36 (1.82)
55 587 (16) 215 (8) <0.0001 1.446+0.12 1.76 (1.56) 1.57 (1.48)
5x10 595 (26) 339 (18) 0.004 1.268+0.10 0.73 (0.64) 1.01 (0.95)
Kfar-Masrik

4x5 1031 (14) 290 (6) <0.0001 1.425+0.15 1.79 (2.02) 1.59 (1.68)
4x10 1249 (24) 703 (16) 0.0003 1.170+0.12 0.57 (0.60) 0.89 (0.92)

4Chi-square of outer and inner catches and trap numbers compared to expected values assuming catches proportioned equally to all traps in the
outer and inner rings (df =1)

"Means + SE were calculated from catches on trap grids collected four times at Beit-Haemek and at Kfar-Masrik and nine times at Nahsholim
‘EARCc calculated from corresponding mean ratios of catch (table column 5), or EARc in parentheses from corresponding ratios of total caches
on outer and inner traps (columns 2 and 3)

YEAR calculated from corresponding EARc at left, or EAR in parentheses from corresponding EARc in parentheses at left, according to Eq. 4
and SD=0.88 for PSHB (see text)

Fig.2 Mean trap catch ratio of 16 outer to 8 inner simulated traps in
a 5x5 grid within a 0.5 ha square area (70.7 m sides, Fig. 1) as a
function of trap effective attraction radius (EARc). Points represent
S means of ratios of eight simulations of 1000 beetles each (individuals
70.7m moved in 1-m steps with SDA of 10° until all were caught by one of
the 25 traps, vertical lines through points are 95% CI)
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Fig. 1 Movement paths of 100 simulated beetles in flight moving at
1-m steps with possible turns from the previous direction at each step
randomly selected from a normal distribution with SDA =10° until data Well’ and in fact the 0pp0$1te inner/outer ratlo is ﬁt by
all were captured by one of 25 circular traps (trap EARc=2m). Bee- 1o qratic function. The relationship between the outer/

tles initially began their flight from the periphery of the 0.5 ha area. A . .
catch of 71 on 16 outer traps (black disks) compared to 27 caught on inner trap catch ratio (¥) and the trap EARc (X) based on

8 inner traps (gray disks) yields a ratio of mean trap catches of outer ~ the simulations is given by the following function (Eq. 2):
to inner traps of 1.315 (giving an estimated EARc of 1.42 m from
Eq. 1) y 1
= v 2
aX?+bX +c 2

and solving for X gives (Eq. 3):
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Regression results for X and Y for each of the simulated S . \“;;SV:T?:;?I salicylate

grids were as follows: 3 x4 grid, a=-0.001505, b=-0.0796 ; 40
and ¢=0.98602 (R*=0.970); 4x5 grid, a=-0.1776, g b
bh=-0.13236 and ¢=0.99596 (R*=0.987); 4 x 10 grid, © 204 b
a=0.01743, b=-0.39427 and c¢=1.07433 (R*=0.998); § i m ’_’—‘
5x5 grid, a=-0.01829, b=-0.14586, ¢=1.00475 = 0
(R*>=0.989); and 5x 10 grid, a=0.05125, b=-0.49251 and Q Q_,.IV Q+MleSA
c=1.1188 (R>=0.997). The coefficients for each grid can 100 -
be used in both Eq.s. 2 and 3. However,. Eq. 3 is useful to é § a Q = quercivorol B
analyze the trap ratios of catch (Y) obtained in the field in = 80 V = verbenone
various trap grids at different localities and trapping dates g MeSA = methyl salicylate
(Table 1) in order to estimate the EARc (X) of these baited = 601 Q+02V-phtooees b
traps. The outer/inner trap catch ratios from the field were 5 40:
used as Y'in Eq. 3 with the appropriate coefficients above for (KJ; |
simulated grids to estimate EARc for the barrier (multiple- c 20
funnel) traps baited with 4.5 mg/day quercivorol (Table 1). é _
The EARCc in 2D can be converted to EAR in 3D by solving 0 .

Eq. I for EAR as shown in Eq. 4:

(2-SD- 2n> . EARCc @

EAR =
b2

Release rates of SPLAT volatiles

The release of both verbenone and MeSA from 1 g of ver-
benone-MeSA—SPLAT declined exponentially over 45 days
at 25 °C (Fig. 3). Chiral GC-MS analysis of the SPLAT

80+ Methyl Salicylate (dashed line)
L Y=aexp(bX)

., a=72.0075
604 . . ¥ b=-004924

. R%=0.996

7
Verbenone
Y = a exp(bX)
204 a=58.1678
b =-0.039024
1 R2=0.988

0-— T T T T
0 10 20 30 40 50
Days of Exposure

ug / hour /g SPLAT
N
o

Fig.3 Exponential decline in release rates of verbenone and methyl
salicylate (MeSA) from 1 g verbenone-MeSA-SPLAT dollops in the
laboratory at 25 °C over 45 days as determined by Porapak SuperQ
adsorption, solvent extraction and analysis by simultaneous GC-FID
and GC-MS. Vertical lines above or below points are SE
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Q+(IJ.1 VvV  Q+0.1 \]/+0.1 MeSA

Fig.4 a Inhibition of PSHB attraction to quercivorol by either ver-
benone or methyl salicylate (F,3;=15.17, P<0.0001) in field test
(August 19-October 3, 2019), Nahsholim, Israel. Error bars +95% CI
of means (N=12; means with the same letters were not significantly
different, Tukey’s HSD a=0.05). b. Test of synergism of verbenone
and methyl salicylate (F; ,=4.36, P=0.0485) in field test (October
3-November 24, 2019), Nahsholim, Israel. Means (N = 12) with error
bars as above; the dashed line shows expected mean catch with a 0.2
dose of verbenone presented with quercivorol (see text for details)

showed that its verbenone was composed of 11% S-(—)- and
89% R-(+)-enantiomers.

Field testing repellents in SPLAT

The field tests of verbenone and MeSA provide strong evi-
dence that MeSA is also an inhibitor of PSHB attraction
to quercivorol (Fig. 4a). While verbenone reduced attrac-
tion of PSHB a little more than MeSA, the repellencies by
either compound were not significantly different. Thus, it
was fortuitous that the volatiles in ISCA SPLAT we tested
had two active ingredients, but were they synergistic? Our
tests of verbenone and MeSA indicated that there could be
a weak synergism because both together gave a lower catch
than verbenone alone and the difference was significant,
but only just at P=0.0485 (Fig. 4b). As mentioned earlier,
a second way to test for synergism would be to compare
the combined 0.1 doses of both inhibitors (total 0.2) ver-
sus a 0.2 dose verbenone using a previously documented
relationship. This function predicts a mean catch Y=131.4
at 0.1 dose verbenone and Y=96.2 at 0.2 dose verbenone
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(96.2 is 73.2% of 131.4). Therefore, if the predicted mean
catch for 0.1+ 0.1 verbenone is 73.2% as much as at 0.1
verbenone (with mean 79.75 in Fig. 4b), then this gives
a predicted mean catch of 58.4 for 0.2 dose of verbenone
(dashed line in Fig. 4b). This suggests the difference in
mean catches for 0.2 dose verbenone and both inhibitors
together (total 0.2 dose) was not statistically significant,
and thus synergism is not supported.

SPLAT treatments on avocado limbs

The two control areas C1 and C2 had 32 trees, and their
mean aggregations per tree and mean attacks per aggrega-
tion were similar to the 16 control trees adjacent to either
the 10-cm spacing or adjacent to the 40-cm dollop spac-
ing treatment trees (Fig. 5a, b). The 10-cm dollop spacing
treatment, however, had only about half as many aggrega-
tions per tree and half the number of attacks per aggregation
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Fig.5 a. Mean number of PSHB aggregations per avocado tree (light
bars) and mean number of attacks per aggregation (shaded bars) on
trees in two control areas (C1+C2) about 100 m from treatment
areas, on control trees (C10) next to treated trees and on treated trees
(T10) with 10-cm spacing of verbenone+MeSA-SPLAT dollops
along trunks and limbs (November 19, 2019, Nahsholim, Israel). b.
Mean numbers of aggregations and attacks per aggregation on con-
trol trees in two 100-m distant areas (C1+C2), on control trees (C40)
adjacent to treated trees and on treated trees (T40) with 40-cm spac-
ing of SPLAT along trunks (same date and place as above). Asterisks
denote significantly less aggregations or number of attacks when the
treatments were compared to controls C14C2 (upper asterisks) or to
nearby control trees (lower asterisks). Vertical lines at top of bars rep-
resent + SE (N=16). Significant differences (¢ tests) are designated at
*P<0.05 and **P <0.01

compared to the 150 m distant C1 + C2 control trees (both
P <0.01) as well as to the C10 adjacent control trees (both
P <0.05, Fig. 5a). The 40-cm dollop spacing treatment
(Fig. 5b) also had about half the mean aggregations per tree
and half the attacks per aggregation compared to the distant
C1+C2 control trees (P <0.01) and to the adjacent C40
trees, but this latter comparison with adjacent trees was not
quite significantly different (P =0.06). It appears that the
40-cm dollop spacing was nearly as effective as the 10-cm
spacing in reducing aggregations per tree and number of
attacks per aggregation. Unfortunately, during the second
and third treatments we noted that many avocado trunks had
extrusions of sawdust-like powder immediately surrounding
each SPLAT dollop. Four months later, the bark under sev-
eral dollops was cut away to reveal localized darkened areas
extending halfway through the phloem layer.

Discussion

Because the trap grids were relatively small (12, 25 and 50
traps), any local effects of mass trapping were likely over-
whelmed by populations of PSHB moving into the grid
areas. During the trapping season, flying populations of
PSHB appeared to increase at Beit-Haemek but decrease
at Kfar-Masrik, while no trend was apparent at Nahsholim
(2.4 captures initially and ending at 1.7 captures per trap-
week). No control plots in the three areas were monitored
for population levels. However, other experiments at Nah-
sholim about 250 m away with quercivorol traps during the
same period in 2017 indicate that populations were increas-
ing from 1.7 to 15 beetles per trap-week (Byers et al. 2018),
so the trapping grids may have decreased PSHB locally.
The idea that grids with more traps at higher density would
catch fewer beetles per trap due to competition among traps
(Miller 2006; Jamieson et al. 2008; Miller et al. 2015) was
not supported in two areas, but was supported at Nahsholim
where the plot with the highest number and density of traps
did catch significantly fewer PSHB per trap. The most defini-
tive results were found between mean trap catches on outer
traps that were significantly larger than on traps in the inner
ring of the grids.

In all three locations, most grids of any trap density and
collection date had higher mean catches on peripheral (outer)
traps than on traps in the next inner ring (Table 1). This
suggests that PSHBs were flying into the grid areas to be
intercepted by the peripheral outer traps and that there were
no significant sources of PSHB emerging within the grids.
These observed catch ratios were compared to simulated
results of respective grids and areas in which EARc was
incrementally increased to change the outer/inner ratios from
about 1 (no differences in catches between outer and inner
traps) to a much > 1 ratio (Fig. 2). The relationship fit an
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inverse quadratic relationship that was unique for each grid
(Eq. 2). By solving the relationships for EARc (Eq. 3), the
observed ratios from the field trapping were used to estimate
the EARCc of the quercivorol-baited funnel traps. The simu-
lation results with field catch ratios for the small 3 x4 trap
grid at Nahsholim estimated an EARc of 3.95 m (mean of
collections) or 2.35 m (total catch) (Table 1). The medium-
density grids (5 x5) of 25 traps had estimated EARc that
ranged from 1.76 to 2.06 m (mean) or 1.56 to 2.26 m (totals),
while the high-density grids (5 x 10) of 50 traps had the low-
est estimated EARc from 0.57 to 0.83 m (mean) or 0.6 to
0.85 m (totals). The relationship between quercivorol release
and EARCc for isolated sticky traps predicts that 4.5 mg/day
has an EARc of 3.23 m (Byers et al. 2020), which is gener-
ally larger than the values above estimated from catch ratios.
EAR and EARCc should remain constant for isolated traps of
a particular bait dose. However, these values may become
smaller in higher-density grids because trap separation dis-
tance decreases causing greater interactions among phero-
mone plumes that increasingly disrupt PSHB orientation
(Suckling et al. 2015). Smaller EARc estimates can addi-
tionally result because multiple-funnel traps are less efficient
in catching PSHB. The 2D EARc values can be converted to
3D EAR (Table 1) using Eq. 4.

Attraction of PSHB to quercivorol was shown to be sub-
stantially reduced by either enantiomer of verbenone as well
as by piperitone (Byers et al. 2018, 2020). In the present
study, we compared (—)-verbenone and methyl salicylate
(MeSA) for their ability to reduce attraction to quercivo-
rol and found that each reduced catch to 26.1% and 34.4%,
respectively, that of quercivorol alone. Both repellents
together reduced response more than either alone, but when
compared to the dose—response curve of verbenone at the
same 0.2 dose, no synergism at the dose tested was evi-
dent (Fig. 4b). Several studies have reported that verbenone
inhibits attraction of ambrosia beetles to ethanol or to host
logs. For example, the attraction of ambrosia beetle Trypo-
dendron domesticum to 800 mg ethanol/day was reduced to
48% by release of 0.25 mg (—)-verbenone/day (Byers 1992).
The ambrosia beetles Xylosandrus compactus, X. crassius-
culus and Xyleborinus saxesenii are attracted to ethanol, but
2 mg (—)-verbenone/day reduced this response to 58, 19.3
and 48.1%, respectively (Burbano et al. 2012). Hughes et al.
(2017) found that attraction of ambrosia beetle Xyleborus
glabratus to host redbay logs was reduced by 17.5 g of 10%
verbenone—SPLAT to 5.5%, while 10% MeSA-SPLAT
reduced catch to 36.7% that of the positive control. They also
tested verbenone + MeSA (each 5%) SPLAT that reduced
catch to 8.8% indicating a lack of synergism. Rivera et al.
(2020) placed dollops of SPLAT of either 10% verbenone or
10% MeSA in avocado trees and placed sticky traps baited
with ethanol (15 mg/day) either 10 cm or 1.2 m from repel-
lents. Either MeSA— or verbenone—SPLAT significantly
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reduced catches of several ambrosia beetle species especially
at 10 cm, although verbenone appeared more effective. Syn-
ergism of both repellents was not tested.

Although verbenone, piperitone and MeSA represent
dissimilar chemical structures that probably excite differ-
ent antennal receptors of PSHB, any of these signals to the
brain may represent a non-host or unsuitable host to avoid.
Similarly, the attraction of bark beetle Pityogenes biden-
tatus to aggregation pheromone is drastically reduced by
volatiles from non-hosts birch and Norway spruce and even
by host odors of freshly cut (un-aged) Scotch pine (Byers
et al. 2004). They also showed that several synthetic conifer
monoterpenes and green leaf volatiles reduced attraction, but
no statistically significant effect of verbenone.

Our study indicates that 1 g dollops of ver-
benone—MeSA-SPLAT treated either at 10- or 40--cm
spacings along major trunks of avocado trees signifi-
cantly reduced both aggregations and attacks/aggregation
to about half that on control trees (Fig. 5). As mentioned
above, Hughes et al. (2017) also protected redbay logs from
landing and boring by X. glabratus with MeSA— and ver-
benone—SPLAT. The disadvantage of SPLAT is that the
active volatiles verbenone and MeSA diffuse to the sur-
face to be released in an exponentially declining rate as
shown by our chemical aeration analyses (Fig. 3). SPLAT
releases volatiles similar to rubber septa that initially dis-
pense insect pheromones at maximum amounts that then
decline exponentially (Flint et al. 1978; McDonough et al.
1989; Downham et al. 1999). Our release curves for ver-
benone—MeSA-SPLAT explain why the repellency of X.
glabratus declined over a month in the field (Hughes et al.
2017) and in our study likely resulted in less efficiency
before replenishment. For example, the active volatiles from
SPLAT declined to 15% after 50 days (Fig. 3).

Another drawback with SPLAT is that avocado limbs
with applied dollops extruded a sawdust-like powder com-
posed partly of D-mannoheptulose and perseitol (Tesfay
et al. 2012) for about 1 cm around each dollop and the
phloem beneath suggested phytotoxic effects. MeSA is con-
sidered as a phytohormone (Park et al. 2007) and reported to
be phytotoxic to several plants (Ibafiez and Blazque 2019a,
2019b). Thus, research is needed to determine the source of
phytotoxicity. Alternatively, plastic capsules/bags dispensing
volatiles of verbenone/piperitone a few mm from avocado
bark probably would not harm the tissues. After 10 days of
exposure, a gram of SPLAT released verbenone at 39.4 pg/h
or 0.95 mg/day (Fig. 3). Since completing our studies, we
placed 200 pl verbenone inside heat-sealed polyethylene
sleeves (52 cmXx0.15 mm film thickness) held at 25 °C
and found a constant release of 0.14 mg/day/cm?. Thus, a flat
22 cm bag (8 cm? surface) would release an active amount
of 1.1 mg verbenone per day, with 250 mg lasting the entire
flight season (May—November).
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The push—pull method with mass trapping and repellents
on avocado trunks where aggregations occur should be ini-
tiated in May to outcompete single females before larger
aggregations can form. In Israel, PSHB populations are
mitigated by removal of infested avocado limbs and alter-
native hosts within orchards, a practice that is complemen-
tary to a push—pull system. Natural enemies of PSHB are
not known to be affected by push—pull with quercivorol and
ideally repellent bags containing verbenone or piperitone.
Mass trapping of PSHB where the egg-laying females are
targeted has an advantage over mating disruption or mass
trapping of moths in which only the males are captured.
The disadvantage, however, is that PSHB is polyphagous,
so avocado orchards may not be isolated as in some suc-
cessful mass trapping programs for bark beetles and moths
(Schlyter et al. 2000; Levi-Zada et al. 2018). Mass trapping
is recognized as being more effective at lower population
densities in reducing mating because searching individuals
on average must travel farther to encounter the opposite sex
or aggregations and thus are more likely to encounter traps
(Miller 2006; El-Sayed et al. 2006; Byers 2012b; Miller et al.
2015). Push—pull becomes more effective on larger scales as
explored by simulations (Byers et al. 2018, unpublished),
and thus larger pilot tests and control treatments in the field
are best conducted by growers and companies.
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