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Southwestern pine beetle, Dendroctonus barberi Hopkins (Coleoptera: Curculionidae), is a pest of ponderosa pine, Pinus pon-
derosa Dougl. ex Laws. (Pinales: Pinaceae), in the southwestern United States and northern Mexico. D. barberiis closely related
to the western pine beetle, D. brevicomis LeConte, but was reinstated as a distinct species in 2019. Verbenone Plus, a
semiochemical blend of (-)-verbenone, acetophenone, (E)-2-hexen-1-ol, and (Z)-2-hexen-1-ol, was found to be inhibitory to D.
brevicomis in 2009 and later reported to reduce mortality of P. ponderosa attributed to D. brevicomis. \We evaluated the effects
of Verbenone Plus on inhibition of D. barberi at the Davis Mountains Preserve, Texas, United States. A commercial formulation
of (-)-verbenone (SPLAT Verb, EPA Reg. No. 80286-20, ISCA Inc., Riverside, California, United States) was used in all experi-
ments. SPLAT Verb is a flowable matrix containing 10.0% (-)-verbenone by weight. Acetophenone, (E)-2-hexen-1-ol, and
(A-2-hexen-1-ol were loaded into pouches with (E)-2-hexen-1-ol + (2)-2-hexen-1-ol combined in a single pouch. Trapping assays
were conducted from 16 to 23 June 2024 and from 2 to 9 October 2024 to evaluate responses of D. barberi to a low dose
(3.5g of (-)-verbenone/trap, VPL) and high dose (70g of (-)-verbenone/trap, VPH) of Verbenone Plus in multiple-funnel traps
baited with a D. barberi lure (Synergy Semiochemical Corp., Delta, BC, Canada). VPL and VPH inhibited attraction of total D.
barberi, female D. barberi, and male D. barberiin both trapping assays. In the October assay, VPH captured fewer total D. barberi
and female D. barberi than VPL, whereas no differences were observed between doses in the April assay. A zone-of-inhibition
assay was conducted from 7 to 17 October 2025 to evaluate responses of D. barberi to multiple-funnel traps baited with a D.
barberi lure at 5 distances (1.5, 3, 6, 9, and 12m) from P. ponderosa treated with VPL and VPH. No significant differences in
captures occurred among distances for VPL. For VPH, significant reductions in captures occurred at 1.5, 3, and 6 m compared
to 12m, with maximum inhibition (defined as the farthest distance at which the highest levels of inhibition occurred) observed
up to 3m. In a tree protection study, b plots containing 25 P ponderosa were treated with VPH and 5 were left untreated in
2024 and 2025. Significantly less P. ponderosa mortality occurred on plots treated with VPH (27.4 +3.5%) than in the control
(52.4 +3.9%) during the 2-year period. The implications of these and other results to management of D. barberi are discussed.

Keywords: antiaggregation pheromone, bark beetles, Dendroctonus brevicomis, inhibition, Pinus ponderosa, ponderosa pine, tree protection

Introduction (Mirbel) Franco (Pinales: Pinaceae), have also been recorded
Southwestern pine beetle, Dendroctonus barberi Hopkins s hosts, but colonization of these tree species is rare. D. barberi
(Coleoptera: Curculionidae), is a pest of ponderosa pine, Pinus and western pine beetle, D. brevicomis LeConte, were synon-
ponderosa Dougl. ex Laws. (Pinales: Pinaceae). Pinyon pine, ~ ymous from 1963 to 2019 (Wood 1963) but were reinstated

Pinus edulis Engelm., and Douglas-fir, Pseudotsuga menziesii ~ as distinct species in 2019 through a combination of evidence
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from chemical ecology, genetic, and morphological studies
(Valerio-Mendoza et al. 2017, 2019, Sullivan et al. 2021).
Before 1963, D. barberi and D. brevicomis were considered
distinct species (Hopkins 1909). D. barberi is geographically
isolated from D. brevicomis by the Great Basin, Mojave, and
Sonoran Deserts (Valerio-Mendoza et al. 2019) and occurs in
Arizona, Colorado, New Mexico, Nevada, Utah, and Texas in
the United States, and Chihuahua, Coahuila, Durango, Nuevo
Leon, and Tamaulipas in Mexico. The largest impacts occur in
Arizona, New Mexico, and Texas (Gomez et al. 2025).

Literature on D. barberi is limited compared to some other
bark beetle species that colonize P. ponderosa including D.
brevicomis, mountain pine beetle, D. ponderosae Hopkins, red
turpentine beetle, D. valens LeConte, and Ips spp. (Coleoptera:
Curculionidae). Female D. barberi initiate host selection and
colonization, and release endo-brevicomin, an aggregation
pheromone (Pureswaran et al. 2016). Males are attracted to
the host by endo-brevicomin and upon entering the female’s
gallery release frontalin, an aggregation pheromone. The
release of a-pinene and myrcene from the host enhances attrac-
tion of both sexes to these aggregation pheromone components
(Sullivan et al. 2021, Sullivan 2024). Once mating occurs, both
sexes release verbenone and #rans-verbenol, anti-aggregation
pheromones that elicit avoidance behaviors. In addition to D.
barberi and D. brevicomis, verbenone is also an antiaggrega-
tion pheromone of D. ponderosae and southern pine beetle,
D. frontalis Zimmermann, and inhibits attraction of other bark
beetle species (Frithbrodt et al. 2024).

Drought is likely the most important factor inciting infesta-
tions of D. barberi as water stress reduces host defenses, there-
fore reducing the number of D. barberi required to mass attack
a P. ponderosa and overwhelm its defenses (Vickers et al. 2019,
Gomez et al. 2025). During outbreaks, large numbers of P.
ponderosa may be colonized and killed by D. barberi impacting
many ecosystem goods and services. Dense stands of P. pon-
derosa >20.3cm diameter at breast height (dbh, 1.37m in
height) appear most susceptible. High tree densities reduce host
resistance by increasing competition among hosts (eg water)
and by reducing airflow within forest stands, increasing the
concentration and directionality of aggregation pheromones
that facilitate mass attacks of individual P. ponderosa.

Strategies for managing D. barberi are limited, but strategies
developed for D. brevicomis may have some applicability to
D. barberi (Gomez et al. 2025). Fettig et al. (2023) synthesized
literature on the chemical ecology of D. brevicomis with an
emphasis on the use of semiochemicals to protect host trees.
Early research focused on verbenone, the primary antiaggre-
gation pheromone of D. brevicomis, but it was later determined
that verbenone alone was ineffective for protecting P. ponder-
osa from D. brevicomis (Gillette et al. 2006, Fettig et al.
2009a). In the early 2000s, it was demonstrated that combining
verbenone with nonhost volatiles increased inhibition of D.
brevicomis, reducing captures in baited traps to levels signifi-
cantly below that of verbenone alone (Fettig et al. 20035,
2009b). Later, Verbenone Plus, a 4-component semiochemical
blend of (-)-verbenone, acetophenone, (E)-2-hexen-1-ol, and
(Z)-2-hexen-1-ol, was demonstrated effective for protecting P.
ponderosa from mortality attributed to D. brevicomis in the
United States and Canada (Fettig et al. 2012a, 2012b).

The P. ponderosa forests of West Texas have experienced sev-
eral major tree mortality events. For example, over half of P.
ponderosa in The Nature Conservancy’s 13,292-ha Davis
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Mountains Preserve have died in recent decades due to wildfires,
droughts, and outbreaks of D. barberi (Vickers et al. 2019, Texas
A&M Forest Service 2025). These sky-island forests provide hab-
itats for unique assemblages of plants and animals, many of which
are unable to survive in the surrounding desert. In collaboration
with government agencies, universities and other partners, The
Nature Conservancy has been pursuing efforts to protect and pre-
serve P. ponderosa forests at the Davis Mountains Preserve (The
Nature Conservancy 2025). For example, a research effort is
underway on regeneration of P. ponderosa (Vickers et al. 2018,
2019). Our primary objective was to evaluate the effectiveness of
Verbenone Plus for protecting P. ponderosa from D. barberi at
the Davis Mountains Preserve.

Materials and Methods

We evaluated the effects of Verbenone Plus on inhibition of D.
barberi in trapping assays, the zone of inhibition provided by
release of Verbenone Plus from P. ponderosa, and the effective-
ness of Verbenone Plus for protecting P. ponderosa from D.
barberi. All statistical analyses were conducted using R
Statistical software (version 3.6.3) via RStudio (Version
1.2.5033, R Core Team 2020).

Flight Activity

We determined D. barberi flight activity at the Davis
Mountains Preserve (30.667°N, 104.152°W; 1,800 m eleva-
tion) based on captures in 3 12-unit, multiple-funnel traps
(hereafter “traps,” Lindgren 1983) baited with a D. barberi
lure (Product #3151, Synergy Semiochemical Corp., Delta,
BC, Canada; Table 1), from 24 June 2024 to 3 October 2025.
Captures were collected every ~15 d and all D. barberi were

identified and tallied.

Trapping Assays

We conducted trapping assays at the Davis Mountains Preserve
(30.667°N, 104.152°W; 1,800 m elevation) from 16 to 23 June

Table 1. Semiochemicals used in trapping assays, the zone-of-inhibition
assay, and the tree protection study, Davis Mountains Preserve, Texas,
2024-2025

Release device Semiochemicals Release rates Sources
D. barberi lure  Frontalin 4.6 mg/d at 25°C* Synergy
endo-brevicomin  5mg/d at 30°C* Synergy
(+)-a-pinene 80mg/d at 25°C* Synergy
SPLAT Verb® (=)-verbenone 29mg/d at 18.7°Cc  ISCA
(single
17.5-g dollop)
Pouch Acetophenone 103mg/d at 20°C!  ISCA
Pouch (E)-2-hexen-1-0l ~ 20mg/d at 20°C¢ ISCA

(Z)-2-hexen-1-ol ~ 20mg/d at 20°C¢

“Reported by Synergy Semiochemical Corp., Delta, BC, Canada.

"SPLAT Verb (EPA Reg. No. 80286-20, ISCA Inc., Riverside, California,
United States) is 10.0% (-)-verbenone by weight. A 17.5-g dollop contains
1.75 g of (-)-verbenone.

‘Reported in Fettig et al. (2020). Total release of (-)-verbenone for
Verbenone Plus Low (2 dollops of 17.5 g each, VPL) = 58 mg/d; total
release of (-)-verbenone for Verbenone Plus High (4 dollops of 17.5 g each,
VPH) = 116 mg/d.

dDetermined gravimetrically in a fume hood in our laboratory.
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2024 and from 2 to 9 October 2024 to evaluate responses of
D. barberi to traps baited with the D. barberi lure (Table 1).
Mean stocking (+ SEM) of live trees 212.7cm dbh was
7.3x0.7m? of basal area per ha, of which 43.5% was gray oak,
Quercus grisea Liebmann (Fagales: Fagaceae). The remainder
was Mexican pinyon pine, P. cembroides Zuccarini (30.9%),
alligator juniper, Juniperus deppeana von Steudel (Cupressales:
Cupressaceae) (21.2%), and Emory oak, Q. emoryi Torrey
(4.4%). Areas of P. ponderosa were avoided to reduce the
chance of spillover whereby beetles are attracted to baited traps
but attack adjacent host trees. Both assays were conducted in
the same location and within ~200 m of an area containing P.
ponderosa, some of which were recently colonized by D.
barberi.

Fifteen traps were deployed in 3 transects of 5 traps and
separated by 230 m to avoid interference among treatments in
a completely randomized design. At each location, a 1-m long
rebar was hammered into the ground. A 2.4-m long steel con-
duit pole was inserted over the rebar from which a trap was
hung placing the bottom of the trap ~95cm above the forest
floor. Each trap was randomly assigned to 1 of 3 treatments
(n=5): (1) D. barberi lure (control); (2) D. barberi lure + 35¢g
SPLAT Verb (10% (-)-verbenone by weight; EPA Reg. No.
80286-20, ISCA Inc., Riverside, California, United States),
acetophenone, and (E)-2-hexen-1-ol + (Z)-2-hexen-1-ol (VPL);
and (3) D. barberi lure + 70 g SPLAT Verb, acetophenone, and
(E)-2-hexen-1-0l + (Z)-2-hexen-1-ol (VPH) (Table 1). Traps
were randomly assigned to trapping locations and left in place
for ~24h after which captured insects were removed and the
traps were rerandomized among locations for 7 d (7=335). The
D. barberi lure, acetophenone pouch, and (E)-2-hexen-1-ol +
(Z)-2-hexen-1-ol pouch were suspended between the sixth and
seventh funnels with twist ties. Dollops of SPLAT Verb were
dispensed into 9-cm by 9-cm plastic weighing trays which were
attached to the top edge of the sixth funnel with binder clips.
Propylene glycol was used in each collection cup to kill arriving
insects. All D. barberi were tallied, and the sex was determined
by examining the seventh abdominal tergite (Lyon 1958).

Mean per trap, per day captures of total D. barberi, female
D. barberi, and male D. barberi were compared by fitting gen-
eralized linear models with a negative binomial distribution
and a log link (Ime4 package). Treatment, day, trap location,
and their interactions were considered in each model. Model
selections were informed by Akaike information criterion (AIC)
values and likelihood ratio tests (Zuur et al. 2009). Multiple
means comparisons were made with post hoc pairwise, least
squares means (emmeans package) tests with the Tukey’s cor-
rection (a=0.05).

Zone-of-Inhibition Assay

We conducted a zone-of-inhibition assay at the Davis
Mountains Preserve (30.667°N, 104.145°W; 1,800 m eleva-
tion) from 7 to 17 October 2025 to evaluate responses of D.
barberi to traps baited with a D. barberi lure at 5 distances
(1.5, 3, 6, 9, and 12m) from P. ponderosa treated with VPL
and VPH. Prior to the assay on 5 March 2025, 6 P. ponderosa
(mean + SEM =41.6+6.2cm dbh) were selected and confirmed
to be uninfested by D. barberi. Each P. ponderosa was ran-
domly assigned to 1 of 2 treatments (n=3): VPL or VPH.
Arrays consisting of 25 trapping locations (stations) per tree
were established on 5§ March 2025 by hammering rebar into

the ground with 1 station at each of 5 distances (1.5, 3, 6, 9,
and 12 m) from the tree on each of 5 bearings (0, 72, 144, 216,
and 288°) from the tree. Traps were not deployed until the
beginning of the assay. Mean stocking (= SEM) of live trees
>12.7cm dbh was 4.8 £ 1.4m? of basal area per ha, of which
81.0% was P. ponderosa. The remainder was Q. emoryi
(9.3%), J. deppeana (5.8%), and P. cembroides (3.9%).

At the beginning of the assay on 7 October 2025, an ace-
tophenone pouch and (E)-2-hexen-1-ol + (Z)-2-hexen-1-o0l
pouch were stapled to the N aspect of each tree at ~1.8 m in
height. Dollops of SPLAT Verb (17.5g) were dispensed on
each tree at ~1.9m in height on the N and S aspects (VPL) or
N, S, E, W aspects (VPH). During the assay, each trapping
array received 5 traps hung from 2.4-m long steel conduit
poles that were placed over the rebar at the designated station
for each day. A D. barberi lure was suspended between the
sixth and seventh funnels with twist ties. Insecticide strips
(Hot Shot No Pest Strips) were placed in each collection cup
to kill arriving insects. Stations were randomized daily within
each array such that there was a single trap per distance and
bearing (per day) from 7 to 17 October 2025 (12=30). Traps
were left in place for ~24 h after which captured insects were
removed and the stations were rerandomized. All D. barberi
were tallied.

Mean per trap, per day captures of D. barberi were com-
pared by fitting a generalized linear mixed effects model with
the nbinom1 family and a log link (glmmTMB package, Bolker
2015). Treatments were initially modeled together and then
independently as treatment and treatment by distance interac-
tions were significant. Treatment, distance, and bearing were
considered as fixed effects, and collection day was considered
a random effect in each model. Interactions between treatment
and distance were also considered. Model fit and assumptions
were assessed based on simulated residuals plots (DHARMa
package). Following final model selection, Type II Wald
chi-squared tests were used to determine significant variables
within each model, followed by post hoc Ismeans comparisons
to separate means (o=0.05).

Tree Protection Study

We conducted a tree protection study at the Davis Mountains
Preserve during 2024-2026 to determine the effectiveness of
VPH for protecting P. ponderosa from mortality attributed to
D. barberi. Only VPH (the high-dose formulation) was evalu-
ated in the tree protection study, as resources were limited and
maximizing replication was prioritized to establish a robust
best-case protection scenario before assessing reduced doses in
future studies. Ten plots containing 25 live P. ponderosa 220 cm
dbh were established during 5-7 March 2024 and randomly
assigned 1 of 2 treatments (nz=35): control or VPH (Table 2).
These P. ponderosa were confirmed uninfested, tagged and
georeferenced, and the dbh was recorded. Plot locations were
based on ground surveys, indicating that D. barberi infestations
were active in surrounding areas. Given the low tree densities
at the Davis Mountains Preserve, the area required to reach 25
P. ponderosa per plot varied considerably, ranging from 0.28
to 1.5ha (Table 2). All live trees 212.7cm dbh (regardless of
species, including P. ponderosa) on each plot were identified
to species and the dbh was recorded.

On treated plots, an acetophenone pouch and (E)-2-hexen-1
-0l + (Z)-2-hexen-1-ol pouch were stapled to the N aspect of
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Table 2. Experimental plots included in the tree protection study, Davis Mountains Preserve, Texas, 2024-2025

Plot Treatment® Coordinates (N, W)  Size (ha)® Trees/hac BA (m?*/ha)° Percent P. ponderosa’ Mean dbh, P. ponderosa‘ (cm)
1 Verbenone Plus 30.667°,104.150° 0.45 58 10.4 100 44.4+3.5
2 Control 30.663°, 104.155° 0.38 97 9.3 75.7 37.0£2.2
3 Control 30.662°,104.153° 0.45 156 9.7 44.3 34.1+2.3
4 Verbenone Plus 30.663°, 104.156° 1.09 90 7.4 37.8 34.6+2.9
5 Verbenone Plus 30.661°, 104.160° 0.45 81 7.5 83.3 33.1+2.8
6 Verbenone Plus 30.660°, 104.162° 0.40 162 7.8 67.7 24.8+1.5
7 Control 30.659°, 104.164° 0.28 178 9.4 79.6 25.6+1.6
8 Control 30.662°, 104.159° 0.34 153 12.1 57.7 33.5+2.4
9 Control 30.670°, 104.143° 1.5 44 3.6 54.6 28.0=1.9
10 Verbenone Plus 30.695°, 104.155° 0.15 180 16.6 96.3 33.0+2.1

“Verbenone Plus=70g of SPLAT Verb (10% (-)-verbenone by weight; EPA Reg. No. 80286-20, ISCA Inc., Riverside, California, United States), acetophe-
none, and (E)-2-hexen-1-ol + (Z)-2-hexen-1-ol (VPH) applied twice in 2024 and 2025. Plots were not baited due to concerns regarding levels of tree

mortality at the Davis Mountains Preserve.

"Plot size represents the smallest contiguous area containing 25 live Pinus ponderosa 220 cm diameter at breast height (dbh, 1.37m in height).

“Live trees 212.7cm dbh at the beginning of the study (mean = SEM for dbh).

dBased on number of live trees >12.7 cm dbh at the beginning of the study. Others included Quercus grisea (70 trees), Q. emoryi (39), P. cembroides (33),
Juniperus deppeana (21), Juglans microcarpa (14), Q. gravesii (8), Arbutus xalapensis (5), Prunus serotina (4), and Q. hypoleucoides (4). Total number

was 525.

Fig. 1. Verbenone Plus (VPH) applied to Pinus ponderosa at the Davis Mountains Preserve, Texas, during the tree protection study. Visible in the small
oval is 1 (of 4) 17.5-g dollop of SPLAT Verb (10% (-)-verbenone by weight; EPA Reg. No. 80286-20, ISCA Inc., Riverside, California, United States) (top
oval) and the acetophenone and (E)-2-hexen-1-ol + (2)-2-hexen-1-ol pouches (bottom oval). Photo by Demian F. Gomez, Texas A&M Forest Service.

each tree at ~1.8m in height. Four 17.5-g dollops of SPLAT
Verb were dispensed at ~1.9m in height on the N, S, E, W
aspects (Fig. 1). Plots were not baited as supplemental goals of
our work were to protect some P. ponderosa from D. barberi
at the Davis Mountains Preserve and not to induce further tree
mortality by baiting. VPH was applied twice each year during
5-7 March 2024, 4 June 2024, 5-6 March 2025, and 5-6
June 2025.

We conducted a census of plots for D. barberi attacks and
other sources of tree mortality during 2-9 October 2024, 3-5
March 2025, 7-17 October 2025, and 24 March 2026. Tree

mortality was based on the presence of crown fade. Numbers
of P. ponderosa 212.7 cm dbh colonized and killed by D. bar-
beri were compared among treatment groups using logistic
regressions with Bernoulli, tree-level responses (0=not colo-
nized/not killed, 1=colonized/killed) with a binomial error
distribution and a logit link using the glm() function (base
package). Colonization and mortality were compared sepa-
rately between treatments in 2024, 2025, and 2024-2025. For
the total number of P. ponderosa 212.7cm dbh killed by D.
barberi, we included tree dbh as an explanatory variable and
tested for an interaction between treatment and dbh.
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Results

Flight Activity

A total of 8,873 D. barberi were captured. D. barberi were active
during all months; however, only a few beetles were captured
from late December to early March (Fig. 2). Peaks in flight activ-
ity occurred from June to August and from October to November.

Trapping Assays

A total of 82 D. barberi (48 females, 34 males) were captured
from 16 to 23 April, and 1,265 D. barberi (811 females, 454
males) were captured from 2 to 9 October 2024. The final model
for the April assay retained trapping location and treatment as
significant explanatory variables for total D. barberi, female D.
barberi, and male D. barberi. Although trapping location was
significant, a lack of significant interaction between trapping
location and treatment suggested that the location influence was
spread similarly between treatments. VPL and VPH inhibited
attraction of total D. barberi (both z ratios = 4.27, P<0.01),
female D. barberi (both z ratios = 4.33, P<0.01), and male D.
barberi (both z ratios > 3.42, P<0.01) compared to the control
during the April assay (Fig. 3). Mean trap captures did not differ
between VPL and VPH for total D. barberi (z ratio=-0.51,
P=0.86), female D. barberi (z ratio=0.001, P=1.0), or male D.
barberi (z ratio=0.004, P=1.0) (Fig. 3).

Final model selection for the October assay only retained
treatment as an explanatory variable. VPL and VPH inhibited
attraction of total D. barberi (both z ratios > 11.84, P<0.01),
female D. barberi (both z ratios 2 10.65, P<0.01), and male
D. barberi (both z ratios > 9.74, P<0.01) compared to the
control (Fig. 4). Higher levels of inhibition were observed for
VPH than VPL for total D. barberi (z ratio=4.21, P<0.01)
and female D. barberi (z ratio=3.83, P<0.01) during the
October assay, but not for males (Fig. 4). Total captures were
reduced by 97.3% and 98.7% in the April assay and 96.2%
and 99.5% in the October assay by VPL and VPH, respectively.

Zone-of-Inhibition Assay

A total of 35,314 D. barberi were captured from 7 to 17
October 2025. Distance, trapping location, and bearing were
retained as fixed effects in both the VPL and VPH models, and
no interactions among these variables were significant in either
model. Trapping location (ie the treated P. ponderosa and asso-
ciated trapping array) was significant in both models (x> =
11.52, P<0.01 for VPL; y* = 50.0, P<0.01 for VPH), while
bearing was not significant in either model. No significant dif-
ferences were observed among distances for VPL
(range=110.5+13.7 D. barberi per trap per day at 12m to
176.2+31.1 at 1.5m; mean = SEM). For VPH, significant
reductions in captures occurred at 1.5m (z ratio=8.41,
P<0.01), 3m (z ratio=6.80, P<0.01), and 6 m (z ratio=3.73,
P<0.01) compared to 12m (Fig. 5). Maximum inhibition
(defined as the farthest distance that the highest levels of inhi-
bition occurred) was observed to 3m (Fig. 5). All P. ponderosa
treated with VPL and 1 P. ponderosa treated with VPH were
attacked by D. barberi prior to the start of the assay on 7
October 2025. The dates of attack were undetermined but may
have begun days earlier based on the presence of natural ene-
mies of D. barberi on the tree bole.

Tree Protection Study

In 2024, no P. ponderosa were colonized or killed by D. bar-
beri on plots treated with VPH, while 8 P. ponderosa were
colonized and 6 were killed on control plots. No significant
differences were observed between treatments in 2024 (z=0.01,
P=0.99 for both colonized and killed) (Table 3). In 2025,
during the second evaluation of the study, 46 P. ponderosa
were colonized and 45 were killed by D. barberi on plots
treated with VPH and 84 P. ponderosa were colonized and 80
were killed on control plots. Fewer P. ponderosa were colo-
nized (z=-4.53, P<0.01) and killed (z=-4.22, P<0.01) by D.
barberi on VPH than the control in 2025 (Table 3). Cumulatively

Fig. 2. Mean numbers of Dendroctonus barberi captured in 3 12-unit, multiple-funnel traps baited with a D. barberi lure (Product #3151, Synergy
Semiochemical Corp., Delta, BC, Canada), Davis Mountains Preserve, Texas, 24 June 2024 to 3 October 2025.
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Fig. 3. Mean (+ SEM) numbers of total Dendroctonus barberi, female D. barberi, and male D. barberi captured per trap per day in 12-unit, multiple-funnel
traps baited with a D. barberilure (Product #3151, Synergy Semiochemical Corp., Delta, BC, Canada), Davis Mountains Preserve, Texas, 16 to 23 April
2024. Control = lure only; VPL=35g of SPLAT Verb (10% (-)-verbenone by weight; EPA Reg. No. 80286-20, ISCA Inc., Riverside, California, United
States), acetophenone, and (£)-2-hexen-1-ol + (2)-2-hexen-1-ol; VPH =70g of SPLAT Verb, acetophenone, and (E)-2-hexen-1-ol + (Z)-2-hexen-1-ol.
Different letters among bars of the same color indicate significantly different means (a = 0.05) based on negative binomial generalized linear modeling

and least squares means comparisons with a Tukey's correction.

Fig. 4. Mean (£ SEM) numbers of total Dendroctonus barberi, female D. barberi, and male D. barberi captured per trap per day in 12-unit, multiple-funnel
traps baited with a D. barberilure (Product #3151, Synergy Semiochemical Corp., Delta, BC, Canada), Davis Mountains Preserve, Texas, 2 to 9 October
2024. Control = lure only; VPL =359 of SPLAT Verb (10% (-)-verbenone by weight; EPA Reg. No. 80286-20, ISCA Inc., Riverside, California, United
States), acetophenone, and (E)-2-hexen-1-ol + (2)-2-hexen-1-ol; VPH =709 of SPLAT Verb, acetophenone, and (E)-2-hexen-1-ol + (Z)-2-hexen-1-ol.
Different letters among bars of the same color indicate significantly different means (a = 0.05) based on negative binomial generalized linear modeling

and least squares means comparisons with a Tukey's correction.

(2024-2025), fewer P. ponderosa were colonized (z=-4.86,
P<0.01) and killed (z=-4.99, P<0.01) by D. barberi on VPH
than the control (Table 3). The final logistic regression for total
mortality retained both treatment and dbh, both of which were
significant. Larger dbh P. ponderosa were more likely to be
killed by D. barberi (z=5.06, P<0.01) (Fig. 6). There was no
interaction between treatment and dbh.

Discussion

Selection of Verbenone Plus was based on D. barberi being
closely related to D. brevicomis, years of study of electro-
antennogram and behavioral responses of D. brevicomis to
verbenone, nonhost volatiles, and Verbenone Plus (see Fettig
et al. 2023 for review), and the immediate need to address
P. ponderosa mortality attributed to D. barberi at the Davis
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Fig. 5. Mean (+ SEM) numbers of Dendroctonus barberi captured in 12-unit, multiple-funnel traps baited with a D. barberi lure (Product #3151, Synergy
Semiochemical Corp., Delta, BC, Canada) during the zone-of-inhibition assay, Davis Mountains Preserve, Texas, 7 to 17 October 2025. Trapping arrays
consisted of 25 stations with stations at 1.5, 3, 6, 9, and 12m along each of 5 bearings surrounding a Pinus ponderosa treated with 70g of SPLAT Verb
(10% (-)-verbenone by weight; EPA Reg. No. 80286-20, ISCA Inc., Riverside, California, United States), acetophenone, and (E)-2-hexen-1-ol +
(2-2-hexen-1-ol (VPH). Different letters among bars indicate significantly different means (a=0.05) based on negative binomial generalized linear

modeling and least squares means comparisons with a Tukey's correction.

Table 3. Mean (+ SEM) percent of Pinus ponderosa colonized and killed by Dendroctonus barberiin the tree protection study, Davis Mountains

Preserve, Texas, 2024-2025

Treatment® 2024 Colonized® 2024 Killed® 2025 Colonized® 2025 Killed® 2024-2025 Colonized® 2024-2025 Killed®
Control 49+1.2% a 3.7+1.5% a 53.2+4.0% a 50.6+4.0% a 549+3.9% a 524+3.9% a
Verbenone Plus 0.0+0.0% a 0.0+0.0% a 28.0£3.5% b 274+21% b 28.0£3.5% B 274+3.5%b

Different letters within a column indicate significant differences (a=0.05).

“Verbenone Plus=70g of SPLAT Verb (10% (-)-verbenone by weight; EPA Reg. No. 80286-20, ISCA Inc., Riverside, California, United States), acetophe-
none, and (E)-2-hexen-1-ol + (Z)-2-hexen-1-ol (VPH) applied twice in 2024 and 2025. Plots were not baited due to concerns regarding levels of tree

mortality at the Davis Mountains Preserve.

bPercent of P. ponderosa 212.7 cm dbh with evidence of Dendroctonus barberi colonization but no crown fade.
Percent of P. ponderosa 212.7 cm dbh with evidence of Dendroctonus barberi colonization and presence of crown fade.

Fig. 6. Predicted mean (+ SEM) percent of Pinus ponderosa killed by
Dendroctonus barberi by treatment (Verbenone Plus High [VPH], control)
and diameter at breast height (dbh, 1.37m in height) based on fitted
logistic regression of the total numbers of P. ponderosa killed by

D. barberi during the tree protection study at the Davis Mountains
Preserve, Texas, 2024-2025. Results indicate that dbh is positively
correlated with P. ponderosa mortality irrespective of treatment.

Mountains Preserve. We’ve demonstrated that VPL and VPH
inhibit attraction of D. barberi to baited traps (Figs. 3-5),
that maximum inhibition of VPH occurs to 3m (Fig. 5), and
that VPH protects P. ponderosa from mortality attributed
to D. barberi (Table 3, Fig. 6). While comparisons with other
published data are tenuous due to differences in formulations
and releases of attractants and inhibitors (among other fac-
tors, see Dodds et al. 2024 for review), the levels of inhibi-
tion observed in our assays (range=96.2 to 99.5%) are
higher than reported for Verbenone Plus and D. brevicomis.
For example, Fettig et al. (2012a) studied the responses of
D. brevicomis to various combinations of (-)-verbenone and
nonhost volatiles in baited traps in 8 assays over a 4-year
period in P. ponderosa forests in California, United States.
A total of 88,942 D. brevicomis were captured. Among
inhibitors, Verbenone Plus had the strongest inhibitory effect
(89.2%, Fettig et al. 2012a). A rule of thumb is that a>90%
reduction in attraction is desired before selecting an inhibi-
tor for inclusion in tree protection studies (Audley et al.
2025). To that end, Fettig et al. (2005) reported low (4 mg/d)
and high releases (50 mg/d) of (-)-verbenone inhibited attrac-
tion of D. brevicomis to baited traps by only 35.5 to 48.2%.
It is therefore not surprising that verbenone alone is ineffec-
tive for protecting P. ponderosa from D. brevicomis.
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Given the high levels of inhibition observed for VPL and VPH
in our trapping assays, verbenone alone might be considered in
future experiments. We did not evaluate verbenone alone given
time and resource constraints and our goal of protecting some
P. ponderosa at the Davis Mountains Preserve. Verbenone is
produced by several pathways in bark beetle-host systems,
including auto-oxidation of a-pinene via the intermediary com-
pounds cis- and #rans-verbenol (Hunt et al. 1989), by beetles
themselves (Byers et al. 1984), and by degradation of host mate-
rials by microorganisms often associated with bark beetles
(Leufvén et al. 1984, Hunt and Borden 1990, Lindgren et al.
1996). Verbenone has been evaluated for mitigating conifer mor-
tality due to bark beetles in North America, Europe, and Asia
(Frithbrodt et al. 2024). Several formulations of verbenone are
registered by regulatory agencies for tree protection in the United
States and Canada. Combining verbenone with nonhost volatiles,
such as acetophenone and (E)-2-hexen-1-ol + (Z)-2-hexen-1-ol,
often yields increased levels of inhibition compared to verbenone
alone (Zhang and Schlyter 2004, Huber et al. 2021).

Maximum inhibition of D. barberi to VPH was constant to
3m, with a statistically significant reduction in inhibition
occurring between 3 m and 6 m (Fig. 5). These data are similar
to those reported for verbenone and other bark beetle species.
For example, the maximum range of inhibition provided by
(—)-verbenone was statistically constant to 2m for D. brevi-
comis in P. ponderosa forests in California (Fettig et al. 2009a),
<4m for D. ponderosae in P. contorta forests in British
Columbia, Canada (Miller 2002) and Utah (Fettig et al. 2015),
and 6 m for European spruce beetle, I. typographus (L.), in
Norway spruce, Picea abies (L.) H. Karst (Pinales: Pinaceae),
forests in Germany (Locken et al. 2024). A conservative esti-
mate of the maximum zone of inhibition provided by VPH for
D. barberi is ~30m? (based on radius=3m), suggesting that
achieving area-wide protection across a 0.41-ha plot would
require approximately 140 release points. Assuming a radius
of 4.5m (ie the midpoint between 3 and 6 m, Fig. 5), ~64
release points would be required per 0.41 ha. Alternatively, in
areas of low P. ponderosa density, treating individual P. pon-
derosa may be most appropriate. All P. ponderosa treated with
VPL and 1 treated with VPH were attacked by D. barberi prior
to the start of the zone-of-inhibition assay on 7 October 20235,
which likely had confounding effects. For example, levels of
attraction to traps nearest P. ponderosa colonized by D. barberi
(1.5 m) were likely higher due to higher releases of host volatiles
(due to wounding of the tree from the D. barberi attacks) and
perhaps aggregation pheromone components by D. barberi,
depending on the timing of attacks. The zone-of-inhibition
assay was conducted during October 2025, which coincided
with a peak in D. barberi flight activity at the Davis Mountains
Preserve (Fig. 2). While a fall flight peak is consistent with
observations for related bark beetle species in some P. ponder-
osa forests (Fettig et al. 2004, Williams et al. 2008), flight
periodicity and bark beetle density can vary seasonally in
response to temperature, wind, and stand structure, all of
which influence pheromone dispersal and bark beetle behav-
ioral responses. Accordingly, the zone of inhibition results
presented here represent an important first characterization of
the zone of inhibition provided by VPH for D. barberi. Future
work across seasons and stand conditions will further inform
area-wide tree protection guidelines.

During the tree protection study, P. ponderosa mortality was
limited in 2024 but increased substantially in 2025 (Table 3).

Gomez et al.

The high level of mortality observed in 2025 was unexpected,
given that plots were not baited. Baiting is common to enhance
attraction of bark beetles to experimental plots in order to
challenge the treatments being evaluated (Fettig et al. 2023).
Relatedly, we were concerned that without baiting, few P. pon-
derosa would be colonized and killed by D. barberi, limiting
our ability to draw inference from the tree protection study.
This was not the case. While VPH was effective for reducing
P. ponderosa mortality (Table 3), we were surprised by the
levels of mortality observed on some plots. For example, while
2 of 5 plots (Plots 5 and 10) treated with VPH experienced no
mortality, 1 plot (Plot 1) lost 96.1% of P. ponderosa (212.7 cm
dbh). Plot 1 had the largest dbh P. ponderosa (Table 2). Larger
dbh P. ponderosa were more likely to be killed by D. barberi
in our study (Fig. 6), which agrees with the beetle’s preference
for colonizing P. ponderosa >30.5cm dbh (Massey 1961).

Given that D. barberi flight occurred year-round with a peak
in the fall (Fig. 2), it may be advisable to include a third VPH
application in late summer to early fall to ensure tree protection
through the full duration of flight activity. Under laboratory
conditions, the release of acetophenone from some pouches
ceased after 67 d at 20°C (C.J.E, unpublished data), which
suggests that acetophenone pouches in the field ceased releasing
by about mid-August. For comparison, the daily mean tem-
perature for September 2025 at McDonald Observatory
(~12km E) was 18.9°C. SPLAT Verb and the (E)-2-hexen-1-ol
+ (Z)-2-hexen-1-ol pouch release for longer periods than the
acetophenone pouch. Given the supplemental goal of protect-
ing P. ponderosa from D. barberi at the Davis Mountains
Preserve, we plan to retreat the surviving P. ponderosa on each
VPH plot in late March 2026, mid-June 2026, and late
August 2026.

Verbenone Plus has also been evaluated for protecting
stands of whitebark pine, P. albicaulis Engelm., a threatened
tree species in the United States and Canada, from mortality
attributed to D. ponderosae in California (Fettig et al. 2012c).
Significantly fewer P. albicaulis were killed by D. ponderosae
on Verbenone Plus-treated plots compared to the untreated
control. Fettig and Munson (2020) evaluated the efficacy of
verbenone alone and Verbenone Plus for protecting individual
lodgepole pine, Pinus contorta Dougl. ex Loud., and stands
of P. contorta from mortality attributed to D. ponderosae in
Utah. Both verbenone and Verbenone Plus were effective, but
no difference was observed between treatments. Furthermore,
verbenone alone and Verbenone Plus provided similar levels
of inhibition for pine engraver, I. pini (Say), in baited traps
in P. ponderosa forests in Arizona (Gaylord et al. 2023). The
inhibitory effect of verbenone alone on D. ponderosae is well
studied (Progar et al. 2014) and is higher than the inhibitory
effect of verbenone alone on D. brevicomis (Fettig et al.
2005), which likely explains why the addition of nonhost
volatiles to verbenone does not confer additional tree protec-
tion from D. ponderosae like it does from D. brevicomis. For
example, Borden et al. (2004) reported that low releases of
(—)-verbenone (1.8 mg/d) inhibited attraction of D. pondero-
sae to baited traps by >97% in P. contorta forests in British
Columbia. Of note, unlike D. ponderosae studies in P. albi-
caulis, P. contorta, and sugar pine, P. lambertiana Dougl.,
verbenone alone is not effective for protecting P. ponderosa
from D. ponderosae (Negron et al. 2006, Fettig et al. 2016).
An outbreak of D. ponderosae is ongoing in P. ponderosa
forests in Colorado, and a task force has been established to
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address the outbreak (State of Colorado 2025). To our
knowledge, Verbenone Plus has not been evaluated for pro-
tecting P. ponderosa from D. ponderosae but warrants
consideration.

Verbenone Plus has yet to be commercialized due, in part,
to inhibitors requiring registration with the US Environmental
Protection Agency and the Health Canada Pest Management
Regulatory Agency. Furthermore, Verbenone Plus addresses
the needs of a relatively small market. Efforts to develop
Verbenone Plus as a more generalized bark beetle inhibitor have
been met with limited success (eg Fettig and Munson 2020,
Gaylord et al. 2023). Our efforts extend results for Verbenone
Plus from D. brevicomis to D. barberi (Figs. 35, Table 3).
Continued research and commercialization of Verbenone Plus
would give natural resource managers a much needed tool to
limit P. ponderosa losses to bark beetles.
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