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ABSTRACT Verbenone (4,6,6-trimethylbicyclo[3.1.1]hept-3-en-2-one) is an antiaggregant of
the mountain pine beetle, Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae), a notable
forest insect capable of causing extensive levels of tree mortality in western North America. Several
formulations of verbenone are registered for tree protection, but failures in efficacy are not uncommon,
particularly when applied during large infestations. A formulation of (-)-verbenone was developed (Spe-
cialized Pheromone & Lure Application Technology [SPLAT] Verb, ISCA Technologies Inc., Riverside,
CA) and evaluated for protecting individual lodgepole pine, Pinus contorta Douglas ex Loudon, and
small stands of P. contorta from mortality attributed to D. ponderosae. SPLAT Verb applied to individual
P. contorta resulted in complete tree protection, while 93.3% mortality occurred in the untreated con-
trols. Significantly fewer P. contorta were killed by D. ponderosae within 0.041-ha circular plots sur-
rounding P. contorta treated with SPLAT Verb compared with the untreated control. In a second study, a
smaller percentage of P. contorta were colonized and killed on 0.4-ha square plots treated with
SPLAT Verb compared with the untreated control. No significant differences in levels of tree mortality
were observed between the untreated control and another formulation of verbenone (7-g pouch) or be-
tween the 7-g pouch and SPLAT Verb. In a trapping bioassay, no significant differences were
observed among captures in multiple-funnel traps at 1, 2, or 4m from the point of release of
SPLAT Verb. Significantly fewer D. ponderosae were collected at 1 and 2m compared with Sm.
Significantly more D. ponderosae were captured at the farthest distance evaluated (16 m) than at
any other distance. Our data indicate that SPLAT Verb is effective for protecting individual P. contorta and
small stands of P. contorta from mortality attributed to D. ponderosae at moderate doses. The high levels
of tree protection observed are attributed to the ability of applying release points (dollops) at high densi-
ties, and a larger zone of inhibition than reported for other formulations of verbenone. SPLAT Verb was
registered by the U.S. Environmental Protection Agency for use on pines, Pinus spp., in 2013.
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Introduction
these forests, extensive levels of tree mortality associ-

ated with outbreaks may hasten succession, and may
impact timber and fiber production, water quality and
quantity, fish and wildlife populations, aesthetics, fire
risk and severity, recreation, grazing capacity, real estate
values, biodiversity, carbon storage, endangered spe-
cies, and cultural resources, among other factors. There
are two general approaches for reducing the negative
impacts of D. ponderosae on forests. Direct control in-
volves short-term tactics designed to address current
infestations by manipulating beetle populations, and
commonly includes the use of insecticides, semiochem-
icals (i.e., chemicals produced by one organism that
elicit a behavioral response in another organism), sani-
IPacific Southwest Research Station, USDA Forest Service, 1731  tation harvests, or a combination of these treatments

Mountain pine beetle, Dendroctonus ponderosae Hop-
kins (Coleoptera: Curculionidae), is a major distur-
bance in conifer forests of western North America,
where it colonizes several tree species, most notably
lodgepole pine, Pinus contorta Douglas ex Loudon,
ponderosa pine, Pinus ponderosa Douglas ex Lawson,
sugar pine, Pinus lambertiana Douglas, limber pine,
Pinus flexilis E. James, western white pine, Pinus mon-
ticola Douglas ex D. Don, and whitebark pine, Pinus
albicaulis Engelmann (Gibson et al. 2009). While
D. ponderosae is an important part of the ecology of

Research Park Prn Daﬁis, CA 9?61?- fed (Fettig et al. 2014). Indirect control is designed to re-
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East, Ogden, UT 84403, within treated areas by manipulating stand, forest, and
*ISCA Technologies Inc., 1230 Spring St., Riverside, CA 92507. landscape conditions (Fettig et al. 2014). The use of
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semiochemicals has focused on inhibitors for protecting
individual trees and small stands of trees (e.g., camp-
grounds; Progar et al. 2014).

Recent outbreaks of D. ponderosae have been se-
vere, long lasting, and well documented, with >27 mil-
lion hectares impacted (U.S. Department of Agriculure
[USDA] Forest Service 2012, British Columbia Minis-
try of Forests, Lands, and Natural Resource Operations
2013). As a result, research needs have been prioritized
in the United States, and include refinement or devel-
opment of semiochemical-based tools to mitigate unde-
sirable levels of tree mortality attributed to D.
ponderosae, particularly in high-value areas (Negron
et al. 2008). Progar et al. (2014) provide a thorough re-
view of the chemical ecology of D. ponderosae relevant
to host finding, selection, colonization, and mating be-
haviors. In short, females initiate colonization of the
lower tree bole in a behavioral sequence mediated by
aggregation pheromones (Vité and Gara 1962, Vité and
Pitman 1967, Pitman et al. 1968, Pitman and Vité 1969,
Ryker and Libbey 1982) and host kairomones (Renwick
and Vité 1970, Borden et al. 1987, Miller and Lindgren
2000). Females are later joined by males, and mass at-
tack ensues (Pitman et al. 1968, Wood 1982a), enabling
D. ponderosae to overcome host tree defenses. During
latter stages of colonization, increasing amounts of ver-
benone  (4,6,6-trimethylbicyclo[3.1.1]hept-3-en-2-one)
are produced, which inhibit additional D. ponderosae
from infesting the target tree, presumably limiting the
number of beetles to a density that increases the likeli-
hood of brood survival (Progar et al. 2014). In nature,
verbenone is produced in small amounts by autoxida-
tion of the monoterpene a-pinene (Hunt et al. 1989),
but the principal route of production is through meta-
bolic conversion by bark beetles of the inhaled and
ingested o-pinene to the terpene alcohols cis- and
trans-verbenol, which are metabolized by yeasts in the
alimentary system and beetle galleries to verbenone
(Leufvén et al. 1984, Hunt and Borden 1990).

Verbenone has been evaluated as a tool for mitigat-
ing tree mortality attributed to D. ponderosae for sev-
eral decades (Progar et al. 2014). Results have been
favorable, but inconsistent over time (Shea et al. 1992,
Amman 1994), geographic area (Gibson et al. 1991,
Amman 1994), outbreak intensity (Progar 2003, 2005;
Progar et al. 2013), dose (Borden and Lindgren 1988,
Gibson et al. 1991), and tree species, with several stud-
ies indicating that verbenone is largely ineffective for
reducing the levels of tree mortality attributed to D.
ponderosae in P. ponderosa (Bentz et al. 1989, Gibson
et al. 1991, Negron et al. 2006). Lack of suitable levels
of tree protection have been linked to, among other
factors, photoisomerization of verbenone to behavior-
ally inactive chrysanthenone (Kostyk et al. 1993), incon-
sistent or inadequate release (Bentz et al. 1989), rapid
dispersal (Gibson et al. 1991, Negrén et al. 2006), and
limitations in the range of inhibition (Miller 2002).
While several formulations of verbenone are registered
in the United States (reviewed by Progar et al. 2014),
pouches (several registrants) are most commonly used
and stapled at maximum reach (~2m in height) to in-
dividual trees, or applied in a grid pattern (50-148
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pouches per hectare) when stand protection is the ob-
jective. More widespread use of verbenone has been
hampered by the limitations identified above, among
other factors, such as the substantial investment in
research and development necessary to produce
cost-effective formulations that yield sufficient efficacy
(Progar et al. 2014).

In recent years, ISCA Technologies Inc. (Riverside,
CA) developed a Specialized Pheromone & Lure Appli-
cation Technology (SPLAT) composed of a wax emul-
sion matrix for dispensing pheromones (Mafra-Neto
et al. 2013). The primary objective of our research was
to evaluate SPLAT formulated with (—)-verbenone as a
tool for tree protection. Specific objectives were 1) to
determine efficacy for protecting individual P. contorta
and small stands of P. contorta from mortality attributed
to D. ponderosae; 2) to determine suitable doses and re-
lease rates; 3) to analyze the qualitative chemical con-
tent of field-exposed dollops; and 4) to determine the
effective range of inhibition under field conditions.

Materials and Methods

Individual Tree Study. This study was conducted
on the Greys River Ranger District, Bridger-Teton
National Forest, Wyoming (43° 08.442" N, 110° 52.188"~
W: 1,890—1,951 m elevation) in 2012—2013. Site selec-
tion was based on aerial and ground surveys indicating
that D. ponderosae infestations were active in the area.
Stands had 20.7 m? of basal area per hectare (mean
live tree, >12.9cm diameter at breast height [dbh];
diameter at 1.37m above ground level), of which
98.4% was P. contorta with a mean dbh of 26.0 cm. The
remainder was represented by Engelmann spruce,
Picea engelmannii Parry ex Engelmann, and subalpine
fir, Abies lasiocarpa (Hooker) Nuttall. About 12.2% of
P. contorta and 16.3% of P. contorta basal area had
been killed by D. ponderosae during the previous 2 yr.

Sixty P. contorta were selected and 30 were randomly
assigned to each of the two treatments: 1) SPLAT for-
mulated with (—)-verbenone [SPLAT Verb, 10.0% (-)-
verbenone by weight; EPA Reg. No. 80286-20 (August
2013); ISCA Technologies Inc.] applied at 7.0 g of (—)-
verbenone per tree (70 g of SPLAT Verb per tree) on
19 June 2012 as four ~17.5-g dollops (~5.5cm in
diameter by 1.2cm in height, Fig. 1) to the tree bole
(at cardinal directions) at ~2.5m in height using a
caulking gun (model X-Lite, Newborn Brothers Co.
Inc., Jessup, MD; mean dbh = SEM =27.1 + 0.Scm);
and 2) an untreated control (mean dbh*
SEM =323 1.2cm). Experimental trees were sepa-
rated by > 100 m. There was a significant difference in
tree dbh between treatments (t=-—3.53; df=58;
P <0.001), which is generally thought to influence sus-
ceptibility to attack by D. ponderosae (Fettig et al.
2014), but presumably was small enough (~5cm) to
exert little influence. One commercially available two-
component tree bait [trans-verbenol (~1.2 mg/d) and
exo-brevicomin (~0.3 mg/d); Contech Inc., Delta, BC]
was stapled to the bole of each tree at ~2m in height
on the northern aspect on 19 June 2012. Baits were
removed on 9—10 October 2012 after D. ponderosae
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Fig. 1.

flight had ceased. The manufacturer estimates the life
expectancy of these baits is 100-150 d, depending on
weather conditions, covering most of the flight activity
period of D. ponderosae in this area.

Each experimental tree (N =60) and all live P. con-
torta (>13.9-cm dbh) within a 0.041-ha circular plot
(11-m radius) surrounding each experimental tree were
visually inspected for D. ponderosae attacks (none,
unsuccessful, strip, and mass attacks; Gibson et al.
2009) on 9—10 October 2012. However, mortality was
based on the presence (dead) or absence (live) of
crown fade on 21—-22 June 2013. Treatments were con-
sidered to have sufficient D. ponderosae “pressure”
(ie., a relative measure of population density based on
recent levels of tree mortality) if >60% of the
untreated, baited control trees died from colonization
by D. ponderosae. Treatments were considered effica-
cious when less than seven trees died as a result of D.
ponderosae colonization, while >60% of the untreated,
baited control trees died (see Shea et al. 1984 for a
complete description of this experimental design and
underlying statistical assumptions). A one-way analysis
of variance (treatment) was performed on the propor-
tion of P. contorta killed by D. ponderosae within
0.041-ha circular plots surrounding each experimental
tree using o = 0.05 (SigmaStat version 12.0, Systat Soft-
ware Inc., San Jose, CA). Data were not normally dis-
tributed (Shapiro-Wilk test, P <0.05), and therefore
analyzed with nonparametric statistics (SigmaStat Ver-
sion 12.0).

Small Stand Study. This study was conducted on
the Montpelier Ranger District, Caribou-Targhee
National Forest, Idaho, in 2012—2013 (Table 1). Site
selection was based on aerial and ground surveys indi-
cating that D. ponderosae infestations were active in
the area. The experimental design was completely
randomized with three treatments and five replicates
(0.4-ha square plots) per treatment. P. contorta was the
dominant tree species on all plots, except Plot 14

A dollop of SPLAT Verb applied to the bole of P. contorta, Bridger-Teton National Forest, Wyoming, 2012.

(SPLAT Verb), where A. lasiocarpa was dominant
(54.2%). Other tree species included trembling aspen,
Populus tremuloides Michaux, Douglas-fir, Pseudotsuga
mengziesii (Mirbel) Franco, and to a much lesser extent,
Pi. engelmannii.

Treatments included: 1) SPLAT formulated with
(—)-verbenone (SPLAT Verb) applied at 350.0 ¢ of (—)-
verbenone per plot (3,500 ¢ of SPLAT Verb per plot) to
tree boles (both host and nonhosts) at  2m in height
on the northern aspect in appropriate dollop sizes
( 5.5cm in diameter by 1.2cm in height, 17.5¢) to
achieve as uniform coverage as possible (i.e., a dollop
every 5—6m, depending on tree distributions) using
a caulking gun (model X-Lite); 2) 7-g (—)-verbenone
pouches (50 mg/d at 20°C; Contech Inc.) stapled to the
tree bole at  2m in height on the northern aspect
along a  9.1- by 9.1-m grid (125 U/ha; 350.0g of (—)-
verbenone per plot); and 3) an untreated control. All
treatments were applied on 18—22 June 2012. One
commercially available two-component tree bait (Con-
tech Inc.) was attached to the nearest tree to the center
of each plot (regardless of the species or size) at  2m
in height on the northern aspect immediately after
treatment. Baits were removed on 10—12 October
2012, after D. ponderosae flight had ceased.

Prior to treatment, stand structure and composition
were determined by the census of live trees (>12.7-cm
dbh) on each plot on 12—15 June 2012. At the same
time, all currently infested and recently killed trees
>12.7-cm dbh were tagged, and the causal agent of
mortality and time of tree death (Klutsch et al. 2009)
was determined. On occasion, a  625-cm? section of
the bark was removed to locate any bark beetle gal-
leries in the phloem or cambium. The shape, distribu-
tion, and orientation of galleries, and host species are
commonly used to distinguish among bark beetle spe-
cies (Furniss and Carolin 1977). All currently infested
and dead trees were excluded from statistical analyses
(ie., they were colonized and killed prior to
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Table 1. Plot locations and numbers of P. contorta colonized and killed during the small stand study, Caribou-Targhee National For-

est, Idaho, 2012—-2013

Plot Treatment Coordinates Elevation (m) Slope (%) P. contorta attacked/
killed per plot

1 SPLAT Verb 42°°35.037"N 111°714.135"W 2,424.3 15 0/0

2 Untreated control 42°735.094'N 111°714.165"W 2,426.7 17 9/5

3 Untreated control 42°734.933'"N 111°714.005"“W 2,440.1 11 34/16

4 Verbenone pouch 42°°34.918''N 111°714.147"W 2.436.2 30 12/7

5 Verbenone pouch 42°35.158 N 111°13.942"“W 2,420.0 26 /1

6 Verbenone pouch 42°°35.377""N 111°713.855"“W 2,384.0 26 7/3

7 SPLAT Verb 42°735.026'N 111°714.430"“W 2,489.5 15 6/2

8 Untreated control 42°35.371'N 111°713.437“W 2,368.2 23 17/15

9 Verbenone pouch 42°°37.141'"N 111°712.482""W 2,369.7 17 0/0

10 SPLAT Verb 42°°37.294''N 111°712.369"“W 2,387.1 30 2/1

11 Verbenone pouch 42°21.836/°N 111°°33.647"“W 2,396.5 0 3/1

12 Untreated control 42°720.720''N 111°°35.622"“W 2,118.3 9 3/1

13 SPLAT Verb 42°721.392/°N 111°733.447“W 2,364.5 28 8/4

14 SPLAT Verb 42°21.218 N 111°33.512""W 2,381.9 30 0/0

15 Untreated control 42°720.636''N 111°34.056"W 2,493.1 34 13/12

implementation of treatments). The presence of
currently infested trees was considered desirable to
help ensure adequate levels of beetle “pressure” to
challenge treatments, and represents conditions under
which operational use of verbenone is considered.

A census was conducted on each plot for trees colon-
ized by bark beetles on 10—12 October 2012. However,
tree mortality was based on the presence (dead) or
absence (live) of crown fade on 23—25 July 2013. A
one-way analysis of variance (treatment) was performed
on the proportion of trees successfully colonized (strip
and mass attacks) and killed by D. ponderosae using
o=0.05 (SigmaStat Version 12.0). Data were tested for
normality using the Shapiro-Wilk test (SigmaStat Ver-
sion 12.0).

Laboratory Analyses of Release Rate and
Chemical Composition. Dollops containing 17.5¢ of
SPLAT Verb were analyzed by gas chromatography
(GC) to estimate release rates, and GC and gas
chromatography-mass spectrometry (GC-MS) to deter-
mine the chemical identity and composition. Each
dollop was created using caulking guns (model X-Lite)
in the same manner and configuration ( 5.5cm in
diameter by 1.2c¢m in height) as in the field studies
(Fig. 1), and placed in a forested environment for 30 d
in Riverside, CA (18.7 = 1.5°C minimum, 33.1 + 2.2°C
maximum, 0.2mm precipitation). At 1, 10, and 30 d,
a cohort of five randomly selected dollops was
removed. Each dollop was then placed in a
100-ml scintillation vial, and stored at —20°C until
extraction.

Samples were extracted using a procedure modified
from Meissner et al. (2000). Ten milliliters of an inter-
nal standard solution (232 plliter methyl myristate
[>99%, Fluka Chemika, Buchs, Switzerland] in aceto-
nitrile) was added to each scintillation vial. Samples
were then placed in a shaker water bath (model YB-
531, American Scientific Products, Columbus, OH) at
80-85°C for 3min; and shaken for 7min, after which
the rack was removed and agitated by hand for 0.5 min
and then returned to bath and shaken for an additional
3min; and then agitated by hand for a final 0.5min
before removal. Samples were then placed in a

freezer at —20°C for at least 8h, during which time the
wax solidified and settled to the bottom of the vials.
The vials were then removed from the freezer and
allowed to thaw. Vials were vortexed and 1 ml of the
solution was removed with a disposable glass Pasteur
pipette and filtered through another disposable glass
Pasteur pipette fitted with a 4.5- by 6.5- by 8-cm trian-
gular piece of Kimwipe (Kimberly-Clark Corp., Ros-
well, GA) folded to form a plug at the tapered end.
The solution was then deposited into a 1.5-ml GC vial
(Supelco, Bellefonte, PA). Compounds in the sample
were then quantified using a GC (GC7890A, Agilent
Technologies Inc., Santa Clara, CA) equipped with a
30-m HP DBWAXETR polar columm. Helium was
used as a carrier gas and passed through the column at
a constant pressure of 137.9 kPa. The oven was initially
set to 50°C for 5min, ramped (25°C/min) to 150°C,
then ramped (40°C/min) to a final temperature of
250°C. The presence and identity of compounds
were determined using GC-MS (GC7890A/5975C, Agi-
lent Technologies Inc.) equipped with a 30-m HP
DBWAXETR polar column, programmed with the
same conditions as the GC. Chemical content was
calculated using the internal standard method (Millar
and Haynes 1998) to determine the amount of verbe-
none remaining, and the presence and quantity of the
breakdown molecule chrysanthenone (Kostyk et al.
1993).

Range of Inhibition Trapping Bioassay. A trap-
ping bioassay was conducted on the Ogden Ranger Dis-
trict, Uinta-Wasatch-Cache National Forest, Utah (41°—
40.780'°N, 11°T 25.160"“W; 2.313—2,478m elevation)
during 31 July—16 August 2013. Site selection was based
on observations indicating that D. ponderosae infesta-
tions were active in the area. Stands had 19.1 m® of
basal area per hectare (mean live tree, >13.9-cm dbh),
of which 78.7% was P. contorta with a mean dbh of
28.9 cm. The remainder was represented by Pi. engel-
mannii, A. lasiocarpa, and Po. tremuloides. Numerous
P. contorta <13.9-cm dbh were also present in the
understory and midstory. About 25.8% of P. contorta
and 27.0% of P. contorta basal area had been killed by
D. ponderosae during the previous 2 yr.
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Seventy grams of SPLAT Verb [7 g of (—)-verbe-
none| were applied as four 17.5-g dollops ( 5.5cm
in diameter by 1.2cm in height; at cardinal directions)
at  25m in height using a caulking gun (model
X-Lite) to the bole of one P contorta (mean
dbh = SEM =36.7 = 1.2cm) at the center of each of
eight blocks on 31 July 2013. One 16-unit multiple-fun-
nel trap baited with a commercially available trap lure
(exo-brevicomin [0.3mg/d], trans-verbenol [1.0 mg/d],
and myrcene [270 mg/d] at 20-25°C; Contech Inc.)
was placed at 1, 2, 4, 8, and 16m from the SPLAT
Verb-treated P. contorta at a randomly selected bearing
of 0, 72, 144, 216, or 288°" Traps were hung on 3-m
metal poles with collection cups 1m above the
ground. A 3 by 3-cm time-released insecticidal Prozap
Pest Strip (2,2-dichlorovinyl dimethyl phosphate, Love-
land Industries Inc., Greeley, CO) was placed in the
collection cup to kill arriving insects and reduce dam-
age or loss to predacious insects. Samples were col-
lected and each treatment re-randomized daily on six
dates (Fettig et al. 2009). Specimens were tallied and
identified using available keys (Wood 1982b) and
voucher specimens. Gender was determined through
examination of the seventh abdominal tergite (Lyon
1958).

The experimental design was a randomized complete
block with 48 replicates per distance. A test of normal-
ity was performed and square root transformations
were used when data deviated significantly from a nor-
mal distribution. A three-way analysis of variance
(block, distance, and gender; o= 0.05) was performed
on the number of D. ponderosae caught per trap per
day (SigmaStat Version 2.0). The Tukey’s multiple com-
parison test (Tukeys honestly significant difference
[HSD]) was used for separation of treatment means.

Results and Discussion

Individual Tree Study. The application of SPLAT
Verb resulted in complete tree protection, while 100%
of the untreated controls were colonized and 93.3%
killed (Table 2). This is encouraging given this experi-
mental design is used for evaluating the efficacy of
insecticides for tree protection, and provides a very
conservative test of efficacy (Fettig et al. 2013). As
such, it is not often used for evaluating semiochemicals,
which are generally expected to provide lower levels of
tree protection than insecticides (Progar et al. 2014).
Significantly fewer P. contorta (percentage of trees)
were killed on 0.041-ha circular plots surrounding P.
contorta treated with SPLAT Verb (U=46, P <0.001,
Mann—Whitney; Fig. 2), suggesting attraction was dis-
rupted at levels sufficient to cause tree protection
within 11 m of the point of release.

Several authors have speculated that the efficacy of
verbenone could be enhanced by applying verbenone
around the circumference of the tree assuming that a
circumferential release from several point sources pro-
vides better protection than fewer or a single point
source per tree as provided by pouches (Progar et al.
2014). For example, Gillette et al. (2006) reported near
complete protection of P. contorta from D. ponderosae
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in California using a plastic flake formulatlon (15g of
verbenone per tree) consisting of 3-mm”~ 2 Jaminated pol-
yvinyl chloride layers surrounding a plastisol middle
layer that released verbenone. Alternatively, Kegley
et al. (2010) reported flakes were more costly and labo-
rious to apply than pouches, and provided similar levels
of tree protection. Being able to apply multiple release
points per tree may help explain the high level of pro-
tection provided by SPLAT Verb in our study.

On an operational basis, two verbenone pouches are
recommended for protecting individual P. contorta
from mortality attributed to D. ponderosae (Kegley and
Gibson 2009, Kegley et al. 2010) and generally provide
>80% tree protection. For larger trees (>61-cm dbh),
three to four pouches may be used. One registrant sug-
gests treating individual trees with two pouches at
1-1.5and  2.5m on the northern aspect in addition to
placing pouches at 4-5m intervals on vertical objects
within 5m of the tree being treated. Alternatively,
SPLAT Verb provided suitable levels of tree protection
at much lower doses.

Small Stand Study. In total, 121 P. contorta were
colonized by D. ponderosae, 68 at densities sufficient to
cause tree mortality within 1 yr (Table 1). The
untreated control had the highest number of P. con-
torta colonized and killed (76 and 49, respectively),
while SPLAT Verb had the fewest (16 and 7,
respectively; Table 1). Significantly fewer P. contorta
(percentage of trees) were colonized (Faj5=5.2;
P=0.024) and killed (Fs;,=4.9; P=0.028) on plots
treated with SPLAT Verb than untreated control plots
(Fig. 3). No other significant differences were observed
(Fig. 3), despite relatively large differences in the num-
bers of trees colonized and killed, specifically between
the verbenone pouch and untreated control (Table 1).

Factors such as tree diameter, stand density and host
density are often positively correlated with the severity
of bark beetle infestations (Fettig et al. 2007). Large
P. contorta generally have a thick phloem, which affords
the offspring of D. ponderosae a higher reproductive
potential and probability of survival, factors shown to
influence the overall reproductive success (Amman
1972). Stand density may impact host vigor, microcli-
mate, pheromone plumes, and inter-tree spacing,
among other factors, which influence the population
dynamics of D. ponderosae and associated levels of tree
mortality (Fettig et al. 2007, 2014). Although stand
density metrics varied among plots, there were no sig-
nificant differences in dbh (F515=0.07, P =0.94), trees
per hectare (F31,=0.21; P=0.81), basal area per hec-
tare (m*ha; F515=0. 48 P=0.63), or percentage
P. contorta (Fa15=0.75; P=0.49) among treatments
(Table 3).

No significant correlations were found between trees
per hectare and trees colonized (r=0.265; P=0.34;
n=15), trees per hectare and trees killed (r—() 117,
P=0.71; n=15), basal area per hectare (m’ 2/ha) and
trees colonized (r=0.037; P=0.90; n=15) or basal
area per hectare (m*ha) and trees killed (r=—0.072,;
P=0.80" n=15) on a plot-level basis. Similar results
were observed for SPLAT Verb (P> 0.07, all cases;
n=>5), the verbenone pouch (P> 0.61, all cases; n=>5)
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Table 2. Efficacy of SPLAT Verb for protecting individual P. contorta from mortality attributed to D. ponderosae, Bridger-Teton
National Forest, Wyoming, 2012—-2013

Treatment Mean dbh = SEM* Dose” Percentage of P. contorta Percentage of P. contorta
colonized by D. ponderosae‘ killed by D. ponderosae

SPLAT Verb 27.1%0.8 7 0.0% 0.0%

Untreated control 323*+1.2 0 100.0% 93.3%

“ dbh, diameter at 1.37 m above ground level; n = 30.
" Values are grams of (—)-verbenone.
¢ Based on strip and mass attacks (Gibson et al. 2009).

30

n=30, U= 46, P<0.001, Mann-Whitney

0.041-ha circular plot, trees >13.9 cm
25 1

20 1

15 A

10 A

Mean percentage (+ SEM) of
P. contorta killed by D. ponderosae

SPLAT® Verb Untreated Control

Fig. 2. Mean percentages (+SEM) of P. contorta killed by D. ponderosae on 0.041-ha circular plots surrounding each
SPLAT Verb-treated and untreated control tree, Bridger-Teton National Forest, Wyoming, 2012—2013. Means (+SEM)
followed by the same letter are not significantly different (P > 0.05).

14 1 b | mEEE SPLAT® Verb
Verbenone 7-g pouch
B Untreated control

12 A

10 A

6 1 ab

ab

Mean percentage (+ SEM) of Pinus contorta
oo

Colonized Killed

Fig. 3. Mean percentages (+-SEM) of P. contorta colonized and killed by D. ponderosae on 0.4-ha square plots, Caribou-
Targhee National Forest, Idaho, 2012—2013. Means (+SEM) followed by the same letter within group are not significantly
different (Tukey’s HSD; P > 0.05).
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Table 3. Conditions within 0.4-ha square plots at the beginning of the small stand study, Caribou-Targhee National Forest, Idaho,

2012-2013

Treatment dbh*” Trees per hectare” Basal area per Percentage of Currently infested
hectare” P. contorta® P. contorta per plot"*

SPLAT Verb 256+ 1.5a 4484+ 41.7a 26.5 + 1.8a 72.3 £ 10.8a 25.8 +6.1a

Verbenone pouch 259*09a 4224 *+ 44 1a 245+ 3.1a 874+ 3.3a 10.6 £ 3.8a

Untreated control 252+ 18a 400.4 = 67.7Ta 22.2*+4.1a 78.9*9.9a 13.8+3.8a

“ Means = SEM followed by the same letter are not significantly different (P > 0.05).

b dbh, diameter at 1.37 m above ground level.
¢ Present prior to treatment.

and both verbenone treatments combined (P > 0.29, all
cases; n=10) when analyzed separately. Thistle et al.
(2004) examined near-field canopy dispersion of a
tracer gas (SFg) used as a surrogate for bark beetle
pheromones. They showed that when surface layers of
the air are stable (e.g., during low wind velocities), the
tracer plume remained concentrated and directional
because of suppression of turbulent mixing by the for-
est canopy. Lower density stands result in unstable
layers of air and multi-directional traces (eddies) that
diluted “pheromone” concentrations (Thistle et al.
2004) and presumably reduce beetle aggregation, thus
influencing host finding and colonization successes. In
the case of verbenone, these effects would negatively
impact the performance of synthetic verbenone plumes
(Progar et al. 2014). Despite this, stand density did not
appear to influence treatment efficacy in our study.

Because of previous failures in the efficacy of verbe-
none (Progar et al. 2014), research has concentrated on
combining verbenone with other inhibitors (e.g., non-
host volatiles); combining verbenone with other meth-
ods of control (e.g., sanitation); and developing novel
formulations to increase levels of tree protection. To
date, the latter has focused on flake formulations. For
example, Disrupt Micro-Flake VBN was demonstrated
to be effective when applied at 1,101 ¢ of verbenone
per hectare by reducing the portion of infested P. con-
torta by 37% (Gillette et al. 2012). In an earlier study, a
smaller proportion of P. contorta was colonized on plots
treated with flakes (370 g of verbenone per hectare)
than in control plots in California and Idaho; however,
beetle “pressure” was somewhat limited (means=>5.1
and 4.6 trees per hectare were colonized in the
untreated controls, respectively; Gillette et al. 2009). In
our study, SPLAT Verb reduced the number of trees
colonized by 79% during relatively high beetle
“pressure” (mean = 37.5 trees per hectare were colon-
ized in the untreated control), and represents an effec-
tive alternative to other formulations of verbenone for
small stand protection.

Laboratory Analyses of Release Rate and
Chemical Composition. SPLAT is a “matrix-type”
diffusion-controlled release device. As such, the release
of active ingredients is determined by Fick’s First Law
of Diffusion, which states that molecules move from
regions of high concentration to regions of low concen-
tration at a rate that is directly proportional to its con-
centration gradient (Mafra-Neto et al. 2013). Dollops
containing 17.5g of SPLAT Verb had 1,963.5 £ 7.5mg,
1,398.3 £ 0.8 mg, and 1,104.3 + 2.5 mg (mean = SEM)

of verbenone on days 1, 10, and 30, respectively
(Table 4). The average release during the 30-d period
was 28.6 mg/d, but, as expected, was greater during the
first 10 d (56 mg/d) than the following 20 d (14.7 mg/d).
This is also commonly observed with other formula-
tions of verbenone (Progar et al. 2014). For example,
Fettig et al. (2009) reported the mean release
(= SEM) of (—)-verbenone from 7-g pouches (i.e., the
same formulation as used in our study) analyzed gravi-
metrically  at  30°C  was 132.5 * 5.3 mg/d,
105.4 = 6.9 mg/d, and 65.3 + 3.3 mg/d at days 3, 9, and
30, respectively. The mean release of pouches declined
to 21.3 = 1.0 mg/d on day 56 (Fettig et al. 2009).

Dollops of SPLAT Verb contained 56.2% of verbe-
none on day 30. Assuming the release of verbenone
plateaus at 15 mg/d (i.e., mean release was 14.7 mg/d
for days 10-30, as shown above) and continues at this
rate from then on, a 30-d dollop should last another 75
d before exhausting the reservoir of verbenone. This
period (105 d) is sufficient to cover most of the flight
activity period of D. ponderosae in P. contorta forests.
Each P. contorta treated with four 17.5-g dollops
of SPLAT Verb cumulatively released 224 mg/d of
(-)-verbenone during the first 10 d, and 60 mg/d dwr-
ing the next 20 d. As previously mentioned, two verbe-
none pouches are commonly recommended for
protecting individual P. contorta from mortality attrib-
uted to D. ponderosae (Kegley and Gibson 2004,
2007), which would result in a much higher release of
verbenone (e.g., 131 mg/d after 30 d) compared with
our study. If desired, larger dollops could be used to
increase the reservoir of verbenone and longevity of
release (A.M.-N., unpublished data).

As mentioned, verbenone is known to photodegrade
to behaviorally inactive chrysanthenone (Kostyk et al.
1993). This was considered enough of a concern that
the addition of a cyasorb UV stabilizer that scavenges
UV-generated radicals was added to verbenone
pouches. Fettig et al. (2009) reported chrysanthenone
was not detected in any volatile extracts obtained from
7-g verbenone pouches that had been deployed in P.
ponderosa forests in California for several weeks, but
that trace amounts of filifolone, a thermal- or photo-
rearrangement product of (+4)-chrysanthenone, were
present. In our study, only after dollops of SPLAT Verb
were aged in the field for >12 mo were trace
amounts of chrysanthenone detected, which is inconse-
quential as biological activity is desired for only a few
months (i.e., to cover the primary flight activity period
of D. ponderosae during a single field season).
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Table 4. Verbenone remaining in 17.5-g dollops of SPLAT
Verb at 1, 10, and 30 d following field deployment, Riverside,
CA, 2013

Verbenone Day 1 Day 10 Day 30

Mass (mg) 1,9635+75 1,3983%=0.8 1,104.3*25

Percentage of 11.2+04 8.0*0.1 6.3+0.2
formulation”

Percentage of initial ~ 100.0 71.2 56.2

load remaining

“ SPLAT Verb is reported to be 10% a.i.

However, it is important to note that these and similar
analyses do not address changes in the chemical stabil-
ity of verbenone once released into the active airspace,
which may also influence levels of inhibition, but over
which we have no control.

Range of Inhibition Trapping Bioassay. In total,
5,105 D. ponderosae were captured in baited multiple-
funnel traps. Overall, the ratio of males to females was
0.85. There was no significant distance X gender inter-
action (Fy 419=0.91; P=0.46) and, therefore, results
pertain equally to both male and female responses.
This is of practical importance as females initiate
host selection and, therefore, inhibition of females is
critical to preventing colonization and tree mortality.
A significant  treatment effect was  observed
(Fy. 210=1491; P<0.001). No differences were
observed among captures at 1, 2, or 4m from the point
of release of SPLAT Verb, but significantly fewer
D. ponderosae were collected at 1 and 2m compared
with 8m (Table 5). One limitation of the experimental
design is that the placement of traps is not continuous
and, therefore, it is impossible to determine where
the actual break in maximum inhibition occurs
between 4 and Sm. Significantly fewer D. ponderosae
were captured at 8Sm than at 16m (Table 5),
indicating that the range of inhibition was at least $ m.
This agrees with results from the individual tree protec-
tion study as few P. contorta were killed by D. pondero-
sae within 11 m of P. contorta treated with SPLAT Verb
(Fig. 2).

Limited research has been carried out examining the
zone of inhibition provided by different formulations of
verbenone. Furthermore, the response of D. pondero-
sae to verbenone in the presence of aggregation phero-
mones and host kairomones varies by, among other
factors, the ratio of verbenone to attractants (Pure-
swaran et al. 2000), population density (Progar 2003,
2005; Progar et al. 2013), and among individuals within
a population (Borden et al. 1986), making comparisons
among different studies tenuous. In British Columbia,
Canada, Miller (2002) demonstrated that verbenone
bubble caps (14 mg of verbenone per day at 24-28°C)
inhibited D. ponderosae attraction to baited (exo-
brevicomin [0.01 mg/d], 13:87 mixture of cis-and trans-
verbenol [1.7mg/d], and myrcene [281mg/d])
multiple-funnel traps at a distance of <4m in P. con-
torta forests, and that maximum inhibition occurred at
<lm (ie., captures were significantly lower at the
point of release [0m] compared with 1 m). While the
constituents, doses, and release rates of baits used in
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Table 5. Disruption of D. ponderosae attraction to baited mul-
tiple-funnel traps at five distances from 70g of SPLAT Verb
applied as four 17.5-g dollops to the bole of individual P. con-
torta, Uinta-Wasatch-Cache National Forest, Utah, 2013

Distance (m) Mean daily trap

catch £ SEM*

15.1 + 1.6a
13.3 £ 1.5a
18.4 = 2.2ab
25.1 +3.3b
6 34.5 = 3.8¢

= 00 & O =

“ Means = SEM followed by the same letter are not significantly
different (P> 0.05; Tukey’s HSD).

our study were similar to Miller (2002), trap catches in
our study were much higher (e.g., 5.1 vs. 25.1 per trap
per day at Sm, Table 5), as were levels of tree mortality
in surrounding stands (10-20 vs.  26%), suggesting a
more rigorous examination of the zone of inhibition
observed. However, a larger release of verbenone was
used in our study (Table 4), presumably increasing lev-
els of inhibition. Fettig et al. (2009) reported similar
results to those of Miller (2002) for western pine bee-
tle, Dendroctonus brevicomis LeConte, in P. ponderosa
forests in California when analyzing responses to a 5-g
verbenone pouch (50 mg of verbenone per d at 30°C).
In their study, maximum inhibition occurred at <4m
(ie., no significant differences were observed among
captures at 0.5, 1, or 2m, but a significant increase
occurred at 4m; Fettig et al. 2009). In both studies
(Miller 2002, Fettig et al. 2009), the authors stated that
to achieve maximum efficacy for stand protection, sub-
stantial increases in the density of release devices
would be required.

In conclusion, SPLAT Verb provided high levels of
tree protection in both individual tree and small stand
studies during high levels of beetle “pressure” (Table 2;
Figs. 2-3), which we attribute to the large zone of
inhibition provided and the ability of applying dollops
at high densities. Based on our results, we recommend
applying four 17.5-g dollops ( 5.5 c¢m in diameter by
1.2 cm in height) per P. contorta (i.e., one dollop placed
at maximum reach at each cardinal direction) when
individual tree protection is the objective, and applying
one 17.5-g dollop per tree at the northern aspect in as
uniform a distribution as possible (see label for dose
restrictions), when stand protection is desired. Lower
doses may yield suitable efficacy, and are currently
being evaluated. Significant research and development
remains including: 1) refinement of application meth-
ods, doses, and distribution patterns in P. contorta; 2)
determination of efficacy in other hosts, specifically
P. albicaulis, a high-elevation keystone species being
considered for listing as a threatened and endangered
species in the United States under the Endangered
Species Act; and 3) determination of efficacy in other
bark beetle-host systems. Relatedly, preliminary results
(data not shown) from ongoing studies indicate SPLAT
Verb is also effective for protecting individual P. pon-
derosa from mortality attributed to D. ponderosae and
D. brevicomis.


A total of
,
&reg;
to 
,
&ndash;
&reg;
occurred 
/
&deg;
[
(
), 
(
), 
(
)] 
[
(
) 
to 
]
versus 
/
&percnt;
ersu
D.
/
) (
in order 
&reg;
, 
.
X 
t.
(
(
(
&reg;

February 2015

Acknowledgments

We thank R. Cruz, V. DeBlander, L. Dunning, J. Guyon,

C. Hayes, L. Hebertson, J. Hoffman, C. Jorgensen, B. Meyer-
son, J. Neumann, B. Rabaglia, and D. Reboletti (Forest
Health Protection, USDA Forest Service); F. de Lame, B.
Roble, J. Self, L. Stoltman, and D. Zeni (ISCA Technologies
Inc.); C. Carvalho, C. Dabney, and S. McKelvey (Pacific
Southwest Research Station, USDA Forest Service); and L.
Mortensen (Pacific Northwest Research Station, USDA For-
est Service) for technical assistance. In addition, we thank A.
Mendonca and H. Whitlach (Bridger-Teton National Forest),
D. Duehren, and W. Beck (Caribou-Targhee National
Forest); and J. Gibson (Uinta-Wasatch-Cache National For-
est) for providing access to study sites. This research was sup-
ported, in part, by a USDA Small Business Innovation
Research (SBIR) grant (2012-33610-19488) to AM.-N., a
USDA Forest Service Pesticide Impact Assessment Program
(FS-PIAP) grant (R1/4-2012-02) to C.J.F., A.S.M., N.E.G.,
and A.M.-N., a USDA Forest Service Forest Health Technol-
ogy Enterprise Team grant (FHTET-13) to C.J.F., A.S.M.,
and AM.-N., and a collection agreement (12-CO-39-026)
from ISCA Technologies Inc. to the Pacific Southwest
Research Station.
This publication reports research involving pesticides. It does
not contain recommendations for their use, nor does it imply
that the uses discussed here have been registered. All uses
of pesticides in the United States must be registered by
appropriate State and/or Federal agencies before they can
be recommended. This article was written and prepared
by U.S. Government employees on official time and it
is, therefore, in the public domain and not subject to
copyright.

References Cited

Amman, G. D. 1972. Mountain pine beetle (Coleoptera: Scoly-
tidae) brood production in relation to thickness of lodgepole
pine phloem. J. Econ. Entomol. 65: 138-140.

Amman, G. D. 1994. Potential of verbenone for reducing lodge-
pole and ponderosa pine mortality caused by mountain pine
beetle in high-value situations. PSW-GTR-150. U.S. Depart-
ment of Agriculture, Forest Service, Albany, CA.

Bentz, B. J., C. K. Lister, J. M. Schmid, S. A. Mata, L. A.
Rasmussen, and D. Haneman. 1989. Does verbenone re-
duce mountain pine beetle attacks in susceptible stands of
ponderosa pine? RM-RN-495. U.S. Department of Agricul-
ture, Forest Service, Fort Collins, CO.

Borden, J. H., and B. S. Lindgren. 1988. The role of semio-
chemicals in TPM of the mountain pine beetle, pp. 247-255.
In T. L. Payne and H. Saarenmaa (eds.), Proceedings on the
Symposium on Integrated Control of Scolytid Bark Beetles:
Virginia Polytechnic Institute and State University, Blacks-
burg, VA.

Borden, J. H., D.W.A. Hunt, D. R. Miller, and K. N. Slessor.
1986. Orientation in forest Coleoptera: an uncertain outcome
of responses by individual beetles to variable stimuli, pp.
97-109. In T. L. Payne, M. C. Birch, and C.E.]. Kennedy
(eds.), Mechanisms in insect olfaction. Oxford University Pre-
ss, Oxford, United Kingdom.

Borden, J. H., L. C. Ryke, L. Chong, H. D. Pierce Jr., B. D.
Johnston, and A. C. Oehlschlager. 1987. Response of the
mountain pine beetle, Dendroctonus ponderosae Hopkins
(Coleoptera: Scolytidae), to five semiochemicals in British
Columbia lodgepole pine forests. Can. J. For. Res. 17:
118-128.

FETTIG ET AL.: SPLAT VERB PROTECTS P. contorta From D. p(mderosae

181

British Columbia Ministry of Forests, Lands and Natural
Resource Operations. 2013. Facts about B.C.'s mountain
pine beetle.  (http/Avww.forgovbe.cahfp/mountain_pine_
beetle/Updated-Beetle-Facts_April2013.pdf) (accessed 14
February 2014).

Fettig, C. J., K. D. Klepzig, R. F. Billings, A. S. Munson, T.
E. Nebeker, J. F. Negrén, and J. T. Nowak. 2007. The
effectiveness of vegetation management practices for preven-
tion and control of bark beetle infestations in coniferous for-
ests of the western and southern United States. For. Ecol.
Manage. 238: 24-53.

Fettig, C. J., S. R. McKelvey, R. R. Borys, C. P. Dabney, S.
M. Hamud, L. J. Nelson, and S. J. Seybold. 2009.
Efficacy of verbenone for protecting ponderosa pine stands
from western pine beetle (Coleoptera: Curculionidae,
Scolytinae) attack in California. J. Econ. Entomol. 102:
1846-1858.

Fettig, C. J., D. M. Grosman, and A. S. Munson. 2013.
Advances in insecticide tools and tactics for protecting coni-
fers from bark beetle attack in the western United States, pp.
472—492. In S. Trdan (ed.), Insecticides - development of
safer and more effective technologies: InTech, Rijeka,
Croatia.

Fettig, C. J., K. E. Gibson, A. S. Munson, and J. F. Negron.
2014. Cultural practices for prevention and mitigation of
mountain pine beetle infestations. For. Sci. 60: 450—463.

Furniss, R. L., and V. M. Carolin. 1977. Western forest in-
sects. Misc. Publ. 1339. U.S. Department of Agriculture, For-
est Service, Washington, DC.

Gibson, K., S. Kegley, and B. Bentz. 2009. Mountain pine
beetle. For. Insect Dis. Leaflet 2. U.S. Department of Agri-
culture, Forest Service, Portland, OR.

Gibson, K. E., R. F. Schmitz, G. D. Amman, and R. D.
Oakes. 1991. Mountain pine beetle response to different
verbenone dosages in pine stands of western Montana. INT-
RP-444. U.S. Department of Agriculture, Forest Service, Og-
den, UT.

Gillette, N. E., J. D. Stein, D. R. Owen, J. N. Webster, G. O.
Fiddler, S. R. Mori, and D. L. Wood. 2006. Verbenone-
releasing flakes protect individual Pinus contorta trees from
attack by Dendroctonus ponderosae and Dendroctonus valens
(Coleoptera: Curculionidae, Scolytinae). Agric. For. Entomol.
8:243-251.

Gillette, N. E., N. Erbilgin, J. N. Webster, L. Pederson, S.
R. Mori, J. D. Stein, D. R. Owen, K. M. Bischel, and D.
L. Wood. 2009. Aerially applied verbenone-releasing lami-
nated flakes protect Pinus contorta stands from attack by
Dendroctonus ponderosae in California and Idaho. For. Ecol.
Manage. 257: 1405-1412.

Gillette, N. E., C. J. Mehmel, S. R. Mori, J. N. Webster, D.
L. Wood, N. Erbilgin, and D. R. Owen. 2012. The push-
pull tactic for mitigation of mountain pine beetle (Coleoptera:
Curculionidae) damage in lodgepole and whitebark pines.
Environ. Entomol. 41: 1575-1586.

Hunt, D.W.A,, and J. H. Borden. 1990. Conversion of verbe-
nols to verbenone by yeasts isolated from Dendroctonus pon-
derosae  (Coleoptera: Scolytidae). J. Chem. Ecol. 16:
1385-1397.

Hunt, D.W.A,, J. H. Borden, B. S. Lindgren, and G. Gries.
1989. The role of autoxidation of a-pinene in the production
of pheromones of Dendroctonus ponderosae (Coleoptera:
Scolytidae). Can. J. For. Res. 19: 1275-1282.

Kegley, S., and K. Gibson. 2004. Protecting whitebark pine
trees from mountain pine beetle attack using verbenone.
FHP Report 04-8. U.S. Department of Agriculture, Forest
Service, Coeur d’Alene, ID.

Kegley, S. J., and K. E. Gibson. 2007. Using verbenone to pro-
tect whitebark pine from mountain pine beetle attack.


http://www.for.gov.bc.ca/hfp/mountain_pine_beetle/Updated-Beetle-Facts_April2013.pdf
http://www.for.gov.bc.ca/hfp/mountain_pine_beetle/Updated-Beetle-Facts_April2013.pdf

182

R6-NR-FHP-2007-01. U.S. Department of Agriculture, For-
est Service, Portland, OR.

Kegley, S., and K. Gibson. 2009. Individual-tree tests of verbe-
none and green-leaf volatiles to protect lodgepole, whitebark
and ponderosa pines, 2004-2007. FHP Report 09-03. U.S.
Department of Agriculture, Forest Service, Coeur d’Alene,
1D.

Kegley, S., K. Gibson, N. Gillette, J. Webster, L. Pederson,
and S. Mori. 2010. Individual-tree tests of verbenone flakes,
verbenone pouches, and green-leaf volatiles to protect lodge-
pole pines from mountain pine beetle attack. FHP Report
10-02. U.S. Department of Agriculture, Forest Service,
Coeur d’Alene, ID.

Klutsch, J. G., J. F. Negrén, S. L. Costello, C. C. Rhoades,
D. R. West, J. Popp, and R. Caissie. 2009. Stand charac-
teristics and downed woody debris accumulations associated
with a mountain pine beetle (Dendroctonus ponderosae Hop-
kins) outbreak in Colorado. For. Ecol. Manage. 258: 641-649.

Kostyk, B. C., J. H. Borden, and G. Gries. 1993. Photoisome-
rization of antiaggregation pheromone verbenone: Biological
and practical implications with respect to the mountain pine
beetle, Dendroctonus ponderosae Hopkins. ]. Chem. Ecol.
19: 1749-1759.

Leufvén, A., G. Bergstrom, and E. Falsen. 1984. Intercon-
version of verbenols and verbenone by identified yeasts iso-
lated from the spruce bark beetle Ips typographus. J. Chem.
Ecol. 10: 1349-1361.

Lyon, R. L. 1958. A useful secondary sex character in Dendroc-
tonus bark beetles. Can. Entomol. 90: 582-584.

Mafra-Neto, A., F. M. de Lame, C. J. Fettig, A. S. Munson,
T. M. Perring, L. L. Stelinski, L. Stoltman, L.E.J. Mafra,
R. Borges, and R. I. Vargas. 2013. Manipulation of insect
behavior with Specialized Pheromone & Lure Application
Technology (SPLAT), pp. 31-58. In ]. Beck, J. Coats, S.
Duke, and M. Koivunen (eds.), Natural products for pest
management: ACS Publications, Washington, DC.

Meissner, H. E., C. A. Atterholt, J. F. Walgenbach, and G.
G. Kennedy. 2000. Comparison of pheromone application
rates, point source densities, and dispensing methods for mat-
ing disruption of tufted apple bud moth (Lepidoptera: Tortri-
cidae). J. Econ. Entomol. 93: 820-827.

Millar, J. G., and K. F. Haynes. 1990. Methods in chemical
ecology. Vol. 1. Chemical methods. Kluwer, New York, NY.
Miller, D. R. 2002. Short-range horizontal disruption by verbe-
none in attraction of mountain pine beetle (Coleoptera: Sco-
Iytidae) to pheromone-baited funnel traps in stands of
lodgepole pine. J. Entomol. Soc. Brit. Columbia 99: 103-105.

Miller, D. R., and B. S. Lindgren. 2000. Comparison of o-pi-
nene and myrcene on attraction of mountain pine beetle,
Dendroctonus ponderosae (Coleoptera: Scolytidae) to phero-
mones in stands of western white pine. J. Entomol. Soc. Brit.
Columbia 97: 41-46.

Negron, J. F., K. Allen, J. McMillin, and H. Burkwhat.
2006. Testing verbenone for reducing mountain pine beetle
attacks in ponderosa pine in the Black Hills, South Dakota.
RMRS-RN-31. U.S. Department of Agriculture, Forest Serv-
ice, Fort Collins, CO.

Negron, J. F., B. J. Bentz, C. J. Fettig, N. E. Gillette, E. A.
Hansen, J. L. Hayes, R. G. Kelsey, J. E. Lundquist, A.
M. Lynch, R. A. Progar, et al. 2008. USDA Forest Service
bark beetle research in the western United States: Looking
towards the future. J. For. 106: 325-331.

JourNaL or EcoNomic ENTOMOLOGY

Vol. 108, no. 1

Pitman, G. B., and J. P. Vité. 1969. Aggregation behavior
of Dendroctonus ponderosae (Coleoptera: Scolytidae) in
response to chemical messengers. Can. Entomol. 101:
143-149.

Pitman, G. B,, J. P. Vité, G. W. Kinzer, and A. F. Fentiman
Jr. 1968. Bark beetle attractants: trans-verbenol isolated
from Dendroctonus. Nature 218: 168.

Progar, R. A. 2003. Verbenone reduces mountain pine beetle
attack in lodgepole pine. West. J. Appl. For. 18: 229-232.

Progar, R. A. 2005. Five-year operational trial of verbenone to
deter mountain pine beetle (Dendroctonus ponderosae;
Coleoptera: Scolytidae) attack of lodgepole pine (Pinus con-
torta). Environ. Entomol. 34: 1402-1407.

Progar, R. A., D. C. Blackford, D. R. Cluck, S. Costello, L.
B. Dunning, T. Eager, C. L. Jorgensen, A. S. Munson,
B. Steed, and M. J. Rinella. 2013. Population densities and
tree diameter effects associated with verbenone treatments to
reduce mountain pine beetle-caused mortality of lodgepole
pine. J. Econ. Entomol. 106: 221-228.

Progar, R. A., N. E. Gillette, C. J. Fettig, and K. H. Hrinke-
vich. 2014. Applied chemical ecology of the mountain pine
beetle. For. Sci. 60: 414443,

Pureswaran, D. S., R. Gries, J. H. Borden, and H. D. Pierce
Jr. 2000. Dynamics of pheromone production and communi-
cation in the mountain pine beetle, Dendroctonus ponderosae
Hopkins, and the pine engraver, Ips pini (Say) (Coleoptera:
Scolytidae). Chemoecology 10: 153-168.

Renwick, JLA.A., and J. P. Vité. 1970. Systems of chemical
communication in Dendroctonus. Contrib. Boyce Thompson
Inst. 24: 283-292.

Ryker, L. C., and L. M. Libbey. 1982. Frontalin in the male
mountain pine beetle. J. Chem. Ecol. 8: 1399-1409.

Shea, P. J., M. I. Haverty, and R. W. Hall. 1984. Effectiveness
of fenitrothion and permethrin for protecting ponderosa pine
from attack by western pine beetle. J. Ga. Entomol. Soc. 19:
427-433.

Shea, P. J., M. D. McGregor, and G. D. Daterman. 1992.
Aerial application of verbenone reduces attack of lodge-
pole pine by mountain pine beetle. Can. J. For. Res. 22:
436-441.

Thistle, H. W., H. Peterson, G. Allwine, B. K. Lamb, T.
Strand, E. H. Holsten, and P. J. Shea. 2004. Surrogate
pheromone plumes in three forest trunk spaces: Composite
statistics and case studies. For. Sci. 50: 610-625.

USDA Forest Service. 2012. Areas with tree mortality from
bark beetles: Summary for 2000—-2011, Western U.S. Misc.
Report. U.S. Department of Agriculture, Forest Service,
Washington, DC.

Vité, J. P., and R. I. Gara. 1962. Volatile attractants from pon-
derosa pine attacked by bark beetles (Coleoptera: Scolytidae).
Control Boyce Thompson Inst. 21: 251-273.

Vité, J. P., and G. B. Pitman. 1967. Concepts on research on
bark beetle attraction and manipulation, pp. 683-701. In Pro-
ceedings of the XIV Congress of [UFRO, Munich.

Wood, D. L. 1982a. The role of pheromones, kairomones and
allomones in the host selection and colonization behavior of
bark beetles. Ann. Rev. Entomol. 27: 411-446.

Wood, S. L. 1982b. The bark and ambrosia beetles of North
and Central America (Coleoptera: Scolytidae), a taxonomic
monograph. Great Basin Nat. Mem. No. 6.

Received 16 July 2014; accepted 31 October 2014.




	tou038-TF1
	tou038-TF2
	tou038-TF3
	tou038-TF4
	tou038-TF5
	tou038-TF6
	tou038-TF7
	tou038-TF8



