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ABSTRACT The response by five species of bark beetles to a range of verbenone doses were tested
in bioassays using Lindgren funnel traps baited with attractant semiochemicals. The objective was to
determine how these bark beetles respond to verbenone, a purported anti-aggregation pheromone of
several economically significant bark beetle species. Catches of Dendroctonus ponderosae Hopkins, a
species attacking live trees, were unaffected relative to a control trap (no verbenone) at release rates
of 0.2 mg/24 h or less, but were significantly reduced at rates of 1.8 mg/24 h or more. Catches of Ips
pini (Say) and I latidens {LeConte), two opportunistic species normally attacking fresh, dead host
material, were gradually reduced with increasing verbenone dose. Verbenone did not affect catches
of Hylurgops porosus (LeConte) and Hylastes longicollis Swaine, two species normally associated with
bark in contact with the ground, where saprophytic microorganisms quickly invade phloem tissue. The
effect by verbenone on catches of the five species was consistent with differences in host-age
preference. Catches of species requiring relatively fresh host tissue were reduced by verbenone,
whereas catches of species accepting aged tissue were unaffected.
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VERBENONE ({4,6,6-TRIMETHYLBICYCLO]3.1.} |-HEPT-3-EN-
9-oNE} was identified fixst for D. ponderosae Hopkins
(Pitman and Vité 1969) and D. frontalis Zimmerman
(Renwick and Vité 1970), and later for other bark
beetle species such as D. brevicomis LeConte (Byers
etal. 1984}, D. adjunctus Blandford (Livingston et al.
1983), and I typographus (L.) (Bakke 1981). In the
mountain pine beetle, it is produced by microorgan-
isms associated with females and directly through au-
toxidation (Pitman et al. 1969, Rudinsky 1968, Libbey
et al. 1985, Hunt and Borden, 1988, Hunt et al. 1989).
Anti-aggregation pheromones, such as 3-methyl-2-cy-
clohexen-1-one (MCH) and verbenone, interrupt the
- aftraction of bark beetles to their aggregation phero-
mones and likely serve an epideictic role (Borden
1982). Over the past 20 yr, verbenone has attracted
considerable interest as a potential management tool
m mitigating the impact of tree-killing bark heetles
(se‘:a Amman 1994, Amman and Lindgren 1995 for
teviews). In operational experiments, verbenone
showed considerable promise in reducing attack by
the mountain pine beetle in high value lodgepole pine
stands (Amman et al. 1989, Lindgren et al. 1989).

Owever, results in subsequent experiments have
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been inconsistent {Amman 1994, Amman and
Lindgren 1995).

Verbenone also affects other species, either in an
interspecific context with those species that produce
it or in relation to natural degradation of host material.
For example, verbenone inhibits feeding by adults of
the weevils Hylobius pales (Herbst) (Salom et al.
1994), and H. abietis (L.} {Lindgren et al. 1996). Both
of these species feed on live plants, even though they
oviposit on dead host material. Thus, verbenone ap-
pears to have a general inhibitory effect, at least on
phloeophagous insects that use relatively fresh
phloem.

Miller et al. (1995) showed that the pheromone-
hased attraction of the bark beetles Dendroctonus pon-
derosae, Ips latidens (LeConte) and Ips pini (Say) was
interrupted by verbenone in a dose-dependent fash-
ion. All of these species require relatively fresh
phloem for suceessful brood production. Dendrocto-
nus ponderosae uses living trees as abreeding resource,
while both Ips pini and I, latidens are capable of killing
weakened trees, but normally prefer recently dead
trees (Furniss and Carolin 1980). The objective of this
study was to compare the verbenone response of these
three species to the responses of two species, Hylur-
gops porosus (LeConte) and Hylastes longicollis
Swaine, that typically feed on aged phloem tissue,
below or at ground level (Wood 1982). We hypoth-

0046-225X /02/ 0759-0765$02.00/0 © 2002 Entomological Society of America



Table 1.

Description of semiochemical-releasing devices

Release rate

Device Chemical® Description (mg/24 hyb
13 Verbenone (+17/—83) Closed polyethylene centrifuge tube (250 ul) 0.01
2 Verbenone {+17/-83} Closed polvethvlene centrifuge tube (400 pl) 0.2
3 Verbenone (+17/—83) Polyethvlene/nylon bubble cap 0.6
4 Verbenone (+17/—83) Polyethylene bubble cap 31
5 exo-Brevicomin {+50/—50) Flex lure 0.05
[ Ipsenol {+50/—50) Polyvinyl bubble cap 0.2
7 Ipsdienol (+50/—50) Polyviuyl bubble cap 0.2
8 Frontalin Closed pulvethylene centrifuge tube (230p1) 0.8
9 Verbenols {+17/—83)° Polyethylene bubble cap 18

10 cis-Verbenol (+17/—83) Polyethvlene bubble cugp 2.1
11 Myreene Closed polycthylene screw-cap bottle (15 ml) 280
12 3-Carene + B-pinene Closed polyethylene screw-cap bottle (15 mi) 200

* All chemical purities =98%.
b At 22-24 °C.
° 13:87 mixture of cis- and #rens-verbenol,

esized that these two species would be less sensitive to
the presence of verbenone than D. pondercsae, L pini
and L latidens.

Materials and Methods

Semiochemical-Releasing Devices. All release de-
vices were obtained from Phero Tech {Delta, BC)
{Table 1). Release rates for devices 5-7 were deter-
mined by collection of volatiles on Porapak-Q and
analysis by capillary gas chromatography. Release
rates for all remaining devices were determined by
weight loss. Devices 6 and 7 consisted of ipsenol and
ipsdiencl, formulated in 1,3-butanediol at a concen-
tration of 80 mg/mk.

Experiments. Six separate experiments were con-
ducted to evaluate dose effects of verbenone on the
response of five bark beetle species to various attract-
ants (Table 2). In each experiment, eight blocks (rep-

Table 2. Parameters for verbenone dose experiments near
Princeton, BG, in 1990,

Species

Experiment collected Dates Attractants
1 H. porosus 7-21 June Ethancl
H. longicollis Frentalin
I pini Ipsdiencl
3-Carene + fB-pinene
2 H. porosus 81-30 June FEthanol
H. longicollis Frontalin
Verbenols®

exo-Brevicomin
3-Carene + B-pinene

3 H. longicollis 30 June-3 Aug  Frontulin
1 latidens exo-Brevicomin

Ipsenol
cis-Verbenol

4 L latidens 1-30 July Ipsenol

5 L pint . 29 Aug-13 Sept  Ipsdiencl
3-Carene + f-pinene

6 D. ponderosae 2-16 Aug Verbenols®
exo-Brevicomin
Myrcene

All chemical purities >88%.
«13:87 mix of cis- and trans-verbenol.

licates) of six 12-unit Lindgren multiple funnel traps

(Lindgren 1983, Phero Tech) were set ai least 100 m

apart in stands of mature lodgepole pine near Prince- -

ton, BC. Traps were spaced 10-15 m apart in grids of
2 X 3within each block. Each trap was at least 2m from
any tree and suspended by rope such that the bottom
of each trap was 0.2-0.5 m above ground level.

In each experimant, treatments were assigned ran-
domly to traps within each bloclk as follows: attractants
alone or with devices resulting in one of five ver-
benone release rates: .01, 0.2, 1.8, 3.1, and 12.3 mg/24
L (at 22-24°C). The two lowest rates were obtained
with devices 1 and 2 (see Table 1 for description of
devices). The second highest rate was obtained with
device 4. The third lowest rate was obtained with three
device 3, whereas the highest rate was obtained with
four device 4. The control trap in each experiment was
a trap baited only with attractants. Whenever possible,
known pheremone and kairomone blends were used
as attractants. However, since attractants for several of
the species tested were unknown, we used semjo-
chemical mixes that had yielded significant catches of
the target species in previous research {D.R.M., un-
published data). Voucher specimens have been de-
posited at the Entomology Collection ut Simon Fraser
University, Burnaby, BC, Canada.

Statistical Analyses. Data were analyzed by regres-

sion using SYSTAT 0.0 statistical software (SPSS
1999), For I. ponderosae, the data were analyzed by

analysis of variance (ANOVA), because this species
exhibited a clear threshold response to verbenone.
Means in this experiment were separated by Tukey’s
procedure. Log transformations were conducted on
data, as required from examinations of resicuals, to
correct for heteroscedasticity and nonlinearity.

Results

Verbenone significantly interrupted the attraction
of D. ponderosae to attractant-baited multiple-funnel
traps (F = 12.07; df = 5, 41; P < 0.001). However,
responses of D. ponderosae did not exhibit a log-log
dose-dependent relationship as in Miller et al. (1995)
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Fig. 1. Effect of verbenone, released at five rates, on the
attraction of D. ponderosae to multiple-funnel traps baited
with myrcene, exo-brevicomin, and ¢is- and trans-verbenol
(experiment 6). See Table 1 for experimental details. Means
followed by different letters are significantly different at P =
0.05 (Tukey's multiple comparison test).

(Fig. 1). Catches of beetles in traps releasing ver-
benone at the two lowest rates were not significantly
different from those in control traps but significantly
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different from those in traps releasing verbenone at
the three highest rates. There was no significant dif-
ference in trap catches among traps baited with ver-
benone released at the three highest rates. The data
suggest a threshold-type of response, occurring at
rates hetween 0.2 and 1.8 mg/24 h (at 22-24°C}.

As in Miller et al. {1995), verbenone significantly
reduced catches of Ips pini and I latidens in a dose-
dependent fashion (Fig. 2). The relationship between
catches of beetles and dose of verbenone was log-log
for I latidens as in Miller et al. (1995) but log-linear for
I pini unlike Miller et al. (1995). Only ipsdienol was
used as an attractant for I pini in Miller et al. (1995),
whereas our experiments used ipsdienol in combina-
tion with host compounds.

Verbenone had no significant effect on catches of
Hylastes longicollis (experiment 1. F = 0.07; df = 5, 42;
P = 0.996, experiment 2: F= 0.33; df = 5,42; P = 0.891,
and experiment 3; F = 147; df = 3, 42; P = 0.221) or
Hylurgops porosus (experiment 1: F = 0.56; df = 5, 42;
P =10.720, experiment 2: F = 0.27; df = 5,42; P = 0.929).
Nor were there any significant regressions between
catches of beetles and dose of verbenone (Fig. 3).
Catches of H. longicollis and H. porosus were unal-
fected by verbenone regardless of the attractants used,
or total number of responding beetles.
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in E jg.‘2: Effect of verbenone, released at five rates, on the attraction of I piniin experiments 1 (A) and 5 (B}, and I latidens
or:Penments 3 (D) and 4 (). See Table 1 for experimental details. Slopes of regression lines are significantly different
1 Zero (t-test, P-< 0.05). Dashed horizontal lines represent confidence limits (95%) for catches in control traps.
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Fig. 3. Effect of verbenone, released at five rates, on the attraction of Hylastes longicollis in experiments 1 (A), 2 (B), .‘

and 3 (C) and Hylurgops porosus in experiments 1 (D)

catches in control traps.

Discussion

Verbenone is a simple oxidation product of verbe-
nol, which in turn is an oxidation product of a-pinene
{Birgersson and Leufvén 1988), one of the most ubig-
unitous of all monoterpenes in the Pineaceae. It is likely
that most phloeo- and xylophagous insects attacking
this group of conifers would be exposed to relatively
high levels of a-pinene or the oxidation products,
verbenol or verbenone. a-Pinene is quite toxic 1o a
number of coniferophagous insects (Cook and Hain
1988, Werner 1995, Lindgren et al. 1996), whereas
verbenol and verbenone appear to be less toxic, pos-
sibly in part due to lower vapor pressure (Werner
1995, Lindgren et al. 1996). .
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and 2 (E}. See Table | for experimental details. Slopes of regression

lines are significantly different from zero (t-test, P < 0.05). Dashed horizontal lines represent confidence limits (95%) for

Tnsects inhabiting environments high in toxic com-

pounds could be expected to have either a high tol-

erance for the compound or an effective detoxification

system, Many of these insects use a-pinene as a kai-
romone {Montgomery and Wargo 1983). The moun-
tain pine beetle uses various host compounds, includ-
ing a-pinene, as kairomones (Borden 1982). Both ¢is-
and frans-verbenol are used as pheromones by D.
pondercsae (Pitman and Vité 1969, Conn et al. 1983,
Miller and Lafontaine 1991).

Because verbenol is relatively nontoxic compared
with a-pinene, its conversion to verbenone does not
appear to have a direct adaptive benefit to a phlo-
eophagous insect in terms of increasing host tissue



suitability. Hyloo
contaminated pine P
controls if they were
al. 1996). Mount

trees
f(fgfggre; % al. 1089, Lindgren and Borden 1993,

indicafing that beetles may ignore high local ver-

henone concentrations wh? %agosensory cues in-

: host tissues are iresh.

dl%:z tt};?:n “pheromone” was defined by Nordlund

(1981) as “a compound emitted by a member of one

species, that when perceived by.another mem.ber of

the same species alters the behavior of the receiver to
the benefit of both emitter and receiver.” G1.ven the
ubiguitous presence of verbenone in nature, it wopld

~ geem unlikely that it is simply an anti-aggregation
pheromone. If verbenone levels are generally associ-
ated with microbial degradation of host tissue, it
should be functionally [abeled as a kairomone, or per-
haps even an “apneumons,” i.e., kairomones emitted
from dead tissue (Nordlund 1981},

A characteristic of most species of scolytids that use
fresh host tissue is their association with mycangial
fungi and other microorganisms (Paine et al. 1997),
The role of these microorganisms, which are primarily
fungi and veasts, range from an interaction with the
beetle in overcoming tree defenses to serving as a food
source for the insect. Leufvén et al. (1984) showed
that yeasts associated with Ips typographus can convert
verbenols to verbenone. Using axenically reared in-
sects, Hunt and Borden (1989) demonstrated that the
mountain pine beetle is unable to oxidize verbenols to
verbenone in the absence of readily culturable mi-
croorganisms, After the successtul colonization of the
phloem by a bark beetle, microorganisms would in-
vade the tissue at least locally, and this may lead to the
production of significant quantities of verbenome. Ver-
benone would then be 2 general kairomone, signifying
the microbial deterioration of plant tissues, which
would logically be avoided by early succession sco-
lytids. The phloem tissues in lodgepole pine stumps, as
well as phloem tissues under bark in contact with the
ground, deteriorate rapidly relative to parts of the tree
not in contact with the ground. Such areas are usually
attacked primarily by late succession species, e.g., Hy-
lastes spp. and Hylurgops spp., but avoided or attacked
to a lesser extent by the early succession species, e.g.,
Ips spp. Verbenone may play a role both in intra- and
inter-specific density regulation, but also in niche par-

-+ titioning. At least in some cases, the “anti-aggregative”
effelt?t of verbenone may be a function of host tissue
quaiity, as opposed to avoidance of intra- or inter-
specific competition.

Lindgren (1994) and Lindgren et al. (1996) pro-
ppsed the alternate hypothesis that verbenone isa host
tissue quality indicator, i.e., verbenone quantity is a
function of microbial degradation of tissue. Theoret-
ical support for this liypothesis includes evidence that
verbenone is produced naturally from verbenols by
?;;Ziol%anistgls (Leufvén et al. 1984) and by autoxi-
oon bver e.nols {Hunt et al. 1989), and not nec-

sarily by the insects themselves (Hunt and Borden

ieces and on noncontaminated
previously starved {Lindgren et

lobius abietis fed equally on verbenone-

ain pine beetles attacked verbenone-
immediately under the release device -

1989). If this hypothesis is valid, one would expect
verbenone to have an inhibitory effect primarily on
species which require fresh host tissue. Furthermore,
such species should respond to verbenone at relatively

low doses, whereas species that use aged tissue should

not respond to verbenone, respond only to high doses, -
or even be attracted depending on where they occur
in the succession of insect colonization. Based on this
hypothesis, one would expect the following ordering
in verbenone dose sensitivity by the five species we
studied: D. ponderosae > I pini = L latidens > H.
porosus = H. longicollis. Furthermore, species that are
poor interspecific competitors would be expected to
respond strongly to any indicator that competitors
have occupied the breeding resource, hence they
would be expected to be completely repelled at some
threshold dose.

Our data show an apparent agreement with the
hypothesis proposed by Lindgren (1994) and
Lindgren et al, {1996). Dendroctonus ponderosae, a
poor interspecific competitor (Safranyik et al. 1999),
shows a threshold response to verbenone at some
release rate above (.2 mg/24h (Fig. 1), resulting in an
almost complete shutdown of attractiveness of the
aggregation pheromone. This is consistent with the
results from Borden and Lindgren (1988), who found
that a release rate of 1 mg/24 h reduced catches to
levels not significantly different from unbaited control
traps. The two Ips species, which are somewhat better
competitors, but still require relatively fresh phloem,
respond proportionately to verbenone dose. Finally,
H. porosus and H. longicollis, two species often found
in high numbers on stumps or logs in contact with the
ground, did not respond significantly to verbenone
dose. Thus, the magnitude of response by these spe-
cies appears to be related to their preference for fresh
host tissue and perhaps to their ability to tolerate
interspecific competition. However, additional re-
search is required to test the hypothesis more explic-
itly,

Flechtmann et al. (1999) did chemical analyses of
volatiles in screened loblolly pine billets at different
ages, and found that verbenone, along with several
terpene alcohols, inereased with age while terpenes
decreased. The changes also coincided with the suc-
cession of insect species arriving at traps baited with
billets, but because the billets were screened, the
verbenone was not insect-produced. Thus, their study
indicated that verbenone may play a role in normal
succession processes in aging wood, even in the ab-
sence of insect attack. Similar studies are needed with
lodgepole pine, as are behavioral studies on the re-
sponse to verbenone by the insect species we studied
to further test the alternative hypotheses of ver-
benone function.

Acknowledgments

We thank Kenneth F. Raffa for helpful comments on an
earlier version of the manuscript and ). P. Lafontaine for
agsistance with release rate determinations and formulation
of compounds. The research was conducted while the au-



thors were employed by Phero Tech, Inc., Delta, BC, Canada.
The research was supported by a grant to B.S.L. and by an
Industrial PostDoctoral Fellowship to D.R.M. from the Sci-
ence Council of British Columbia.

References Cited

Amman, G. D. 1994, Potential of verbenone for reducing
lodgepole and ponderosa pine mortality caused by moun-
tain pine beetle in high-value situations, pp. 33-37. In P. J.
Shea (ed.), Proceedings of the symposium on the man-
agement of western bark beetles with pheromones: re-
search and development. U.5, For. Serv. Gen. Tech. Rep.
PSW-150.

Amman, G, D, md B. 8. Lindgren. 1995. Semiochemicals
for management of mountain pine beetle, Dendroctonus
ponderosae Hopkins: current status of research and ap-
plication, pp. 14-22. In S. M. Salom and K. R. Hobson
(eds.), Applicaticn of Semiochemicals for Management
of Bark Beetle Infestations - Proceedings of an Informal
Conference. U.S. For. Serv. Gen. Tech. Rep. INT-GTR-
318.

Amman, G. D., R. W, Thier, M. D. McGregor, and R, F.
Schmitz. 1989, Efficacy of verbenone in reducing lodge-
pole pine infestation by mountain pine beetles in Idaho.
Can. J. For. Res. 19: 60-64.

Bakke, A. 1981. Inhibition of the response in Ips typographus
to the aggregation pheromone; field evaluation of ver-
benone and ipsenol. Z. Angew. Entomol. 92: 172-177.

Birgersson, G., and A. Leufvén. 1988, The influence of host
tree response to Ips typographus and fungal aitack on
production of semiochemicals. Insect Biochem. 18: 761
770.

Borden, J. XL 1982, Aggregation pheromones, pp. 74-139. In
J. B. Mitton and XK. B. Sturgeon (eds.), Bark Beetles in
North American Conifers, University of Texas Press, Aus-
tin, TX.

Borden, J. I, and B. 8. Lindgren. 1988. The role of semio-
chemicals in the IPM of the mountain pine beetle, pp.
247-255, In T. L. Payne and H. Sazrenma {eds.), Inte-
grated control of scolytid bark beetles. Virginia Polytech-
ni¢ Institute and State University, Blacksburg, VA,

Byers, ]. A., D. L. Wood, J. Craig, and L. B. Hendry. 1984.
Attractive and inhibitory pheromones produced in the
bark beetle, Dendroctonus brevicomis, during host colo-
nization: Regiilation of inter- and intraspecific competi-
tion. J. Chem. Ecol. 10: 861-877.

Conn, ]. E., }. H. Borden, B. E. Scott, L. M, Friskie, H. D.
Pierce, Jr., and A. C. Oehlschlager. 1983. Semiochemi-
cals for the mountain pine bestle, Dendroctonus pondero-
sae (Coleoptera: Scolytidae) in British Columbia: field
trapping studies. Can. ], For. Res. 13: 320-324.

Cook, §. P., and F. P. Hain. 1988. Toxicity of host monoter-
penes to Dendroctonus frontalis and Ips calligraphus (Co-
leoptera: Scolytidae). J. Entomol. Sci. 23: 287-292.

Flechtmann, C.AH., M., ], Dalusky, and C. W. Berisford.
1999, Bark and ambrosia beetle (Coleoptera: Scolytidae)
responses to volatiles from aging loblolly pine billets.
Environ. Entomol. 28: 638-648.

Furniss, R. L., and V. M. Carolin. 1980. Western forest in-
sects. U.S. For. Serv. Misc. Publ. 1339.

Hunt, D.W.A., and J. F. Borden. 1988. Response of moun-
tain pine beetle, Dendroctonits ponderosae Hopkins, and
pine engraver, Ips pini (Say) to ipsdienol in southwestern
British Columbia. J. Chem. Ecol. 14: 277-293.

Hunt, D.W.A., and J. H. Borden. 1989. Terpene alcohol
pheromone production by Dendroctonus ponderosae and
Ips paraconfusus (Coleoptera: Scolytidae) in the absence

of readily culturable microorganisms. J. Chem. Feol, |
1433-1463.

Hunt, D.W.A,, |. H. Borden, B. 8. Lindgren, and G. Grigg*
1984, The role of autoxidation of a-pinene in the pre.:
duction of pheromones of Dendroctonus ponderosae (Q
leoptera: Scolytidae). Can. J. For. Res. 19: 12751282,

Lcufvén, A., G. Bergstrém, and E. Falsén. 1984, Intercoy.
version of verbenols and verbenone by identified yeasts
isolated from the spruce bark beetle Ips typographus
J. Chem. Ecol. 10: 1349-1361,

Libbey, L. M., L. C. Ryker, and K. L. Yandell. 1985. Labg.
ratory and field studies of volatiles released by Deneroc-
tonts ponderosae Hopkins {Coleoptera: Scolytidae). 7,
ang, Entomol. 100: 381-392.

Lindgren, B. $. 1983. A multiple funnel trap for scolytid
beetles (Coleoptera). Can. Entomol. 115: 299-302.
Lindgren, B. 8. 1994. Research needs for anti-aggregation
pheromones of bark beetles, pp. 62-67. In Research, De.
velopment, and Commercialization of Semiochemicals in
Inscet Pest Management in Canada, Canada Pest Man-
agement Alternatives Office and Pest Management Al

ternatives Program, Ottawa, ON.

Lindgren, B. 5, and J. H. Borden. 1993, Displacement and :
aggregation of mountain pine beetles, Dendroctonus pon- |
derosae {Coleoptera: Scolytidae}, in response to their -
antiaggregation and aggregation pheromones. Can. J. For.
Res, 23 286-290. :

Lindgren, B. S.,]. H. Borden, G. H. Cushon, L. J. Chong, and 7
C. ). Higgins. 1989. Reduction of mountain pine beete
{Coleoptera: Scolytidae) attacks by verbenone in lodge- |
pole pine stands in British Cohinbia. Can. . For. Res. 19; '
65-68.

Lindgren, B. 8., G. Nordlander, wnd G. Birgersson. 1996,
Feeding deterrency and acute toxicity of verbenone to
the pine weevil, Hylobius abietis. J. Appl. Entomol. 120;
347-403. .‘

Livingston, W. H., A. C. Mangini, II. G. Kinzer, and M. E.
Mielke, 1983. Association of root disease and bark bee-
tles {Coleoptera: Scolytidae) with Pinus pondervse in |
New Mexico, Plant Dis. 67: 674-676. |

Miller, D. R, and J. P. Lafontaine, 1991. cis-Verbenol; An
aggregation pheromone for the mountain pine beetle,
Dendroctonus ponderosae Hopkins {Coleoptera: Scolyti- -
dae). T. Entomol. Soc. B.C, 8% 34-38.

Miller, D. R,, ]. H. Borden, and B. §. Lindgren. 1995, Ver- .
benone: dose-dependent interruption of pheromone-
hused attraction of three sympatric species of pine bark
beetles {Coleoptera: Scolytidae). Environ, Entomol. 24
592-696.

Montgomery, M. E., and P, M. Wargo. 1983. Ethanol and
other host-derived volatiles as attractants to beetles that
bore into hardwoods. J. Chem. Ecol. 9: 181-190.

Nordlund, D. A. 1981. Semiochemicals: A review of the ter-
minology, pp. 13-28, In D. A. Nordlund, R. L. Jones, and
W, ]. Lewis {eds.), Semiochemicals: their role in pest
control. Wiley, New York.

Paine, T. D., K. F. Rafta, and T. C. Iarrington, 1997. Inter-
actions among scolytid bark beetles, their associated
fungi, and live host conifers, Annu. Rev. Entomol. 4
179206, .

Pitman, G. B, and J. P. Vité, 1969, Aggregation behavior of
Dendroctonus porderosae {Coleoptera: Scolvtidae) in re-
sponse to chemical messengers. Can. Entomol. 101; 143~
149, .

Pitman, G. B., J. P. Vité, G. W, Kinzer, and A. F. Fentiman,
Jr. 1969. Specificity of population- aggregating phero-
mones in Dendroclonus. ]. Insect Physiol. 15: 363-366.




October 2002

genwick, JA A, and J. P. Vité. 1970. Systems of chemical
communication in Dendroctonus, Contrib. Boyce Thomp-
gon Inst. 24 983-292.

Rudinsky, J. A. 1965, Fheromone mask by the female Den-
droctonus pseudotsugae Hopk., an attraction regulator.
Pan.-Pac. Entomol. 44; 248-250.

Safranyik, L., T- L.Shore, D. A. Linton, and L. Rankin. 1999,
Effects of induced competitive interactions with second-
ary bark beetle species on establishment and survival of
mountain pine beetle broods. Natural Resources Canada,
Canadian Forest Service Information Report BC-X-384,
Victoria, BC.

Galom, §. M., J. A. Carlson, B. N. Ang, D, M. Grossman, and
E R. Day. 1994, Laboratory evalnation of biclogically-
based compounds as antifeedants for the Pales weevi,

TINDGREN AND MILLER: VERBENONE EFFECT ON BARK BEETLES

765

Hylobius pales (Herbst) {Coleoptera: Curculionidae). J.
Entomol. Sci. 29: 407-419.

§PSS. 1999, SYSTAT statistical package, version 9.0, SPSS,
Chicago, IL.

‘Werner, R, A. 1995, Toxicity and repellency of 4-allylani-
sole and monoterpenes from white spruce and tamarack
to the spruce beetle and eastern larch beetle (Coleoptera:
Seolytidae). Environ. Entomol 24: 372-379,

Wood, S. L. 1882, The bark and ambrosia beetles of North
and Central America (Coleoptera: Scolytidae}, a taxo-
nomic monograph. Mem, Great Basin Nat. 6.

Received for publication 16 November 2002; accepted 14
April 2002,



PHYSIOLOGICAL AND CHEMICAL FooLocy

Effect of Verbenone on Attraction of Predatory and Woodboring
Beetles (Coleoptera) to Kairomones in Lodgepole Pine Forests
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ABSTRACT The response of bark beetle predators and woodboring beetles to the bark beetle
anti-aggregation pheromone, verbenone, was tested in the field with multiple-funnel traps baited with
attractant kairomones, Catches of the predators Thanasimus undatulus (Say), Enoclerus sphegeus (F.),
Enoclerus lecontei (Wolcott) (Coleoptera: Cleridae), and Lasconotus complex LeConte {Coleoptera:
Colydiidae} declined significantly with increasing release rates of verbenone. Lasconotus sibcestulatus
Kraus, and Corticeus praetermissus (Fall) (Coleoptera: Tenebrionidae) {in two of three experiments),
showed no significant response to verbenone. In a third experiment, catches of C. praetermissus
increased with verbenone dose, Likewise, catches of the striped ambrosia beetle, Trypodendron
lineatum (Olivier) {Coleoptera: Scolytidae), increased with verbenone dose in one experiment, but
there was no effect in two other experiments, Verbenone had no effect on the response of Spondylis
upiformis Mannerheim (Coleoptera: Cerambycidae). We hypothesize that predators specializing on
early successional bark beetles ave repelled by verbenone since this compound indicates a late stage
attack. Generalist predators and woodborers either do not respond tc verbenone at all, or they may
be attracted by it.

KEY WORDS Xairomone, Scolytidae, Trypodendron lineatum, Cleridae, Thanasimus undatulus,

Enoclerus sphegeus

THE CHEMICAL ATTRIBUTES of dead wood change in a
rather characteristic manner with age. Flechtmann et
al. (1999) showed that guantities of monoterpene
volatiles emitted from screened billets of loblolly pine,
Pinus taedu L., decreased rapidly within the first week
of aging. Ethanol increased over the first 2 wk and then
decreased, and various terpene alechols, as well as the
purported bark beetle anti-aggregation pheromone
verbenone (4,6,6-trimethylbicyclo[3.1.1]-hept-3-en-
2-one), increased slowly before declining, For exam-
ple, verbenone emissions increased slowly until week
6, after which they declined.

Each stage of an aging ephemeral resource like dead
wood is attractive to arelatively distinct community of
insects that occupy the wood in succession (Price
1997). Farly successional colonizers of aging wood,
and other relatively ephemeral and patchy resources,
tend to be specialists, whereas generalists and pred-
atory insects dominate later stages (Hanski 1987).
Thus, bark beetles and woodborers requiring rela-
tively fresh phloem tissue are early succession species,
while other woodborers arrive later. For example,
Flechtmann et al. {1999} found that different species-

1 E-mail: lindgren@unbc.ca.
2USDA Forest Service, Southeustern Experiment Station, Athens,
GA 30602-2044.

complexes of scolytid beetles were attracted at spe-
cific stages of pine billet aging, i.e., bark beetles gen-
erally were attracted in the first 2-3 wk, and ambrosia
beetles were attracted later. Similarly, predaceous
beetles that specialize on adult bark beetles tend to
arrive early attracted by the kuiromones produced by
their prey, whereas generalist or opportunist preda-
tors become abundant later. For example, checkered
beetles (Cleridae) are attracted by the aggregation
pheromones of their bark beetle prey (Dahlsten
1982), and are frequently seen on trees or logs during
the bark beetle colonization phase (B.S.L., unpub-
lished data). Erbilgin and Raffa (2001) showed that
predators also respond to host volatiles, indicating that
these insects use cues from the host tree, as well as
pheromaones emitted by the prey. Many other insects,
such as small predatory beetles in the genera Lascono-
fus (Coleoptera: Colydiidae) and Corticeus (Co-
leoptera: Tenebrionidae), are associated with bark
beetle galleries (Furniss and Carolin 1980, Parker and
Davis 1971, Hackwell 1873, Dallara et al. 2000). At least
some of these are known to feed on bark beetle eggs
and larvae, which become available as bark beetles
establish their brood galleries.

Verbenone has been identified from several species
of tree-killing bark beetles: Dendroctonus ponderosae
Hopkins {Pitmann et al. 1969), D. frontalis Zimmer-

0046-225X/02/0766-0773$02.00/0 © 2002 Entomological Society of America



Table 1. Description of semiochemical-releasing

Princetony BC, 1990

devices used in verbenone -dese experiments for bark beetle associates near

e ——
Chemical® Descrintion Release rate
Device {enantiomer ratio) SCOPHOT (rngld)"
1 Verbenone (+17/—83) Closed polyethylene centrifuge tube (250 pl) 0.01
2 Verbenone {+17/—83) Closed polyethylene centrifuge tube (400 ul) 02
3 Verbenone {+17/ 83} Polyethylene/nylon bubble cap 086
4 Verbenone (+17/—83) Polyethylene bubble cap 31
I exo-Brevicomin (+50/—50} Flex lure 0.05
P Ipsenol {+50/ —50) Polyvinyl bubble cap 0.2
= Ipsdieno} (+50/—50) Polyvinyl bubble cap 0.2
8 Frontalin Closed polyethylene centrifuge tube (250 pl) 0.6
9 Verbenols (+17/—83)¢ Polyethylene bubble cap 18
10 cis-Verbenol (+17/—83) Polyethylene bubble cap 2.3
11 Myrcene Closed polyethylene serew-cap bottle {15 ml) 280
19 3-Carene Closed polyethylene screw-cap bottle (15 ml) 260
13 3-Carene + o-pinene Closed polyethylene screw-cap bottle (15 ml) 210
14 3-Carene -+ F-pinene Closed polyethylene screw-cap bottle (15 ml) 200

a ATl chemical purities >98%.
b At 99-24 °C.
¢ 13,87 mixture of cis- and trans-verbenol.

man (Renwick and Vité 1970), D. brevicomis LeConte
(Byers et al. 1984}, DD. adjunctus Blandford (Hughes et
al. 1976), and I typographus (L.) {Bakke 1981}, Mass
attacks by these bark beetles are terminated in part by
the production of verbenone by resident beetles (Bor-
den 1982). Verbenone therefore has attracted consid-
erable interest as a potential management tool for
tree-killing bark beetles for at least 20 yr {see Amman
1994, Amman and Lindgren 1995 for review). In op-
erational scale experiments, verbenone has shown
considerable promise for reducing attack by D. pon-
derosae in high value stands (Amman et al. 1989,
Lindgren et al. 1989, Lindgren and Borden 1993},
Although much of the research on verbenone has
been directed at demonstrating its anti-aggregation
effect on aggressive bark beetles, verbenone also de-
ters feeding by adults of the weevils Hylobius pales
{(Herbst} (Salom et al. 1994) in the United States, and
H. abietis (L.} (Lindgren et al. 1996) in Sweden.

Adults of these weevil species do their maturation and -

sustenance feeding on the fresh inner bark of conifers,
although they oviposit on dead conifer roots. The
species-specificity of verbenone has been questioned
by Lindgren (1994), and Lindgren et al. (1996), who
hypothesized that the compound may be linked to
host quality, e.g., the level of microbial activity and
aging of phloem tissue. In the mountain pine heetle, D.
ponderosae, verbenone is produced from verbenols
primarily by microorganisms (Hunt and Borden
1989}, and to a lesser extent by autoxidation (Hunt et
al. 1089).

Verbenone interrupts the attraction of two species
sympatric with D. ponderosae associated with fresh
phloem tissue in a dose-dependent fashion (Miller et
al. 1995, Lindgren and Miller 2002), but has no effect
on the attraction of two sympatric species, Hylurgops
porosus {LeConte) and Hylastes longicollis Swaine,
associated with older decayed phloem tissue
(Lindgren and Miller 2002). Hayes and Strom (1994)
found that catches of the bark beetle predator Tem-
nochila chlorodia in traps baited with pheromones for

D. ponderosae and D). brevicomis, respectively, were
reduced by verbenone. To our knowledge, there is no
other information on the effect of verbenone on
bark beetle predators or commensals. We investi-
gated the effects of five release rates of verbenone
on catches of several species of predatory beetles
and woodborers associated with lodgepole pine, Pi-
nus contorta variety latifolia Engelmann infested by
the mountain pine beetle, D. ponderosae, or the pine
engraver, Ips pini (Say}..

Materials and Methods

Semiochemical Release Devices. All release devices
were obtained from Phero Tech (Delta, BC) (Table
1). Release rates for devices 5-7 were determined by
coliection of volatiles on Porapak-Q and quantitative
analysis by capillary gas chromatography. Release
rates for all remaining devices were determined by
weight loss. Devices 6 and 7 (ipsenol and ipsdienol)
were formulated in 1,3-butanediol at a concentration
of 80 mg/ml

Fxperiments, In 1990, seven experiments were con-
ducted to evaluate dose effects of verbenone on the
response of bark-beetle associated species to various
attractants (Table 2). In each experiment, eight blocks
of six 1%-unit Lindgren multiple funnel traps
(Lindgren 1983, Phero Tech) were set at feast 100 m
apart in stands of mature lodgepole pine near Prince-
ton, BC. Traps were spaced 10-15 m apart in grids of
9 % Jwithin each block. Each trap was at least 2 m from
any tree and suspended by rope such that the bottom
of each trap was 0.2-0.5 m above the ground.

In each experiment, treatments were assigned ran-
domly to traps within each block including aftractants
alone or with release devices resulting in one of five
verbenone release rates: 0.0, 0.2, 1.8, 3.1, and 124
mg/d (@ 22-24°C). The two lowest rates were ob-
tained with devices 1 and 2. The second highest rate
was achieved with device 4. The third lowest rate was
obtained with three times device 3, whereas the high-



Table Z.

Summary ef verbenone dose experiments for bark beetle associates near Princeton, BC, 1990

Exp Species collected Dates Attractants
1 T. undatulus 30 June-3 Aug Ipsenol
E. sphegeus Frontalin
exo-Brevicomin
cls-Verbenol
2 E. lecontei 29 Aug-13 Sep Ipsdienol
L. complex 3-Carene + a-pinene
C. proetermissus
3 L. complex 13-25 Sep Frontalin
L. subcostulatus Ipsdienal
C. praetermissus Ipsenol
3-Carene
4 C. praetermissus 3-29 Aug Tpsdienol
3-Carene + S-pinene
5 T. lineatum 2-16 Aug Verbenols
exo-Brevicomin
Myrcene
[} T. lineatum 21-30 June Frontalin
Verhenols
exo-Brevicomin
Ethanol
3-Carene + B-pinene
7 S. upiformis 7-21 June Frontalin
Ethanol
Ipsdienol

3-Carene + [-pinene

est rate was obtained with four times device 4. The
control trap in each experiment was a trap baited only
with attractants. Whenever possible, known phero-
mone and kairomone blends were used as attractants.
However, because attractants for several of the spe-
cies tested were unknown, we used semiochemical
mixes that had yielded significant catches of the target
species in previous research (D.R.M., unpublished
data). The kairomone blends used in experiments 1-3
targeted Thanasimus undatulus (Say), {Coleoptera:
Cleridae), Corticeus praetermissus {Fall) {Coleoptera:
‘Tenebrionidae), and Lasconotus complex LeConte
{Coleoptera: Colydiidae), respectively. Catches in ex-
periments 3-7 were nontarget species from experi-
ments targeting the scolytid beetles Ips pini (Say), D.
ponderosae, Hylurgops porosus, and Hylastes longicol-
lis, respectively (Lindgren and Miller 2002).

Statistical Analyses. Linear regressions were fitted
to data for traps with devices releasing verbenone.
Residuals were examined to determine fit of a linear
regression model and verify homoscedasticity. In
some datasets, data for the lowest release rate of ver-
benone were not used in the regression model, since
examination of the residuals clearly indicated that a
linear model was inappropriate. Data for the control
traps are represented as a 95% confidence interval in
each figure. All data were subjected to two-way anal-
yses of variance analysis of variance (ANOVA), using
block and treatment as model factors, followed by
Fisher least significant difference {(LSD} multiple
comparison test when P < 0.05, to examine potential
effects of treatments other than linear dose responses.
Log transformations were conducted on data, as re-
quired from examinations of residuals, to correct for
heteroscedasticity and nonlinearity. All analyses were
done using SYSTAT 9.0 statistical software (SPSS
1999).

Results

Verbenone significantly affected the responses of
bark beetle predators. Catches of the checkered bee-
tle, Thanasimus undatulus, were inversely propor-
tional to the release rate of verbenone (Fig. 1A),
Catches of this species at the two highest rates of .
verbenone were significantly lower than catches in -
control traps (F = 2.41; df = 5, 34; P = 0.006, LSD
multiple comparison test, P = 0.05). Catches of Eno-
clerus lecontei (Wolcott) (Coleoptera: Cleridae) (Fig.
1B) in experiment 2, and Enoclerus sphegeus (F.) (Fig,
1C) in experiment 1, were also inversely proportional |
to the release rate of verbenone over the range of
0.2-10 mg/ d. However, mean catches of Enoclerus spp,
in control traps were not significantly different from
any of those in verbenone-baited traps (F = 2.00, df =
5, 17; P = 0.134, LSD multiple comparison test, P =
0.05, and F = 3.05; df = 5, 42; P = (.20, LSD multiple
comparison test, P = .05, respectively).

Catches of Lasconotus complex were inversely pro-
portional to the release rate of verbenone over the
range of 0.2-10 mg/d in two experiments (Fig. 2 A and
B), whereas catches of L. subcostulatus Kraus (Co-
leoptera: Colydiidae) were not related to the release
rate of verbenone (Fig, 2C). Catches of L. complex in
traps baited with the highest release rate of verbenone
were significantly lower than those in control traps in
experiment 2 (F = 2.87; df = 5, 35; P = (0.028, LSD
multiple comparison test, P = 0.05) (Fig. 2B) and
experiment 3 (F = 16.61; df = 3, 34; P < 0.001, LSD
multiple comparison test, P = (,05) {Fig. 2A)}. Catches
of L. subcostulatus in control traps were not signifi-
cantly different from those in verbenone-baited traps
(F = 1.32; df = 5, 35; P = 0.279, LSD multiple com-
parison test, P = 0.05) (Fig. 2C).
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Fig 1. Effect of verbenone, released at different rates, on the attraction to kairomones of T. undatulus in experiment 1
{A), E. lecontei in experiment 2 (B), and E. sphegeus in experiment 1 (C). See Table 2 for experimental details. Slopes of
regression lines are significantly different from zero (#-test, P < 0.05). Dashed horizontal lines represent confidence limits

{05%) for catches in control traps (attractants only).

Catches of Corticeus praetermissus were directly
proportional to the release rate of verbenone over the
range of 0.2-10 mg/ d in experiment 4 (Fig. 2D) but not
in experiments 2 and 3 {Fig. 2E and F). Catches of C.
practermissus were significantly higher in traps baited
with verbenone at the highest rate than those in con-
trol traps in experiment 4 (F = 2.70; df = 5, 34; P =
0.037, LSD mwltiple comparison test, P = 0.05) (Fig.
2D}. There was no significant separation of means in
experiment 2 (F = 0.70; df = 5, 34, P = 0.629, LsD
multiple comparison test, P = 0.05) (Fig. 2E} and
experiment 3 (F = 0.56; df = 5, 35; P = 0.729, LSD
multiple comparison test, P = 0.05) (Fig. 2F}.

Catches of the striped ambrosia beetle, Trypoden-
dron lineatum {Oliv.) (Coleoptera: Scolytidae), ex-
hibited a dose-dependent relationship in experiment
5 (Fig, 3B) but not in experiment 6 (Fig. 3A). How-
ever, there was no significant separation of mean trap
catches in either experiment 5 (F= 1.60;df = 5,40, P =
0.183, LSD multiple comparison test, P = 0.05) or

experiment 6 (F = 0.26; df 5, 35; P = 0.932, LSD
rmultiple comparison test, P = 0.05). In experiment 7,
trap catches of the longhorn beetle, Spondylis upifor-
mis Mannerheim (Coleoptera: Ceramhycidae), did
not show a significant response to verbenone dose
(Fig. 3C) nor was there any significant separation of
means (F = 0.94; df 5, 29; P = 0.468, LSD multiple
comparison test, P = 0.03).

" Discussion

Attraction to verbenone has been demonstrated for
Bhizophagus grandis Gyll. (Coleoptera: Rhizophagi-
dae) (Grégoire et al. 1992), a specialist predator of the
Furasian spruce beetle, Dendroctonus micans (Kug.)
(Coleoptera: Scolytidae). Verbenone is one of many
chemicals emitted from brood galleries of D. micans
(Grégoire et al. 1991}, and part of this mixture is used
as a kairomone by the beetle. The only predatory
species that was attracted to verbenone in our study
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Fig. 2. Effect of verbenone, released at different rates, on the attraction to kairomones of L. complex in experiments 3
(A} and 2 (B), L. subcostulatus in experiment 3 (C), and C. preetermissus in experiments 3 (), 2 (F), and 4 (D}, See Table -
2 for experimental details. Slopes of regression lines are significantly different from zero (t-test, P < 0.05). Dashed horizontal °
lines represent confidence limits (95%) for catches in control traps (attractants only).

was Corticeus praetermissus, but only in one of three
experiments. In experiment 4, the significant regres-
sion only explained 14.1% of the variation. Thus, taken
together with the nonsignificant regression in the sec-
ond experiment, the results for this species should be
interpreted with caution, However, the positive re-
sponse to verbenone occurred in an experiment con-
ducted earlier in the year than the other experiments,
sothe lack of response in the later experiments may be
due to a seasonal change in search behavior. Seasonal
effects on search behavior were found for the parasitic
wasp, Leptopilina heterolomae (Thomson) (Hymenop-
tera: Fucoilidae) (Roitberg et al. 1992). Relatively
little is known about the biology of Corticeus spp., but

members of this genus have been implicated as fac- ¢
ultative predators of bark beetle egps and larvae :
{Parker and Davis 1971, Triplehorn 1990). A positive
response to high doses of verbenone would imply that
C. praetermissus arrives late in the succession of bark
beetles, when the emission of verbenone peaks
{Flechtmann et al. 1999). Corticeus praetermissus also
responds to pheromones of Ins spp. (Miller and Bor-
den 2000), which use weakened or recently dead
trees, so a positive response to verbenone would be
contrary to expectations,

Lasconotus subcostulatus adults enter and oviposit in
galleries of Ips spp. shortly after the bark beetles attack
trees (Hackwell 1973). However, Stephen and Dahl-
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Fig.3. Effect of verbenone, released at different rates, on
the atraction to kairomones of T. linegtum in experiments 6
{AY and 5 (B), and S. upiformis in experiment 7 (C). See
Table 2 for experimental details. Slopes of regression lines are
significantly different from zero (t-test, P < 0.05). Dashed
hosizontal lines represent confidence limits (95%) for
catches in control traps {attractants only).

sten (1976) found that L. subcostulatus arrived when
western pine beetle larvae were in the latest instars,
and concluded that the predator probably fed on lar-
vae of other bark beetle associates. In our study, L.
subcostulatus showed no significant response to ver-
benone (Fig. 2C), but we canght very few specimens,
making the validity of this result uncertain. However,
the result is consistent with a late arriving species. L.
complex, however, responded negatively to verbenone
in a dose-dependent fashion (Fig. 2 A and B} in two
experiments, Both adults and larvae of Lasconotus spp.
enter bark beetle galleries. Hackwell (1973) showed
that only the third and fourth instars of the predator
attack and feed on bark beetle larvae, while early
instars feed on bark beetle larvae only if these are
_ immobilized. Thus, oviposition must take place early
enough to allow the Lasconotus spp. larvae to mature
in time to take advantage of the bark beetle prey.

DGREN AND MILLER: VERBENONE EFFECT ON IRBUAIURL ANLE BV AAAASATT =

When the prey consist of relatively slowly developing
species like the mountain pine beetle, however, the
timing of arrival may be less critical. If L. complex feeds
largely on younger life stages, it would be advanta-
geous to beetles to avoid high verbenone levels, which
would be indicative of late stage bark beetle attacks
(Flechtmann et al. 1999).

Clerid beetles that prey on adult bark beetles arrive
almost simultaneously with attacking bark beetles
(Dahlsten 1982). Adult clerids can frequently be seen
feeding on adult bark beetles before they enter the
bark (B.S.L., unpublished data). Late arriving clerids
would be less likely to find adult bark beetles to prey
on since the predators do not enter the bark, so there
may be a selective advantage in arriving early. The life
eycles of many species of clerid beetles are closely
synchronized with their bark beetle prey (Furniss and
Carolin 1980). For larvae of these species. bark beetle
larvae and pupae are important prey. This would ap-
pear to favor early arrival and oviposition on attacked
trees. A negative response to verbenone (Fig. 1 A and
B) is consistent with a species arriving early after bark
beetle attack. However, since bark beetles continue to
oviposit as they expand their galleries over an ex-
tended period {Furniss and Carolin 1980}, eggs and
early instar prey would be available even for the larvae
of later arriving clerids, so lats arrival may not he
disadvantageous. For example, E. lecontei continued to
arrive at western pine beetle-infested trees well after
the mass arrival of their prey {Stephen and Dahlsten
1976). Nevertheless, a stage-specific response to in-
fested trees by clerids would be consistent with the
findings by Sullivan et al. (1997) who found that two
parasitoids, Boplrocerus xylophagorum and Spathius
pallidus  (Hymenoptera: Pteromalidae and Bra-
conidae, respectively), responded most strongly to
specific stages of southern pine beetle brood. For such
predaiory and parasitic species, verbenone may pro-
vide information on the condition of the breeding
substrate of their prey.

While the larvae of some woodbering insects nse
fresh phloem during at least some part of their devel-
opment, other species enter the sapwood immedi-
ately. Adults of the striped ambrosia beetle, T. linea-
tum, bore directly into the sapwood, where they
establish their galleries (Borden 1988). Little is known
about Spondylis upiformis, but if they use phloem, it is
for ‘a limited time only (Furniss and Carolin 1980}.
Gince true woodborers have little interaction with
phloeophagous species, verbenone would only be sig-
nificant if it relayed information on the suitability of
wood for breeding, Fettkither et al. (2000) found that
old house borer, Hylotrupes bajulus (1) {Coleoptera:
Cerambycidae), females responded positively to ver-
benone, which was present in Jarval frass. In our study,
neither T, lincatum nor S. uptformis responded signif-
icantly to an increasing dose of verbenone, except that
T lineatum responded positively in one experiment.
Catches of §. upiformis were too low to make definitive
conclusions, while the data for T. lineatum are ambig-
uous. Flechtmann et al (1999) found that peak
catches of the ambrosia beetles Xyleborinus saxeseni



(Ratzeburg) and Xyleborus californicus Wood in tent
traps baited with aging loblolly pine billets occurred at
about the same time as emissions of verbenone and
some other oxygenated terpene alcohols peaked. The
increasing catches with dose in our study occurred
when populations of T. lineatum were low, so the
significant regression could be spurious. However, this
species is known to require aging of wood before
attacking (Prebble and Graham 1957), so it is possible
that it responds to verbenone under certain circum-
stances. Furthermore, the positive response occurred
in an experiment conducted in August, when most of
the T. lineatum flight is over (Lindgren and Borden
1983}, and the majority of flying beetles are reemerg-
ing adults (Borden 1988). Thus, this response may be
due to a seasonal effect, i.e., host selection may use
different or additional cues than earlier in the vear. In
several other experiments conducted in different hab-
itats, T. lineatum did not respond to verbenone {un-
published data).

The responses to verbenone by predators and
woodborers in our experiments were measured rela-
tive to a kairomone attractant mix (Miller and Borden
2000), rather than specific pheromones. It is possible
that the particular mixes of semiochemicals used as
attractants in our experiments could have influenced
the magnitude or nature of the responses of predators
and woodborers, Thus, our results may not be reliable
in cases where the kairomones we used did not attract
sufficient numbers of insects to the traps. It is possible
that different responses observed in different exper-
iments, e.g., for C. praefermissus in experiment 3 versus
2 and 4, and for T. lineatum in experiment 5 versus 6,
could be due to interactions between the kairomone
attractant mix and verbenone. In both of these cases,
experiments were also conducted at different times of
year, which may have resulted in different responses
due to seasonal shifts in behavior {Roitberg et al.
1992).

An advantage of our approach is that the attractant
is held constant throughout the experiment, thus al-
lowing us to conclude that significant differences in
responses are due to verbenone, as opposed to
changes in the attractants. However, Flechtmann et al.
{1999) found that the arrival-sequence of insects to
aging wood {screened loblolly pine billets} occurs in
response to changes in both attractant and repellent
compounds. For example, their paper demonstrated
that verbenone increases over the initial 6 wik of aging
of the screened billets. Thus, we would expect early
successional species, i.e., those that require a fresh
resource, to be repelled by verbenone, Our data show
that this appears to be true even for species that are
indirectly affected, i.e., predatory beetles. Later suc-
cessional species, insects that do not use phloem, or
species that do not depend on the early successional
phloeophagous species as prey, either do not respond
to verbenone, or they areattracted by it. The propor-
tional response to verbenone dose by C. praetermissus
in one experiment may indicate that this species ar-
rives later than other predators, and may use food
sources other than bark beetle eggs and larvae asso-

ciated with the bark beetle galleries, e.g., fungi o
mites. While owr research demonsh ates that ver.
benone does affect several species of beetles associ. &
ated with bark beetle-infested lodgepole pine, <1dd1..
tional research is required to fully understand the role’s:
of this compound.
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