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Abstract

A long-standing controversy questions whether foraging bark beetles assess the suitability of individual
host trees using cues at close range while flying or engage in random landing followed by contact
assessment. In most cases, visual discrimination mechanisms are ignored. We show that pheromoneresponding mountain pine beetles (MPB), Dendroctonus ponderosae Hopkins (Coleoptera: Scolytidae),
can visually discriminate between ‘host’ (black) and ‘non-host’ (white) traps arranged in small clusters,
in the absence of additional host olfactory information, and that males (but not females) demonstrate
a greater preference for combined host visual and olfactory cues. However, white, non-host traps
baited with a host volatile were as attractive as unbaited, black host traps. Our results support the
hypotheses that when deciding to land, the MPBs integrate visual and olfactory information and can
process cues in both sensory modes at relatively close range (≤2 m). Thus, host selection mechanisms
in this species are unlikely to be random with respect to either sensory mode.

Introduction
When making foraging or oviposition decisions, insects may
rely on multiple olfactory, visual, and acoustic cues, but should
favour information that is the most accurate and least costly
to assess (Fawcett & Johnstone, 2003). Potentially for these
reasons, many foraging insects appear to rely on olfactory
cues, which may be specific to hosts or non-hosts, and which
in many cases can be detected while flying, thereby avoiding
any predation risks or opportunity costs associated with
landing and close assessment (Pyke et al., 1977). However,
the accuracy of a semiochemical may be low, e.g., when it is
emitted by both a host and a non-host (Eisner & Grant, 1981),
and host-seeking insects could therefore benefit from integrating available visual cues into host selection decisions.
Host selection comprises a series of the most important
life history decisions made by the mountain pine beetle
(MPB), Dendroctonus ponderosae Hopkins (Coleoptera:
Scolytidae) (Wood, 1982; Raffa & Berryman, 1983; Borden,
1997). Pioneer beetles locate host Pinus spp. (Pinaceae)
either by primary attraction to olfactory cues (Gara et al.,
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1984; Syed & Graham, 1987; Moeck & Simmons, 1991) or
by ‘random landing’ on vertical stems, a counterintuitive
strategy (Gries et al., 1989) that nonetheless has some
theoretical (Byers, 1996) and empirical support (Hynum &
Berryman, 1980; Moeck et al., 1981). The majority of
beetles reduce foraging costs by locating hosts using
pheromones produced by pioneers (Borden, 1985), in conjunction with synergistic host volatiles such as α-pinene,
terpinolene, β-phellandrene, and myrcene (Pitman, 1969,
1971; Billings et al., 1976; Borden et al., 1987; Miller &
Borden, 2000). However, it is unclear whether pheromone
responders use these cues to assess trees at close range while
flying. Studies of infestations of the southern pine beetle,
Dendroctonus frontalis Zimmerman, suggest that pheromones
and host kairomones function primarily as long-range
attractants, with individual tree finding occurring by
‘random’ landing on both hosts and non-hosts (Gara et al.,
1965; Payne, 1986, see also Lanier, 1983). In addition, the
bark and foliage volatiles of non-host angiosperms repel
the MPB (and many other bark beetles) from attractantbaited traps (Wilson et al., 1996; Borden et al., 1998; Huber
& Borden, 2003; Zhang & Schlyter, 2004), host trees
(Huber & Borden, 2001), and groups of trees in small
plots (Borden et al., 2003), suggesting that non-host volatiles
(NHVs) also operate as long- and mid-range cues.
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Implicit in discussions of host location (e.g., Borden
et al., 1986; Payne, 1986; Gries et al., 1989; Byers, 1996) is
the assumption that beetles also use visual cues. For instance,
the so-called random landing hypothesis (Hynum &
Berryman, 1980) implies that host-seeking beetles use
visual cues such as an upright silhouette. In general, bark
beetles such as the MPB appear to prefer traps that
resemble their hosts in form, orientation (Billings et al.,
1976; Safranyik et al., 2003), and hue (Strom et al., 1999,
2001). Complementing olfactory non-host avoidance, the
MPBs also avoid traps that visually simulate non-hosts
aspen and birch (Campbell & Borden, 2006), supporting
the hypothesis that visual cues aid host and non-host
discrimination (Campbell & Borden, 2005).
When combined, NHVs repel beetles in additive and/or
redundant fashions (Borden et al., 1998), and similar effects
were demonstrated for visual and olfactory non-host
stimuli (Campbell & Borden, 2006). However, visual and
olfactory stimuli can also have synergistic (Slinker, 1998)
effects on scolytid beetles, with certain host visual stimuli
becoming attractive only when accompanied by host
tree olfactory cues (Vité & Bakke, 1979; Borden et al., 1982;
Lindgren et al., 1983; Campbell, 2004), and non-host
colour only being repellent when accompanied by a nonhost semiochemical (Campbell, 2004). Although these results
imply complex integration of visual and olfactory information, it is still unknown whether bark beetles can use
semiochemical or visual cues for short-range, in-flight host
assessment, and the relative distance at which they switch
between or integrate sensory modes. In this study, we physically separated the attractive pheromone components transverbenol (Pitman et al., 1968) and exo-brevicomin (Pitman,
1969; Borden et al., 1987) from the target trap silhouettes
and assessed the behavioural responses of the MPB to host
and non-host visual stimuli and a synergistic host tree
volatile. We asked three questions.
1. Will pheromone-responding (host-seeking) MPBs prefer
host-coloured to non-host-coloured, bole-simulating traps
in a small area redolent with attractive semiochemicals?

2. How does the MPB integrate bimodal information when
a host kairomone is added to traps resembling hosts
and/or non-hosts?
3. What is the relative importance of visual and olfactory
cues in eliciting landing?

Materials and methods
We conducted two field trapping experiments using 12unit multiple-funnel traps (Phero Tech Inc., Delta, British
Columbia, Canada), as these are thought to be perceived as
tree boles by foraging beetles (Lindgren, 1983). Because
they prevent beetles from taking off after landing, differences
in catches reflect differences in landing decisions. We
used black and white traps to mimic conifer and non-host
angiosperm boles, respectively (Campbell & Borden, 2005).
In experiment 1, MPBs were challenged to discriminate
between black and white traps in small areas redolent with
attractive semiochemicals. We erected a pole baited with
three release devices of each of the MPB bait components
(Table 1) at a height of 1.5–1.8 m, and two replicate black
and two replicate white traps were alternately placed
in a 2 m radius circle around the pheromone pole to create
a ‘cluster’ of four traps. The position and colour of the
first trap were determined by coin toss. Six clusters ran
concurrently from 9 September to 8 October 2001 along
Opax Mountain Forest Service Road (FSR) and adjacent
skid trails and forest margins (near Kamloops, British
Columbia) in an area heavily infested with the MPB.
In experiment 2, we examined the relative roles of silhouette
colour and a key host semiochemical (myrcene) in eliciting
landing by beetles that had responded to aggregation
pheromone components (Table 1). Two release devices each
of trans-verbenol and exo-brevicomin were hung from
a central pole at 1.5–1.8 m, and alternating black and white
traps were arranged in a ca. 2.5 m radius cluster as in experiment 1. Four semiochemical treatments were randomly
assigned to clusters: (1) a myrcene release device on each
black trap in a cluster, (2) myrcene on each white trap, (3)

Table 1 Optical nature, purity, release devices, and rates for semiochemicals

Semiochemical1

Chemical purity (%)

Release device

Release rate2
(mg per 24 h at 20 °C)

(±)-trans-verbenol
(±)-exo-brevicomin
Myrcene

90 (7% cis)
98
90

Polyethylene bubblecap
Polyvinyl chloride flexlure
Polyethylene bottle

1.2
0.2
250

1

All three compounds comprise the ‘MPB bait’ used in experiment 1. All compounds obtained from Phero Tech Inc., Delta, BC, Canada.
IUPAC names: exo-brevicomin, exo-6-ethyl-trimethyl-7,8-dioxabicyclo[3.2.1]octane; trans-verbenol, trans-4,6,6-trimethylbicyclo[3.1.1]hept3-ene-2-ol; myrcene, 7-methyl-3-methylene-1,6-octadiene.
2
Release rates determined by Phero Tech Inc.
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myrcene on all four traps, and (4) no myrcene (control).
Sixteen complete, four-cluster blocks were set up along
forest margins on East Gate FSR (two blocks) and Sunday
Summit (14 blocks), both near Princeton, BC; seven replicates ran from 22 to 29 August, and nine replicates ran
from 29 August to 4 October 2002. In both studies,
clusters were 20 m apart, and a small block of dichlorvosimpregnated plastic (Vapona No-pest® strip, Monsanto
Canada Ltd, Mississauga, Ontario, Canada) was placed in
each collecting cup to minimize escape and predation.
Insects were collected and frozen until counted; sex ratios
(Lyon, 1958) were determined by subsampling 50 insects.
Statistical analyses

In experiment 1, we compared proportional catches of
each sex in black and white traps using χ2 tests (Zar, 1999)
(PROC FREQ, SAS v.8) of each cluster. For each cluster in
experiment 2, catches in the two traps of each colour were
averaged and log transformed to improve normality
and homoscedasticity (Zar, 1999). We tested the effect of
semiochemical treatment by analysis of variance (ANOVA)
of the cluster totals and tested for differences in discrimination among semiochemical treatments by ANOVA of
the mean proportional difference between catches in black
and white traps (PROC GLM). In both cases, the four treatment means were then compared by the Ryan-Einot-GabrielWelsch (REGW) multiple-range test (Day & Quinn, 1989;
SAS, 1990). Within each semiochemical treatment group,
we also tested for differences between ‘black’ and ‘white’
trap catches by ANOVA. Low catches in the two East
Gate replicates provided insufficient power to detect a
treatment*location interaction; however, removal of these

Figure 1 Proportions of Dendroctonus
ponderosae caught in black (dark bars)
and white (white bars) traps in the six
clusters of experiment 1. Total catches of
males and females are, respectively, given
in parentheses. For χ2 tests, * indicates
P<0.05, ** P<0.001, *** P≤0.0001, and
ns indicates no significant difference.

replicates did not affect the results, and all 16 replicates
were analysed together. There was no treatment*time
interaction for Sunday Summit clusters (Pmales = 0.8140,
Pfemales = 0.9176). We treated block as a random effect, used
Type III sums of squares, and experimentwise α = 0.05.

Results
In experiment 1, females discriminated more acutely than
males (Figure 1). Males preferred black to white traps in
three of six clusters, whereas females preferred black traps
in all but one cluster, in which they preferred white traps.
In experiment 2, catches of each sex were highest in clusters
with myrcene on traps of both colours (all four traps),
followed by clusters with myrcene on either black or white
traps, and very few beetles were caught in clusters without
myrcene (Fmales = 27.52, Ffemales = 21.90, both P<0.0001)
(Figure 2). The mean proportional difference between
catches in black and white traps also differed among
treatments (Fmales = 17.06, Ffemales = 18.41, both P<0.0001)
(Figure 3). Male discrimination was greatest in clusters
with myrcene on black traps only, followed by clusters with
myrcene on all four traps or without myrcene. Female
discrimination was equally great in clusters with myrcene
on black traps and on traps of both colours (Figure 3).
Within-treatment differences between black and white
traps were significant in the myrcene-on-both (Fmales = 35.35,
Ffemales = 44.69, both P<0.0001) and myrcene-on-black (Fmales
= 43.03, Ffemales = 40.81, both P<0.0001) clusters, but not in
clusters with myrcene-on-white (Fmales = 0.01, P = 0.9916;
Ffemales = 2.17, P = 0.1612) or no-myrcene (Fmales = 2.12,
P = 0.1656; Ffemales = 0.13, P = 0.7200) clusters (Figure 2).
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could visually avoid non-host angiosperms while foraging,
and led to the following hypothetical synthesis of bimodal
sensory integration and behavioural responses by this
species.
Long-range orientation to groups of target silhouettes is
apparently mediated by an attractive kairomone (myrcene),
consistent with the general expectation that olfactory cues
mediate long-range behavioural responses (Dethier, 1982;
Lanier, 1983; Prokopy, 1986; Finch & Collier, 2000). There
were twice as many male and female beetles in clusters
with myrcene on both black and white traps (four release
devices) than in clusters with myrcene on black traps only
(two release devices), similar catches in the two treatments
with myrcene on only one trap colour, and significantly
lower catches (<1 beetle on average) in clusters without
myrcene, suggesting that neither the two pheromone
components nor the traps were attractive in the absence of

Figure 2 Catches of Dendroctonus ponderosae in pheromonebaited clusters of traps in experiment 2. Dark and white bars are
catches in black and white traps, respectively. For each sex,
semiochemical treatments with the same letter had total catches
(sum of catches in black and white traps) that were not
significantly different (REGW test). Within each treatment and
sex, * denotes significantly greater catches (P<0.0001) in black
traps and ns indicates no significant difference between colours.

Discussion
Experiment 1 demonstrated that MPBs, particularly
host-seeking females, generally prefer host- to nonhost-coloured traps in a small area redolent with attractive
semiochemicals. This preference was variable (Figure 1),
but corresponds with earlier experiments (Campbell &
Borden, 2006), in which we found consistent avoidance of
attractant-baited, white (non-host) traps by the MPB, the
Douglas-fir beetle, Dendroctonus pseudotsugae Hopkins,
and the western balsam bark beetle, Dryocoetes confusus
Swaine. Because there were no anomalous combinations
of host semiochemicals and non-host colour or volatiles,
experiment 1 constitutes a more realistic test of visual
preferences, and these results support a functional interpretation of visual preference (Campbell & Borden, 2006).
Experiment 2 was designed to elucidate the interplay of
visual and olfactory host cues, and non-host colour, when
the attractive pheromone components were decoupled from
the ‘tree’ stimuli. The results clearly confirm that the MPB

Figure 3 Differences in visual discrimination by Dendroctonus
ponderosae among semiochemical treatments in experiment 2.
Bars represent the mean percentage difference between black and
white catches in each treatment. For each sex, bars with the same
letter are not significantly different (REGW test).

Mountain pine beetle sensory integration 95

a host olfactory stimulus. While myrcene is not the only
host volatile that synergizes the attractiveness of exobrevicomin and trans-verbenol (Billings et al., 1976; Miller
& Borden, 2000), it provided a suitable model stimulus
(Pureswaran, 2003) for testing visual stimuli. This dosedependent effect corroborates previous results (Borden
et al., 1987; Miller & Borden, 2000; BS Lindgren, Faculty of
Forestry, University of Northern British Columbia, Prince
George, BC, pers. comm.).
Having responded to and entered a cluster, beetles then
chose to land by integrating visual and olfactory information.
In clusters with myrcene on traps of both colours (where
semiochemical information was equal among traps), beetles
chose black traps more often than white, corroborating
the results of experiment 1. Discrimination was enhanced
in clusters with myrcene on only black traps, where the
response to the combined host visual and olfactory cues
was so pronounced that the catches in white traps were
almost as low as those in white traps in control clusters.
However, in clusters with myrcene on white traps only,
there were equal catches of beetles in black and white traps,
indicating that in-flight discrimination using visual information can depend on the presence of kairomones, which
may be more accurate signals of host suitability and
identity, and override visual stimuli even at close range. A
complementary interpretation is that myrcene’s attractiveness was exactly negated by the repellency of the non-host
visual cue. The similar total catches in myrcene-on-black
and myrcene-on-white clusters support the hypothesis
that this integration occurred within, rather than outside,
the clusters. Thus, the host volatile myrcene appeared to
function as both a long-range attractant to the clusters,
and a close-range cue for beetles that entered clusters.
The significant treatment effect on the percent differences
between black and white trap catches (Figure 3) also supports
the hypothesis that visual and olfactory information is
integrated during landing decisions, and the contingency
of visual responses on olfactory cues strongly suggests that
integration can be synergistic. The heightened discrimination by male MPBs when host volatile and visual stimuli
were combined (myrcene-on-black clusters) affirms that
they assessed individual traps for both olfactory and visual
information within the small clusters. Conversely, females
preferred black to white traps to the same extent whether
myrcene was on all four traps, or only black traps (Figure 3),
suggesting that females may process information at a greater
distance than males. There may also be redundancy in
bimodal host stimuli. Females may (1) orient to host
odours, (2) perceive visual stimuli (black tree silhouette)
associated with those odours (e.g., outside the cluster), and
(3) decide to land, with subsequent, close-range olfactory
cues within the cluster being redundant. In a similar

fashion, visual and olfactory non-host stimuli are redundant
in repelling the MPBs (Campbell & Borden, 2006). In
clusters with myrcene only on white traps, this sequence of
stimulus integration would have been disrupted at step 2
by the decoupling of the host visual and olfactory stimuli,
prompting a close-range assessment of olfactory cues
that negated the visual preference. Continuous, close-range
assessment of target silhouettes might be adaptive for
males searching for close-range pheromones or acoustic
signals for mating (Rudinsky, 1973; Rudinsky & Michael,
1973; Ryker & Rudinsky, 1976). Females, with a greater
reproductive investment than males, might benefit more
from avoiding the costs of close-range ‘fly by’ assessments
once an appropriate combination of host visual and
olfactory stimuli is perceived.
Models of host selection have speculated that bark beetle
landing decisions are either (1) based on assessment of
potential host identity and quality (e.g., Gries et al., 1989)
or (2) random before (Hynum & Berryman, 1980; Byers,
1996) or after (Payne, 1986) initial attraction to olfactory
stimuli. In the case of the MPB, both NHVs and visual
stimuli can disrupt responses to aggregation pheromones
(Borden et al., 1998; Campbell & Borden, 2006). Our results
suggest that beetles could enter a mixed stand of host pine
and non-host angiosperms that contained a beetle-attacked
tree (and were redolent with attractive pheromones), and
orient to individual trees using vision where there was no
discriminating olfactory information, but could also assess
the trees within the stand at relatively close flying range using
olfaction. This supports the hypothesis that pheromoneresponding beetles continue to utilize information in
multiple sensory modes as they search for an individual host,
as opposed to landing randomly on stems after pheromone
detection (e.g., Payne, 1986). These results also raise the
question as to why host-seeking pioneer beetles should use
random landing in the absence of pheromones (Elkington
& Wood, 1980; Hynum & Berryman, 1980). If they are
indeed capable of close-range appraisal of individual
trees, then pioneers in particular might benefit from such
assessment.
While there is limited evidence of sensory integration by
foraging insects, a few species have been shown to rely
on visual cues, but prioritize olfactory information. The
parasitoid wasp, Diachasmimorpha longicaudata (Ashmead)
(Jang et al., 2000), the dipteran parasitoid, Apocephalus
paraponerae Borgmeier (Morehead & Feener, 2000),
the wild hawkmoth, Manduca sexta L. (Raguso & Willis,
2005), and the plum curculio, Conotrachelus nenuphar
(Herbst) (Butkewich & Prokopy, 1993), all orient to host
visual cues, but final host acceptance is mediated by
short range odour detection. Apple maggots, Rhagoletis
pomonella (Walsh), appear to locate individual trees by
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olfaction, and then locate individual fruit by visual cues.
As visual cues become less apparent (colour or density
of host fruit), flies start to integrate olfactory cues (Aluja
& Prokopy, 1993). Finally, the haematophagous bug,
Triatoma infestans (Klug), aggregates preferentially on
black patches for ‘shelter’. However, when presented with
black, empty patches and red patches with conspecific
faecal scent cues, bugs prefer the red patches; when blue
is substituted for red, visual preference is negated (equal);
and when faecal cues are on both coloured and black
patches, bugs revert to preferring black (Reisenman et al.,
2000), suggesting an integration of olfactory and visual
cues that is consistent with our results. Where chemical cues
are more accurate host indicators than visual cues, foragers
would benefit from prioritizing olfactory information up
to the point of landing (Fawcett & Johnstone, 2003). This
is the first time this ability has been shown for bark beetles,
and the results suggest a flexible continuum of sensory
integration during host selection, with different modes
predominating at, rather than restricted to (e.g., Lanier,
1983), different stages of this process.

Acknowledgements
We thank D. Huber, M. Lefler, and K. Simmonds for assistance in the field and laboratory; B. Drobe of Weyerhaeuser
Canada, Princeton Division, L. Maclauchlan of the BC
Ministry of Forests (Southern Interior Region), and S.
Parkinson of BC Parks (Kamloops) for access to field sites;
and A. Parachnowitsch and two anonymous reviewers for
reviewing this manuscript. For financial support, we thank
the Natural Sciences and Engineering Research Council
of Canada, Forest Renewal BC, BC Forestry Innovation
Investment, and the following industrial sponsors: Abitibi
Consolidated Inc., Ainsworth Lumber Co. Ltd, BC Hydro
and Power Authority, Bugbusters Pest Management,
Canadian Forest Products Ltd, Gorman Bros. Ltd, International Forest Products Ltd, Lignum Ltd, Manning Diversified
Forest Products Ltd, Millar-Western Forest Products Ltd,
Phero Tech Inc., Riverside Forest Products Ltd, Slocan
Forest Products Ltd, Tembec Forest Industries Ltd,
TimberWest Ltd, Tolko Industries Ltd, Weldwood of Canada
Ltd, West Fraser Mills Ltd, Western Forest Products Ltd,
and Weyerhaeuser Canada Ltd.

References
Aluja M & Prokopy RJ (1993) Host odor and visual stimulus
interaction during intratree host finding behavior of
Rhagoletis pomonella flies. Journal of Chemical Ecology 19:
2671– 2696.
Billings RF, Gara RI & Hrutfiord BF (1976) Influence of
ponderosa pine resin volatiles on the response of Dendroctonus

ponderosae to synthetic trans -verbenol. Environmental
Entomology 5: 171–179.
Borden JH (1985) Aggregation pheromones. Comprehensive
Insect Physiology, Biochemistry and Pharmacology, Vol. 9,
Behavior (ed. by GA Kerkut & LI Gilbert), pp. 257–285.
Pergammon Press, Oxford, UK.
Borden JH (1997) Disruption of semiochemical-mediated
aggegation in bark beetles (Coleoptera: Scolytidae). Insect
Pheromone Research: New Directions (ed. by RT Cardé & AK
Minks), pp. 421– 438. Chapman & Hall, New York, NY, USA.
Borden JH, Chong L, Earle TJ & Huber DPW (2003) Protection
of lodgepole pine from attack by the mountain pine beetle,
Dendroctonus ponderosae (Coleoptera: Scolytidae). Forestry
Chronicle 79: 685 – 691.
Borden JH, Hunt DWA, Miller DR & Slessor KN (1986) Orientation in forest Coleoptera: an uncertain outcome of responses
by individual insects to variable stimuli. Mechanisms in Insect
Olfaction (ed. by TL Payne, MC Birch & CES Kennedy),
pp. 97–109. Clarendon Press, Oxford, UK.
Borden JH, King CJ, Lindgren BS, Chong L, Gray DR et al. (1982)
Variation in the response of Trypodendron lineatum from two
continents to semiochemicals and trap form. Environmental
Entomology 11: 403 – 408.
Borden JH, Ryker LC, Chong LJ, Pierce HD Jr, Johnston BD &
Oehlschlager AC (1987) Response of the mountain pine beetle,
Dendroctonus ponderosae Hopkins (Coleoptera: Scolytidae),
to five semiochemicals in British Columbia lodgepole pine
forests. Canadian Journal of Forest Research 17: 118 –128.
Borden JH, Wilson IM, Gries R, Chong LJ, Pierce HD Jr & Gries
G (1998) Volatiles from the bark of trembling aspen, Populus
tremuloides Michx. (Salicaceae) disrupt secondary attraction
by the mountain pine beetle, Dendroctonus ponderosae Hopkins
(Coleoptera: Scolytidae). Chemoecology 8: 69 –75.
Butkewich SL & Prokopy RJ (1993) The effect of short-range host
odor stimuli on host fruit finding and feeding behavior of
plum curculio adults (Coleoptera: Curculionidae). Journal of
Chemical Ecology 19: 825 – 835.
Byers JA (1996) An encounter rate model of bark beetle populations searching at random for susceptible host trees. Journal of
Ecological Modelling 91: 57– 66.
Campbell SA (2004) Integration of visual and olfactory cues by
host-seeking forest Coleoptera (Scolytidae, Cerambycidae).
MSc Thesis, Simon Fraser University, Burnaby, BC, Canada.
Campbell SA & Borden JH (2005) Bark reflectance spectra of
conifers and angiosperms: implications for bark and timber
beetle host selection (Coleoptera: Scolytidae). Canadian
Entomologist 137: 719 –722.
Campbell SA & Borden JH (2006) Integration of visual and
olfactory cues of hosts and non-hosts by three bark beetles
(Coleoptera: Scolytidae). Ecological Entomology in press.
Day RW & Quinn GP (1989) Comparison of treatments after
an analysis of variance in ecology. Ecological Monographs 59:
433 – 463.
Dethier VG (1982) Mechanism of host-plant recognition.
Entomologia Experimentalis et Applicata 31: 49 – 56.
Eisner T & Grant RP (1981) Toxicity, odor aversion, and ‘olfactory
aposematism’. Science 213: 476.

Mountain pine beetle sensory integration 97

Elkington JS & Wood DL (1980) Feeding and boring behavior
of the bark beetle Ips paraconfusus (Coleoptera: Scolytidae) on
the bark of a host and non-host species. Canadian Entomologist
112: 797– 809.
Fawcett TW & Johnstone RA (2003) Optimal assessment of
multiple cues. Proceedings of the Royal Society of London.
Series B, Biological Sciences 270: 1637–1643.
Finch S & Collier RH (2000) Host-plant selection by insects – a
theory based on ‘appropriate/inappropriate landings’ by pest
insects of cruciferous plants. Entomologia Experimentalis et
Applicata 96: 91–102.
Gara RI, Geiszler DR & Littke WR (1984) Primary attraction of
the mountain pine beetle Dendroctonus ponderosae to lodgepole
pine Pinus contorta in Oregon. Annals of the Entomological
Society of America 77: 333 –334.
Gara RI, Vité JP & Cramer HH (1965) Manipulation of Dendroctonus
frontalis by use of a population aggregating pheromone.
Contributions from Boyce Thompson Institute 23: 55 – 66.
Gries G, Nolte R & Sanders W (1989) Computer simulated host
selection in Ips typographus. Entomologia Experimentalis et
Applicata 53: 211–217.
Huber DPW & Borden JH (2001) Protection of lodgepole pines
from mass attack by mountain pine beetle, Dendroctonus
ponderosae, with nonhost angiosperm volatiles and verbenone.
Entomologia Experimentalis et Applicata 92: 131–141.
Huber DPW & Borden JH (2003) Comparative behavioural
responses of Dryocoetes confusus Swaine, Dendroctonus rufipennis
(Kirby), and Dendroctonus ponderosae Hopkins (Coleoptera:
Scolytidae) to angiosperm tree bark volatiles. Environmental
Entomology 32: 742–751.
Hynum BG & Berryman AA (1980) Dendroctonus ponderosae
(Coleoptera: Scolytidae): Pre-aggregation landing and gallery
initiation on lodgepole pine. Canadian Entomologist 112: 185 –
191.
Jang EB, Messing RH, Klungness LM & Carvalho LA (2000) Flight
tunnel responses of Diachasmimorpha longicaudata (Ashmead)
(Hymenoptera: Braconidae) to olfactory and visual stimuli.
Journal of Insect Behaviour 13: 525 – 538.
Lanier GN (1983) Integration of visual stimuli, host odorants and
pheromones by bark beetles and weevils in locating and
colonizing host trees. Herbivorous Insects: Host-Seeking Behavior
and Mechanisms (ed. by S Ahmad), pp. 161–171. Academic
Press, New York, NY, USA.
Lindgren BS (1983) A multiple-funnel trap for Scolytid beetles
(Coleoptera). Canadian Entomologist 115: 229 –302.
Lindgren BS, Borden JH, Chong L, Friskie LM & Orr DB (1983)
Factors influencing the efficiency of pheromone-baited traps
for three species of ambrosia beetles (Coleoptera: Scolytidae).
Canadian Entomologist 115: 303 –313.
Lyon RL (1958) A useful secondary sex character in Dendroctonus
bark beetles. Canadian Entomologist 60: 582–584.
Miller DR & Borden JH (2000) Dose-dependent and speciesspecific responses of pine bark beetles (Coleoptera: Scolytidae)
to monoterpenes in association with pheromones. Canadian
Entomologist 132: 183 –195.
Moeck HA & Simmons CS (1991) Primary attraction of mountain
pine beetle, Dendroctonus ponderosae Hopk. (Coleoptera:

Scolytidae), to bolts of lodgepole pine. Canadian Entomologist
123: 299 –304.
Moeck HA, Wood DL & Lindahl KQ Jr (1981) Host selection
behavior of bark beetles (Coleoptera: Scolytidae) attacking
Pinus ponderosae, with special emphasis on the western pine
beetle, Dendroctonus brevicornis. Journal of Chemical Ecology
7: 49 – 83.
Morehead SA & Feener DH (2000) Visual and chemical cues used
in host location and acceptance by a dipteran parasitoid.
Journal of Insect Behavior 13: 613 – 625.
Payne TL (1986) Olfaction and vision in host finding by a bark
beetle. Mechanisms in Insect Olfaction (ed. by TL Payne, MC
Birch & CES Kennedy), pp. 111–116. Clarendon Press, Oxford,
UK.
Pitman GB (1969) Pheromone response in pine bark beetles:
influence of host volatiles. Science 166: 905 – 906.
Pitman GB (1971) Trans-verbenol and alpha-pinene: their utility
in manipulation of the mountain pine beetle. Journal of Economic Entomology 64: 426 – 430.
Pitman GB, Vité JP, Kinzer GW & Fentiman AF Jr (1968) Bark
beetle attractants: trans-verbenol isolated from Dendroctonus.
Nature 218: 168 –169.
Prokopy RJ (1986) Visual and olfactory stimulus interaction
in resource finding by insects. Mechanisms in Insect Olfaction
(ed. by TL Payne, MC Birch & CES Kennedy), pp. 81– 90.
Clarendon Press, Oxford, UK.
Pureswaran DS (2003) The role of kairomones and pheromones
in host-selection by tree-killing bark beetles. PhD Thesis, Simon
Fraser University, Burnaby, BC, Canada.
Pyke GH, Pulliam HR & Charnov EL (1977) Optimal foraging
theory: a selective review of theory and tests. The Quarterly
Review of Biology 52: 137–154.
Raffa KF & Berryman AA (1983) The role of host plant resistance
in the colonization behavior and ecology of bark beetles
(Coleoptera: Scolytidae). Ecological Monographs 53: 27– 49.
Raguso RA & Willis MA (2005) Synergy between visual and
olfactory cues in nectar feeding by wild hawkmoths, Manduca
sexta. Animal Behaviour 69: 407– 418.
Reisenman CE, Figueiras ANL, Giurfa M & Lazzari CR (2000)
Interaction of visual and olfactory cues in the aggregation
behaviour of the haematophagous bug Triatoma infestans.
Journal of Comparative Physiology A 186: 961– 968.
Rudinsky JA (1973) Multiple functions of the southern pine
beetle pheromone, verbenone. Environmental Entomology 2:
511–514.
Rudinsky JA & Michael RR (1973) Sound production in
Scolytidae: stridulation by female Dendroctonus beetles.
Journal of Insect Physiology 19: 689 –705.
Ryker LC & Rudinsky JA (1976) Sound production in Scolytidae:
aggressive and mating behavior of the mountain pine beetle.
Annals of the Entomological Society of America 69: 677–
680.
Safranyik L, Shore TL & Linton DA (2003) Measuring trap
efficiency for bark beetles (Col., Scolytidae). Journal of Applied
Entomology 128: 337–341.
SAS/STAT (1990) Guide for Personal Computers. SAS Institute
Inc., Cary, NC, USA.

98

Campbell & Borden

Slinker BK (1998) The statistics of synergism. Journal of Molecular
and Cellular Cardiology 30: 723 –731.
Strom BL, Goyer RA & Shea PJ (2001) Visual and olfactory
disruption of orientation by the western pine beetle to attractantbaited traps. Entomologia Experimentalis et Applicata 100: 63–67.
Strom BL, Roton LM, Goyer RA & Meeker JR (1999) Visual and
semiochemical disruption of host finding in the southern pine
beetle. Ecological Applications 9: 1028 –1038.
Syed A & Graham K (1987) Response of the mountain pine beetle,
Dendroctonus ponderosae Hopkins, to ethanol in a laboratory
olfactometer. Canadian Entomologist 119: 489 – 490.
Vité JP & Bakke A (1979) Synergism of chemical and physical
stimuli in host colonization by an ambrosia beetle. Naturwissenchaften 66: 528 – 529.

Wilson IM, Borden JH, Gries R & Gries G (1996) Green leaf
volatiles as antiaggregants for the mountain pine beetle,
Dendroctonus ponderosae Hopkins (Coleoptera: Scolytidae).
Journal of Chemical Ecology 22: 1861–1875.
Wood DL (1982) The role of pheromones, kairomones, and
allomones in the host selection and colonization behavior
of bark beetles. Annual Review of Entomology 27: 411–
446.
Zar JH (1999) Biostatistical Analysis. Prentice Hall Inc., Upper
Saddle River, NJ, USA.
Zhang Q-H & Schlyter F (2004) Olfactory recognition and
behavioural avoidance of angiosperm nonhost volatiles by coniferinhabiting bark beetles. Agricultural and Forest Entomology 6:
1–19.

