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Abstract When an herbivorous insect enters a new geographic area, it will select
host plants based on short and long distance cues. A conifer-feeding bark beetle that
has been recently introduced to North America, the Mediterranean pine engraver,
Orthotomicus erosus (Wollaston), has a potentially wide host range, especially
among members of the Pinaceae. The long-distance response of the beetles to tree
odors may be a key feature of the mechanism of host recognition and selection. We
used a laboratory olfactometer to study the walking response of 1,440 O. erosus to
odor cues from the bark and phloem of six North American tree species. The beetle
moved toward the angiosperm non-host Betula papyrifera more than would be
expected by chance, but had a neutral response to odors of two tree species that
support reproduction and three species that do not. These results suggest that tree
odors alone may not be adequate for O. erosus to recognize novel hosts.
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Introduction

Many species of herbivorous insects are capable of feeding and developing on
several plant species, but only a subset of those plant species are encountered by
adults and accepted for oviposition (Janz 2002). Plant species that an insect accepts
and that support insect development comprise the ecological host range for that
insect (Schaffner 2001). When the geographic range of an herbivorous insect
expands during a biological invasion, the ecological host range may also expand if
the herbivore accepts novel plant species that support the development of its
offspring (Jermy 1988). However, new plant-herbivore associations can also lead to
“host confusion” (Larsson and Ekbom 1995; Stastny et al. 2006) when the insect
fails to distinguish plants that are suitable for larval development from those that are
unsuitable. An insect entering a new area may misinterpret the information it
receives from formerly allopatric plants and deposit its eggs on a non-host. If this
occurs, an invader may be unable to establish, even in an environment containing
everything needed for a population to persist.

For bark beetles (Coleoptera: Scolytidae, sensu Wood 2007), mobile adults accept
a host tree for their larvae. There has been debate about the nature and importance of
environmental cues that adults of various bark beetle species might use to accept
hosts, and at which point the final host selection decision is made. Species of bark
beetles have been reported to locate hosts based on odor cues received during flight
(Tunset et al. 1993; Brattli et al. 1998; Pureswaran and Borden 2005) or based on
cues received after landing and sampling the outer bark (Elkinton and Wood 1980;
Wallin and Raffa 2002) or phloem (Wood 1963; Elkinton and Wood 1980) of a tree.
Several conceptual models to explain host selection behavior by bark beetles have
been proposed (Graves et al. 2008).

The importance of plant odor as a cue for host selection varies among bark beetle
species. Non-host volatiles are known to deter some bark beetle species from landing on
unsuitable hosts (Schroeder 1992; Schlyter et al. 2000; Huber and Borden 2001; Jactel
et al. 2001; Zhang and Schlyter 2004; Fettig et al. 2009). Some bark beetle species are
attracted to host volatiles (Schroeder 1987; Brattli et al. 1998; Kohnle 2004; Erbilgin
et al. 2007) alone or in concert with aggregation pheromones (reviewed in Seybold et
al. 2006), but other species appear to land indiscriminately on objects that have the
correct visual profile (Hynum and Berryman 1980; Moeck et al. 1981).

The Mediterranean pine engraver, Orthotomicus erosus (Wollaston) (Coleoptera:
Scolytidae, sensu Wood 2007), is a bark beetle that was recently introduced to North
America, with an established population in California (Lee et al. 2005; Seybold and
Downing 2009). The beetle has been reported in association with many conifer
species, leading to concern that it may attack a wide range of North American
conifers should its current geographic range expand (Eglitis 2000). The beetle feeds
on a variety of pines (Pinus) and has been reported in association with other
members of the Pinaceae, such as Douglas-fir (Pseudotsuga), spruce (Picea), fir
(Abies), and cedar (Cedrus) (Wood and Bright 1992; Bright and Skidmore 1997; Lee
et al. 2008), and cypress (Cupressus) (Cupressaceae) (Mendel and Halperin 1982) in
the field.

Previous work with North American tree species suggests that O. erosus may not
distinguish reproductively suitable tree species from unsuitable species when adults
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are in contact with the outer bark (Walter et al. 2010). If this is the case, it lowers the
probability that O. erosus could establish in new areas of North America. In previous
physiological host-range testing, the beetle has been able to reproduce on pines,
spruces, Douglas-fir, and, to a lesser extent, on tamarack (Larix) but not on balsam
and white fir, eastern hemlock (Tsuga), paper birch (Betula), coast redwood
(Sequoia), or incense cedar (Calocedrus) (Lee et al. 2008; Walter et al. 2010). In
contrast to the previously documented physiological host range, the ecological host
range of O. erosus may be determined by its host acceptance behavior. When placed
in contact with the outer bark, the beetles bored into logs of red pine, Pinus resinosa
Aiton; white spruce, Picea glauca (Moench) Voss; and balsam fir, Abies balsamea
(L.) Mill, at the highest rates. Beetles bored into tamarack, Larix laricina (Du Roi)
Koch, and eastern hemlock, Tsuga canadensis (L.) Carrière, logs at slightly lower
rates; and into paper birch, Betula papyrifera Marsh, logs very infrequently (Walter
et al. 2010). Although certain volatiles from non-host plants are known to interfere
with the pheromone response of O. erosus (Zhang and Schlyter 2004), the beetles’
use of plant odors in host selection has not been characterized. The long-range
response to tree odor cues may be an important component of host acceptance by O.
erosus because attraction to suitable species or repellence by unsuitable species may
prevent beetle adults from coming into contact with trees that are unsuitable for
reproduction but would otherwise elicit adult boring behavior.

To better understand the effects of tree odors on the behavior of O. erosus, this
paper examines the walking response of adult O. erosus to the bark and phloem
odors of six eastern North American tree species. These studies address two
hypotheses: 1) Tree odors elicit behavioral responses from O. erosus, and 2) Odors
from trees that differ in their suitability or short-range acceptability also differ in
their attractiveness to O. erosus. We chose to include tree odors in this study from
species that were acceptable and unacceptable to beetles in contact with the bark
surface and suitable and unsuitable for reproduction to enable us to evaluate the
ability of O. erosus to avoid non-hosts as well as its ability to locate suitable host
plants.

Materials and Methods

This experiment took place in the Minnesota Agricultural Experiment Station/
Minnesota Department of Agriculture Biological Level 2 Containment Facility in St.
Paul, MN, USA. Beetles from the established population in California and from a
colony maintained in St. Paul were used for the experiments. All handling
procedures were approved by the USDA APHIS Plant Protection and Quarantine
Division (Permit 74447).

Field Collection of Beetles

Cut logs of Aleppo pine, Pinus halepensis Mill., and Italian stone pine, Pinus pinea
L., infested with O. erosus were collected during the summer of 2008 in Fresno
County, CA, USA and held in emergence cages in Davis, CA (Browne 1972). Adults
were allowed to emerge naturally from brood logs, to crawl or fly towards a lighted
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exit, and were kept in refrigerators (approx. 10°C) in jars with moist paper towel
until shipment. On 24 June, 5 August, and 13 August 2008, emerged beetles were
shipped to St. Paul, MN in insulated styrofoam boxes containing ice packs. All
beetles were held in the dark at approximately 10°C and deprived of food until they
were used in the experiment 1-20 d later.

Beetle Colony

A colony of O. erosus established from beetles collected in California in 2006 and
refreshed with beetles from California in 2007 and 2008 was maintained on cut logs
of red pine by using previously described methods (Walter et al. 2010). In our
rearing conditions and in the field, O. erosus adults initiate new egg galleries in the
brood log instead of emerging if the log is moist enough (Mendel and Halperin
1982). In our colony, adults did not respond to light traps, but continuously re-
infested the brood log, resulting in severe competition and population decline.
Therefore, beetles used for the experiments or to maintain the colony were obtained
by peeling the bark and phloem of the colony logs and manually extracting adults.
Between removal from the brood log and use in the experiment, beetles were kept in
plastic Petri dishes at approximately 10°C for at least 24 h.

Collection of Logs for the Experiments

The tree species used in the experiment included: red pine, white spruce, tamarack,
eastern hemlock, balsam fir, and paper birch. Two trees of each species were felled at
the University of Minnesota North Central Research and Outreach Center (UMN-
NCROC, Grand Rapids, MN) between 16 and 19 June 2008 and immediately cut to
approximately 50 cm lengths. The cut logs (28–53 cm diameter) were sealed with
paraffin wax and stored in a greenhouse for less than 8 weeks.

Laboratory Olfactometer Design

The experiment compared the response of individual O. erosus when exposed to
clean air and to the odor of one of several North American tree species. Air was
pushed by a pump through a filter (Big Hydrocarbon Trap, BHT-2, Agilent, Santa
Clara, CA, USA), then humidified in a 250 ml Erlenmeyer flask filled with distilled
deionized water with the air inlet below the water level (Fig. 1). After being
humidified, the airstream was split, with each side passing through a 150 mm
flowmeter (Size #3 Riteflow Flowmeter, Bel-Art Products, Pequannock, NJ, USA)
and then into one of two 25 cm tall×15 cm diameter glass volatile collection
chambers with one-port lids (ARS, Inc., Gainesville, FL, USA). Each volatile
chamber contained a plastic stand to ensure air flow around the stimulus. After
passing through the volatile chamber, each airstream was split again, and passed into
four walking chambers, which were each composed of a 22-cm-long piece of
Nalgene Premium Tubing (0.7 cm ID, Fisher Scientific, Pittsburgh, PA, USA). All
connections prior to the walking chambers were made by using polytetrafluoro-
ethylene (PTFE) tubing (Sigma-Aldrich, St. Louis, MO, USA). Assays were run
concurrently in each of the four walking chambers, two for the clean control

254 J Insect Behav (2010) 23:251–267



airstream and two for the odor-laden treatment airstream, in order to increase the
throughput of the assay.

A 15-cm course was marked on each walking chamber beginning 1 cm from the
open end of the tube. The walking chamber was straightened by fastening it to a
plastic test tube rack with wire twist ties. The four walking chambers were placed in
a 56×60×60 cm experimental arena made of veneered particle board with a white
floor and white walls on three sides. The arena was illuminated by a fluorescent light
fixture (two 40 W tubes, 60 cm long) placed 60 cm above the floor of the arena as
described in Wyckhuys and Heimpel (2007) (Fig. 1). The airflow at both flowmeters
was 400 ml/min and split downstream of the flowmeters, so that the airflow through
the four individual walking chambers was approximately 200 ml/min.

Each beetle was exposed to two airstreams, first a control airstream, then a
treatment airstream. Beetles were always exposed to the control airstream first in
order to avoid any effect that moving out of an odor-laden airstream might have on
beetle movement (i.e., casting behavior). To initiate each 5 min exposure to an
airstream, beetles were placed in the open end of the walking chamber with soft

Fig. 1 Schematic of the laboratory olfactometer used to test the walking behavior of Orthotomicus erosus.
Air flowed from the pump through the hydrocarbon filter and then through the humidifier. Next, the
airstream was split, with each half going to a flowmeter set at 400 ml/min, then into an odor chamber,
empty or with bark and phloem from one of the tested tree species. After leaving the odor chamber, each
airstream was split again before entering walking chambers inside the white box. All connections prior to
the walking chambers were made with PTFE tubing. After the airstream had been split, identical
components of the olfactometer were connected by using tubing of the same length.
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forceps. The time when the beetles passed the first mark of the 15 cm course, and the
total distance that they moved in 5 min were recorded. If beetles turned and walked
in the direction of the airflow and exited the chamber, the time that they left the
chamber was recorded and the distance moved was considered -1.1 cm. If a beetle
walked the entire 15 cm course, then the time when the beetle passed the end of the
course was recorded and the distance was considered 15 cm. The same walking
chamber was used for the control and treatment exposures. All ties were resolved by
comparing the time required by the beetles to move the distance; a higher velocity
was equivalent to a greater distance.

The stimulus chambers containing the controls and treatments were randomly
assigned, as were the position of the control and treatment tubes within the white
arena. Chambers and positions were reassigned before starting a new treatment. Each
beetle was used only once in the experiment. Each walking chamber was used for
one beetle before being cleaned; the stimulus chambers that contained bark and all
downstream tubing were cleaned after each group of 20 beetles. The cleaning
procedure involved washing the olfactometer components in soapy water, rinsing
with hot water, and then rinsing again with 95% ethanol. Safety concerns precluded
the use of other solvents within the quarantine facility. All parts of the olfactometer
were thoroughly air dried before being reused. This was similar to the procedure
used for other olfactometer experiments involving plant odors in the same quarantine
facility (Wyckhuys and Heimpel 2007).

Determining Sample Size

We used a power analysis to determine the total number of beetles (N) needed to
detect a 10% difference in the probability of moving further in the treatment
airstream than in the control with 95% confidence by using the equation:

N ¼
z2a=2 p̂ 1�p̂� �

E2

where zα/2 is 1.96 from the standard normal distribution with α=0.05, p̂ ¼ 0:5, and
E=0.10 represents the detectable difference in probability (Ott and Longnecker
2001). We determined that a minimum of 97 individuals would be needed. For the
clean air assay, we elected to use six blocks (120 beetles total). For the attraction
assay, we used six blocks with two trees for each tree species (120 female and 120
male beetles per species per block), allowing us to test the effects of block and beetle
sex. The 10% difference was chosen arbitrarily based on the results that we observed
from the first two blocks of the host attraction assay (see below), on our estimation
of the magnitude of difference from random movement that would be biologically
meaningful, and on a pragmatic estimate of how many beetles would be available for
use in the experiment.

Clean Air Assay

This experiment involved 120 beetles and was designed to evaluate the tendency of
O. erosus to move a longer or shorter distance the second time that they were placed
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in the olfactometer. In this trial, termed the clean air assay, a total of 60 males and 60
females were exposed to airstreams without odors in the control and treatment
exposures. Four blocks consisted of 10 male and 10 female beetles from the
laboratory colony. Two blocks consisted of beetles from the CA field population.
The order that individual beetles were used within each block was randomly
determined, but the source of beetles (laboratory colony or field-collected) for each
block was determined by the availability of beetles.

Host Attraction Assays

This experiment involved 1,440 beetles. The treatment stimulus was 200 g of fresh
bark and phloem removed from the logs of one of the six test tree species with a
draw knife (2 trees per species were used in the experiment). Six blocks of the
experiment were run, each consisting of 10 male and 10 female beetles per test tree
(20 male and 20 female beetles per tree species per block). Each block contained one
bark/phloem sample from each of the 12 test trees (2 trees/tested species). Three
blocks consisted of field-collected beetles, and three consisted of laboratory-reared
beetles. The order that bark/phloem samples were presented in each block and the
order in which individual beetles were used was randomly determined. However, the
source of beetles used in each block (laboratory colony or field population) was
determined according to availability of beetles.

Data Analysis

Because presenting treatments in the same order might lead to apparent differences
based on treatment order rather than the treatments themselves, we confirmed our
expected null probability with the results of the clean air assay. If each individual
beetle moved a random distance every time it was exposed to clean air, the
probability of moving a greater distance upstream during the second exposure to
clean air than the first would be 0.5.

For the clean air assay, the effects of beetle sex, block, and their interaction on
the probability of a beetle moving further during the second exposure to a clean
airstream than during the first exposure during the clean air assay were analyzed by
logistic regression. Model selection was carried out by forward, backward, and
stepwise selection with an α of 0.05 (PROC LOGISTIC, SAS Institute Inc. 2004).
In order to evaluate whether the results were equivalent to the expected value of
0.5, the 95% confidence interval of the probability of moving a greater distance
during the second exposure was calculated. If the confidence interval did not
include 0.5, the behavior of the beetles in response to the tested odor was
considered different than would be expected by chance.

The probabilities that individual beetles would move a greater distance during the
treatment exposure than during the control exposure in the host attraction assay were
also evaluated by logistic regression (PROC LOGISTIC, SAS Institute Inc. 2004).
The original model included tree species, beetle sex, block, and all two-way and
three-way interactions. Significant effects (α=0.05) were selected by using forward,
backward, and stepwise selection. The simultaneous 95% confidence intervals
(calculated with the Bonferroni-adjusted α of 0.00833) (Kuehl 2000) of the
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probability that a beetle moved a greater distance during exposure to each of the six
tree odors were generated in order to evaluate whether the observed probabilities
were different from the probability of 0.5 expected from random movement. The
fifteen contrasts among individual tree species were also conducted and evaluated
with a Bonferroni-adjusted α of 0.0033, resulting in an experimentwise α of 0.05
(Kuehl 2000).

We hypothesized that the magnitude of the difference in the distance the beetles
moved during the control and treatment exposures might contain information about
the attractiveness of the odor. Therefore, an analysis of the magnitude of the
difference between the distance beetles moved during the control and treatment
exposures was carried out. Because the distribution of differences was non-normal
(Kolmogorov-Smirnov D=0.15, P<0.01), a nonparametric ANOVA was carried out
on the ranks of the differences of the distance traveled by each beetle in the
treatment exposure versus the control exposure (PROC RANK, PROC MIXED,
SAS Institute Inc. 2004). The fifteen contrasts among individual tree species were
evaluated with a Bonferroni-adjusted α of 0.0033, corresponding to an experiment-
wise α of 0.05 (Kuehl 2000).

Results

Clean Air Assay

In 13.3% of cases, the beetles moved an identical distance when exposed twice to a
clear airstream. In 53.8% of those cases, the beetle moved out the back of the tube
during both exposures. The beetles moved an average of 1.89 cm with a standard
error of 0.21 cm during a 5 min exposure to a clean airstream.

The 95% confidence interval for the probability that a beetle moved further
during the second exposure to a clean airstream contained the expected null value
of 0.5 (actual probability=0.492, lower confidence limit=0.420, upper confidence
limit=0.597). We concluded that beetle movement was not detectably different
between the first and second exposure to clean airstreams. The effect of sex, block,
and their interaction did not meet our criteria for inclusion in the logistic regression
model by forward, backward, or stepwise selection. Therefore, these factors did not
influence the probability. This result confirms our a priori expectation that the
probability that a beetle would move a greater distance during the second exposure
to an airstream was 0.5 if the treatment odor did not affect beetle behavior. Thus, in
the analysis of the host attraction assays, 0.5 was used as the expected null
probability that a beetle would move a greater distance in the treatment airstream
than in the clean airstream.

Host Attraction Assay

Beetles moved an identical distance in the control and treated airstreams in 17.8% of
the trials; 73.5% of these were instances where a beetle moved out the back of the
tube during both exposures. Beetles moved a mean distance of 1.38–4.33 cm
depending on treatment during a 5 min exposure (Table 1). However, the appropriate
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response to examine is the difference between individual movements in the treatment
and control airstream. The distributions of distances moved by individuals in the
clean air and treatment airstreams appeared similar for all tree species (Fig. 2).

Tree species and block affected the probability that a beetle moved further in the
treatment airstream than in the control airstream during the host attraction assay (tree
species: df=5, Wald χ2=18.96, P=0.0019; block: df=5, Wald χ2=13.44, P=
0.0196). The effect of sex or interactions among sex, block, or tree species did not
meet our criteria for inclusion in the logistic regression model. Forward, backward
and stepwise selection methods arrived at the same regression model. When the
confidence intervals of the probability of moving further in the treatment airstream
were compared to the expected value of 0.5, beetles had a higher than expected
probability of moving towards the source only when the stimulus was from paper
birch (Table 2). Thus, the odors from conifer bark/phloem samples in this
experiment did not make O. erosus behave differently than it did in a clean
airstream, but the odor from a paper birch bark/phloem sample made them more
likely to move towards the source of the odor. The effect of block did not interact
with the effect of tree species, and therefore did not affect our conclusions about the
attractiveness of the tree odors. Beetles had a higher probability of moving a greater
distance in the treatment airstream in blocks containing beetles from the CA field
population than in blocks containing beetles from the laboratory colony (df=1, Wald
χ2=6.66, P=0.0098).

In the among-species comparison of the probability that a beetle would move a
greater distance in the treatment airstream, the tree species fell into two groups
(Fig. 3): one group consisting of balsam fir, tamarack, and white spruce and another
consisting of paper birch (the attractive odor), tamarack, eastern hemlock, red pine,
and white spruce. The probability of a positive walking response was numerically
lowest when the odor stimulus was from balsam fir, and this probability was
significantly lower than when the odor was from red pine, eastern hemlock, or paper
birch (Fig. 3). Differences between individual species may occur even when neither
is different from the null because the assay was designed to detect differences in
probability of about 0.1. The difference between some treatments was greater than
10% even if neither treatment had a greater than 10% difference from the null.
Therefore, the beetle responses to the odors of some tree species could be

Table 1 Mean distances moved (cm) by adult Orthotomicus erosus during a 5 min exposure to a clean
airstream followed by an airstream carrying the odor of the bark and phloem of a tree species

Species Clean airstream Treatment airstream

Distance moved SE Distance moved SE

Red pine 2.34 0.29 4.33 0.35

White spruce 1.84 0.28 3.21 0.33

Tamarack 1.72 0.26 2.91 0.31

Eastern hemlock 2.38 0.25 3.78 0.31

Balsam fir 1.38 0.20 1.96 0.27

Paper birch 1.86 0.22 3.30 0.28
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distinguished from each other, but the responses to all of the odors except paper
birch were not distinguishable from random movement.

The qualitative results of the ANOVA on the ranks of differences between
distances moved were similar to the results of the logistic regression. Tree species
and block both affected the ranks of the distances (tree species: df=5, 1458, F=3.11,
P=0.0084; block: df=5, 1458, F=2.25, P=0.0472). The tree species odors fell into
two groups: one consisted of red pine, paper birch, eastern hemlock, white spruce,
and tamarack. The other consisted of eastern hemlock, white spruce, tamarack, and
balsam fir. Beetles from the CA field population tended to have a greater difference
in distances moved than those from the laboratory colony (df=1, 1458, F=5.63, P=
0.0178). The only difference between the logistic regression and the nonparametric
ANOVAwas that eastern hemlock grouped with balsam fir in the ANOVA but not in
the regression.

Fig. 2 Distributions of distances moved by individual Orthotomicus erosus in clean air and treatment
airstreams for odors from A red pine, B white spruce, C tamarack, D eastern hemlock, E balsam fir, and F
paper birch.
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Discussion

This study is part of a broader series of experiments aimed at predicting the
establishment potential of a theoretically introduced population of O. erosus in
eastern North America. The ability of pioneer beetles to locate a suitable host
without the influence of conspecific aggregation pheromones is important for
population establishment. Along with the behavior of beetles in contact with the
bark, the long-range response of O. erosus to tree odors may be part of host
location.

For establishment to occur, O. erosus must contact, bore into, and oviposit in
material that can support the development of offspring. Although high populations
have been reported to attack live trees, O. erosus usually utilizes recently killed trees

Table 2 Probability of a positive walking response by Orthotomicus erosus to an airstream with bark/
phloem odor

Tree species Probability of moving a greater distance when exposed to treatment odora

Observed LCI-95% UCI-95% N

Red pine 0.61 0.4908 0.7119 234

White spruce 0.57 0.4561 0.6800 239

Tamarack 0.59 0.4763 0.6977 240

Eastern hemlock 0.60 0.4848 0.7051 240

Balsam fir 0.46 0.3476 0.5732 240

Paper birch 0.63* 0.5207 0.7281 276

Probability that an individual would walk a greater distance in the olfactometer when presented with an
airstream containing volatiles from the bark and phloem of the six tested tree species than in a clean
airstream

*, Significantly different from 0.5 expected from random movement
a LCI-95%, Lower bound of the 95% confidence interval; UCI-95%, Upper bound of the 95% confidence
interval; To control the experimentwise α at 0.05, a Bonferroni-adjusted α of 0.0083 was used for
confidence interval calculations

Fig. 3 Probability that individ-
ual Orthotomicus erosus moved
further in a straight tube when
exposed to an airstream contain-
ing odor from the bark and
phloem of selected tree species
than when exposed to a clean
airstream. Bars labeled with the
same letter were not significantly
different according to a contrast
among tree species in logistic
regression.
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or broken branches or stems for reproduction (Mendel et al. 1985). Therefore, the
beetles can be expected to colonize dead host material during the establishment
phase of a biological invasion, and bark and phloem from cut logs was an
appropriate stimulus for our assay. In this olfactometer assay, none of the odors of
conifer species stimulated beetle movement relative to the movement in a clean
airstream. However, the odor of paper birch, an allopatric non-host angiosperm,
elicited a positive response from the beetles. We found that wild beetles from the CA
field population had a higher probability of responding to tree odors than the beetles
from the lab colony, possibly because some of the beetles from the lab colony were
not at the appropriate physiological state for host location. However, the lack of a
significant interaction between block and treatment shows that the pattern of
response of the two populations was the same. This might have been expected
because the laboratory colony was derived originally from a wild population in
California and only a limited number of generations had occurred while in culture.
Since our goal was to determine whether there was a response that differed from
random movement, it is appropriate to consider both populations together.

Male O. erosus is usually reported as the host-colonizing sex, but we did not
observe a difference between males and females in the response to tree odors. We
also did not find a difference between the sexes in bark boring behavior in a previous
experiment (Walter et al. 2010). Since a large proportion of O. erosus females are
mated when they emerge from the brood log (Mendel 1983), it is possible that
females are capable of searching for a host if they are unable to detect a male.

Previous studies that assayed the behavior of walking bark beetles with
olfactometers have demonstrated that the responses were indicative of responses
obtained from flying beetles in field-trapping experiments (Wood 1970; Browne et
al. 1974; Guerrero et al. 1997; Macías-Sámano et al. 1998; Hovorka et al. 2005),
although exceptions do occur (Wood 1970; Zhang et al. 2009). We do not believe
that our olfactometer results can be used to predict the exact percentage of beetles
that will be attracted to the odors of potential host species in the field. However, we
do assume that these results are representative of the behavior of flying beetles, i.e.,
an odor that elicits a random response from beetles walking in an olfactometer will
elicit a random response from flying beetles.

The response of O. erosus to the odors of North American trees differed from the
reproductive potential of the beetles on the same set of trees and their boring
behavior when in contact with the bark surface. Lee et al. (2008) and Walter et al.
(2010) showed that red pine and white spruce support beetle reproduction equal to or
greater than the replacement rate. Very few offspring were produced on tamarack.
Eastern hemlock, balsam fir, and paper birch did not support any reproduction.
Adults in contact with the bark surface readily bored into red pine, white spruce, and
balsam fir; boring in tamarack and eastern hemlock occurred with moderate
frequency (Walter et al. 2010). The response of O. erosus to bark and phloem odors
may not increase encounters with coniferous hosts and non-hosts beyond what
would be expected through random chance; encounters with paper birch might be
higher than predicted by chance if the beetle only uses odors to locate hosts. If the
beetles arrived at all of the conifer species at the same rates, the suitable species red
pine and white spruce and the unsuitable species balsam fir would be accepted at the
highest rates, with tamarack and eastern hemlock accepted at lower rates.
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Our experiment was designed to circumvent some of the more common problems
with laboratory assays of host odors. The large sample size employed in this study
(>1,400 individual beetles) ensures that we would be able to detect a proportion of
the population as small as 10% that responded to a tree odor; as many as 50% of
Tomicus piniperda respond to volatile components of the odor of Scots pine (Byers
et al. 1985). Few olfactometer experiments have quantified the magnitude of the
detectable response. In addition, the use of bark and phloem rather than compounds
released from a headspace sampling device ensure that the concentrations used and
representation of compounds in the assay should be reflective of the conditions the
beetles experience in the field. Most significantly, the direct use of bark and phloem
also ensures that we would detect effects due to minor odor components or synergy
between compounds.

Because odor-plume dynamics in a forest can be very complicated, and odor
concentration might not be indicative of distance to the source (reviewed in Riffell et
al. 2008), we chose to use an enclosed olfactometer with no difference in odor
concentration. During preliminary experiments, we observed a large variation in the
tendency of O. erosus individuals to move in several different types of olfactometer,
regardless of the stimulus presented (AJW, personal observations). We examined
each individual’s response to clean and odor-laden airstreams in order to remove the
influence of individual tendency to move long or short distances. Although we did
not find a repellent treatment in this experiment, another advantage of this
olfactometer design is that repellency can be detected if beetles tend to move
shorter distances in odor-laden versus clean airstreams. The assay results with
balsam fir might suggest a negative tactic response of around 4%, but a larger
sample size (N=603) would be required to detect this effect with 95% confidence.

The positive response of O. erosus to the angiosperm non-host paper birch was
unexpected. Volatiles such as trans-conophthorin are found in paper birch and
interfere with the pheromone response of O. erosus (Zhang and Schlyter 2004) and
other bark beetles (Huber et al. 1999, 2001; Byers et al. 2000; Jactel et al. 2001;
Zhang and Schlyter 2003; Graves et al. 2008). However, bark extracts from other
Betula species have been reported to contain 2-methyl-3-buten-2-ol (Zhang et al.
2000), which is a component of the aggregation pheromone of O. erosus (Giesen et
al. 1984). Other coniferophagous bark beetles employ olfactory (Schroeder 1992;
Guerrero et al. 1997; Huber and Borden 2001; Jactel et al. 2001; Byers et al. 2004)
and visual (Campbell and Borden 2006) non-host cues when selecting hosts, and it is
possible that non-chemical cues would prompt O. erosus to avoid birch in the field
while in flight. Alternatively, the response of O. erosus to paper birch, as well as the
absence of a strong response to other tree species in this experiment, may arise
because the beetle and the tree are naturally allopatric.

Host selection studies in quarantine conditions do not include the full complement
of stimuli that insects might use to select hosts in the field, which may lead to false
positive and false negative responses (Zwolfer and Harris 1971). Other stimuli such
as visual profiles, both color and shape, and odors from parts of the plant other than
the bark and phloem are known to be used for host location by other bark beetles
(Person 1931; Schroeder 1992; Campbell and Borden 2006; Zhang et al. 2007).
Nevertheless, the results of this study and our previous work (Walter et al. 2010)
suggest that beetles would move towards and accept red pine, white spruce, and
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balsam fir with similar frequency; similar results were obtained in a field cage
experiment where O. erosus accepted several pine, spruce, and fir species at
approximately equal rates in choice assays (Chararas et al. 1982).

Many bark beetle larvae are capable of developing on a wider variety of hosts
than are actually selected by adults for oviposition in the field, and host selection
rather than developmental ability is considered the major determinant of the
ecological host range of bark beetles (Sauvard 2004). A similar pattern has been
recorded for other insects (Courtney and Kibota 1990; Bernays and Chapman 1994).
Thus, we had expected that the set of allopatric tree species that elicited a positive
response in the olfactometer would be a subset of the species that the support larval
development (Lee et al. 2008; Walter et al. 2010). However, it appears that more tree
species are acceptable to O. erosus in contact with the bark than can support larval
development, and odors from tree species suitable for the reproduction of the beetle
do not elicit a strong response from the O. erosus even though at least one unsuitable
species is attractive.

Invasive insects are a source of major environmental and economic damage in
North America and throughout the world, but most species that are introduced do not
become damaging invaders (Williamson 1996). O. erosus has established a small
population in North America. Although the beetle has become a damaging invader
in other parts of the world (Lee et al. 2005), its potential to cause damage in North
America is poorly understood. Studying the walking response of this beetle to
allopatric potential host plants under quarantine conditions helps to clarify the
risk posed by the beetle. O. erosus responded positively to the odor of an
allopatric angiosperm non-host but did not respond to the odors of several
allopatric conifers in a way that can be distinguished from random movement. If
the beetle’s geographic range expanded to coincide with these tree species, it does
not appear that the beetle could use bark and phloem odors alone to recognize
novel tree species that are suitable for reproduction. If O. erosus accepts unsuitable
tree species as hosts, the risk of establishment in large areas of North America may
be less than previously estimated.
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