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ABSTRACT Studies were conducted to identify host location cues used by Roptrocerus xyloph-
agorum (Ratzeburg), a larval/pupal parasitoid of bark beetles. In Y-tube olfactometer bioassays,
female R. xylophagorum were attracted to infested bark (i.e., phloem, cambium, and outer corky bark
tissues) removed from bolts of loblolly pine, Pinus taeda L., colonized by the late instar larvae and
pupae of the bark beetle Ips grandicollis Eichhoff (Coleoptera: Scolytidae). In contrast, bark taken
from recently cut, uninfested bolts interrupted attraction to infested bark when these were presented
together. Larval and pupal hosts isolated from infested bark were not attractive to parasitoids,
whereas frass removed from the larval mines in infested bark was highly attractive. Bark from which
hosts or both hosts and host frass were removed remained highly attractive. Bark sandwiches (fresh
bark with the exposed surface pressed to glass microscope slides) infested with either third-instar
or adult female L grandicollis were attractive to female parasitoids, whereas bark sandwiches with
only mechanical damage to the phloem tissue were unattractive. A steam distillate of bark infested
with host larvae was attractive to female R. xylophagorum, whereas a distillate of fresh pine resin was
not attractive. Volatiles from the experimental baits were collected on Porapak Q and analyzed by
coupled gas chromatography-mass spectrometry. Several compounds were identified that distin-
guished baits with biological activity. These data show the importance of the complete host/plant
complex for attraction of R. xylophagorum to its host’s habitat and suggest a possible role for particular
odors from uninfested host plant tissue in directing foraging parasitoids away from locations with
few or no hosts.
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NUMEROUS STUDIES OF parasitoid-host interactions have
demonstrated the role of semiochemicals in mediating
host and host habitat location by foraging female para-
sitoids (Lewis et al, 1976; Vinson 1981, 1984; Tumlin-
son et al. 1992; Godfray 1994; Vet et al. 1990). These
semiochemical cues may arise from the host itself
(Rice 1969, Mitchell and Man 1970, Sternlicht 1973),
its products (Weseloh 1977, Cloutier and Bauduin
1990, Ngi-Song and Oversholt 1997), its food (Martin
et al. 1990, Ngi-Song et al. 1996, Takacs et al. 1997,
DeMoraes and Mescher 1999), or organisms found in
close association with the host (Madden 1968, Greany
et al. 1977, Dicke 1988, Thibout et al. 1993).
Roptrocerus xylophagorum (Ratzeburg) is a larval/
pupal idiobiont parasitoid of bark beetles (Coleoptera:
Scolytidae) with an apparently holaretic distribution
(Mills 1983, Samson 1984, Espelie et al. 1996). Its host
range encompasses well over a dozen economically
important bark beetle species in Europe and North
America including the beetles Ips typographus (L.)
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and Tomicus piniperda (L.), and the southern pine
beetle, Dendroctonus frontalis Zimmermann, the Dou-
glas-fir beetle, D. pseudotsugae Hopkins, and the west-
ern pine beetle, D. brevicomis LeConte (Bushing 1965,
Mills 1983). This parasitoid was established in Austra-
lia in the early 1980s as a potential biological control
agent for the introduced I. grandicollis (Berisford and
Dahlsten 1989). R. xylophagorum is among the most
abundant parasitoid species found in association with
bark beetle infestations (Berisford et al. 1971, Moser
1971, Stephen and Dahlsten 1976, Goyer and Finger
1980, Ohmart and Voigt 1982, Langor 1991, Gara et
al.1995).

Roptrocerus xylophagorum females parasitize hosts
concealed in bark by entering the galleries excavated
by adult bark beetles in the phloem tissue and drilling
through the gallery walls with their ovipositors (Dix
and Franklin 1981, Samson 1984). This parasitoid ap-
parently uses semiochemical cues to locate suscepti-
ble hosts. Female R. xylophagorum in the field are
strongly attracted to host-infested bolts and bark as
well as distillates of host-infested bark; males show no
such attraction (Sullivan 1997, Sullivan et al. 1997). In
addition, there is evidence that semiochemicals play a
role in the location of, and discrimination among,
particular host species or host life stages by this para-
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sitoid. R. xylophagorum arrive on bark beetle colo-
nized trees and bolts in greatest numbers when sus-
ceptible host life stages (i.e,, late instar larvae and
pupae) are present (Berisford and Franklin 1969,
Camors and Payne 1973, Stephen and Dahlsten 1976,
Dixon and Payne 1979, Dix and Franklin 1981, Ohmart
and Voigt 1982). In choice experiments, B. xylophago-
rum were attracted significantly more to bolts infested
with the same bark beetle species on which they had
been reared than to bolts infested with an alternative,
acceptable host species (Kudon and Berisford 1980).

The purpose of this study was to identify the bio-
logical sources of the host and host habitat location
cues of R. xylophagorum and make an initial assess-
ment of variables that might affect the production of
cues and thus the efficiency of host finding by this
parasitoid. This study was undertaken as part of a
larger effort to characterize and synthesize the host
attractants for the parasitoids of the southern pine
beetle, Dendroctonus frontalis Zimmermann (Sullivan
et al. 1997).

Materials and Methods

Insect Cultures. Adult R. xylophagorum were ob-
tained from a laboratory colony maintained at the
University of Georgia on I grandicollis-infested bolts
of loblolly pine, Pinus taeda L. (Sullivan et al. 1999).
Adult parasitoids were collected daily as they emerged
from host-infested bolts held inside a saran-screen
cage. These newly emerged parasitoids were housed
in mixed-sex groups in cotton-stoppered, 250 m! Er-
lenmeyer flasks packed loosely with Kimwipe (Kim-
berly-Clark, Roswell, GA) and provisioned with
honey, water, and a commercial diet (Eliminade, En-
topath, Easton, PA.). Within 1 d after parasitoid col-
lection, the flasks were placed into a cold-temperature
incubator at 8 = 1°C and a photoperiod of 14:10 (L:D)
h. Flasks were removed from the incubator daily and
allowed to warm to room temperature for ~30 min to
permit parasitoids to feed, take water, and mate.

One day before bioassays, 4- to 6-d-old, presumably
mated female parasitoids were exposed to their host’s
microhabitat in a Plexiglas chamber (30 by 30 by 30
cm) enclosing pieces of bark infested with I grandi-
collis larvae and pupae. Only those parasitoids that
antennated larval frass or galleries and were arrested
on the bark for >20 s were used in tests. This pre-
conditioning was performed to improve overall para-
sitoid response rates to host-associated cues (Parra et
al. 1996, Rose et al. 1998). After exposure to the host/
plant complex, parasitoids were transferred to culture
flasks prepared as above and maintained at 26 + 1°C
and a photoperiod of 14:10 (L:D) h until bioassay.

Olfactometer Design and Methodology. The
anemotaxis of walking R. xylophagorum in response to
various odor sources was tested in a Y-tube olfactom-
eter similar in design and operation to that of Stein-
berg et al. (1992). Each arm of a Pyrex glass Y-tube (4
mm i.d.; stem 40 mm; arms 50 mm at a 135 angle to the
stem) was attached with Teflon tubing to a sealed glass
odor source chamber (internal volume 30 ml) sup-
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plied with charcoal-filtered and humidified air (=50-
70% RH). Airflow through each arm of the Y-tube was
maintained at 4 cm/s (30 ml/min) by the positive
pressure of an electric pump. Parasitoids were pre-
vented from passing out of either arm of the Y-tube by
a screen barrier made of a disk of white cotton cloth
(120 ct) held in place over the openings of each Y-tube
arm by a Teflon O-ring. During testing, the bioassay
room was 26 = 1°C and the only light source was a
15-W, red-filtered incandescent light bulb centered
over the stem of the Y-tube, Although R. xylophago-
rum is a diunal insect (Dix and Franklin 1981), use of
the red-filtered light reduced the confounding effects
of insect orientation to visual stimuli during bioassay
trials. Trials were generally run between the sixth and
twelfth hour of photophase.

Individual parasitoids released into the olfactome-
ter stem were recorded as choosing a given arm of the
Y-tube when they spent >15 s beyond a line posi-
tioned 3 cm from the Y-intersection. Parasitoids that
failed to choose an arm in 5 min were recorded as
nonresponders. The assignment of odor sources to
each arm of the olfactometer was reversed after every
trial to eliminate directional bias. Parasitoids were not
reused, and Y-tubes were replaced with clean ones
after each trial. Bark extract and resin extract baits
were replaced after each trial but all other baits (i.e.,
bark, frass, and host insects) were exchanged with
fresh material after the completion of each experi-
mental block (two replicates of each bait combination
within a given experiment). Between test days, Y-
tubes and all other olfactometer components poten-
tially exposed to bait volatiles were washed with de-
tergent, rinsed with ethanol, and dried in an oven at
120°C for at least 1 h.

Bioassay Experiments. R. xylophagorum females
were subjected to 20 binary choice tests (Table 1).
These tests were grouped into eight blocked experi-
ments consisting of up to four different such tests
performed in equal numbers of trials on the same days
using the same pool of test subjects. This was done to
eliminate the potentially complicating effects of be-
tween-day variation in parasitoid responsiveness
when comparing the results of component tests in an
experiment. On each day of trials, the tests within an
experiment group were performed consecutively in
blocks of two to four replicates each, and the order of
the tests was randomized.

Infested and Uninfested Bark. In experiments 1-3,
parasitoids were assayed for their response to bark
(i.e., phloem, cambium, and outer corky bark tissues)
excised either from an uninfested pine bolt or from a
bolt infested with susceptible hosts. The uninfested
bark was excised from a bolt cut from a healthy loblolly
pine felled in the previous 7 d and stored at ~4°C
before use. The infested bark was removed from a
loblolly pine log colonized 2-3 wk earlier in the lab-
oratory by I grandicollis adults (Sullivan et al. 1999)
and contained predominantly pupae and second and
third instars. Bark for either treatment was excised
<30 min before the experiment and had its origins in
bolts (80 = 20 cm by 15 * 5 cm diameter) from at least
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Table 1. Summarized details of individual treatment pairings in Y-tube olfi h 1 ys of female R. xylophagorum
Parasitoids
Test tested (n) Arm 1 Arm 2

11 36 Clean air Excised bark (2! ecm?) from an uninfested pine bolt

1.2 36 Excised bark (21 cm2) from a pine bolt infested 2-3 Clean air
wk with 1. grandicollis (late larval and pupal brood
present)

1.3 36 Excised bark (21 em?) from a pine bolt infested 2-3 Excised bark (21 em?) from an uninfested pine bolt
wk with I grandicollis (late larval and pupal brood
present)

2 48 Excised bark (7 cm?) from a pine bolt infested 2-3 Excised bark (7 em?) from a pine bolt infested 2-3 wk
wk with I grandicollis (late larval and pupal brood with I. grandicollis (late larval and pupal brood
present) present) and excised bark (7 em®) from an

uninfested loblolly pine bolt

3 42 Excised bark (7 ¢cm?) from a pine bolt infested 2-3 Excised bark (14 cm®) from a pine bolt infested 2-3
wk with I grandicollis (late larval and pupal brood wk with 1. grandicollis (late larval and pupal brood
present) present)

4.1 32 Larval and pupal brood removed from bark (21 em?) Clean air
from a pine bolt infested 2-3 wk with I. grandicollis

42 32 Clean air Bark (21 em?) from a pine bolt infested 2-3 wk with L

grandicollis, with larval and pupal brood removed

43 32 Larval and pupal brood removed from bark (21 cm?) Bark (21 cm?) from a pine bolt infested with 2-3 wk 1.
from a pine bolt infested 2-3 wk with I. grandicolli grandicollis, with larval and pupal brood removed

5.1 30 Frass removed from larval mines in bark (21 cm?) Clean air
from a pine bolt infested 2-3 wk with I. grandicollis

52 30 Clean air Bark (21 cm?) from a pine bolt infested 2-3 wk with 1.

grandicollis, with brood and frass removed

5.3 30 Frass removed from larval mines in bark (21 em?) Bark (21 em?) from a pine bolt infested 2-3 wk with L.
from a pine bolt infested 2-3 wk with L grandicollis grandicollis, with brood and frass removed

6.1 32 Bark sandwich (21 ecm?) artificially infested 3 d Clean air
previously with 10 I grandicollis third-instar larvae

62 32 Bark sandwich (21 cm?) artificially infested 3 d Excised bark (21cm?) from a pine bolt infested 2-3 wk
previously with 10 I grandicollis third-instar larvae with I grandicollis (late larval and pupal brood

present)

71 30 Bark sandwich (21 cm?) artificially infested 3 d Clean air
previously with six I grandicollis adult females
(insects removed immediately before bioassay)

7.2 30 Bark sandich (21 cm?) artificially infested 3 d Bark sandwich (21 em?) artificially infested 3 d
previously with six I gradicollis adult females previously with 10 I grandicollis third-instar larvae
(insects removed immediately before bioassay) (insects removed immediately before biossay)

7.3 30 Bark sandwich (21 em?) receiving mechanical Clean air
damage 3 d previously and immediately before test

74 30 Bark sandwich (21 em?) receiving mechanical Bark sandwich (21 cm?) artificially infested 3 d
damage 3 d previously and immediately before test previously with 10 I grendicollis third-instar larvae

(insects removed immediately before bioassay)

8.1 34 Steam distillate of loblolly pine bark infested with Neat isopropyl myristate (10 pul) applied to Whatman
larval and pupal I. grandicollis, diluted 1:50 (by #1 flter paper
volume) in isopropyl myristate (10 pl) and applied
to Whatman #1 filter paper

8.2 34 Neat isopropyl myristate (10 pl) applied to Whatman Steam distillate of fresh loblolly pine resin, diluted 1:50
#1 filter paper (by volume) in isopropyl myristate (10 ul) and

applied to Whatman #1 filter paper

83 34 Steam distillate of loblolly pine bark infested with Steam distillate of fresh loblolly pine resin, diluted 1:50

larval and pupal I. grandicollis, diluted 1:50 (by
volume) in isopropyl myristate (10 pl) and applied
to Whatman #1 filter paper

(by volume) in isopropyl myristate (10 ul) and
applied to Whatman # 1 filter paper

Tests designated with the same integer compose:

d a single experimental block. Tests within a single experimental block were performed in

equal numbers of replicates on the same days using the same pool of parasitoids. The order in which the tests were performed on a given day

was chosen at random.
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three different trees cut from the same stand. Parasi-
toids were presented a choice among uninfested bark
(surface area, 21 cm?) versus clean air (experiment
1.1), infested bark (21 cm®) versus clean air (exper-
iment 1.2), uninfested bark (21 em?) versus infested
bark (21 cm?) (experiment 1.3), infested bark (7 cm?)
versus uninfested bark (7 cm?®), and infested bark (7
cm?) presented together (experiment 2), and infested
bark (7 em®) versus a doubled quantity of infested
bark (14 cm®) (experiment 3).

Isolated Hosts and Host-Free Bark. In experiment 4,
female parasitoids were assayed for their response to
either infested bark (as used in experiments 1-3) with
susceptible host stages removed or the live, excised
hosts from this bark. The mean + SD numbers and life
stages of hosts isolated from each 21-cm? bark piece
used per trial were 0.19 = 0.39 first-instar larvae, 2.44 =~
2.42 second-instar larvae, 8.00 = 4.42 third-instar lar-
vae, and 1.25 * 1.25 pupae (11.88 * 5.00 total larvae
and pupae). Bark was excised and hosts dissected <30
min before assay. Before the trials, the isolated hosts
were mechanically cleaned with a camel’s-hair brush
to remove all visible frass and plant material. Because
of the inherent difficulty of locating early-stage larvae
mining deeply in the bark, we were not successful in
removing all hosts from the infested bark sections
before the bioassays. However, additional, intensive
dissection/examination of the bark following the bio-
assays showed that we had removed >90% of the hosts
present within the tissue before testing. Parasitoids
were presented a choice among isolated hosts versus
clean air (experiment 4.1), the bark from which these
hosts were removed versus clean air (experiment 4.2),
and isolated hosts versus their bark of origin (exper-
iment 4.3).

Isolated Frass and Frass-Free Bark. In experiment 5,
female parasitoids were assayed for their response to
either infested bark (as used in experiments 1-3) dis-
sected to remove host brood and host frass or the host
larval frass collected from this bark. Clean, nylon-
bristled brushes were used to remove frass from the
larval galleries of the bark pieces. The mean * SD
fresh weight of frass used per trial was 104 + 64 mg,
Host brood and any adult frass present in the bark
pieces were removed and discarded. Further dissec-
tion/examination of the tested bark following the bio-
assays indicated that >95% of host brood and host frass
(by weight) were removed before testing, Parasitoids
were presented a choice among host larval frass versus
clean air (experiment 5.1), the bark from which this
frass was removed versus clean air (experiment 5.2),
and larval frass versus its bark of origin (experiment
5.3).

Bark Sandwiches with Adult or Larval Hosts. In ex-
periments 6 and 7, female parasitoids were assayed for
their response to individual 3 by 7-cm pieces of fresh
bark damaged by 10 third-instar I grandicollis, by six
adult female I grandicollis, or by artificial manipula-
tion. Bark pieces were infested by cutting evenly
spaced niches into the phloem tissue (=1 by 3 mm)
and placing a single insect in each niche. The bark
pieces receiving the artificial damage treatment were
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given the same number of niches (ie., 10) as the
larvae-infested pieces as well as =15 diagonal scalpel
cuts (2 cm long) in the phloem tissue, but no insects
were placed into the niches. After these preparations
of the bark pieces, a clean, aseptic glass microscope
slide (5 by 7 cm) was sealed to the surface of the
exposed phloem with binder clips. All bark manipu-
lations were carried out with sterile instruments in a
clean environment. The sealed bark sandwiches were
then incubated for 3 d at ~28°C and 80-90% RH.
Immediately before the trials for experiment 7, all live
or dead insects were removed from the infested bark
sandwiches by dissection, and the mechanical dam-
age-only sandwiches were likewise dissected to inflict
a similar amount of damage as occurred in dissecting
the larvae-infested pieces. Female adult 1. grandicollis,
rather than males, were chosen for these tests because
females do not produce pheromones (Smith et al.
1993), and females will mine readily in bark in the
absence of males. Some females laid eggs in the bark
sandwiches, but none hatched before the bioassays.
The mean * SD numbers of living insects present in
the sandwiches at the end of the 3-d incubation were
as follows: larvae-infested sandwiches, 7.31 *= 2.03
larvae, and 1.58 * 1.94 pupae; adult-infested sand-
wiches, 5.07 = 2.46 adults (some adults abandoned the
bark sandwiches during the 3-d incubation). Parasi-
toids were presented a choice among a larvae-dam-
aged bark sandwich versus clean air (experiment 6.1},
a larvae-damaged bark sandwich versus a 3 by 7-cm
piece of larvae/pupae-infested bark from a bolt col-
onized 2-3 wk earlier by I. grandicollis (experiment
6.2), an adult-damaged bark sandwich versus clean air
(experiment 7.1), an adult-damaged bark sandwich
versus a larvae-damaged bark sandwich (experiment
7.2), an artificially damaged bark sandwich versus
clean air (experiment 7.3), and an artificially damaged
bark sandwich versus a larvae-damaged bark sandwich
(experiment 7.4).

Distillates of Infested Bark or Fresh Resin. In exper-
iment 8, female parasitoids were assayed for their
response to either a steam distillate of bark infested
with I grandicollis larvae or a steam distillate of fresh
pine resin. Fresh resin was collected from healthy
loblolly pines by removing bark disks from tree trunks
with a cork borer and inserting screw-top vials into the
openings. After =24 h, the vials were removed,
capped, and stored at approximately -30°C before dis-
tillation. The full, uncapped vials were placed into a
1,000-ml Erlenmeyer flask with 500 ml de-ionized wa-
ter and distilled according to Sullivan et al. (1997).
Tested baits consisted of these distillates diluted 1:50
in isopropyl myristate, an inert, nonvolatile oil. Blanks
consisted of neat isopropyl myristate, and baits and
blanks were presented in the odor sample chambers as
a 10-pl aliquot applied to a 2 by 2-cm filter paper.
Parasitoids were presented a choice among the distil-
late of host-infested bark versus a blank (experiment
8.1), the resin distillate versus a blank (experiment
8.2), and the distillate of host-infested bark versus the
resin distillate (experiment 8.3)
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Collection and Analysis of Volatiles, Bark baits (as
used in experiments 1, 6, and 7) were placed in the
olfactometer odor source chambers, and an electric
vacuum pump drew charcoal-filtered air for ~90 min
at 30 ml/ min through the chambers and into a column
(PTFE tubing; 4 cm by 3mmi.d.) packed with Porapak
Q (0.1 g; 50-80 mesh; Waters Associates, Milford,
MA). Twelve different pieces of bark (originating
from two trees, six pieces derived from each) of each
treatment were sampled, and aerations were per-
formed at 26 = 1°C. Within 1 h after completion of the
aerations, columns were extracted with 1.2 ml redis-
tilled pentane, and the extracts were stored at approx-
imately —80°C in glass vials with Teflon lined tops.
Additionally, the distillates bioassayed in experiment
8 were diluted 1/1,000 in redistilled pentane and both
these and the Porapak extracts were spiked with in-
ternal standards (100 ug undecane and 20 pg ethyl
caprate). Samples of the above mentioned extracts
and dilutions (1 ul) were analyzed on a Hewlett-
Packard GCD 1800A coupled gas chromatograph-
mass spectrometer (GC-MS) fitted with a Hewlett-
Packard Innowax column (60 m by 0.25 mm i.d., 0.50
pm film thickness). Compounds were identified by
their mass spectra and by retention time matches
when identified standards were available. Compounds
identified by mass spectra alone are noted in Table 2.
Response curves were calculated for identified com-
pounds for which pure standards were available, and
the volatile compounds in the samples were quantified
by their ion abundances relative to those of the in-
ternal standards. Compounds for which no pure stan-
dard was available were quantified using the standard
curve of a structurally similar compound.

Statistical Analysis. The null hypothesis that the
parasitoids showed no preference for either olfactom-
eter arm (i.e., a hypothesized response proportion of
50:50) was tested either with a G-test for goodness-
of-fit (when >25 insects responded) or by calculating
the cumulative probability of the observed propor-
tions plus “all worse” outcomes using a binomial prob-
ability table (Sokal and Rohlf 1995). Quantities of
volatiles present in the Porapak extracts were com-
pared among bark treatments with a one-way analysis
of variance (ANOVA) on ranks (a = 0.05) followed by
aTukey test for all-pairwise comparisons (SPSS 1997).

Results

Bioassay Experiments. Female R. xylophagorum
were attracted to bark removed from bolts infested
with I grandicollis larvae and pupae, and strongly
preferred the odors of infested bark over those of
uninfested bark (Fig. 1, experiment 1.2, 1.3). Parasi-
toids were not attracted to the odors of fresh, unin-
fested bark (Fig. 1, experiment 1.1). Parasitoids
strongly preferred the odors of host-infested bark pre-
sented alone over these odors presented in combina-
tion with the odors of fresh bark (Fig. 1, experiment
2). Nearly twice as many parasitoids chose the olfac-
tometer arm baited with a doubled surface area of
host-infested bark, however this was not a significant
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preference (Fig. 1, experiment 3). Although more
parasitoids selected the olfactometer arm baited with
isolated hosts over the blank arm, the numbers of
insects responding to the arm baited with isolated
hosts was too low to indicate a significant level of
attraction (Fig. 2, experiment 4.1). Infested bark re-
mained highly attractive to parasitoids after nearly all
hosts had been removed, and parasitoids strongly pre-
ferred the odors of this material over odors of the
isolated hosts (Fig. 2, experiment 4.2, 4.3). Both host
larval frass and the bark fragments from which this
frass had been removed were highly attractive, and
parasitoids exhibited no preference for either of these
materials (Fig. 2, experiment 5.1-5.3).

Bark sandwiches infested 3 d with third-instar I
grandicollis larvae were attractive to R. xylophagorum
females, and, with 23 of 32 insects responding, this
parasitoid did not show a significant preference be-
tween these larvae-infested bark sandwiches and bark
excised from I grandicollis-colonized bolts (Fig. 3,
experiment6.1,6.2). Bark sandwiches infested 3d with
female, adult I grandicollis were likewise attractive,
and with 27 of 30 insects responding, there was no
significant preference observed for bark sandwiches
infested with either adults or larvae (Fig. 3, experi-
ment 7.1, 7.2). Odors from bark sandwiches receiving
simulated host damage had no discernible activity
(Fig. 3, experiment 7.3, 7.4).

Roptrocerus xylophagorum females were attracted
to the steam distillate of bark infested with larvae and
pupae of 1 grandicollis (Fig. 4, experiment 8.1). In
contrast, the distillate of fresh pine resin was not sig-
nificantly attractive (Fig. 4, experiment 8.2, 8.3).

Analysis of Volatiles. Forty-eight compounds were
isolated and quantified in the aerations of bark baits,
and 31 of these compounds quantitatively distin-
guished the bait treatments paired in the Y-tube ol-
factometer bioassays (Table 2). Aerations of bark from
bolts infested with larval- and pupal-stage I grandi-
collis brood had significantly higher quantities of 21
compounds than aerations of bark from uninfested
pine bolts. These included three hydrocarbon mono-
terpenes (a-fenchene, p-cymene, and a-p-dimethyl-
styrene), 12 oxygenated monoterpenes (fenchone,
linalool, camphor, isopinocamphone, pinocarvone,
terpinen-4-ol, myrtenal, trans-pinocarveol, a-terpin-
eol, borneol, myrtenol, and p-cymen-8-ol), two “green
leaf volatiles” (Visser et al. 1979, Bernays and Chap-
man 1994) (1-hexanol and 3-hexen-1-ol), two nonter-
pene aromatics (styrene and benzaldehyde), and two
unknown compounds. With the exception of 3-hexen-
1-0l and one unidentified compound, all of these com-
pounds were also present in higher concentrations in
the steam distillate of infested bark than the steam
distillate of fresh resin. Ten compounds were present
in significantly higher quantities in the aerations of the
bark sandwiches damaged by third-instar I. grandicol-
lis larvae than sandwiches damaged mechanically.
These included four oxygenated monoterpenes (pi-
nocamphone, camphor, isopinocamphone, and borne-
ol), one hydrocarbon sesquiterpene (a-cedrene), two
nonterpene aromatics (styrene and benzaldehyde),
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Steam distillates (ug/ul)
Larvae-
infested bark

Fresh pine
resin

L grandicollis

Bark excised from bolts:
Uninfested Infested 2-3 wk by

Artificial
manipulation

I. grandicollis adults

Bark sandwich damaged by:

Mean + SE quantity (ug) volatiles collected from 21 cm? pieces of loblolly pine bark during a 99-min aeration

I grandicollis larvae

Class

(Continued)

Compound

Table 2.
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and three compounds of uncertain chemical classifi-

cation. Aerations of the bark sandwiches damaged by
=P B i female adult I grandicollis had significantly lower
quantities of a single hydrocarbon monoterpene (p-
cymene) than aerations of bark sandwiches damaged
by larvae. Aerations of bark sandwiches damaged by
third-instar I. grandicollis differed significantly from
5888 3 8o . aerations of bark fragments from bolts infested with
© ST larval and pupal-stage I. grandicollis. Relative to the
latter, the former had significantly lower quantities of
eight hydrocarbon monoterpenes (tricyclene,
a-pinene, o-fenchene, camphene, a-terpinene, li-
monene, p-cymene, and terpinolene) and three oxy-
genated monoterpenes (fenchone, terpinen-4-ol, and
a-terpineol) and had significantly higher quantities of
a single unknown compound.

Discussion

Our data show that the cues that attract R. xyloph-
agorum to its host’s habitat arise from the interaction
between the host insect and the tissues of its host
plant, whereas odors from isolated hosts or uninfested
tree tissue apparently play a limited and secondary
role in host habitat location. Attraction of parasitoids
to pieces of fresh, excised bark was stimulated after 3d
of feeding by host larvae, whereas such bark incubated
for the same period and receiving only artificial dam-
age showed no evidence of being attractive (experi-
ments 6.1, 7.3, 7.4). Hosts isolated from highly attrac-
tive, infested bark were not appreciably attractive
when presented alone, and parasitoids unfailingly
chose the olfactometer arm baited with bark from
which >90% of the hosts had been removed over the
olfactometer arm baited with the hosts themselves
(experiment 4). These findings reflect previous ob-
servations that isolated host larvae and pupae will
neither arrest nor induce oviposition behaviors in fe-
male R. xylophagorum that come in direct physical
contact with them (Samson 1984; B.T.S., unpublished
data). Host location cues that originate directly from
the bodies of host insects are probably quite rare in
nature, likely because of strong natural selection
against hosts producing such cues (Vet et al. 1991,
Tumlinson et al. 1992, Vet and Dicke 1992, Godfray
1994). Conversely, infested bark remained highly at-
tractive despite the removal of hosts (experiment 4.2),
and host-depleted bark did not differ significantly
from bark with hosts left in place (experiment 1.2) in
the proportion of parasitoids responding to the bark-
baited olfactometer arm (P = 0.1, * test). Similar
findings occurred in field studies in which female R.
aylophagorum were attracted to bolts cut from pines
infested by larval D. frontalis despite the removal of all
bark and hosts, and this parasitoid responded in similar
numbers both to this host-free xylem tissue and to the
infested bark from which it had been separated (Sul-
livan 1997).

Female R. xylophagorum did not discriminate be-
tween host frass and the surrounding, host-damaged
plant tissue in which this frass had been deposited,
hence our data do not indicate one of these as the

0
0
0.
0.
0.
0
0
-terpenoid aromatic. PP, phenylpropanoid

h because standard was not available.

0.05 (Tukey test on ranks).

firmed by retention time matc
d monoterpene. HS, hydrocarbon sesquiterpene. GLYV, green leaf volatile. NTA, non

were not significantly different with a

b Compounds identified by mass spectral matches only; identification not con

2 Within rows, means denoted with the same letter
< HM, hydrocarbon monoterpene. OM, oxygenate

Methyleugenol

Unknown #6
p-Cymen-8-ol

Unknown #5
Carvone
Myrtenol

Borneol
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CHOICES BY FEMALE R. XYLOPHAGORUM IN A Y-TUBE OLFACTOMETER

No Response

Fresh, uninfested bark [0} 89.9% [32]

—
Exp. 1.1 . Clean air [4]
(—
]
Bark infested with host
Exp. 1.2 bl larvae & pupae [19] |

Clean air [2] 41.7% [15)

Exp. 1.3 - Bark infested with host

larvae & pupae [23] Fresh, uninfested bark [0] 36.1% [1 3]
Bark inf h h 1
e ark infested with host Bark infested with host larvae & pupae,
Exp.2 larvae & pupae [36] | and fresh, uninfested bark [7] 10.4% [5]
]
Bark infested with host | 2 x Bark infested with
ark infested with hos x Bark infested wi
Exp.3 larvae & pupae [8) host larvae & pupae [15] 45.2% [19]
L ]
l ! T 1 1 T i T T T T I T T T T
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Percent Response

Fig. 1. Responses of individual walking R. xylophagorum females in a Y-tube olfactometer to pieces of bark excised from
lobllolly pine bolts either uninfested or infested 2-3 wk earlier by I. grandicollis adults (brood predominantly in the late larval
and pupal stages of development). Raw numbers of insects responding/not responding are shown in brackets. Bars denoted
by asterisks indicate a significant preference for that treatment (***, P <0.001).

exclusive origin of the attractants. Because both the
plant tissue and the frass were in physical contact for
hours or days before the tests, some diffusion of at-
tractants from one to the other probably occurred,
potentially lessening observable differences in attrac-
tiveness. Nonetheless, because bark beetle frass
largely consists of masticated, undigested plant tissue
(Hopf 1937, Reid 1958, Gouger 1971; B.T.S., unpub-
lished data), our data are consistent with the hypoth-
esis that the attractants arise from host-damaged or
host-exposed plant tissue rather than from host ex-
creta.

Females of numerous parasitoid species are at-
tracted to odors from the uninfested food plant of their
hosts (Elzen et al. 1983, 1984; Martin et al. 1990; Whit-
man and Eller 1990; Tumlinson et al. 1992), and hence
such volatiles appear to play a significant role in guid-
ing some parasitoids to habitats where hosts are likely
to be found. Our data suggest that R. xylophagorum do
not rely upon this particular host location strategy
because they were not attracted to odors of the bark
tissue or resin of uninfested P. taeda. Bark (or, more
precisely, the phloem and cambium layers) is the only
tissue fed upon by hosts of R. xylophagorum. Although
mechanically damaged, this tissue was not attractive to
R. xylophagorumin the absence of infestation by hosts.
Similarly, female parasitoids were not attracted to vol-
atile components of the host plant’s constitutive de-
fensive system (i.e., loblolly pine resin distilled as
turpentine). Constitutive resin is exuded by pines in

response to any mechanical damage to vascular tissues
including that inflicted by bark beetle attack (Berry-
man 1972, Lewinsohn et al. 1991). Hence, resin pro-
duction and release appear to be a generalized defen-
sive response, and resin odors likely provide no
specific cues that might indicate the cause of a tree’s
injury. This reasoning is supported by our volatiles
analyses of the olfactometer baits. None of the major
monoterpene components of pine resin (e.g.,
a-pinene, S-pinene, myrcene) were found in associ-
ation with any of the host-infested bark treatments in
concentrations that differed significantly from those
of the corresponding uninfested treatments. This sug-
gests that these compounds were not used by parasi-
toids to detect host presence. Our conclusions are
supported by field studies in which turpentine failed
to attract R. xylophagorum to baited traps (Dixon and
Payne 1980), and peak parasitoid arrival on infested
trees was found not to coincide with maximum exu-
dation of resin odors (Sullivan 1997). In addition, the
major chemical constituents of the turpentine (in-
cluding a-pinene, B-pinene, limonene, myrcene, and
camphene) failed to elicit electroantennogram re-
sponses with R. xylophagorum (Pettersson et al. 2000),
hence R. xylophagorum may lack receptors for these
odors.

However, our results suggest that odors of the un-
infested food plant, though unattractive, may none-
theless play a role in parasitoid host finding, Parasi-
toids were less attracted to pieces of host-infested bark
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CHOICES BY FEMALE R. XYLOPHAGORUM IN A Y-TUBE OLFACTOMETER

: No Response
Exp. 4.1 Host larvae & pupae removed .
P from infested bark [6] Clean air [1] 78.1% [25]
L
Exp. 4.2 ; Infested bark with e
P Clean air [0] hosts removed [24] 25.0% [8]
Host larvae & pupae removed Infested bark with -
Exp. 4.3 from infested bark [0] | hosts removed [22] $1.3% [10]
Host larval frass removed .
Exp.5.1 *=+ from infested bark [23] Clean air [0] 23.3%[7]
; Infested bark with hosts
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Percent Response

Fig. 2. Responses of individual walking R. xylophagorum females in a Y-tube olfactometer to I. grandicollis larvae and
pupae, larval frass, or the loblolly pine bark from which these were removed. Raw numbers of insects responding/not
responding are shown in brackets. Bars denoted by asterisks indicate a significant preference for that treatment (***, P

<0.001).

when these were presented alongside identically sized
pieces of fresh, uninfested bark (experiment 2), hence
the odors of fresh bark appeared to be acting as at-
tractant antagonists. This apparent antagonism was
not caused merely by an inverse dose-response to
odors present in similar quantities in both fresh and
infested bark, because doubling the surface area of
infested bark presented in one arm of the olfactometer
resulted in higher numbers of insects responding to
that arm (experiment 3). Thus, our findings show that
volatiles from the host’s uninfested food plant can to
some extent mask odors associated with the host/plant
complex, The importance of these masking odors to
parasitoid survival and reproduction is unclear. Be-
cause the antagonistic odors appear to be associated
with tissues lacking hosts, it is possible that R. xyloph-
agorum might use them to assess host patch profit-
ability and avoid investing search time in beetle gal-
leries associated with few or no susceptible hosts
(Godfray 1994, Geervliet et al. 1998). The response
may also represent an avoidance of toxic plant exu-
dates associated specifically with newly excavated
beetle galleries or other freshly damaged pine tissue.
Comparison of the volatile blends associated with both
the infested and uninfested bark did not suggest any

obvious candidates as the compounds responsible for
the attractant antagonism; no volatiles were found
associated in significantly higher quantities with un-
infested than infested bark. It is possible that we failed
to detect the antagonists during our analyses. Alter-
natively, parasitoid attraction/inhibition may be in-
fluenced to a greater extent by the ratios of compo-
nents in the odor blend than the absolute
concentrations of the individual components. Hence
the fresh bark-associated odors may have reduced
parasitoid atiraction to infested bark by altering the
relative proportions among odor blend components
perceived by the responding insects (e.g., increasing
ratio of sesquiterpenes to oxygenated monoterpenes)
rather than increasing the absolute concentration of
specific antagonistic compounds.

Fragments of fresh bark manually infested 3 d ear-
lier with I grandicollis larvae became attractive to R.
xylophagorum females (experiment 6.1). In the side-
by-side choice test, nearly one-third of responding
parasitoids chose the olfactometer arm baited with
these larvae-infested bark sandwiches over the oppo-
site arm baited with bark from naturally infested bolts
bearing larval brood in similar mean densities (exper-
iment 6.2, P = 0.105). Thus, our data show that the
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L I}
Exp.7.0  »ee| B e i fomak || Clean air[1] 23.3% [7]
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[EER
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Percent Response

Fig. 3. Responses of individual walking R. aylophagorum females in a Y-tube olfactometer to bark excised from an I
grandicollis-infested bolt or bark sandwiches damaged by either feeding I grandicollis larvae, feeding female adults, or artificial
manipulation. Raw numbers of insects responding/not responding are shown in parentheses. Bars denoted by asterisks
indicate a significant preference for that treatment (***, P <0.001).

parasitoid host location cues are generated largely in the bark sandwiches were feeding in phloem that
within the host-damaged bark tissue without any es-  had been detached from other living tissue of the tree
sential contribution from the xylem tissue. Host larvae  bole, hence the normal mobilization of defensive com-

CHOICES BY FEMALE R. XYLOPHAGORUM IN A Y-TUBE OLFACTOMETER

No Response
Exp. 8.1 | e O i e T | | Solvent blank [1] 44.1%[15]
Distillate of fresh
Exp. 8.2 Solvent blank [0] | pitlR G P oES 91.2% [31]
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!
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Percent Response

Fig. 4. Responses of individual walking R. xylophagorum females in a Y-tube olfactometer to diluted steam distillates of
either bark infested with I. grandicollis larvae or fresh loblolly pine resin. Raw numbers of insects responding/not responding
are shown in parentheses. Bars denoted by asterisks indicate a significant preference for that treatment (**, P <0.01; ***
P <0.001).
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pounds such as terpenoids from the sapwood into the
damaged phloem tissue was prevented (Berryman
1972, Lewinsohn et al. 1991). Accordingly, substan-
tially lower levels of hydrocarbon monoterpenes such
as a-pinene and limonene were present in the larvae-
infested bark sandwiches compared with the bark
from naturally infested bolts. In addition, these data
indicate that the production of R. xylophagorum at-
tractants within pine tissues can occur much faster
than the typical 2-3 wk required for host brood to
develop into susceptible instars following attack ini-
tiation on a tree or bolt. Hence, in nature the typically
extended period of interaction between beetle and
tree tissue before parasitoid arrival is probably not
necessary for successful host location by this parasi-
toid. This suggests that certain relatively slow biolog-
ical processes initiated by bark beetle attack (e.g,
colonization and sporulation by specific bark beetle
associated fungi, or gradual physical and chemical
degradation within the tree’s tissues) may not play a
particularly important role in either generating host-
habitat cues for R. xylophagorum or governing the
timing of this species’ arrival on bark beetle attacked
trees (Dahlsten and Berisford 1995, Sullivan 1997).
Female R. xylophagorum were attracted to excised,
fresh bark damaged 3 d by adult female I. grandicollis
(experiment 7.1). Although there were no susceptible
host stages present in this bark, numbers of attracted
parasitoids were not significantly different from those
attracted by similar bark infested with third-instar
larvae (experiment 7.2), the preferred host stage for
oviposition by R xylophagorum (Samson 1984).
Therefore, our data show that the cues to which R.
xylophagorum responded in these choice bioassays
were not especially host-stage specific and suggest
that host seeking parasitoids may lack highly reliable
cues for distinguishing host life stages at a distance.
This apparent inability of foraging female R. xyloph-
agorum to consistently discriminate between odors
associated with susceptible and nonsusceptible host
life stages was unexpected. R. xylophagorum are
trapped in much greater numbers landing on bark
beetle infested trees when late larval instars are abun-
dant than when adults are initiating galleries (Beris-
ford and Franklin 1969, Stephen and Dahlsten 1976,
Dixon and Payne 1979, Dix and Franklin 1981), sug-
gesting that foraging R. xylophagorum in nature can
effectively discriminate among host stages during host
habitat location. In addition, R. xylophagorum do not
respond to aggregation pheromones associated spe-
cifically with attacking adult bark beetles (Dixon and
Payne 1980), in contrast to parasitoids and predators
that attack bark beetle adults (Payne 1989).
Numerous compounds were identified that individ-
ually distinguished the odors associated with the bio-
assayed bait treatments, hence any or all of these
compounds might have been used as cues by R. xy-
lophagorum in discriminating among, and responding
to, the odor sources. For most compounds, these dif-
ferences were merely quantitative. Relatively few
compounds were identified that distinguished attrac-
tive from unattractive baits with a high degree of
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reliability. Only six compounds were consistently
found in higher quantities in association with baits
derived from pine tissues infested with parasitism-
susceptible host stages (artificially infested bark sand-
wiches, bark from infested bolts, and distillate of in-
fested bark) than baits derived from uninfested pine
tissues (mechanically damaged bark sandwiches,
freshly excised bark, and distillate of fresh resin).
These included three oxygenated monoterpenes
(camphor, isopinocamphone, and borneol), two non-
terpene aromatics (styrene and benzaldehyde), and
one compound of uncertain identity. However, none
of these compounds were likewise found in associa-
tion with female adult I grandicollis-infested bark
sandwiches in significantly higher quantities than both
uninfested bark treatments (mechanically damaged
bark sandwiches and freshly excised bark), although
the mean quantities of these compounds in association
with the adult-infested sandwiches were always
higher. It is possible that our analyses failed to detect
the precise cues to which the parasitoids were re-
sponding, However, it is also possible that a variety of
compounds or their combinations are similarly capa-
ble of attracting R. xylophagorum to its host’s habitat,
and it is possible that many (if not all) of the specific
behavioral chemicals stimulating parasitoid attraction
are interchangeable with others of similar potency
(Vet et al, 1990).

The oxygenated monoterpenes are a class of com-
pounds that appear to play an important role in host-
habitat finding by R. xylophagorum. This parasitoid
possesses olfactory receptors for at least 10 different
oxygenated monoterpenes, and a synthetic blend of
seven of these compounds was found to attract R.
xylophagorum in a Y-tube olfactometer (Pettersson et
al. 2000). Our analyses of the baits in the current study
indicated that oxygenated monoterpenes (including
nine of those identified as having biological activity in
the above mentioned study) were associated with one
or more host-infested baits in significantly higher
quantities than uninfested baits. This suggests that
oxygenated monoterpenes are fair indicators of the
presence of susceptible hosts for R. xylophagorum. Our
findings agree with studies in which several oxygen-
ated monoterpenes were found consistently associ-
ated with trees infested with the larval and pupal
stages of the southern pine beetle, D. frontalis, an
alternate host for R. xylophagorum (Birgersson et al.
1992, Sullivan 1997). Oxygenated monoterpenes prob-
ably arise in bark beetle-infested pines through the
spontaneous oxidation of hydrocarbon precursors ex-
posed to the air, detoxification of monoterpenes by
invading insects and microorganisms, and other pro-
cesses as well (Leufvén and Birgersson 1987, Leufvén
et al. 1988, Hunt et al. 1989, Leufvén 1991, Smith et al.
1993). These compounds may serve as signs of the
initial stages of decay of pines that have been killed
recently and that are therefore more likely to be in-
fested by bark beetles.

The results of this study demonstrate that host-
foraging R. xylophagorum respond to a combination of
attractants and attractant antagonists associated with,
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respectively, the host/plant complex and the unin-
fested tissues of their host’s food plant. This suggests
that R. xylophagorum may use these cues in combi-
nation to guide them to concentrations of susceptible
hosts and away from sites lacking host activity. Future
research should focus on further elucidating the pre-
cise chemistry of these cues and the biological vari-
ables affecting their production. Such information will
provide a better understanding of the host foraging
strategies of bark beetle parasitoids, the potential for
the regulation of host populations by these parasitoids,
and the occurrence of bark beetle outbreaks.
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