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Abstract

Here, we describe a field experiment that tested for attraction of cerambycid beetles to odors from angiosperm

hosts, and whether plant volatiles also serve to enhance attraction of beetles to their aggregation-sex phero-

mones. Traps were baited with a blend of synthesized chemicals that are common pheromone components of

species in the subfamilies Cerambycinae and Lamiinae. The source of plant volatiles was chipped wood from

trees of three angiosperm species, as well as from one nonhost, gymnosperm species. Bioassays were

conducted in wooded areas of east-central Illinois. Traps were baited with the pheromone blend alone, the

blendþwood chips from one tree species, wood chips alone, or a solvent control lure. Seven species of ceram-

bycids were significantly attracted to the pheromone blend, with or without wood chips. In two cases, wood

chips from angiosperms appeared to enhance attraction to pheromones, whereas they inhibited attraction in

another three cases. Pine chips did not strongly influence attraction of any species. Overall, our results suggest

that host plant volatiles from wood chips may improve trap catch with synthesized pheromones for some

cerambycid species, but the effect is not general, necessitating case-by-case testing to determine how

individual target species are affected.
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The wood-boring larvae of many cerambycid species are important

pests because they damage and can kill their hosts, as well as de-

grade the quality of trees felled for lumber (Solomon 1995). Some

cerambycid species have become severe pests when introduced into

new regions of the world by international commerce (Haack et al.

2010). Thus, effective methods of detecting new incursions by exotic

and potentially invasive cerambycids, and of managing endemic pest

species, would find immediate application. Management tools em-

ploying semiochemicals also would be useful in developing strategies

for conserving threatened and endangered species of cerambycids

(Ray et al. 2014, Larsson 2016).

It has long been known that adult cerambycids are attracted by

the volatile chemicals emanating from the stressed or dying hosts

required by their larvae (reviewed by Hanks and Millar 2016). Most

of the research on plant kairomones that are exploited by wood-

boring insects has focused on species whose larvae develop in

gymnosperms (Wood 1982, Hanks 1999). Volatiles from such hosts

may either attract adult cerambycids directly, or may serve to en-

hance attraction of both sexes to the aggregation-sex pheromones

(sensu Cardé 2014) that are produced by males (Sweeney et al.

2004, Macias-Samano et al. 2012, Ryall et al. 2015). However,

there has been little progress in identifying volatile attractants from

angiosperm hosts of cerambycids, with much of the research limited

to laboratory studies (Hanks et al. 1996, Barata and Ara�ujo 2001,

Ginzel and Hanks 2005).

Here, we describe field experiments that tested for attraction of

cerambycid beetles to odors produced by angiosperm hosts, and

whether such odors enhance attraction of beetles to their

aggregation-sex pheromones. The experiments were conducted in

wooded areas of east-central Illinois. Many of the larvae of the

cerambycid species native to the area are polyphagous, developing

in woody angiosperms of multiple families (Lingafelter 2007). Traps

were baited with a blend of synthesized pheromones that included

the dominant pheromone components of many species in the subfa-

milies Cerambycinae and Lamiinae. The source of host volatiles was

chipped wood from trees of three angiosperm species that are hosts

of many locally common cerambycid species (see Lingafelter 2007,

Hanks et al. 2014), including white oak (Quercus alba L.,

Fagaceae), green ash (Fraxinus pennsylvanica Marshall, Oleaceae),

and black willow (Salix nigra Marshall, Salicaceae). Chipped wood

from the gymnosperm eastern white pine (Pinus strobus L.,

Pinaceae) also was included to test the influence of nonhost volatiles
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on attraction of species that are angiosperm specialists. A parallel

study conducted in California has revealed that host plant volatiles

have variable effects on attraction of cerambycids to pheromones,

varying from synergistic to inhibitory, or having no effect

(Collignon et al. 2016).

Materials and Methods

Sources of Chemicals
Racemic 3-hydroxyhexan-2-one, 2-(undecyloxy)ethanol (henceforth

“monochamol”), racemic (E)-6,10-dimethylundeca-5,9-dien-2-ol

(“fuscumol”), and the corresponding (E)-6,10-dimethylundeca-5,9-

dien-2-yl acetate (“fuscumol acetate”) were purchased from

Bedoukian Research (Danbury, CT), and racemic 2-methylbutan-1-

ol from Sigma-Aldrich (St. Louis, MO). syn-2,3-Hexanediol was

synthesized as described in Lacey et al. (2004).

Field Bioassays
Field bioassays were conducted at 15 study sites in east-central

Illinois (Table 1), most of which were wooded with mature second-

growth or successional angiosperm trees, and dominated by oak

(Quercus species), hickory (Carya species), maple (Acer species),

and ash (Fraxinus species). Earlier field experiments conducted at

these study sites have shown that at least 114 species of cerambycids

are native to the region (see Hanks et al. 2014).

Beetles were caught with black cross-vane panel traps

(AlphaScents, Portland, OR) coated with the fluoropolymer disper-

sion Fluon PTFE (AGC Chemicals Americas, Inc., Exton, PA) to im-

prove trapping efficiency (see Graham et al. 2010). Traps were hung

�0.5 m above the ground from inverted L-shaped frames con-

structed of polyvinylchloride irrigation pipe. Trap basins were par-

tially filled with saturated aqueous NaCl solution to preserve

captured beetles.

Traps were baited with a generic blend of synthesized phero-

mones of multiple cerambycid species that had been developed as a

multispecies attractant (Hanks et al. 2012), including dominant

pheromone components of species in the subfamilies Cerambycinae

(racemic 3-hydroxyhexan-2-one, syn-2,3-hexanediol, and racemic

2-methylbutan-1-ol) and Lamiinae (racemic fuscumol and fuscumol

acetate, and monochamol; reviewed by Hanks and Millar 2016).

Pheromone lures consisted of polyethylene sachets (press-seal bags,

Bagette model 14770, 5.1 by 7.6 cm, 0.05 mm thick, Cousin Corp.,

Largo, FL) loaded with 50 mg of the racemic compounds (i.e., 25 mg

of each enantiomer), and 25 mg of the achiral monochamol, dis-

solved in 1 ml of isopropanol. Solvent control lures contained 1 ml

of neat isopropanol.

Wood chips were prepared from branches (2.5–5 cm maximum

diameter) cut from trees of the four tree species at the Trelease

Woods, Vermilion River Observatory, and Nettie Hart Memorial

Woods study sites (Table 1). Leaves were removed, and the branches

were coarsely chipped (Earthquake model 212 chipper, Ardisam,

Inc., Cumberland, WI) 1–2 d prior to baiting traps. Traps were

baited with 1 liter of chipped wood (from one tree species) in a cloth

mesh bag, which was hung in the center of the trap.

One transect of four traps was set up at each of the 15 study

sites, with traps 10 m apart, during early May 2012. Treatments

were randomly assigned to traps as follows: 1) pheromone blend, 2)

pheromone blendþwood chips of one tree species, 3) wood chips

(with solvent control lure), and 4) solvent control lure. The species

of tree that was the source of volatiles initially was randomly as-

signed to study sites. Traps were serviced at intervals of �1 wk, at

which time treatments were rotated along transects (within study

sites) to control for positional effects. The tree species treatment was

rotated across study sites every �4 wk, at which time traps were

rebaited with freshly chipped wood. Pheromone lures also were

replaced at that time. The experiment was terminated in early

October 2012, by which time adult cerambycids of most species

were no longer active.

Taxonomy of captured beetles follows Monné and Hovore

(2005). Representative specimens of species are available from the

laboratory collection of L.M.H., and voucher specimens have been

deposited at the Illinois Natural History Survey, Champaign, IL.

Statistical Analyses
A preliminary analysis of the data revealed that attraction of beetles

to synthesized pheromones was influenced only by freshly chipped

wood (i.e.,<1 wk since chipping). Thus, all analyses were limited to

data collected during periods in which traps were baited with fresh

wood chips. The data were analyzed separately for the four tree spe-

cies, and for the most numerous cerambycid species (i.e., a total of

at least eight specimens). Replicates were defined by study site and

collection date, and those with no beetles in a given transect of traps

were dropped from analyses. The experimental design did not lend

itself to testing differences between tree species in trap catch because

only one tree species was tested per study site and date. Differences

between treatments in numbers of beetles caught (sexes combined)

per replicate were tested with the nonparametric Friedman’s test

(PROC FREQ with CMH option; SAS Institute 2011). Pairs of treat-

ment means were compared using the Ryan–Einot–Gabriel–Welsch

Q (REGWQ) multiple comparison test, which controls for max-

imum experiment-wise error rates (SAS Institute 2011). In recogni-

tion of the multiple statistical tests of treatment effects (N¼30; see

Table 1. Study sites in east-central Illinois for the field experiment

conducted in 2012

County/Site GPS coordinates

(lat., long.)

Area (ha)

Champaign

Brownfield Woodsa 40.144, �88.165 26

CCDC Collins Woodsa 39.883, �88.178 6

Homer Lake Forest Preserveb 40.061, �87.987 330

Lake of the Woods Preserveb 40.204, �88.375 135

Middle Fork River Forest Preserveb 40.398, �87.991 890

Nanney Research Areaa 40.138, �88.037 18

Nettie Hart Memorial Woodsa 40.229, �88.358 16

Phillips Tracta 40.130, �88.150 52

Trelease Woodsa 40.132, �88.141 29

McLean

Funk Foresta 40.357, �89.127 25

Piatt

Robert Allerton Parka 39.996, �88.651 600

Vermilion

Edgar and Sophia Richter

Research Areaa 40.089, �87.811 9

Forest Glen Preservec 40.019, �87.567 728

Rutan Research Areaa 40.073, �87.907 10

Vermilion River Observatorya 40.058, �87.566 192

a University of Illinois (http://research.illinois.edu/cna/).
b Champaign County Forest Preserves District, IL (http://www.ccfpd.org).
c Vermilion County Conservation District (http://www.vccd.org/).
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Results), significance levels were set at a¼0.0017 according to the

Bonferroni procedure (Quinn and Keough 2002).

Results

Ten species of cerambycid beetles were represented by eight or more

specimens in at least one bioassay, including the cerambycines

Anelaphus pumilus (Newman) (total N¼40), Cyrtophorus verruco-

sus (Olivier) (N¼22), Elaphidion mucronatum (Say) (N¼60),

Neoclytus acuminatus acuminatus (F.) (N¼332), Neoclytus mucro-

natus mucronatus (F.) (N¼90), and Xylotrechus colonus (F.)

(N¼643 beetles), and the lamiines Astyleiopus variegatus

(Haldeman) (N¼52), Astylidius parvus (LeConte) (N¼26),

Graphisurus fasciatus (Degeer) (N¼110), and Lepturges angulatus

(LeConte) (N¼107). Treatment means were significantly different

for seven of these species, for a total of 15 cases of statistical signifi-

cance (Table 2). Wood chips alone were not significantly attractive

for any species.

In only five cases did wood chips appear to significantly influ-

ence attraction of beetles to pheromone (bolded means in Table 2).

Chips of oak wood enhanced attraction of the cerambycine X. colo-

nus to the pheromone blend, whereas ash chips enhanced attraction

of the lamiine A. parvus. However, chips of ash wood appeared to

inhibit attraction of N. m. mucronatus, X. colonus, and L. angula-

tus. The effects of volatiles from pine chips were indeterminate for

N. a. acuminatus and G. fasciatus, with the pheromoneþpine chips

treatments not being statistically different than either the phero-

mone treatment or the control.

Discussion

Attraction of seven species of cerambycid beetles to traps baited

with the blend of synthesized pheromones was not unexpected, be-

cause each species had been attracted by the same pheromone blend

in earlier studies, and for most of the species, the blend was known

to contain components of their fully identified pheromones. For ex-

ample, the pheromone blend contained (R)-3-hydroxyhexan-2-one,

the sole or dominant pheromone component of N. m. mucronatus and

X. colonus (Lacey et al. 2007, 2009), and (2S,3S)-2,3-hexanediol, the

pheromone of N. a. acuminatus (Lacey et al. 2004). Similarly, the com-

bination of racemic fuscumol and fuscumol acetate present in the blend

was known to attract the lamiines A. parvus, G. fasciatus, and

L. angulatus (Mitchell et al. 2011, Hanks and Millar 2013), and par-

ticular enantiomers of those chemicals recently have been confirmed as

pheromone components of A. parvus and L. angulatus (Meier et al.

2016).

In those cases in which wood chips appeared to influence attrac-

tion of beetles to the pheromone blend, the responses of beetles were

not entirely consistent with what is known of their biology (sum-

marized by Linsley 1963, 1964; Linsley and Chemsak 1995;

Lingafelter 2007). For example, larvae of X. colonus and A. parvus

are quite polyphagous on angiosperm tree species, which may ex-

plain why volatiles from oak and ash, respectively, would enhance

attraction to their pheromones. However, chips of ash appeared to

inhibit attraction of X. colonus and L. angulatus, despite ash being a

likely host of their larvae. The inhibitory effect of ash chips for N.

m. mucronatus is consistent with their larvae specializing on oaks

and hickories.

In many cases, wood chips had no effect on attraction of adult

beetles to the pheromone blend, whether the tree species was within

the host range of the larvae (angiosperms for the polyphagous

E. mucronatum, N. a. acuminatus, N. m. mucronatus, and L. angu-

latus), or was not a likely host for larvae (pine for X. colonus,

L. angulatus). Similarly, Collignon et al. (2016) found that volatiles

from oak wood did not influence attraction of four oak-feeding

cerambycid species to the same pheromone blend that we used in

the work described here. Chips from a nonhost species of gymno-

sperm, however, inhibited attraction of one species in that study.

The lack of a wood chip effect on attraction of a number of

cerambycid species, in both the present study and that of Collignon

Table 2. Mean (61 SE) number of adult cerambycid beetles captured per replicate by traps baited with a blend of synthesized pheromones

(“Pheromone”), the same blend combined with a bag containing chipped wood (from ash, oak, willow, or pine trees), wood chips alone, or

a solvent control lure

Taxonomy Tree species Pheromone Pheromone þ wood chips Wood chips Control Friedman’s Q (df) P

Cerambycinae

Elaphidion mucronatum Oak 1.1 6 0.3a 0.86 6 0.3a 0b 0b 15.1 (28) 0.0015

Neoclytus a. acuminatus Ash 5.2 6 2.0a 4.9 6 1.7a 0.08 6 0.08b 0b 28.5 (50) <0.0001

Oak 2.9 6 0.6a 2.6 6 0.7a 0b 0.2460.1b 37.2 (68) <0.0001

Willow 3.0 6 0.9a 4.4 6 1.0a 0.13 6 0.1b 0b 21.4 (32) <0.0001

Pine 2.4 6 0.7a 1.4 6 0.6ab 0b 0.08 6 0.08b 23.1 (47) <0.0001

Neoclytus m. mucronatus Ash 2.2 6 0.5a1 1.0 6 0.5b 0.11 6 0.1c 0c 23.5 (39) <0.0001

Oak 1.6 6 0.4a 1.0 6 0.4a 0.1b 0b 18.1 (36) 0.0004

Xylotrechus colonus Ash 12.4 6 4.0a 6.3 6 2.3b 0.14 6 0.1c 0.15 6 0.1c 27.9 (53) <0.0001

Oak 3.2 6 0.6b 5.4 6 1.1a 0.38 6 0.2c 0.25 6 0.2c 33.0 (64) <0.0001

Pine 4.6 6 1.1a 5.4 6 1.9a 0.46 6 0.2b 0.5 6 0.2b 20.2 (55) 0.0002

Lamiinae

Astylidius parvus Ash 0.2 6 0.2b 1.4 6 0.4a 0b 0b 15.4 (20) 0.0015

Graphisurus fasciatus Pine 2.6 6 1.1a 1.5 6 0.5ab 0.11 6 0.1b 0.20 6 0.13b 15.5 (39) 0.0014

Lepturges angulatus Ash 3.0 6 0.9a 1.4 6 0.4b 0c 0c 20.5 (35) 0.0001

Oak 1.3 6 0.3a 1.1 6 0.3a 0b 0b 17.5 (36) 0.0006

Pine 2.0 6 0.5a 3.0 6 1.1a 0b 0b 16.5 (23) 0.0009

1 Only the cases in which treatment effects were statistically significant are presented, as tested by Friedman’s Q analyses, after adjustment of significance levels

by the Bonferroni procedure (a¼ 0.0017). Treatment means with different letters are significantly different (REGWQ test). Bold font indicates cases in which

means for the pheromone alone and pheromoneþwood chips treatments were significantly different.
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et al. (2016), may be owing in part to the limitations of the experi-

mental design. The relatively small amounts of host material that

were used (i.e., 1 liter of chipped wood) likely emit much smaller

quantities of volatiles than would be produced by natural larval

hosts. Moreover, the wood chips used in both studies were from

freshly cut branches, which may not have been representative of the

host condition required by the larvae. For example, many of the spe-

cies in Table 2 require hosts that are moribund or freshly dead

(Hanks 1999), and the odor profiles from such hosts undoubtedly

differ from those produced by chipped fresh-cut wood from living

hosts. Volatiles from freshly-cut wood could actually be indicative

of an unsuitable, healthy host, and so may be repellent. For ex-

ample, larvae of E. mucronatum develop in woody hosts that are

dead and seasoned (Linsley 1963), which may explain why the

adults were not influenced by odors of fresh wood chips. Thus,

wood chips from unsuitable hosts (either of the wrong species, or of

natural hosts that are in an unsuitable condition) may either inhibit

attraction to pheromones (if the species is under selection to avoid

such hosts), or have no effect on attraction (if the beetles are simply

not adapted to detect the volatiles that are characteristic of such

trees).

From a practical standpoint, these findings suggest that

semiochemical-based methods for surveillance of cerambycids

that infest angiosperm trees, such as monitoring for introductions

of exotic species, may be moderately improved by baiting traps

with both synthesized pheromones and host plant volatiles.

However, this approach should be evaluated on a case-by-case

basis, because only modest improvements in trap catches may not

be worth the additional cost of baiting traps with both synthe-

sized pheromones and host plant volatiles. Furthermore, inaccur-

ate simulation or reconstruction of plant volatile blends could

actually result in inhibition and reduced attraction to pheromone-

baited traps.
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