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Abstract The small white-marmorated longicorn beetle,Monochamus sutor (L.) (Coleoptera: Cerambycidae),

is widely distributed throughout Europe and Asia. It is a potential vector of the pine wood nematode,

Bursaphelenchus xylophilus (Steiner et Buhrer) Nickle, the causal agent of the devastating pine wilt

disease. Volatiles were collected from both male and female beetles after maturation feeding. In anal-

yses of these collections using gas chromatography (GC) coupled to mass spectrometry, a single

male-specific compound was detected and identified as 2-(undecyloxy)-ethanol. In analyses by GC

coupled to electroantennography the only consistent responses from both female and male antennae

were to this compound. Trapping tests were carried out in Spain, Sweden, and China. 2-(Undecyl-

oxy)-ethanol was attractive to both male and femaleM. sutor beetles. A blend of the bark beetle pher-

omones ipsenol, ipsdienol, and 2-methyl-3-buten-2-ol was also attractive to both sexes in Spain and

Sweden, and further increased the attractiveness of the 2-(undecyloxy)-ethanol. The host plant vola-

tiles a-pinene, 3-carene, and ethanol were weakly attractive, if at all, in all three countries and did not
significantly increase the attractiveness of the blend of 2-(undecyloxy)-ethanol and bark beetle phero-

mones. 2-(Undecyloxy)-ethanol is thus proposed to be the major, if not only, component of the

male-produced aggregation pheromone of M. sutor, and its role is discussed. This compound has

been reported as a pheromone of several other Monochamus species and is another example of the

parsimony that seems to exist among the pheromones of many of the Cerambycidae. Traps baited

with 2-(undecyloxy)-ethanol and bark beetle pheromones should be useful for monitoring and con-

trol of pine wilt disease, shouldM. sutor be proven to be a vector of the nematode.

Introduction

The small white-marmorated longicorn beetle, Monocha-

mus sutor (L.) (Coleoptera: Cerambycidae), is widely

distributed throughout Europe and Asia (CABI, 2012). As

with most other Monochamus species, the larvae of

M. sutor usually develop in pine and other conifers that

are dead, dying, or severely stressed, such as wind-felled

trees and those damaged by fire. For example, following

extensive forest fires in the Great Xing An mountains in

China during 1987, the population of M. sutor increased

to such proportions that nearly all fire-damaged trees were

infested and killed (Chu et al., 1990; Zhang et al., 1993).
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Several species of Monochamus are of particular impor-

tance because the adults are vectors of the pine wood nem-

atode, Bursaphelenchus xylophilus (Steiner et Buhrer)

Nickle, the causal agent of the devastating pine wilt disease

(Mamiya & Enda, 1972; Shing, 2008; Zhao, 2008). To date,

M. sutor has not been confirmed to transmit pine wilt

nematode, but it is a known vector of nematodes within

the genus Bursaphelenchus (Schroeder & Magnusson,

1992). Thus, it is likely to be an important vector of the

pine wilt nematode, particularly in Northern Europe and

Asia where the beetle is common (CABI, 2012).

2-(Undecyloxy)-ethanol is the male-produced aggrega-

tion pheromone ofMonochamus galloprovincialis (Olivier)

and Monochamus alternatus Hope (Pajares et al., 2010;

Teale et al., 2011), both known vectors of pine wood nem-

atode (Braasch, 2001). Attraction to the pheromone is

strongly synergized by pheromone components of bark

beetles (Scolytinae) and/or volatiles from host plants

(Pajares et al., 2010; Teale et al., 2011). The aim of the

studies described here was to identify insect- or host-

derived attractants for M. sutor that could be developed

for detection and population monitoring of this poten-

tially important vector species.

Materials and methods

Insects

During 2011, adultM. sutor were collected with multifun-

nel traps baited with 2-(undecyloxy)-ethanol, ipsenol, ips-

dienol, and a-pinene (cf. Pajares et al., 2010) in Torla,

Huesca, Spain (42°37′40″N, 0°5′24″W). They were sexed,

placed individually in glass tubes, and shipped by courier

to the Natural Resources Institute, Greenwich (UK). They

arrived within 2 days and were maintained on shoots of

Scots pine, Pinus sylvestris L. (Pinaceae), in an insectary at

L12(25 °C):D12(20 °C) photo-thermo cycle and ambient

humidity.

Adult beetles collected as above were also allowed to ovi-

posit on logs of Scots pine maintained in the laboratory in

Spain under ambient conditions of temperature, humid-

ity, and lighting. During 2012, emerging adults were col-

lected each day. They were kept separately by sex under the

same conditions and fed on shoots of Scots pine for

2 weeks before shipping to the UK as discussed above.

Collection of volatiles

For collection of headspace odours at the Natural

Resources Institute, beetles and shoots of Scots pine were

held in a silanized flange flask (1 l) under the same condi-

tions as above. Air, purified with a charcoal filter

(10 9 2 cm, 10–18 mesh; Fisher Scientific, Loughbor-

ough, Leicestershire, UK), was drawn at 2 l per min

through the flask and headspace volatiles were trapped on

200 mg PorapakTM Q (50–80 mesh; Supelco, Gillingham,

Dorset, UK) packed between glass wool plugs in a Pasteur

pipette [4 mm inner diameter (i.d.)]. The PorapakTM Q

was cleaned before use by Soxhlet extraction with chloro-

form for 8 h, and collectors were rinsed several times with

dichloromethane immediately before use. Trapped vola-

tiles were eluted from collectors with dichloromethane

(3 9 0.5 ml) and used directly for analyses. Separate

flasks were used for male and female beetles and 4–5 bee-
tles were used for each collection to maximize the proba-

bility that at least one individual would be producing

pheromone. Volatiles were collected continuously for

periods of 1–3 days during 2011, whereas in 2012, each

flask was fitted with two collection filters attached to

pumps timed to collect during the light and dark periods,

respectively.

Gas chromatography and coupled gas chromatography-mass
spectrometry

Extracts of volatiles were analysed by gas chromatography

(GC) with flame ionization detection (FID, model

HP6850; Agilent Technologies, Stockport, Cheshire, UK)

with a fused silica capillary column (30 m 9 0.32 mm

i.d. 9 0.25 lmfilm thickness) coated with polar DB-Wax

(Agilent). Injections were splitless (200 °C), using helium
carrier gas (2.4 ml per min), and the oven temperature

was held at 50 °C for 2 min, then increased by 10 °C per

min to 250 °C.
Extracts of volatiles were analysed further using gas

chromatography-mass spectrometry (GC-MS) in electron

impact (EI) ionization mode with a Saturn 2200MS (Var-

ian, now Agilent) interfaced with a CP3800 GC fitted with

fused silica capillary columns (30 m 9 0.25 mm

i.d. 9 0.25 l film thickness) coated with polar DB-Wax

(Agilent) or non-polar VF-5 (Varian). Injections were

made in splitless mode (220 °C), using helium carrier gas

(1 ml per min) and the oven temperature was held at

40 °C for 2 min, then increased by 6 °C per min to

250 °C.
Gas chromatography retention times were converted to

retention indices (RI) by comparison with the retention

times for n-alkanes (Zellner et al., 2008). Amounts of

pheromone in extracts were quantified by comparison

with an authentic external standard (98% pure, synthe-

sized as described in Pajares et al., 2010).

Coupled gas chromatography-electroantennography

Coupled GC-electroantennography (EAG) analyses were

carried out on an HP6890 GC (Agilent) fitted with two

fused silica capillary columns (30 m 9 0.32 mm i.d.)

coated with polar SupelcoWax� and non-polar SPB�-5
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(Supelco) phases. All analyses were carried out on the

polar column under the conditions described above for

GC-FID analyses. The ends of the two columns were con-

nected to a short piece of deactivated fused silica tubing

with a glass, push-fit Y-piece, with the outlet split with a

similar Y-piece, with one side leading to the flame ioniza-

tion detector and the other to a silanized glass T-piece

(arms 5 cm long, 4 mm i.d.), using similar lengths of

deactivated fused silica tubing. One arm of the T-piece was

connected to a supply of humidified air (300 ml per min)

and the third arm of the T-piece passed through the GC

oven wall to the insect EAG preparation.

The EAG recorder (model INR-02; Syntech, Hilversum,

The Netherlands) consisted of integrated electrode hold-

ers, micromanipulators, and an amplifier. Electrodes were

silver wires inside capillary glass electrodes pulled to a fine

point with an electrode puller and containing saline solu-

tion [0.1 M aqueous KCl with 1% (wt/vol) polyvinylpyrro-

lidine to reduce evaporation]. An antenna was excised at

the base and suspended between the glass electrodes,

which were cut so that they just accommodated the ends

of the antenna. The signal was amplified 109 and dis-

played with the consecutive FID trace from the GC with

EZChromEliteTM v3.0 software (Agilent).

Field tests in Spain

Field trials were carried out in the vicinity of Torla (Hues-

ca, Aragon, Spain) in the Pyrenees mountains, within

42°37′40″N, 0°5′24″W and 42°38′44″N, 0°4′07″W, and

within 1 609–2 066 m above sea level. The area was cov-

ered with known hosts of M. sutor, mainly natural stands

of Pinus uncinata Mill. ex Mirb. and P. sylvestris at lower

altitude.

To test the attractiveness of the candidate phero-

mone (see Results), and the influence of bark beetle

and host kairomones, five treatments were tested with

12-unit multiple funnel traps (Lindgren, 1983) fitted

with 2-l collection cups designed for live trapping

(Econex, Murcia, Spain). Treatments were as follows:

2-(undecyloxy)-ethanol, synthesized as described by

Pajares et al. (2010), released at ca. 2 mg per day from

a polyethylene sachet dispenser (P); a combination of

the host volatiles (�)-a-pinene (two sachet dispensers

each releasing ca. 250 mg per day) and (�)-3-carene

(one sachet dispenser releasing ca. 500 mg per day)

(H); a sachet containing a blend of the bark beetle

kairomones racemic ipsenol (ca. 2.5 mg per day), race-

mic ipsdienol (ca. 2.5 mg per day), racemic 2-methyl-

3-buten-2-ol (ca. 10 mg per day), and (S)-cis-verbenol

(ca. 2.5 mg per day) (K); the three previous treatments

together (P+K+H); and an unbaited trap (Control). All

dispensers and emission rates were provided by

Sociedad Espa~nola de Desarrollos Qu�ımicos (Barcelona,

Spain). Traps were hung ca. 2 m above ground from

ropes tied between trees. Semiochemical dispensers

were replaced after 6 weeks. A replicate of each treat-

ment was randomly positioned within each of five

experimental blocks in a randomized complete block

design. Traps were at least 90 m apart and nearest

blocks were 500 m apart. Traps were deployed from

11 July to 25 August 2011, and captured beetles were

collected weekly, and identified and sexed using the

characters described by Vives (2000).

Field tests in Sweden

Field trials were conducted in the province of Uppland in

central Sweden, in the southern boreal vegetation zone

where P. sylvestris and Norway spruce, Picea abies (L.)

Karst., are the dominant tree species. More than 95% of

the forest land in the study area consisted of stands that

were of even age, managed by regular thinning from

below, and clear cut at an age of about 80 years. The exper-

iments were conducted on seven fresh spruce clear-cuts

harvested during the previous winter, located about

25 km from the Baltic coastline within a 12 9 36-km area

centred at 60°07′N, 18°07′W. Twelve-unit multiple funnel

traps provided with collector cups containing water to

retain trapped insects (Econex) were used and lures were

similar to those used in Spain (SEDQ).

Two experiments were conducted, Experiment 1 from 6

to 21 June and Experiment 2 from 21 June to 25 July 2011.

In Experiment 1, four treatments were tested as follows:

the host volatile (�)-a-pinene alone released from two

dispensers (H); the pheromone, 2-(undecyloxy)-ethanol,

and the bark beetle kairomones ipsenol and 2-methyl-

3-buten-2-ol (P+K); the pheromone, kairomones, and

host volatiles combined (P+K+H); and an unbaited trap

(Control). The traps were arranged 50 m apart in 10

blocks that were separated by 100 m. Insects were collected

from traps twice during the trapping period.

In Experiment 2, the four treatments were as follows:

bark beetle kairomones alone (K); the pheromone alone

(P); both pheromone and kairomone lures (P+K); and an

unbaited trap (Control). The traps were arranged in 12

blocks using the same traps as used in Experiment 1 with

an additional two new blocks, and insects were collected

three times.

BothM. sutor andM. galloprovincialis subspecies pistor

occur in Sweden (Ehnstr€om & Holmer, 2007). Because

M. galloprovincialis pistor is morphologically similar to

M. sutor, all males were identified to species based on geni-

talia (Tomminen & Leppanen, 1991; H Wallin, Swedish

Institute for Food and Biotechnology, Uppsala, Sweden,

pers. comm.).
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Field tests in China

The field trials in Europe and China were carried out inde-

pendently, with each group unaware of the others’ experi-

ments until after the studies were completed. The

materials and procedures used in China were thus slightly

different from those used in Europe.

A trapping experiment was conducted in north-eastern

China at the LaoShan Experimental Forests, Northeastern

Forestry University, Heilongjiang, ca. 86 km southeast of

Harbin (45°16′26″N, 127°32′51″E). Over-story vegetation
was predominantly Korean pine, Pinus koraiensis Sieb. et

Zucc., Mongolian Scots pine, P. sylvestris var. mongolica

Litv., Dahurian larch, Larix gmelinii (Rupr.) Rupr., and

mixed hardwoods. Six lure treatments were tested in five

complete blocks: 2-(undecyloxy)-ethanol (P); 2-(undecyl-

oxy)-ethanol + ethanol (P+H1); 2-(undecyloxy)-ethanol +
a-pinene (P+H2); 2-(undecyloxy)-ethanol + ethanol +
a-pinene (P+H1+H2); a-pinene + ethanol + isopropanol

(H1+H2); and isopropanol (Control). Pheromone release

devices consisted of polyethylene sachets (press-seal bags,

5 9 7.6 cm; Fisher Scientific, Pittsburgh, PA, USA) that

were loaded with 1 ml of an isopropanol solution of the

pheromone (25 mg ml�1). (�)-a-Pinene (20 ml, 98%;

Aldrich Chemical, Shanghai, China) was released from

dispensers prepared by absorbing the neat compound on a

piece of plastic sponge, which was then enclosed in a clear

polyethylene pouch, with a release rate of ca. 2 g per day at

20 °C (Alpha Scents, Portland, OR, USA). Ethanol

(20 ml) was formulated similarly and released at a rate of

ca. 300 mg per day at 20 °C (Alpha Scents). Lures were

placed in the centre of cross-vane panel traps (Alpha

Scents) that had been coated with Fluon� PTFE (AGC

Chemicals Americas, Exton, PA, USA) to increase trap effi-

ciency (Graham et al., 2010). Adjacent traps and blocks

were separated by at least 10 m. The experiment started on

13 July 2011, and captured beetles were collected and treat-

ment positions were re-randomized on 17 and 31 July and

13 August 2011.

Statistical analysis

Although catches were recorded on several occasions dur-

ing the experiments, the data were analysed by using the

total number of beetles caught during each of the experi-

mental periods as the response variable. The response was

fitted against treatment and block factors and to a Poisson

error distribution in a generalized linear model with a log-

link function. Treatments with high zero frequencies

(>50% of the replicates) were excluded from the analysis.

If significant treatment effects (P<0.05) were detected,

means were separated using Tukey’s honestly significant

difference test, applying a Bonferroni correction to the

value of a for the confidence intervals (Reeve & Strom,

2004). For illustrative purposes, excluded treatments were

included in the figures and labelled ‘a’. All statistical com-

puting was carried out using the R language and environ-

ment (The RDevelopment Core Team, 2011).

Results

Pheromone identification

Analyses of headspace collections from adult male and

female M. sutor maintained on pine twigs showed the

presence of one male-specific compound with a retention

index of 2135 on the polar DB-Wax column and 1618 on

the non-polar VF-5 column (Figure 1). Its retention times

and EI mass spectrum were identical to those of 2-(unde-

cyloxy)-ethanol. During 2011, collections were made from

beetles that had been collected from traps, and thus were

of unknown age and mating status. The largest amount of

this compound obtained was estimated to be 7.5 lg in the
first 24-h collection from one group of five male beetles.

During 2012, collections were made from virgin beetles

that had emerged under laboratory conditions and had

been fed with fresh pine shoots to complete sexual matura-

tion (cf. Pajares et al., 2010) before shipping to the UK.

2-(Undecyloxy)-ethanol was detected only in collections

from males made during the light period. The largest

amount obtained was estimated to be 40 lg from fivemale

beetles over the 12-h period. Amounts collected varied,

although this compound was always detectable in volatiles

collected frommale beetles and never in those from female

beetles.

In GC-EAG analyses of volatiles collected from the male

beetles, the only consistent responses obtained were to the

male-specific component detected in GC-MS analyses

(Figure 2). The responses obtained from the antennae of

female and male beetles were similar in magnitude,

although the responses from antennae of males were nois-

ier than those from females (Figure 2).

Field test in Spain

The field test in Spain showed that the proposed phero-

mone, 2-(undecyloxy)-ethanol (P), was attractive to both

male and female M. sutor (males: F2,8 = 6.51, P = 0.021;

females: F4,16 = 6.29, P<0.01; Figure 3). The four-compo-

nent blend of bark beetle kairomones (K) was also attrac-

tive to both sexes, but the host volatiles (H), a-pinene and
3-carene, were only attractive to females and not to males.

The combination of all three (P+K+H) was significantly

more attractive than any of the individual lures. The

increase seemed to be additive, although the proportion of

sexes trapped by the combination was more biased

towards males (M:F = 1:0.6) than with the kairomone

(1:0.8) or the pheromone alone (1:0.9).
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Field tests in Sweden

Experiment 1 confirmed the strong attraction of both

sexes of M. sutor to a combination of 2-(undecyloxy)-

ethanol, two-component bark beetle kairomone blend and

the host volatile, a-pinene (P+K+H) observed in Spain for

a similar combination (males: F3,9 = 8.38, P<0.001;
females: F3,9 = 31.85, P<0.001; Figure 4). a-Pinene alone
(H) was not significantly attractive to either sex, and the

two-way combination of the pheromone and bark beetle

kairomones (P+K) was as attractive as the three-way blend
(P+K+H).

In Experiment 2, catches in traps baited with the

pheromone, alone (P) or with the blend of two bark

beetle kairomones (P+K), were significantly attractive

(males: F2,22 = 9.78, P<0.001; females: F2,22 = 16.46,

P<0.001; Figure 5). However, catches in traps baited

with the pheromone and the blend of kairomones

(P+K) were not significantly different from those in

traps baited with the pheromone alone (P). Traps baited

with the bark beetle kairomones alone (K) caught signif-

icantly more beetles of both sexes than the unbaited

control, but significantly fewer than the pheromone

alone (P). In contrast to the results from Spain, the sex

ratio of M. sutor caught in traps baited with the phero-

mone was strongly biased towards females (M:F = 1:3.2),

less biased if the bark beetle kairomones were added

(1:1.4), and unbiased for traps baited with kairomones

alone (1:1).

Field test in China

Although the materials and procedures used in the field

trial in China were slightly different from those used in

Europe, the results were broadly similar. Traps baited with

lures containing 2-(undecyloxy)-ethanol caught 2–18
times more female M. sutor than the unbaited control

traps, but only the lure consisting of 2-(undecyloxy)-etha-

nol + a-pinene + ethanol (P+H1+H2) was significantly

more attractive than the control for females (males:

F4,16 = 1.61, P = 0.22; females: F5,20 = 3.92, P = 0.012;

Figure 6). These results were probably due, at least in part,

to the fewer replicates and the high variability and gener-

ally lower trap counts than in the other two countries.

Similarly, even though the controls caught no males

whereas all the test treatments caught some males there

were no significant differences in catches by any of the

treatments. As in Sweden, the sex ratios of the trapped bee-

tles were strongly female-biased, ranging from 1:8.3 (M:F)

for the 2-(undecyloxy)-ethanol + a-pinene lure (P+H1) to

1:1.7 for the 2-(undecyloxy)-ethanol + ethanol lure

(P+H2).

Discussion

Our results provide strong evidence that 2-(undecyloxy)-

ethanol is the major, if not the only, component of the

male-produced aggregation pheromone of M. sutor. This

compound was present only in headspace collections from

Figure 1 Gas chromatography-mass

spectrometry (GC-MS) analyses of 24-h

collections of volatiles fromMonochamus

sutormales (upper) and females (lower)

on polar GC columnwithmale-specific

compound indicated by * (n = 5 beetles

each on pine twigs). TIC, total ion current.
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males and it elicited responses from antennae of both

female and male beetles in electrophysiological assays. In

field tests carried out at three widely separated geographi-

cal locations during 2011, 2-(undecyloxy)-ethanol proved

to be significantly attractive to beetles of both sexes as a

single component.

2-(Undecyloxy)-ethanol now has been demonstrated to

be a male-specific pheromone for M. galloprovincialis

(Pajares et al., 2010), M. alternatus (Teale et al., 2011),

Monochamus carolinensis (Olivier) and Monochamus titil-

lator (Fabricius) (Allison et al., 2012), and Monochamus

scutellatus (Say) (Fierke et al., 2012), as well asM. sutor. It

has also been shown to be a likely pheromone component

for Monochamus clamator (LeConte) and Monochamus

obtususCasey (Macias-Samano et al., 2012), andMonocha-

mus notatus (Drury) (Fierke et al., 2012). Furthermore,

2-(undecyloxy)-ethanol is chemically related to straight-

chain ether pheromones found as pheromone compo-

nents in other members of the subfamily Lamiinae,

including 4-(heptyloxy)-butan-1-ol and the related

4-(heptyloxy)-butanal produced by male Anoplophora

glabripennis (Motschulsky) (Zhang et al., 2002), and

2-(4-(heptyloxy)-butoxy)-ethanol produced by Monocha-

mus leuconotus (Pascoe) (Hall et al., 2006). Thus, the hy-

droxyether structural motif is emerging as another

example of the parsimony that seems to exist among the

pheromones of many of the Cerambycidae (Hanks &

Millar, 2013).

A blend of the host volatiles a-pinene and 3-carene was

significantly attractive to M. sutor females in Spain, but

not males. In Sweden, there was no significant attraction

of either sex to a-pinene, and in China, no attraction to

ethanol and a-pinene. The experiment in Swedenwas con-

ducted on fresh clear-cuts and thus the attractiveness of

the host volatile bait may have been masked by the release

of host volatiles from logging residues and stumps. In the

experiment in China, the number of beetles caught was

low which reduced the possibility for demonstrating

significant differences. Studies of the response of other

Monochamus species to host volatiles have in some cases

demonstrated a significant attraction: e.g., M. carolinensis

to a-pinene (Allison et al., 2012), whereas in other cases

Figure 2 Representative gas

chromatography-electroantennography

(GC-EAG) analysis of volatiles collected

frommaleMonochamus sutorwith EAG

preparation of antennae from female

(upper) andmale (lower)M. sutor on

polar GC column. *EAG response tomale-

specific component; FID, flame ionization

detection.
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no significant attraction occurred: e.g., M. alternatus to

a-pinene + ethanol (Teale et al., 2011), M. titillator

to a-pinene (Allison et al., 2012), and M. carolinensis to

a-pinene alone and with ethanol (Hanks et al., 2012;

Hanks &Millar, 2013).

In many Monochamus species, attraction to the phero-

mone 2-(undecyloxy)-ethanol can be increased when it is

combined with host plant volatiles, bark beetle kairo-

mones, or both (Hanks & Millar, 2013). In the case of

M. sutor, there was no clear evidence that the host plant

volatiles a-pinene, 3-carene, and ethanol significantly

increased catches when added to the pheromone in any of

the countries. These results are in contrast to those found

for M. alternatus in China, where response to the phero-

mone was increased more than five times by the concur-

rent release of a-pinene and ethanol (Teale et al., 2011)

using the same dispensers and traps as used here for M.

sutor. Allison et al. (2012) also found that addition of

a-pinene to 2-(undecyloxy)-ethanol synergized attraction

ofM. carolinensis andM. titillator in the USA.

In contrast to the host plant volatiles, blends of the bark

beetle kairomones tested in Spain and Sweden were signifi-

cantly attractive to both sexes of M. sutor, extending to

this species the kairomonal attraction to scolytid phero-

mones found for other Monochamus species (Billings &

Cameron, 1984; Billings, 1985; Allison et al., 2001, 2003;

Pajares et al., 2004; Miller & Asaro, 2005; Miller et al.,

2011). Responding pine sawyers may benefit by colonizing

hosts found and weakened by bark beetles or even by intra-

guild predation of bark beetle larvae (Dodds et al., 2001;

Allison et al., 2003). The four-component kairomone

blend tested in Spain included all the main pheromone

components emitted by the Ips species infesting pines or

spruce in Europe. Monochamus sutor occurs in the Pyre-

nees in Spain on high-altitude pure black pine or Scots

pine mixed stands in which Ips acuminatus (Gyllenhaal) is

the main bark beetle species. In the Swedish experiment,

only ipsenol and 2-methyl-3-buten-2-ol were used because

these are the pheromone components of Ips typographus

(L.) and I. acuminatus breeding on Norway spruce and

Scots pine stands, respectively, whereM. sutor occurs.

Combining the bark beetle kairomones with the phero-

mone gave an even more attractive lure, significantly so in

Spain. In contrast to the results for M. galloprovincialis

(Pajares et al., 2010), the increase appeared additive rather

than synergistic. Further addition of the host volatiles

Figure 3 Mean no. catches (+ SE) ofMonochamus sutor between

11 July and 25 August 2011 inHuesca, Aragon, Spain, with

multi-funnel traps that were unbaited (Control), or baited with

host plant volatiles: a-pinene and 3-carene (H), bark beetle

kairomones: ipsenol, ipsdienol, 2-methyl-3-buten-2-ol, and

cis-verbenol (K), pheromone: 2-(undecyloxy)-ethanol (P), or the

combination of all three (P+K+H) (n = 5 replicates). Means with

different letters are significantly different (Tukey’s HSD test after

Bonferroni correction: P<0.05).

Figure 4 Mean no. catches (+ SE) ofMonochamus sutor between

6 and 21 June 2011 in Sweden in multifunnel traps that were

unbaited (Control), or baited with host plant volatile: a-pinene
(H), the combination of pheromone [2-(undecyloxy)-ethanol]

and bark beetle kairomones: ipsenol and 2-methyl-3-buten-2-ol

(P+K), or the combination of all three (P+K+H) (n = 10

replicates). Means with different letters are significantly different

(Tukey’s HSD test after Bonferroni correction: P<0.05).
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a-pinene and 3-carene had no significant effect on trap

catch.

Although the results of the relative attractiveness of the

various lures for M. sutor were reasonably consistent in

the different countries, one notable difference was that

generally more males than females were trapped in Spain,

whereas catches were female-biased in the other two coun-

tries, particularly in China. Because this was generally true

of the catches in the unbaited traps, it may reflect genuine

differences in the sex ratios of local populations. The male-

produced pheromone was significantly attractive to both

sexes ofM. sutor and hence can be considered as an aggre-

gation pheromone (Shorey, 1973). However, its behavio-

ural and evolutionary significance forM. sutor and indeed

for many other cerambycid beetles is not clear. Aggrega-

tion pheromones in non-social insects were reviewed by

Landolt (1997) andWertheim et al. (2005), but both these

reviews were written before the recent surge in identifica-

tions of male-produced aggregation pheromones in

cerambycid beetles (see Hanks & Millar, 2013), and it is

worth considering how some of the principles discussed in

these reviews apply to cerambycid beetles in general and

Monochamus species in particular.

Because females direct more resources into parental

effort and fewer into mating than males, female signalling

and male searching is consistent with Darwinian sexual

selection theory (Greenfield, 1980; Thornhill & Alcock,

1983). Reversal of this trend requires that male signalling

offers something of value to searching females (Thornhill

& Alcock, 1983). If food sources are patchy, females

searching for males associated with a food source could

expend fewer resources than in searching only for food for

herself and her larvae (Greenfield, 1980). Both Landolt

(1997) and Wertheim et al. (2005) observed that male-

produced aggregation pheromones are invariably associ-

ated with attraction to host plant volatiles across many

taxa. Although attraction of male or femaleM. sutor to the

male-produced pheromone was not increased by the lim-

ited range of host plant volatiles tested here, many other

Monochamus species are attracted to specific host volatiles,

as indicated above. Components of the pheromones of

bark beetles increased attraction of both male and female

M. sutor to the aggregation pheromone, as in other species

Figure 5 Mean no. catches (+ SE) ofMonochamus sutor between

21 June and 15 July 2011 in Sweden inmultifunnel traps that

were unbaited (Control), or baited with bark beetle kairomones:

ipsenol and 2-methyl-3-buten-2-ol (K), pheromone: 2-

(undecyloxy)-ethanol (P), or the combination of the two (P+K)
(n = 12 replicates). Means with different letters are significantly

different (Tukey’s HSD test after Bonferroni correction: P<0.05).

Figure 6 Mean no. catches (+ SE) ofMonochamus sutor between

13 July and 13 August 2011 inHeilonjiang, China, in intercept

traps that were unbaited (Control), or baited with host plant

volatiles ethanol (H1) and a-pinene (H2), pheromone,

2-(undecyloxy)-ethanol (P), combinations of pheromone and

one plant volatile (P+H1, P+H2), or the combination of all three

(P+H1+H2) (n = 5 replicates). Means with different letters are

significantly different (Tukey’s HSD test after Bonferroni

correction: P<0.05).
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ofMonochamus, and these kairomones are likely to be sig-

nalling the presence of suitable breedingmaterial.

Attraction of conspecific males by a male-produced

aggregation pheromone will increase competition for

females. However, this may be offset by an increase in the

efficiency of mate finding due to the larger active space of

attraction of the combined pheromone production of

more than one male (Baker, 1985). This could be particu-

larly true for species such as M. sutor which occur at rela-

tively low population densities where the chances of mate

finding are correspondingly low. At worst, even if attrac-

tion of other males is not benefitting the emitter, it may

evolve if the costs of not calling to females are larger than

the costs of having to share the responding females with

eavesdroppingmales (Wertheim et al., 2005).

In their review, Wertheim et al. (2005) noted that

aggregation pheromones are often not as species-specific

as sex pheromones, and there is cross-attraction between

species. This may reflect a constraint but could be evolu-

tionarily adaptive, for example, in cerambycid beetles

where different species share common host plants and

food availability is not normally a constraint (Wertheim

et al., 2005), or if the species distributions are not, or only

partially, overlapping. Female contact sex pheromones

have been reported for several species of cerambycid bee-

tles, includingM. galloprovincialis (Ibeas et al., 2009), and

these provide an additional method for species as well as

sex discrimination. In this sense, Hughes & Hughes,1987

noted in North America that M. notatus and M. scutella-

tus did not mate when they occurred on the same log.

The threat represented by the pinewood nematode has

created an urgent need for tools for detecting and moni-

toring both the nematode and the insect species that are

vectors of it. Traps baited with lures forM. galloprovincia-

lis composed of 2-(undecyloxy)-ethanol and bark beetle

and host kairomones are currently being used to control

the spread of pine wilt disease in the three focal areas where

the nematode has become established in Spain (Esp�arrago,

2012), and trapping programmes are now envisaged as

one of the main components of control programmes for

pine wilt disease in Spain. The results presented here sug-

gest that these attractant-baited traps should serve the

same purposes for M. sutor, should it be proven to be a

vector of the nematode.

Acknowledgements

We thank I. Extebeste and E. S�anchez (University of Valla-

dolid), E. Mart�ın (Aragon Government, Spain) and Dra-

gos Cocos and Helena Johansson (Swedish University of

Agricultural Sciences) for technical assistance, and three

anonymous reviewers for constructive suggestions. This

research was supported by the EU grant KBBE.2010.1.4-

09, USDA-APHIS grants 10-8130-1422-CA and 11-8130-

1422-CA, the Alphawood Foundation (Chicago, IL, USA),

and FORMAS grant 229-2010-1052.

References

Allison JD, Borden JH, McIntosh RL, de Groot P & Gries R

(2001) Kairomonal responses by four Monochamus species

(Coleoptera: Cerambycidae) to bark beetle pheromones. Jour-

nal of Chemical Ecology 27: 633–646.
Allison JD, Morewood WD, Borden JH, Hein KE & Wilson IM

(2003) Differential bio-activity of Ips andDendroctonus (Coleo-

ptera: Scolytidae) pheromone components for Monochamus

clamator andM. scutellatus (Coleoptera: Cerambycidae). Envi-

ronmental Entomology 32: 23–30.
Allison JD, McKenney JL, Millar JG, McElfresh JS, Mitchell RF &

Hanks LM (2012) Response of the woodborers Monochamus

carolinensis and Monochamus titillator to known cerambycid

pheromones in the presence and absence of the host plant

volatile alpha-pinene. Environmental Entomology 41: 1587–
1596.

Baker TC (1985) Chemical control of behaviour. Comprehensive

Insect Physiology, Biochemistry and Pharmacology (ed. by GA

Kerkut & LI Gilbert), pp. 621–672. Pergamon, Oxford, UK.

Billings RF (1985) Southern pine bark beetles and associated

insects. Effects of rapidly released host volatiles on response to

aggregation pheromones. Zeitschrift f€ur Angewandte Ento-

mologie 99: 483–491.
Billings RF&CameronRS (1984) Kairomonal responses of Coleo-

ptera, Monochamus titillator (Cerambycidae), Thanasimus du-

bius (Cleridae), and Temnochila virescens (Trogossitidae), to

behavioural chemicals of southern pine bark beetles (Coleo-

ptera: Scolytidae). Environmental Entomology 13: 1542–1548.
Braasch H (2001) Bursaphelenchus species in conifers in Europe:

distribution and morphological relationships. EPPO Bulletin

31: 127–142.
CABI (2012) Invasive Species Compendium. Available at: http://

www.cabi.org/isc (accessed September 4, 2012).

Chu D, Liu ZF & Zhang QH (1990) A study on the regularity of

diffusion and extension ofMonochamus sutor L. in the burned

areas of the Great Xinghan Mountains. Journal of the Beijing

Forestry University 12: 49–53.
Dodds KJ, Graber C & Stephen FM (2001) Facultative intraguild

predation by larval Cerambycidae (Coleoptera) on bark beetle

larvae (Coleoptera: Scolytidae). Environmental Entomology

30: 17–22.
Ehnstr€om B & Holmer M (2007) Nationalnyckeln till Sveriges

Flora och Fauna. Coleoptera: Cerambycidae. Artdatabanken,

Sveriges landsbrukuniversitet, Uppsala, Sweden.

Esp�arrago G (2012) Resultados de trampeos en Sierra de Dios

Padre 2011. Informe I e Informe II. Junta de Extremadura. VII

Taller de Feromonas de Escol�ıtidos. Valsa�ın, Segovia, Spain.

Available at: www.magrama.gob.es/es/biodiversidad/forma-

cion/taller_escolitidos_2012.aspx (accessed February 20–21,
2012).

126 Pajares et al.



Fierke MK, Skabeikis DD, Millar JG, Teale SA, McElfresh JS &

Hanks LM (2012) Identification of a male-produced aggrega-

tion pheromone forMonochamus scutellatus scutellatus and an

attractant for the congener Monochamus notatus (Coleoptera:

Cerambycidae). Journal of Economic Entomology 105: 2029–
2034.

Graham EE, Mitchell RF, Reagel PF, Barbour JD, Millar JG &

Hanks LM (2010) Treating panel traps with a fluoropolymer

enhances their efficiency in capturing cerambycid beetles. Jour-

nal of Economic Entomology 103: 641–647.
Greenfield MD (1980) Moth sex pheromones: an evolutionary

perspective. Florida Entomologist 64: 4–17.
Hall DR, Kutywayo D, Chanika C, Nyirenda S &Oduor G (2006)

Chemistry of the African coffee Stemborer, Monochamus leu-

conotus: but where’s the ecology? Abstracts, 22nd Meeting of

the International Society of Chemical Ecology, p. 306. ISCE,

Barcelona, Spain.

Hanks LM&Millar JG (2013) Field bioassays of cerambycid pher-

omones reveal widespread parsimony of pheromone struc-

tures, enhancement by host plant volatiles, and antagonism by

components from heterospecifics. Chemoecology 23: 21–44.
Hanks LM, Millar JG, Mongold-Diers JA, Wong JCH, Meier LR

& Reagel PF (2012) Using blends of cerambycid beetle phero-

mones and host plant volatiles to simultaneously attract a

diversity of cerambycid species. Canadian Journal of Forest

Research 42: 1050–1059.
Hughes AL & Hughes MK (1987) Assymetric contests among

sawyer beetles (Cerambycidae: Monochamus notatus and

Monochamus scutellatus). Canadian Journal of Zoology 65:

823–827.
Ibeas F, Gemeno C, Diez JJ & Pajares JA (2009) Female recogni-

tion and sexual dimorphism of cuticular hydrocarbons in the

pine sawyer, Monochamus galloprovincialis (Coleoptera:

Cerambycidae). Annals of the Entomological Society of Amer-

ica 102: 317–325.
Landolt PJ (1997) Sex attractant and aggregation phero-

mones of male phytophagous insects. American Entomol-

ogist 43: 12–22.
Lindgren BS (1983) A multiple funnel trap for scolytid beetles

(Coleoptera). Canadian Entomologist 115: 299–302.
Macias-Samano JE, Wakarchuk D,Millar JG &Hanks LM (2012)

2-Undecyloxy-1-ethanol in combination with other semio-

chemicals attracts three Monochamus species (Coleoptera:

Cerambycidae) in British Columbia, Canada. Canadian Ento-

mologist 144: 821–825.
Mamiya Y & Enda N (1972) Transmission of Bursaphelenchus lig-

nicolus (Nematoda: Aphelenchiodae) by Monochamus

alternatus (Coleoptera: Cerambycidae). Nematologica 25:

252–261.
Miller DR & Asaro C (2005) Ipsenol and Ipsdienol attractMono-

chamus titillator (Coleoptera: Cerambycidae) and associated

large pine woodborers in Southeastern United States. Journal

of Economic Entomology 98: 2033–2040.
Miller DR, Asaro C, Crowe C &Duerr D (2011) Bark beetle pher-

omones and pine volatiles: attractant kairomone lure blend

for longhorn beetles (Cerambycidae) in pine stands of the

Southeastern United States. Journal of Economic Entomology

104: 1245–1257.
Pajares JA, Ibeas F, D�ıez JJ & Gallego D (2004) Attractive

responses by Monochamus galloprovincialis (Col., Cerambyci-

dae) to host and bark beetle semiochemicals. Journal of

Applied Entomology 128: 633–638.
Pajares JA, �Alvarez G, Ibeas F, Gallego D, Hall DR & Farman DI

(2010) Identification and field activity of a male-produced

pheromone in the pine sawyer beetle, Monochamus gallopro-

vincialis. Journal of Chemical Ecology 36: 570–583.
Reeve JD & Strom BL (2004) Statistical problems encountered in

trapping studies of scolytids and associated insects. Journal of

Chemical Ecology 30: 1575–1590.
Schroeder LM & Magnusson C (1992) Transmission of

Bursaphelenchusmucronatus (Nematoda) tobranches andbolts of

Pinus sylvestris and Picea abies by the cerambycid beetleMonocha-

mus sutor. Scandinavian Journal of ForestResearch7: 107–112.
Shing S (2008) Pine wilt disease in Korea. Pine Wilt Disease (ed.

by BG Zhao, K Futai, JR Sutherland & Y Takeuchi), pp. 26–32.
Springer, Tokyo, Japan.

Shorey HH (1973) Behavioral responses to insect pheromones.

Annual Review of Entomology 18: 349–380.
Teale SA,Wickham JD, Zhang F, Su J, Chen Y et al. (2011) Amale-

produced aggregation pheromone of Monochamus alternatus

(Coleoptera: Cerambycidae), a major vector of pine wood nema-

tode. Journal of Economic Entomology 104: 1592–1598.
The R Development Core Team (2011) R: A Language and Envi-

ronment for Statistical Computing. R Foundation for Statisti-

cal Computing, Vienna, Austria.

Thornhill R & Alcock J (1983) The Evolution of Insect Mating

Systems. Harvard University Press, Cambridge,MA, USA.

Tomminen J & Leppanen P (1991) Themale genitalia ofMonocha-

mus sutor (L.), Mytilus galloprovincialis (Olivier) and M. urus-

sovi (Vonwaldheim, Fischer) (Coleoptera, Cerambycidae).

Annales Entomologici Fennici 2: 49–51.
Vives E (2000) Coleoptera, Cerambycidae. Fauna Ib�erica series,

Vol. 12 (ed. by E Ramos), pp. 716.Museo Nacional de Ciencias

Naturales, CSIC,Madrid, Spain.

Wertheim B, van Baalen E-JA, Dicke M & Vet LEM (2005) Pher-

omone-mediated aggregation in non-social arthropods: an

evolutionary ecological perspective. Annual Review of Ento-

mology 50: 321–346.
Zellner Bd’A, Bicchi C, Dugo P & Rubiolo P (2008) Linear reten-

tion indices in gas chromatographic analysis: a review. Flavour

and Fragrance Journal 23: 297–314.
ZhangQ-H, Byers JA&Zhang X-D (1993) Influence of bark thick-

ness, trunk diameter and height on reproduction of the longhor-

ned beetle, Monochamus sutor (Col., Cerambycidae) in burned

larch and pine. Journal of Applied Entomology 115: 145–154.
Zhang A, Oliver JE, Aldrich JR, Wang B & Mastro VC (2002)

Stimulatory beetle volatiles for the Asian longhorned beetle,

Anoplophora glabripennis (Motschulsky). Zeitschrift f€ur

Naturforschung 57c: 553–558.
Zhao BG (2008) Pine wilt disease in China. PineWilt Disease (ed.

by BG Zhao, K Futai, JR Sutherland & Y Takeuchi), pp. 18–25.
Springer, Tokyo, Japan.

Monochamus sutor aggregation pheromone 127


