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ABSTRACT Chemical communication by many insect species involves complex signals of both
insect and plant origin. Much attention has been focused on the behavioral activities of these
components but less on their sources of variation, despite implications for evolutionary theory and pest
management. We studied variation in chemical signaling at host, tree-within-host, and beetle-on-tree
scales using tunneling male pine engravers [Ips pini (Say)] on jack, Pinus banksiana Lamb, red, P.
resinosa Aiton, and white, P. strobus L. pines. Pine engravers are distributed transcontinentally, and
stereoisomeric ratios of their principal pheromone component ipsdienol varies regionally. Linear
mixed-effects models were used to examine variation in monoterpene and pheromone volatile proÞles,
determined by gas chromatography. Phloem from white pine had the greatest concentration of
monoterpenes, although insects tunneling in white pine produced the smallest ratios of monoterpenes
to pheromones (1:2) in their volatile plumes relative to jack and red pine (1:1). Beetle-to-beetle
variation in plume composition was ⬇2Ð9 times greater than the inter-tree variation within a tree
species. The stereoisomeric ratio of ipsdienol was highly consistent within the pheromone component
of the plume. The little variation present existed almost entirely at the level of the insects. Within the
pheromone component of the plume in a given host species, there was up to 13 times more
beetle-to-beetle than tree-to-tree variation. This magnitude was almost double the magnitudes of the
ratios among components within the entire plumes. Implications to the behavioral ecology of bark
beetle communication, such as potential strategies of cheating and predator avoidance, are discussed.
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Chemical communication often involves a complex
mixture of signals that include both insect and plant
compounds (Landolt and Phillips 1997, Reddy and
Guerrero 2004). This is particularly true of bark beetles (Coleoptera: Curculionidae: Scolytinae), which
exploit host monoterpenes as precursors and/or synergists of their aggregation pheromones (Wood 1982).
These pheromones are multifunctional, serving in
mate Þnding, host procurement, and niche partitioning. In forest ecosystems, however, this signal can be
complicated by many factors, such as host and nonhost
volatiles, weather, and canopy structure (Raffa 2001,
Huber and Borden 2001, Pureswaran et al. 2004). The
relative proportions of various monoterpenes and
pheromone components can be crucial in how these
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signals function, because different ratios of the same
compounds can elicit a variety of behaviors ranging
from increased attraction (Shore and Lindgren 1996,
de Groot et al. 1998) to avoidance or masking (Erbilgin
and Raffa 2000b, Erbilgin et al. 2003).
For a holistic understanding of semiochemical interactions, the variation in signal production can be as
important as the overall mean (Schlyter et al. 2001,
Symonds and Elgar 2008, Domingue et al. 2009). For
example, variation in the components, timing, and/or
strength of signals affects the behavior, evolution, and
pest management of bark beetles (Birgersson et al.
1988, Pureswaran et al. 2006). However, patterns and
sources of variation are poorly understood and even
more poorly quantiÞed (Schlyter and Birgersson 1989,
Huber et al. 2004). Variation occurs at a number of
levels. For example, chemical components may vary
inter-regionally (Birch et al. 1980, Lanier et al. 1980,
Miller et al. 1997), within and across tree species
(Erbilgin and Raffa 2000a) and among individual beetles (Birgersson et al. 1984, 1988; Zhang et al. 2000;
Pureswaran et al. 2008). Despite its importance, few
studies have attempted to partition the sources of
signal variation quantitatively. Many previous studies
examining variation in pheromone response have
been performed on beetles from a single host tree or
on those exposed to one host monoterpene.
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Ips pini is a coniferophagous bark beetle distributed
across North America. Males construct nuptial chambers in suitable trees and emit aggregation pheromones. The principal pheromone component, ipsdienol, occurs as two stereoisomers [(4R)-(Ð)- and (4S)(⫹)-2-methyl-6-methylene-2,7-octadien-4-ol]. In some
regions, lanierone (2-hydroxy-4,4,6-trimethyl-2,5-cyclohexadien-1-one) synergizes attraction to ipsdienol
but is not attractive by itself (Teale et al. 1991). Males
are joined by two or three females that construct
ovipositional galleries. The larvae mine the phloem
during development, and pupation occurs under the
bark. In the Great Lakes region, the major hosts of I.
pini are jack, Pinus banksiana Lamb, red, P. resinosa
Aiton, and white, P. strobus L. pine (Schenk and Benjamin 1969, Klepzig et al. 1991).
We had two objectives. First, we sought to characterize the volatile plumes of male pine engravers colonizing trees of their three major host species in our
region. We examined the proportions of individual
monoterpene and pheromone components within
these plumes and whether the monoterpene composition within these plumes reßects the constituent
monoterpenes in each treeÕs phloem. Second, we examined how much of the variation in plume components was caused by tree-to-tree (i.e., extrinsic) variation versus beetle-to-beetle (i.e., intrinsic) variation
within a given host species.
Materials and Methods
Insects and Host Trees. Three trees each of jack,
red, and white pine were collected from a plantation
near Mazomanie, WI, on 19 July 2000. Trees were ⬇45
yr old and 13Ð17 cm diameter at breast height (dbh).
A 1-m section of each tree was cut from the bole,
transported to the laboratory, and maintained in cold
storage. On 24 July 2000, 10 evenly spaced holes were
drilled just through the outer bark to scratch the
phloem layer on each section. A gel capsule containing
one male pine engraver was taped over each hole.
Random male I. pini were sourced from a bulk laboratory colony that was maintained on red and white
pines and periodically replenished with wild individuals (Aukema et al. 2004). Only vigorous insects were
used. Within each capsule, a 3 by 7-mm Þberglass
screen was added to serve as a footing while the beetle
began boring. Frass accumulated in the gel capsule as
the beetle tunneled. Males that did not enter the log
were replaced within 24 h.
Chemical Analyses of Volatiles From Frass. The
composition of the volatile plume was determined
from the frass of each male beetle. Frass was collected
from the gel capsules into small solid phase microextraction (SPME) vials daily for 3 d from the Þrst visible
signs of frass as the beetles tunneled. Samples were
stored on dry ice immediately after each collection
and frozen (⫺5⬚C) until processing. The three collections were physically pooled for analysis on a per
beetle basis. Headspace analyses of pheromones emanating from the frass were conducted using SPME
followed by gas chromatography as previously de-
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scribed (Erbilgin et al. 2003). Frass was placed in 2-ml
glass vials with hole-caps Þtted with red TFE/Silicone
septa (Alltech Associates, DeerÞeld, IL) and allowed
to equilibrate for 1.5 h. The needle of the SPME unit
(Supelco, Bellefonte, PA) was inserted through the
septum, and the SPME Þber (100 m polydimethylsiloxane) was exposed for 1 min. The sample was
desorbed from the Þber in the injection port of the gas
chromatograph (220⬚C) for 15 s.
All separations were performed on a Shimadzu GLC
14A (Shimadzu ScientiÞc Instruments, Columbia,
MD), using a 25-m by 0.25-mm chiral cyclodextrin
capillary column (Supelco, Bellefonte, PA). Oven
temperature was 60⬚C for the Þrst 5 min and increased
10⬚C/min for 5 min to 110⬚C. The temperature was
maintained at 110⬚C for 17 min and then increased
20⬚C/min for 5 min to 210⬚C, which was maintained for
8 min. The carrier gas, helium, was maintained at 30
cm/s. Compounds were identiÞed based on retention
times from known samples (Raffa and Steffeck 1988).
Chemical Analysis of Phloem. To determine the
constitutive monoterpene proÞle of each tree, three
samples of phloem were removed from each 1-m section of log with a 15-mm cork borer before beetle
tunneling. Similar to frass, the phloem disks were
stored frozen (⫺5⬚C) until processing. The concentration and composition of constituent monoterpenes
in the phloem were determined by gas liquid chromatography following the procedure of Powell and
Raffa (1999). Each phloem disc was Þnely chopped
with a chisel (⬇1-mm2 pieces) and extracted in 1.5 ml
hexane. After 24 h, the extract was removed with a
Pasteur pipette and Þltered through glass wool. The
sample was washed in 400 l hexane to remove any
remaining monoterpenes. The wash solvent was removed with a Pasteur pipette and Þltered through
glass wool. The volume of extract was brought to 2 ml
by addition of hexane. Twenty microliters of 10% paracymene (Aldrich, Milwaukee, WI) was added to each
extract as an internal standard.
All separations were performed on a Shimadzu GLC
17A, Þtted with an AOC 20i autosampler (Shimadzu
ScientiÞc Instruments, Columbia, MD), using a 25-m
by 0.25-mm bonded fused silica open tubular polyethylene glycol column (Alltech Associates, DeerÞeld, IL). Oven temperature was 60⬚C for the Þrst 10
min and increased 10⬚C/min for 10 min to 160⬚C. The
carrier gas, helium, was maintained at 30 cm/s. The
concentration of each monoterpene was determined
by integrating peak areas using Class-VP software
(Shimadzu ScientiÞc Instruments). All compounds
were quantiÞed by comparing their percentage of the
total with the percentage of the internal standard,
para-cymene (Raffa and Steffeck 1988). After processing, the phloem was dried and weighed to determine the monoterpene content per gram of phloem.
Statistical Analyses. The concentrations of monoterpenes within the phloem disks were modeled using
linear mixed-effects models. Tree species was treated
as a Þxed effect, and tree was treated as a random
effect. A loge(y ⫹ 1) transformation was used to stabilize the variance. Mean amounts of speciÞc com-
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pounds per gram of dry phloem were compared between tree species using protected t-tests using ␣ ⫽
0.05 (Carmer and Swanson 1973).
The mean proportions of speciÞc compounds within
the volatile plumes were also modeled using linear
mixed-effects models. Each host species was analyzed
separately. The proportion of each compound within the
plume was transformed by asin(公p) and Þt to an intercept term. The estimate and SE of the intercept provided
inference on the mean proportion and variation in the
proportion of the compound being analyzed within each
plume. Trees and beetles-within-trees within each species were treated as nested random effects to account for
any potential dependence between these randomly selected experimental units (Van Dongen 2000). A variance components analysis estimated the relative sources
of the variation arising from tree (i.e., extrinsic) and
beetle (i.e., intrinsic) factors by examining the standard
errors from the tree and residual (i.e., beetle within tree)
nested random effects, represented mathematically
asin共冑p兲 ⫽ ␤ 0 ⫹  tree ⫹  beetle within tree
where ␤0 estimates the mean proportion of the compound, and the x terms estimate the variation about
the estimated proportion attributed to the trees and
beetles (Pinheiro and Bates 2002). These estimates
were obtained by maximizing the log-likelihood using
a Gauss-Hermite approximation (an option in the
“lme4” package of R; Ihaka and Gentleman 1996, Bates
et al. 2008, R Development Core Team 2009, Bolker et
al. 2009). SEs were squared to obtain the variance
estimates. Only compounds comprising ⬎10% of the
volatile plume were analyzed, because variance estimates of minor components were sometimes difÞcult
to estimate reliably (e.g., conÞdence intervals varying
over several degrees of magnitude). Alternate analytical methods were explored, such as transformations
used in compositional data analysis (Aitchison 1986)
or logistic regression using compound presence/absence in each signal, but results were invariant between methods so are not reported.
Finally, we examined whether the proportion of
speciÞc chemical components of the volatile plume
were associated with various constitutive chemicals
within the phloem using analysis of covariance
(ANCOVA) analyses. The chemical components of
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Table 1. Mean (ⴞ SE) concentrations (g/g dry phloem) of
monoterpenes in phloem tissue of three pine species

Compound

Jack

Red

White

Means
comparisons
Fa

P

4-Allylanisole
0.0 ⫾ 0.0b 0.0 ⫾ 0.0b 0.3 ⫾ 0.1a 5.24 0.0015
Camphene
0.0 ⫾ 0.0b 0.3 ⫾ 0.2b 1.9 ⫾ 0.3a 11.42 0.0001
3-Carene
0.0 ⫾ 0.0
0.3 ⫾ 0.3
0.0 ⫾ 0.0
2.53 0.1052
Myrcene
0.7 ⫾ 0.3a 0.1 ⫾ 0.1b 1.4 ⫾ 0.3c 3.53 0.0485
␤-Phellandrene 0.8 ⫾ 0.1c 1.4 ⫾ 0.1b 1.7 ⫾ 0.1a 4.10 0.0323
␣-Pinene
13.0 ⫾ 1.5b 14.8 ⫾ 1.6b 45.5 ⫾ 1.3a 4.66 0.0219
␤-Pinene
3.6 ⫾ 1.3c 7.3 ⫾ 1.8b 20.3 ⫾ 1.4a 6.60 0.0063
Total
18.3 ⫾ 1.4b 24.4 ⫾ 1.7b 70.6 ⫾ 1.4c 4.96 0.0178
Means across a row (i.e., comparing amounts in different tree
species) followed by the same letter are not signiÞcantly different
(based on 27 samples: 3 phloem samples/tree/species).
a
df ⫽ 2,20.

interest were the response and covariate(s), respectively, whereas species of host tree was incorporated
as a factor. Data were averaged to the level of the
individual tree. Examination of residual plots, normal
scores plots, and CookÕs distances were used as regression diagnostics.
Data from one insect tunneling on jack pine were
removed from the analyses because of a recording
malfunction on the gas chromatograph. All data analyses were conducted in R using packages “MASS”
(Venables and Ripley 2002) and “lme4” (Bates et al.
2008). Density plots used in Þgures were produced
using the densityplot function in the “lattice” package
(Sarkar 2007).
Results
We detected seven monoterpene compounds within
the phloem tissues of jack, red, and white pine (Table 1).
Total monoterpene concentrations were highest in
white pine, which were approximately four- and threefold times those in jack and red pine, respectively. The
predominant monoterpenes were ␣-pinene and
␤-pinene, which jointly accounted for 91.7, 91.3, and
92.6% of these monoterpenes in jack, red, and white pine,
respectively. All other compounds in the tree species
were found in amounts ⬍2 g/g dry phloem. ␦-3-Carene
was only detected in red pine, and 4-allylanisole was only
detected in white pine.

Table 2. Mean percentage of monoterpene and pheromone components in volatile plumes of frass from male pine engravers from
Wisconsin tunneling in three pine species
Volatile proportion of plume
All components in plume
Ipsdienol
All monoterpenes
␣-Pinene
␤-Pinene
Myrcene
␤-Phellandrene
Stereochemistry within ipsdienol component of plume
(⫺)-Ipsdienol
(⫹)-Ipsdienol

Jack

Red

White

Mean

95% CI

Mean

95% CI

Mean

95% CI

50.9
49.1
31.0
7.5
2.0
2.9

29.1, 72.5
27.5, 70.9
16.0, 48.3
4.7, 10.8
1.3, 2.8
1.5, 4.7

55.5
44.5
28.6
10.7
1.3
1.7

40.0, 70.4
29.6, 60.0
17.8, 40.7
7.9, 13.9
1.1, 1.5
1.2, 2.4

64.9
35.1
20.7
9.7
1.4
1.7

51.4, 77.3
22.7, 48.6
13.4, 29.1
5.4, 15.1
0.7, 2.5
0.09, 2.8

30.3
69.7

28.5, 32.1
67.9, 71.5

29.8
70.2

29.0, 30.7
69.3, 71.0

30.3
69.7

29.5, 31.1
68.9, 70.5
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Fig. 1. Probability density functions where the x-axis represents the proportions of components of tree volatiles within volatile
plumes of male pine engravers tunneling in jack, red, and white pine. The highest peaks in each function indicate the highest relative
likelihoods of that proportion(s) of components in the volatile plume (the area under each curve sums to 1). Each of the marks
in the three lines below probability density axis (y ⫽ 0 line) represents an individual beetle. The three rows of marks indicate the
proportion of volatile(s) emitted from each of the insects on each of three different trees (n ⫽ 10 beetles per tree on each of three
trees per species). y-axis shows proportion of (A) all monoterpenes in plume, (B) ␣-pinene, and (C) ␤-pinene. Other components
such as myrcene and ␤-phellandrene make up ⬍5% of the plume and are not shown.

Six volatile components were associated with the
tunneling beetles (Table 2). Four of the compounds
were from the trees: ␣-pinene, ␤-pinene, myrcene,
and ␤-phellandrene (Table 2). The remaining two
were the (⫹) and (Ð) stereoisomers of the pheromone
ipsdienol (Table 2). The strongest ipsdienol signal
came from frass of insects tunneling on white pine.
Nearly two thirds of this volatile plume consisted of
ipsdienol, whereas this pheromone comprised only
slightly more than one half of the plume from beetles
tunneling in jack or red pine. The largest tree component of the volatile plumes was ␣-pinene, which
comprised approximately one third of the plumes from
jack and red pine but only one Þfth of the plume from
white pine. ␤-Pinene was the next highest tree component, comprising ⬇10% of the red and white pine
volatile plumes and ⬇8% of the plumes of insects
tunneling on jack pine. Other monoterpenes com-

prised ⬍5% of the volatile plumes. The two components present in trace amounts in the phloem, ␦-3carene and 4-allyanisole, were not detected in volatile
plumes. No monoterpenes were present in the plumes
that were not detected in phloem.
The overall proportions of components within the
volatile plumes were highly variable. For example, the
95% conÞdence intervals (CIs) of the major components such as ␣-pinene and ipsdienol could span 25%
or more (Table 2). The density plots of the proportions of each component from each beetleÕs volatile
plume on different trees and hosts are shown for
monoterpenes in Fig. 1 and ipsdienol in Fig. 2. The
smoothed lines in Figs. 1 and 2 are the proÞles of the
relative proportion of each compound or compound
group in the plume over all beetles. The three rows of
black dots beneath each Þgure indicate the proportion
of each compound in the plume for each of the 10

878

ENVIRONMENTAL ENTOMOLOGY

Vol. 39, no. 3

Fig. 2. Probability density functions where the x-axis represents the proportions of insect-produced compounds in volatile
plumes of male pine engravers tunneling in jack, red, and white pine. The highest peaks in each function indicate the highest
relative likelihoods of that proportion(s) of components in the volatile plume (the area under each curve sums to 1). Each
of the marks in the three lines below probability density axis (y ⫽ 0 line) represents an individual beetle. The three rows
of marks indicate the proportion of volatile(s) emitted from each of the insects on each of three different trees (n ⫽ 10 beetles
per tree on each of three trees per species). y-axis shows proportion of (A) ipsdienol in overall plume and (B) (⫹)-ipsdienol
in the ipsdienol component of the volatile plume.

individual beetle responses, on each of the three trees
within the species, to show within-tree and amongtree variation. For example, even though the average
signal emanating from male pine engravers tunneling
in jack or red pine was ⬇50:50 monoterpene:ipsdienol
(Table 2), the mode of the signal proÞle indicates that
most volatile plumes consist of less monoterpene (Fig.
1A) than pheromone (Fig. 2A), similar to white pine.
On some trees, a few beetles produce very little pheromone, whereas other beetles produce substantially
more. In jack pine, the composition of the volatile
plumes was between 1.1 and 85.3% ipsdienol; for red
pine, between 10.6 and 88.7% pheromone; and for
white pine, between 22.8 and 93.2% pheromone. This
resulted in distributions that were bimodal or heavily
skewed.
The ratio of (⫹) to (Ð) ipsdienol within the pheromone component of the plume was highly consistent.
Most insects produced a 70 (⫹) to 30% (Ð) ratio,
although 1 or 2 of the 30 insects in red and jack pine
produced a slightly lower ratio (Fig. 2B). 95% CIs were
very tight, spanning only 3.5% (Table 2). This consistency is in contrast to the proportions of monoterpene
volatiles (Fig. 1) and overall ipsdienol pheromone
(Fig. 2A) in the volatile plumes.
The percentage of (⫹)-ipsdienol in the pheromone
component of the volatile plume decreased with increasing concentration of myrcene in the phloem
disks (y ⫽ 0.705Ð 0.007x; F ⫽ 18.34; df ⫽ 1,7; P ⫽ 0.0036;
R2adj ⫽ 0.684). Tree species had no effect on this

relationship. There was no relationship between the
proportion of total ipsdienol, or any monoterpene in
the plume, and the concentration of any other monoterpene present in the phloem.
The relative variation caused by intrinsic (i.e.,
beetle) versus extrinsic (i.e., tree) factors is shown
in Fig. 3 for insects tunneling in each of the three
host species. Within a species, the beetle-to-beetle
variation in plume composition was always greater
than tree-to-tree variation, because ratios were always ⬎1. For example, the beetle-to-beetle variation in plume composition of components such as
ipsdienol, ␣-pinene, or ␤-pinene ranged from 1.3 to
9.3 times greater than the variation attributed to
tunneling on different trees (Fig. 3, left three bars
each panel).
Despite the consistency of the ratio of (⫹) to (Ð)
ipsdienol within the pheromone component of the
plume (Fig. 2B; Table 2), the little variation that did
exist occurred almost entirely at the level of the beetle.
The partitioning of variance was similar to that exhibited by components within the overall plumes, but was
much more pronounced (Fig. 3, right bar each panel).
Within the pheromone component of the plume,
there was up to 13 times more variation at the beetlelevel than tree-level. For each host species, this was ⬇3
times the ratio of beetle:tree variances exhibited by
the overall ipsdienol component of the plume (Fig. 3,
left bar each panel).
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Fig. 3. Ratios of variances attributed to beetle versus tree
levels for different proportional components of the volatile
plume of male pine engravers tunneling on trees of jack, red,
and white pine hosts. For the pheromone component of the
volatile plume, the proportion of (⫹)-ipsdienol [versus (⫺)ipsdienol] is shown (right bars). Analysis is based on n ⫽ 10
insects on each of three trees within each of three host
species, with data from one insect on jack pine removed from
the analysis.

Discussion
Host species affects the ratio of host compound to
insect pheromone within the volatile plumes emitted
by tunneling male pine engravers. The highest proportion of pheromone relative to host monoterpene
occurred in the signals of insects tunneling in white
pine trees. This is consistent with the observation that
pine engravers boring into white pines are more attractive than those boring into jack and red pines in
the Great Lakes region (Erbilgin and Raffa 2002).
Increased attraction may be essential to overcoming
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resistance in white pine, because the high volume of
resin in white pines might otherwise suppress successful attack and colonization. Despite increased attraction by ßying beetles to beetles tunneling in white
pine, white pine is less commonly attacked than jack
or red pines, likely caused in part by the high volume
of resin. Moreover, monoterpenes have multiple roles
in coniferÐ bark beetle interactions and may inhibit
host entry behavior or continued tunneling at high
concentrations (Wallin and Raffa 2000). Thus, the
higher concentrations of monoterpenes in white pine
(Table 1), and perhaps the presence of 4-allylanisole
that can inhibit bark beetle attraction to pheromones
(Hayes et al. 1994), might account, in part, for white
pine being attacked less commonly in Wisconsin.
The data in Figs. 1 and 2 indicate that insects responding to odor sources are confronted with enormous variation in signal composition, whether conspeciÞc males contributing to both host procurement
and intraspeciÞc competition, females seeking mates,
or natural enemies exploiting kairomones. The greatest level of variation in volatile plume composition
occurs at the level of individual beetles, relative to the
tree. Variation in pheromone to monoterpene ratios in
the plume was ⬇2Ð9 times greater at the beetle than
tree level for most pheromone:monoterpene ratios
(Fig. 3). This is likely an underestimate, however,
because we used laboratory-reared insects that would
presumably exhibit lower variation even though the
colony is replenished periodically with wild beetles.
Moreover, laboratory analyses of frass do not include
host volatiles emanating from wounds created by attacking beetles and resultant induced reactions, volatiles from bark and foliage, and/or climatological effects on the dispersal of these plumes.
Evolution of enantiomeric ratios may be shaped by
selective forces such as interspeciÞc competition
(Lanier et al. 1980) or predation (Raffa et al. 2007).
Our results suggest that any evolution of enantiomeric
ratios of pheromone components is not primarily constrained by signal alteration from disparate chemistries of the host trees. Although the correlation between (⫹)-ipsdienol and myrcene is consistent with
previous reports of myrcene being a host-derived precursor (Hughes 1974), we note that the enantiomeric
signal within the pheromone component is highly consistent, having a 95% CI of approximately ⫾1% for each
tree species. This consistency exists despite signiÞcant
variation in constitutive myrcene concentration
among tree species (Table 1) and substantial variation
in the relative amounts of pheromone and monoterpenes within the volatile plumes from beetle frass
(Table 2; Fig. 2B).
Our Þndings agree with previous reports of intraspeciÞc variation in pheromone emission in bark
beetles (Hunt et al. 1986, Birgersson et al. 1988, Pureswaran et al. 2008). This variation can arise from physiological factors such as feeding and fat reserves
(Anderbrant et al. 1985, Anderbrant and Schlyter
1989, Vanderwel 1994) and multiple routes of pheromone production, including microbial metabolism
(Brand et al. 1975, Leufven and Birgersson 1987), de
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novo syntheses (Seybold et al. 1995, Tillman et al.
1998, Nardi et al. 2002, Seybold and Tittiger 2003), or
metabolism of host precursors (Hughes 1974, Seybold
et al. 2000). Without further experimentation, it is
impossible to attribute such variation to speciÞc
source(s) in our study, because it is likely caused by
both absolute variation in pheromone production
from the beetles (Miller et al. 1989, 1996; Pureswaran
et al. 2008) and differences in monoterpene emanations from the trees. Although high variation in signal
strength can be indicative of the absence of a selective
pressure, it could also reßect a strategy of cheating, i.e.,
a bias by some individuals toward responding to an
aggregation rather than initiating new attacks and producing pheromone (Borden et al. 1986, Schlyter and
Birgersson 1989). If so, beetles would need to contend
with the challenge of balancing absolute signal
strength of pheromone components against the relative composition of other compounds in the plume
(Table 2). In particular, high ratios of ␣-pinene to
ipsdienol are particularly attractive to the pine engraverÕs predominant predator in the region, Thanasimus dubius F. (Coleoptera: Cleridae) (Erbilgin et al.
2003). This predation can be disproportionately high
on late arrivers and could partially offset the host
procurement beneÞts of cheating (Aukema and Raffa
2004).
Recent analyses have documented de novo biosyntheses of ipsdienol that occur after the stimulus of
feeding on host compounds (Seybold et al. 1995; Tillman et al. 1998, 2004). Redundancy in pheromone
production among bark beetles (Borden et al. 1990,
Seybold et al. 2000) minimizes the likelihood that no
offspring will be produced (Sih 1980, Wilson and
Lessells 1994). Many questions on sources of variation
in chemical signaling remain, including whether various host compounds might differentially stimulate
different routes of pheromone biosynthesis, the roles
of stereoisomers in behavioral responses, and how
natural enemies might differentially exploit plant versus insect chemical signals.
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