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Volatiles from Aging Loblolly Pine Billets

C.A.H. FLECHTMANN,1 M. J. DALUSKY,2 AND C. W. BERISFORD2

Environ. Entomol. 28(4): 638Ð648 (1999)

ABSTRACT Many species of bark and ambrosia beetles use host volatiles as cues for breeding site
location. In a study where the objectives were to identify the different volatiles released by Pinus
taeda L. billets as they age, to determine the arrival sequence of scolytids (Coleoptera: Scolytidae),
and to correlate volatile emission by the billets with beetle catches, 25 species of scolytids were
trapped. Bark beetles were more attracted to the billets in the beginning of the period, whereas
ambrosia beetles arrived later. Among the bark beetles, Dendroctonus terebrans (Olivier) was
signiÞcantly more attracted during the 1st 3 wk after tree felling, Hylastes tenuis Eichhoff in the 1st
2 wk, Pityophthorus pulicarius (Zimmermann) in weeks 2 and 3, and Ips grandicollis (Eichhoff) was
more attracted onweeks 3 and 4. Among the ambrosia beetles,Xyleborinus saxeseni (Ratzeburg)was
moreattracted tobilletsduringweeks4Ð6,whereasXyleboruspubescensZimmermannandXyleborus
californicus Wood were more attracted during week 6. The billets showed marked decline in
attractiveness to all scolytids after 8 wk. Volatiles collected during the beetle trapping periods
included 15 hydrocarbon monoterpenes, 18 oxygenated monoterpenes, 4-allylanisole, and ethanol.
The hydrocarbon monoterpenes and 4-allylanisole decreased sharply over time, but oxygenated
monoterpenes and ethanol increased up to weeks 4Ð6, after which they also decreased. Good
correlations between certain billet volatiles and catches for some beetle species were obtained, but
their biological signiÞcance could not be determined.

KEY WORDS Scolytidae, arrival sequence, hydrocarbon monoterpenes, oxygenated monoter-
penes, ethanol, correlation

BARK BEETLES ARE among the most economically im-
portant forest insects (Paine et al. 1997). The losses
caused by tree mortality result in damage totaling
millions of dollars annually (Wood 1982). In the
Southeast, the bark beetle guild, composed of Den-
droctonus frontalis Zimmermann, Dendroctonus tere-
brans (Olivier), Ips calligraphus (Germar), Ips gran-
dicollis (Eichhoff), and Ips avulsus (Eichhoff) (Birch
et al. 1980) is considered to be the most destructive
group of these insects (Smith et al. 1993).

Ambrosia beetles are sometimes associated with
bark beetle attacks, but they attack and kill healthy
trees only sporadically (Beaver 1988). Ambrosia bee-
tles cause less damage than bark beetles, but their
damage is difÞcult to quantify (Samaniego and Gara
1970). The most important losses from ambrosia bee-
tles are degradation of lumber (Dobie 1978) and ex-
port problems (Hosking 1969). In sawmills, those
problems can compound and result in millions of dol-
lars of losses (Lindgren and Fraser 1994).

There is a well-established sequence of arrival for
various scolytid groups, once a live or recently felled
host is Þrst attacked by one beetle species (Birch et al.
1980, Lindgren et al. 1982, Smith et al. 1993). The most

comprehensive study in this Þeld was done by Dixon
and Payne (1979), who studied the scolytid arrival
sequence on Pinus taeda L. and Pinus echinata Miller
after an initial attack by the southern pine beetle (D.
frontalis).

The2mainhypotheses forhowbarkbeetles are able
to locate and select their hosts are as follows: (1)
scolytids are attracted to host volatiles, or (2) pioneer
beetles randomly land on hosts and on nonhosts alike
(Byers 1989). Apparently aggressive bark beetles
(species able to attack healthy standing trees) are
weakly or nonattracted by host kairomones (Byers
1989, 1995). Secondary bark beetles however, those
that colonize dying or decaying trees, are considered
to be strongly attracted to either host volatiles, etha-
nol, or a combination of both (Phillips et al. 1988,
Werner 1995).

Although the host selection mechanism of many
bark beetle species has been intensively studied, host
selection behavior of the ambrosia beetles has re-
ceived relatively little attention (Phillips et al. 1989).
Ambrosia beetles colonize mainly dead or dying trees,
and they must be able to detect and locate suitable
breeding material, which is usually scattered and
ephemeral (Lindelöw et al. 1992). A number of am-
brosia beetles are known to respond to host mono-
terpenes (Phillips et al. 1988). Ethanol, however,
which is produced in stressed trees (MacDonald and
Kimmerer 1991) and mainly in aging fallen trees
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(Moeck 1970, Lindelöw et al. 1992), seems to be the
most consistent cue for host location by many ambro-
sia beetles (Moeck 1970, Samaniego and Gara 1970,
Phillipset al. 1988,Flechtmannetal. 1995), and itoften
acts as a synergist to monoterpenes (Liu and McLean
1989).

Traditional methods to collect volatiles include the
use of adsorbents such as Porapak Q, Tenax or char-
coal (Golub and Weatherston 1984), and direct gas
injections of headspace samples (Hunt et al. 1989,
Kelsey 1996). Solid-phase microextraction (SPME) is
a relatively new and efÞcient technique for analyzing
volatile organic compounds (Zhang and Pawliszyn
1993, Bartelt 1997). The SPME technique concen-
trates trace compounds (Zhang and Pawliszyn 1993),
and it is considered ideal for analyzing many of
the complex mixtures released by biological systems
(Czerwińsky et al. 1996, Bartelt 1997).

The objectives of our experiments were to deter-
mine the change in volatiles released by billets of
loblolly pine,P. taeda,over time; tomonitor the arrival
sequence of the different scolytid beetles responding
to the emitted billet semiochemicals, and correlate
beetle catches with the emitted volatiles. We also
were interested in comparingqualitativelybothSPME
and headspace sample gas injection techniques.

Materials and Methods

1996 Field Season. Two sites were used, both lo-
cated on the Chattahoochee National Forest (Ste-
phens County, GA), and composed primarily of P.
echinata. One site was a recent southern pine beetle
“cut-and-leave” area (site CH 1); the other had an
active southern pine beetle infestation (site CH 2a).
The “cut-and-leave” technique is used for southern
pine beetle control by felling infested trees plus an
uninfested buffer to induce lethal temperatures under
thebarkand todisruptpheromone-mediatedbehavior
(Thatcher et al. 1980). Ambrosia beetle attacks were
evident at both sites.

We used billets of loblolly pine (70 cm long, 16Ð20
cm diameter) as attractive baits. Three of these billets
wereput insideeach tent trap; this trapallowsvolatiles
released by the billets to escape into the environment
and to catch attracted insects before they can land on
and attack the billets (Flechtmann and Gaspareto
1997).

Each site had 5 blocks of traps, with 2 traps per
block. Each block was composed of a trap baited with
loblolly pine billets and an unbaited (control) trap.
Trap spacing within and between blocks was 20 m.

The billets were cut from Whitehall Forest, Clarke
County, GA, on 27 May and taken to the trapping sites
within 2 d. Traps were checked weekly for 10 wk, and
after each collection the baits were rotated between
traps of each block to reduce position effects (Volz
1988).

A2nddeploymentwasmade to siteCH2a,hereafter
called site CH2b, using the same methods. Tent traps
were baited on 21 August and insects were collected
weekly for 7 wk.

Concurrent with trap collection, 1 billet from each
of the 5 baited traps was brought to the laboratory for
headspace volatiles collection. One end of each billet
was covered with a 7.6-liter freezer bag and the billets
were placed in an incubator at 308C for at least 1 h to
allow volatiles eluted into the bag to reach an equi-
librium. Sample billets were returned to their corre-
sponding tent traps in the Þeld the following day.

One microliter of a standard composed of 500 ng/ml
each of undecane:ethyl caprate was injected through
the bag onto a piece of Þlter paper inside a small
aluminum pan (previously placed on top of each bil-
let) 30 min before each headspace gas analysis. A
gas-tight syringe was ßushed 3 times in the headspace,
then a 1-ml sample of gas was injected into a gas
chromatographÐmass spectrometer (GC-MS)(Kelsey
1996). The airtight syringe was rinsed 5 times in re-
distilled pentane immediately after use, and was kept
in an oven at 438C until reused. The GC-MS was a
HewlettÐPackard GCD G1800A GC-MS system
equipped with a HP-FFAP fused-silica capillary col-
umn (49.5 m by 0.2 mm; 0.33 mm Þlm thickness)
(HewlettÐPackard, Palo Alto, CA). The temperature
programwas 328Cfor 1min, then 88C/min to 2208Cfor
12 min. The carrier gas was helium at a ßow rate of 0.7
ml/min. The volatile compounds were identiÞed
based on their mass spectra and retention times
matching known standards. No quantiÞcation of re-
leased volatiles was attempted. The volatile abun-
dance of each compoundwas expressed as the relative
abundance compared with the undecane standard.

1997 Field Season. Two plantations of longleaf pine,
Pinus palustris Miller, located at the U.S. Department
of EnergyÕs Savannah River Plant, Barnwell County,
SC, were used as study sites. The loblolly pine billets
came from Whitehall Forest, and they were cut on 25
August with the same dimensions as previously de-
scribed, then deployed inside the tent traps on the
following day. Each site had the same number of traps
and design as used in the 1996 season. Beetles trapped
were collected weekly for 8 wk.

Volatiles released by the billets and control traps
were collected directly from inside the tent traps in
the Þeld. The volatiles were collected using the SPME
technique, with a Þber coated with 100 mm of poly-
dimethylsiloxane as the stationary phase (Supelco,
Bellefonte, PA). The Þbers were extruded from a nee-
dle inside the tent trap and exposed for 15 min to
absorb volatiles present in the headspace, after which
they were retracted into the needle, sealed at the tip
with a rubber septum, and kept on dry ice until de-
sorption in the laboratory.

Injections were done manually using a specialized
SPME holder (Supelco, Bellefonte, PA). The injector
liner had an inside diameter of 0.75 mm, which mark-
edly improves the GC-MS results (Yang and Peppard
1994); runs were performed in the splitless mode
(Czerwiński et al. 1996). The Þbers were thermally
cleaned in the injector port (Yang and Peppard 1994)
and reused until the end of the experiment (Bartelt
1997). The same GC-MS and column used in the 1996
season were used in the identiÞcation of the volatiles.
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The temperature program was 408C for 1 min, then
168C/min to 808C then 78C/min to 2028C, then 408C/
min to 2308C for 6 min; 0.7 ml/min helium ßow rate.

An external calibration was used (Yang and Pepp-
ard1994),whereÞberswereexposed to theheadspace
of an undecane and ethyl caprate standard (1 ml of 250
mg/ml) inside a 500-ml mason jar. QuantiÞcation of
volatiles was not attempted because an external cali-
bration method is not suitable for quantiÞcation in
SPME techniques (Yang and Peppard 1994). The vol-
atile abundance was expressed as the relative abun-
dance based on undecane abundances.

Temperature measurements were taken inside
baited and control tent traps and compared with am-
bient values.

Voucher specimens collected in both Þeld seasons
were deposited in the Entomology Museum of the
University of Georgia, Athens, and the Faculdade de
Engenharia de Ilha Solteira (FEIS/UNESP), Ilha
Solteira, São Paulo state, Brazil.

Experimental Design and Data Analysis. The ex-
perimental design was a randomized complete block
design. Beetle catch data as well as volatile abundance
data were transformed into =(x 1 0.5) to remove
heteroscedasticy. Beetle catches in baited and un-
baited traps were compared by KruskalÐWallis
(PROC NPAR1WAY; SAS Institute 1990a) and beetle
catches amongweeksbyFriedmanÕsx2 (PROCFREQ;
SAS Institute1990a); the signiÞcance level used was
5%. Volatile relative abundance over weeks and tem-
perature measurements were analyzed by PROC
GLM with mean separation by the Tukey test (SAS
Institute 1990b). The relationship between volatiles
and beetle catches was examined using stepwise re-
gression analyses (PROC REG; SAS Institute1990b);
only data from weeks where catches in baited traps
were statistically higher than those in control traps
were analyzed to identify volatiles potentially attrac-
tive to beetles. For 1997, we used PROC STEPDISC
combined with PROC DISCRIM (SAS Institute
1990b) as a tool to determine if data from the 2 sites
could be combined (Snyder et al. 1996); scolytid
catches and volatiles released by the pine billets were
used to classify sites.

Results

1996 Field Season. Trap Collections. In total, 24 spe-
cies of Scolytidae were trappedÑD. frontalis and D.
terebrans in the Tomicini; I. calligraphus, I. grandicol-
lis,and Orthotomicus caelatus (Eichhoff) in the Ipini;
Hylastes porculus Erichson, Hylastes salebrosus Eich-
hoff, and Hylastes tenuis Eichhoff in the Hylastini;
Hypothenemus miles (LeConte) in the Cryphalini;
Gnathotrichus materiarius (Fitch), Monarthrum fas-
ciatum (Say), Pityophthorus confusus Blandford, and
Pityophthorus pulicarius (Zimmermann) in the Cor-
thylini; and Ambrosiodmus rubricollis (Eichhoff), Xy-
leborinus gracilis (Eichhoff), Xyleborinus saxeseni
(Ratzeburg), Xyleborus affinis Eichhoff, Xyleborus at-
ratus (Eichhoff), Xyleborus celsus Eichhoff, Xyleborus
ferrugineus (F.), Xyleborus pubescens Zimmermann,

Xyleborus sp.n., Xylosandrus crassiusculus (Motschul-
sky), and Xylosandrus germanus (Blandford) in the
Xyleborini.

SigniÞcantly more bark beetles were caught on
baited than on control traps in the beginning of the
period. SigniÞcantlymoreD. terebranswere caught on
baited trapsduringweek2andweek3at siteCH1, and
at siteCH2bonweek 1 andweek 2. SigniÞcantlymore
H. tenuis on site CH 2b were caught on baited traps
duringweeks 1, 2, and 3. For all other species and sites,
no statistically signiÞcant differences were observed
(Table 1).

SigniÞcant differences in baited over control trap
catches for the ambrosia beetles were found during
later weeks. At site CH 1, signiÞcant differences for X.
saxeseni occurred on weeks 4 and 5, and for X. pubes-
cens on weeks 4, 5, and 6. On site CH 2a, X. pubescens
was captured signiÞcantly more on baited traps on
weeks 6 and 7 (Table 1).

SigniÞcantly more bark beetles were trapped in
log-baited traps in the 1st 2 wk than in later weeks,
whereas signiÞcantly more ambrosia beetles were
trapped in later weeks than in earlier weeks (Fig. 1).

Volatile Analysis. The hydrocarbon monoterpenes
a-pinene, b-pinene, camphene, myrcene, limonene,
tricyclene and b-phellandrene, in addition to the phe-
nylpropanoid 4-allylanisole, were identiÞed from all 3
experiments as released by loblolly pine billets; ter-
pinolene, terpinen-4-ol, and ethanol were identiÞed
only from billets used at site CH 2b.

The relative abundance of the identiÞed volatiles
varied over time. All monoterpenes (except for ter-
pinen-4-ol) and the phenylpropanoid 4-allylanisole
were signiÞcantly higher in abundance on the day the
trees were cut, decreasing rapidly afterward. Ethanol,
identiÞed in only one experiment, was present imme-
diately after trees were cut (week 0); its abundance
then dropped markedly on week 1 then reached a 2nd
peak on week 4, decreasing afterward (data not
shown).

No correlation was obtained for the data from sites
CH 1 and CH 2a because no volatile variable met the
signiÞcance level of P 5 0.15 for entry into the re-
gression model. A signiÞcant correlation between
catches and volatiles was found only for H. tenuis, and
it was based on data from weeks 1 and 2 of the ex-
periment conducted on site CH 2b. The compounds
terpinen-4-ol and limonene correlated positively with
H. tenuis catches (P 5 0.0379; r2 5 0.61).

1997 Field Season. Trap Collections. Seventeen spe-
cies of Scolytidae were trapped at Savannah River
PlantÑD. terebrans in the Tomicini, I. grandicollis and
O. caelatus in the Ipini, H. porculus, H. salebrosus, and
H. tenuis in the Hylastini, Gnathotricus materiarius, M.
fasciatum, and P. pulicarius in the Corthylini, and A.
rubricollis, X. saxeseni, X. affinis, X. ferrugineus, X.
pubescens, Xyleborus sp.n., Xyleborus californicus
Wood, and X. crassiusculus in the Xyleborini.

By using scolytids to classify sites, site 2 was classi-
Þed as such 100% of the time; site 1 was classiÞed
correctly only 43% of the time (i.e., 57% of the time it
was classiÞed as site 2). When volatiles were used as
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the classiÞcatory variables, site 1 was classiÞed cor-
rectly 100% of the time but site 2 was classiÞed as such
just 13% of the time (data not shown). Based on the
poor classiÞcations obtained for one or another site,
we combined sites 1 and 2 for the remainder of the
analyses.

The baits (billets) were attractive to a number of
scolytids for almost 7 wk. The baited traps had higher
catches of the bark beetles D. terebrans and I. gran-
dicollis than the control traps from week 1 through
week 5 and week 2 through week 6, respectively (Ta-
ble 2). The ambrosia beetles X. saxeseni and X. pubes-
cens were more attracted to baited than to control
traps for 5 and 4 wk, respectively, of the 8 wk of
sampling (Table 2). P. pulicarius and X. californicus
had higher catches on baited traps only on week 2 and
week 6, respectively (Table 2).

SigniÞcantly more D. terebrans and P. pulicarius
were caught on baited traps on weeks 2 and 3, I.
grandicollis on weeks 3 and 4, X. saxeseni on weeks 4
and 6, X. californicus on week 6, and there were no
statistically signiÞcant differences for X. pubescens
(Fig. 2).

Overall, 36 semiochemicals emitted by the loblolly
pine billets were identiÞed, mainly hydrocarbon
monoterpenes and oxygenated monoterpenes. The

Fig. 1. Mean 6 SE number of Scolytidae caught in traps
baitedwith loblolly pine logs over time in theChattahoochee
forest, Stephens County, GA. Means of weeks followed by *
are statistically higher than remaining weeks (P , 0.05)
within each species.
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compounds a-pinene, b-pinene, limonene, b-phellan-
drene, myrcene, 4-allylanisole, camphene, tricyclene,
bornyl acetate, caryophyllene, terpinolene, g-ter-
pinene, a-phellandrene, a-humulene, a-terpinene,
and d-3-carene, mostly hydrocarbon monoterpenes,
were signiÞcantly more abundant shortly after the
trees were cut into billets (week 0), decreasing
sharply thereafter (Fig. 3). However, for other semio-
chemicals, primarily oxygenated monoterpenes, such
as verbenone, isopinocamphone, pinocamphone,
borneol, a-terpineol, terpinen-4-ol, trans-verbenol,
myrtenol, pinocarvone, carvone, isoborneol, ethanol,
p-cymene, trans-carveol, fenchone, p-cymene-8-ol,
fenchyl alcohol, fenchene, and myrtenal, there was a
gradual increase in their abundance, followed by a
corresponding decrease (Fig. 4).

Using data from weeks 2 and 3, a highly signiÞcant
correlation (P 5 0.0019, r2 5 0.60) was found between
D. terebrans catches and volatiles; p-cymene-8-ol and
pinocamphone correlated positively and isopinocam-
phone correlated negatively. Using data from weeks 3
and 4, I. grandicollis catches correlated positively with
carvone and negatively with myrcene and ethanol
(P 5 0.0062, r2 5 0.62). Data for P. pulicarius in weeks

2 and 3 showed that pinocarveol and ethanol corre-
latedpositivelyandpinocarvonecorrelatednegatively
with beetle catches (P 5 0.0049, r2 5 0.54). For
X. californicus, p-cymene-8-ol correlated positively
andmyrtenalnegativelywith trapcatches (P50.0003;
r2 5 0.90). For X. pubescens (wk 1 to wk 3) and X.
saxeseni (wk 4 and wk 6) no variable met the signif-
icance level (P 5 0.15) for entry into the model.

Overall, average temperatures inside tent-traps
were '38Chigher than the ambient temperature (F 5
242.73; df 5 1, 314; P 5 0.0001).

Discussion

Sites and years were similar in the composition of
the most abundant scolytid species arriving at loblolly
billets.

The black turpentine beetle, D. terebrans, is a pest
of pine forests throughout southern and eastern
United States (Payne et al. 1987). Attacks occur more
frequently on weakened and dying trees and stumps
(Drooz 1985), but it is known also to attack green
billets (Drooz 1985, Phillips et al. 1989). In our study,
D. terebrans arrived during the 1st 2Ð3 wk (Figs. 1 and
2). This agrees with the report by Godbee and Frank-
lin (1976) that loblolly pine bolts attract these beetles
during the 1st 3 wk.

Bark beetles of the genus Hylastes usually breed in
dying pines or billets in contact with the ground. The
biology of H. tenuis is not well studied, but it breeds in
pine trees (Drooz 1985, Furniss et al. 1992).Dixon and
Payne (1979) observed that H. tenuis arrived in 2
peaks, one at 10Ð12 d and the other at 25Ð27 d after
treeswereattackedby the southernpinebeetle. Inour
studies, H. tenuis was more attracted to the billets
during the Þrst 2 wk (Figs. 1 and 2).

Ips grandicollis attacks recently felled pines and
slash, but healthy trees can be attacked when in con-
cert with other bark beetle species (Drooz 1985).
Following a southern pine beetle attack, I. grandicollis
reaches a peak after 18 d (Dixon and Payne 1979),
after which an intermediate attack rate is maintained
until day 30 (Smith et al. 1993). Similar results were
found in our study, where the peak of attractiveness
for this species was found to be centered around the
3rd and 4th week (Fig. 2).

The response of P. pulicarius, with peak attraction
between the 2ndand3rdweek(Fig. 2),was somewhat
unexpected because this species is myelophagous and
usually breeds in the pith of small pine twigs (Wood
1982). This beetle apparently responded to monoter-
pene odors, but it may not have attacked the billets if
it had a chance to land and probe them.

Xyleborus saxeseni is a common ambrosia beetle
species throughout the United States, breeding in a
variety of trees; shortleaf and loblolly pines are among
its more important hosts (Drooz 1985). This species is
known to attack billets, but not immediately after
felling (Hosking 1969). It showed 2 peaks in arrival,
one at 12 d and another at 27 d after the initiation of
southern pine beetle attacks (Dixon and Payne 1979).

Fig. 2. Mean 6 SE number of Scolytidae caught in traps
baitedwith loblolly pine logs over time in theChattahoochee
forest, Stephens County, GA. Means of weeks followed by *
are statistically higher than remaining weeks (P , 0.05)
within each species.
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In our experiments, peak attraction of X. saxeseni oc-
curred 4 and 6 wk after felling (Figs. 1 and 2).

One of the few host-speciÞc Xyleborus species is X.
pubescens, which breeds in trunks of several pine spe-
cies (Wood 1982). This ambrosia beetle arrived at
southern pine beetle-infested pine trees at '27 d fol-
lowing bark beetle attack (Dixon and Payne 1979).
Our Chattahoochee forest sites had catches of this
species peaking at week 6.

Xyleborus californicus, a rare species (Furniss et al.
1992), apparently responds to stresseddeciduous trees
(Furniss et al. 1992). We trapped this species only at
Savannah River Plant, where its highest catches were
observed on week 6 (Fig. 2).

Our results showed that there was a clear arrival
sequence among bark and ambrosia beetles, which
generally conÞrmedpast observations (Lindgrenet al.
1982). Aggressive bark beetle species responded Þrst
to the billet volatiles, overlapping but generally fol-
lowed by D. terebrans and H. tenuis. The ambrosia
beetles X. saxeseni, X. pubescens, and X. californicus
arrived later, during the 4th and6thwk.Attractiveness
of the billets to scolytid beetles declined noticeably
after 8 wk of exposure (Fig. 1).

It is noteworthy to emphasize that the objectives of
this experiment were to study the arrival sequence of
scolytids without the interference of secondary at-
tractants. If the pheromone component were present,
we would expect some changes in the species com-
position and time of arrival because of the cross-at-
traction and repellent action by some of these semio-
chemicals (Smith et al. 1993).

The SPME technique was superior to the direct
headspace gas injections in qualitative analyses of
volatiles released by the pine billets. In the gas injec-
tions, only 11 compounds were identiÞed, none of
them oxygenated monoterpenes. Conversely, 35 vola-
tiles were identiÞed in samples collected with the
SPME technique, including all volatiles detected in
the gas injection.

Inall experiments, adeclineover time in the relative
abundance of the hydrocarbon monoterpenes and
4-allylanisole was evident (Fig. 3), with the only ex-
ception being p-cymene (Fig. 4). Those results gen-
erally agree with published information. In contact
with air, the compound a-pinene autoxidizes and pro-
duces the oxygenated monoterpenes cis-verbenol and
trans-verbenol, and the latter is further autoxidized to

Fig. 3. Mean 6 SE of the relative abundance of different loblolly pine billet hydrocarbon monoterpenes over time in the
Savannah River Site Plant forest, Barnwell County, SC. Means of weeks followed by * are statistically higher than remaining
weeks (P , 0.05) within each volatile.
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verbenone (Hunt et al. 1989). Werner (1972a) found
that a-pinene and b-pinene were lower in felled than
in live trees, and Byers et al. (1989) reported a decline
in hydrocarbon monoterpenes in felled trees over
time. The relative abundance of the hydrocarbon
monoterpenes dropped sharply in the Þrst few weeks.
This was the period when the billets were most at-
tractive to bark beetle species.

As hydrocarbon monoterpene abundance de-
creased, the relative abundance of oxygenated mono-
terpene and ethanol increased. The exception was
bornyl acetate (Fig. 3), which decreased in successive
weeks. Overall, the abundance of oxygenated mono-
terpenes and ethanol peaked around weeks 4Ð6, then
declined (Fig. 4). Scolytids or their associated micro-
organisms can produce oxygenated monoterpenes
from host hydrocarbon monoterpenes (Leufvén and
Birgersson 1987, Byers 1995). However, although we
prevented scolytid attacks on our billets, fungal inva-
sion (mainly carried by other insects that managed to
reach the billets) was not deterred. Leufvén and Bir-

gersson (1987) observed an increase in oxygenated
monoterpenes in the phloem of pines after attack by
Ips typographus L., and one of their hypotheses for the
origin of these compounds was the autoxidation of
hydrocarbon monoterpenes. Verbenone is known to
be the Þnal product of the autoxidation of a-pinene
(Hunt et al. 1989), and this semiochemical increases in
concentration as fallen trees begin to decay (Byers et
al. 1989, Byers 1995).

During the period of highest oxygenated monoter-
pene release, we found the highest abundance of eth-
anol (Byers 1995), a semiochemical attractant for sev-
eral ambrosia beetles (Samaniego and Gara 1970,
Flechtmann et al. 1995), the lowest abundance of
hydrocarbon monoterpenes, attractants for several
bark beetles (Billings 1985), and the highest abun-
dance of verbenone, a repellent for bark beetles (Mill-
er et al. 1995). However, the phenyl propanoid, 4-
allylanisole, a putative repellent for many bark beetles
(Werner 1995), was found at its lowest concentration
during this period.

Fig. 4. Mean 6 SE of the relative abundance of different loblolly pine billet oxygenated monoterpenes over time in the
Savannah River Site Plant forest, Barnwell County, SC. Means of weeks followed by * are statistically higher than remaining
weeks (P , 0.05) within each volatile.
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It appears that the attractiveness of the billets to
bark beetles in the Þrst weeks was caused by high
concentrations of attractive monoterpenes and low
quantities of repellents. As the billets aged, the pres-
ence of bark beetle attractive semiochemicals de-
creased, and the abundance of compounds with re-
pellent qualities increased. Aging billets then
produced increasing amounts of chemicals attractive
to ambrosia beetles. It appears ambrosia beetles are
unaffected by the higher oxygenated monoterpene
abundance, or they actually use some of them as cues
for host location.

The black turpentine beetle is attracted to odors of
pine volatiles (Payne et al. 1987, Phillips et al. 1989).
Turpentine is very attractive, and ethanol acts as a
synergist to this attractant (Phillips et al. 1988). Com-
pounds that were strongly correlated with black tur-
pentine beetle catches (p-cymene-8-ol, pinocam-
phone, and isopinocamphone) are all oxygenated
monoterpenes. Although p-cymene-8-ol and pinoc-
amphone were negatively correlated with catches, it
is difÞcult to explain how a species that is attracted to
billets during the period characterized by a predom-
inance of hydrocarbon monoterpenes would be pos-
itively correlated with isopinocamphone, an oxygen-
ated monoterpene. One explanation is that our results
were spurious, with no biological signiÞcance.

Hylastes tenuis is attracted to odors from artiÞcially
injured Pinus virginiana Miller (Hines and Heikkenen
1977), and in our experiment catches of H. tenuis were
correlated with the relative abundance of limonene
and terpinen-4-ol. Limonene acts as a synergist of
pheromones of some species of primary bark beetles
(Werner 1972b) but has not been associated with the
attraction of secondary species such as H. tenuis. The
positive correlation between attraction of H. tenuis
and the oxygenated monoterpene, terpinen-4-ol, also
may have no biological signiÞcance.

Pine phloem odors attract I. grandicollis (Werner
1972a, Billings 1985, Fatzinger 1985), and it responds
to a bait composed of a-pinene, limonene, camphene,
myrcene, and ethanol (Chénier and Philogéne 1989).
In ourmodel, catches of I. grandicolliswerenegatively
correlated with the abundance of ethanol and myr-
cene, and positively correlatedwith carvone. Carvone
is a terpenoid with bactericidal and fungicidal activity
(Naigre et al. 1996, Oosterhaven et al. 1996) and an
antifeedant (Salom et al. 1994). There are no previous
reports of positive responses to carvone by I. grandi-
collis. Ethanol and myrcene responses in our experi-
ments differed from those reported in the literature
and suggest that the correlation was an artifact.

Catches of P. pulicarius were negatively correlated
to pinocarvone and positively correlated to pino-
carveol and ethanol. Pinocarvone reduces catches of
Dendroctonus ponderosae Hopkins when added to an
attractive bait (Libbey et al. 1985), whereas ethanol is
a general attractant to secondary bark beetles and
ambrosia beetles alike (Chénier and Philogéne 1989,
Byers 1995). There are no previous reports on the
responses of P. pulicarius.

Many Xyleborini are attracted to ethanol (Flecht-
mannet al. 1995), and somealso respond to turpentine
(Fatzinger 1985) or a combination of both (Phillips et
al. 1988). In our study, catches of X. californicus were
positively correlated with p-cymene-8-ol and nega-
tively correlated with myrtenal. Surprisingly, ethanol
was not positively correlated with X. californicus
catches.

Field tests with baits composed of artiÞcially syn-
thesized chemicals are necessary to ascertain the ac-
curacy of the model in predicting beetle catches using
the putative semiochemicals previously described for
each scolytid species.
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