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In 2009, we determined the effects of the enantiomeric composition of the kairomone, a-pinene, on trap catches
of arboreal beetles (Coleoptera) in stands of eastern pine trees with resin dominated by (+)-a-pinene. We
hypothesized that the responses of beetles would correlate with the predominant enantiomer of a-pinene found
in host pines. Lures of (+)-, racemic (), and (-)-a-pinene were added separately to ethanol-baited multiple-funnel
traps. Species such as Monarthrum mali (Fitch), Dendroctonus terebrans (Olivier), Ips grandicollis (Eichhoff),
and Pachylobius picivorus (Germar) (Coleoptera: Curculionidae) showed a preference for traps co-baited with
(-)-a-pinene. a-Pinene enhanced attraction of Hylastes salebrosus Eichhoff, Hylastes porculus Erickson and
Hylastes tenuis Eichhoff (Coleoptera: Curculionidae) to ethanol-baited traps with no effects from enantio-
meric composition of a-pinene.The attraction of the ambrosia beetles, Xyleborinus saxesenii (Ratzeburg) and
Dryoxylon onoharaense (Murayama) (Coleoptera: Curculionidae) to ethanol-baited traps was interrupted by
the addition of a-pinene, regardless of enantiomeric composition. Species such as Xylosandrus germanus
(Blandford), Cnestus mutilatus (Blandford) and Stenoscelis brevis (Boheman) (Coleoptera: Curculionidae) were
unaffected by the presence of a-pinene. Trap catches of some species of longhorn beetles and bark beetle
predators (Coleoptera: Cerambycidae, Cleridae, Elateridae, Histeridae, and Trogossitidae) were increased by
the addition of a-pinene, although results varied by location. Platysoma spp. (Coleoptera: Histeridae) showed
a marked preference for traps co-baited with (+)-a-pinene in Florida and Georgia. In summary, we found that
the enantiomeric composition of a-pinene in hosts was not a good predictor of enantiomeric preferences by
beetles.
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2017), whereas a-pinene is a common monoterpene constituent of
pine resin (Mirov 1961, Shrimpton 1974, Smith 2000).
The addition of o-pinene can increase the attraction of bark

Introduction

Detection programs for bark and woodboring beetles commonly use

trap lures releasing host-produced compounds such as ethanol and
b s P P and woodboring beetles to their respective pheromones (e.g., Miller

a-pinene (Brockerhoff et al. 2006, 2023, Fan et al. 2019, Poland
and Rassati 2019, Rabaglia et al. 2019, CAPS 2024). Ethanol and
a-pinene are broadly attractive to numerous species of bark and
woodboring beetles (Chénier and Philogéne 1989, Allison et al.
2004, Miller 2006, Miller and Rabaglia 2009, Gandhi et al. 2010,
Miller et al. 2015). Ethanol production is commonly associated with
dead or stressed phloem tissues (Kelsey 1994, Kelsey and Westlind

et al. 2003, Poland et al. 2003, Erbilgin et al. 2007, Hofstetter et
al. 2008, Allison et al. 2012, Duduman and Olenici 2015, Miller
2020). As such, detection programs targeting bark and woodboring
beetles may incorporate a-pinene into broad-spectrum lure blends to
broaden their efficacy (Hanks et al. 2012, Miller et al. 2013, Sweeney
et al. 2014, Boone et al. 2019, Fan et al. 2019, Hoch et al. 2020).
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Table 1. Locations, coordinates, dominant tree species, brands of antifreeze, and trapping dates for field studies conducted in 2009 to de-
termine responses of beetles to enantiomeric blends of a-pinene in ethanol-baited funnel traps at 3 sites: Florida, Georgia, and Michigan

Site Location Coordinates Tree species Brand of RV antifreeze Dates

FL Austin Cary Memorial Forest, 29.738° N, Pinus palustris Miller Prestone Low Tox Antifreeze, Prestone 22 April-11 June
Alachua Co., FL, USA 82.219°W Products, Danbury, CT, USA

GA Oconee National Forest, Putnam 33.377° N, Pinus taeda L. Splash RV & Marine Antifreeze, Fox 28 April-10 July
Co., GA, USA 83.519°W Packaging Inc., St. Paul, MN, USA

MI Kellogg Experimental Forest, 42.372° N, Pinus resinosa SuperTech RV & Marine 28 May-18
Kalamazoo Co., MI, USA 85.321°W Solander ex Aiton Antifreeze, Wal-Mart, August

Bentonville, AR, USA

Table 2. Trap catches of common pine bark and wood boring beetles, and associated species (Coleoptera), in field studies with chiral
a-pinene at 3 sites in the United States: Florida, Georgia, and Michigan

Family, Species FL GA MI Total
Buprestidae
Buprestis spp. 27 25 23 75
Chalcophora virginiensis (Drury) 82 58 - 140
Cerambycidae
Acanthocinus nodosus (F.) 8 13 - 21
Acanthocinus obsoletus (Olivier) 7 19 10 36
Asemum striatum (L.) - - 232 232
Astylopsis sexguttata (Say) - - 5 5
Gaurotes cyanipennis (Say) - - 7 7
Monochamus carolinensis (Olivier) - - N N
Monochamus scutellatus (Say) - - 9 9
Monochamus titillator (F.) 71 133 - 204
Neoclytus spp. - 15 - 15
Rhagium inquisitor L. - 8 - 8
Xylotrechus colonus (F.) - 17 - 17
Xylotrechus sagittatus (Germar) 45 280 100 425
Cleridae
Thanasimus dubius (F.) - 88 431 519
Curculionidae
Cnestus mutilatus (Blandford) - 74 - 74
Dendroctonus terebrans (Olivier) 112 80 - 192
Dendroctonus valens LeConte - - 250 250
Dryocoetes autographus (Ratzeburg) - - 43 43
Dryoxylon onoharaense (Murayama) 47 229 2 278
Gnathotrichus materiarius (Fitch) 16 - - 16
Hylastes porculus Erichson 37 - - 37
Hylastes salebrosus Eichhoff 87 1,132 66 1,285
Hylastes tenuis Eichhoff - 327 3 330
Hylobius pales (Herbst) 30 395 69 494
Ips grandicollis (Eichhoff) 248 157 378 783
Monarthrum mali (Fitch) - - 153 153
Myoplatypus flavicornis (E.) 2 5 - 7
Orthotomicus caelatus (Eichhoff) 12 - 62 74
Pachylobius picivorus (Germar) 853 100 - 953
Pissodes spp. - - 358 358
Stenoscelis brevis (Boheman) - 166 63 229
Tomicus piniperda (L.) - - 24 24
Xyleborinus saxesenii (Ratzeburg) 444 599 5 1,048
Xyleborus spp. 238 168 3 409
Xylosandrus compactus (Eichhoff) 6 - - 6
Xylosandrus crassiusculus (Motschulsky) 210 133 - 343
Xylosandrus germanus (Blandford) - - 883 883
Elateridae
Alaus myops (F.) 171 167 - 338
Histeridae
Platysoma spp. 136 345 - 481
Passandridae
Catogenus rufus F. 20 128 - 148
Trogossitidae
Temnoscheila virescens (F.) 179 482 - 661
Tenebroides spp. 6 194 16 216

Total 3,094 5,537 3,200 11,831
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Like many monoterpenes, a-pinene is a chiral compound ex-
isting as 2 optical stereoisomers (enantiomers): (S)-(-)-o-pinene
and (R)-(+)-a-pinene (Hobson et al. 1993). In older publications
such as Mirov (1961), the (-) and (+) optical enantiomers are often
denoted as levorotatory (/) and dextrorotatory (d), respectively;
the racemic (50:50) mixture of the 2 enantiomers denoted as dl. In
North America, the enantiomeric composition of a-pinene in the
resin of pine trees varies by species, geography, and season (Mirov
1961, Hobson et al. 1993, Phillips et al. 1999, Erbilgin et al. 2001,
Marques et al. 2012, Collignon et al. 2016).

Most trapping studies targeting bark and woodboring beetles in
eastern North America have used o-pinene lures dominated by the
(-)-enantiomer, likely due to the commercial availability and low
cost of (-)-a-pinene with high chemical purity (D.R.M., personal
observation). For example, Miller and Rabaglia (2009), Miller et
al. (2015), and Gandhi et al. (2010) used high-release rate a-pinene
lures with an enantiomeric composition of 95% (-) for trapping nu-
merous species of bark and woodboring beetles in eastern North
America; neither racemic nor (+)-a-pinene was tested. Lures re-
leasing a-pinene with an enantiomeric composition of approximately
75% (-) were used for trapping studies on Tomicus piniperda (L.)
(Coleoptera: Curculionidae) (Poland et al. 2003) and Dendroctonus
rufipennis (Kirby) (Coleoptera: Curculionidae) (Ryall et al. 2013) in
northeastern North America. In some earlier studies targeting bark
and woodboring beetles, only racemic a-pinene was used (Chénier
and Philogene 1989, de Groot et al. 1998, Czokajlo and Teale 1999).

The attraction of some species of bark beetles can be affected
by the enantiomeric composition of a-pinene. In Ontario, Canada,
the attraction of the cone beetle, Conophthorus resinosae Hopkins
(Coleoptera: Curculionidae), to its pheromone, pityol, was di-
rectly related to the concentration of (-)-a-pinene in trap lures,
decreasing with increasing concentration of (+)-c-pinene (de Groot
et al. 2002). In China, catches of 7 species of bark and ambrosia
beetles (Coleoptera: Curculionidae) were greater in traps baited
with (-)-a-pinene than in traps baited with (+)-a-pinene (Liu and
Dai 2006). In Wisconsin, traps baited with (-)-a-pinene and eth-
anol caught more Pachylobius picivorus (Germar) and Hylobius spp.
(Coleoptera: Curculionidae) than those baited with (+)-a-pinene
and ethanol (Erbilgin et al. 2001). Attraction of Ips grandicollis
(Eichhoff) (Coleoptera: Curculionidae) to traps baited with its
pheromone, ipsenol, in Wisconsin was increased more by the ad-
dition of (=)-a-pinene than the addition of (+)-a-pinene (Erbilgin
and Raffa 2000). In North Carolina, catches of Conophthorus
coniperda (Schwartz) (Coleoptera: Curculionidae) in traps baited
with (-)-a-pinene and the pheromone pityol were reduced by the
addition of (+)-a-pinene (Miller et al. 2003).

For some beetle species, the (+) enantiomer of o-pinene can
have a positive role in attraction. In the southeastern United States,
Staeben et al. (2015) found that attraction of Dendroctonus frontalis
Zimmermann (Coleoptera: Curculionidae) to traps baited with its
pheromone, frontalin, was enhanced more by (+)-a-pinene than
(-)-o-pinene. In California, the attraction of Dendroctonus valens
(Coleoptera: Curculionidae) to traps baited with (+)-a-pinene was
interrupted by the addition of (-)-a-pinene (Hobson et al. 1993).
In China, the optimal blend for the nonnative species De. valens
consists of (+)-3-carene, (-)-B-pinene, and (+)-0-pinene in a ratio of
3:1:1 (Sun et al. 2004).

The enantiomeric compositions of a-pinene found in the resin
of common pines in the southeastern United States, such as loblolly
pine, Pinus taeda (L.), and longleaf pine, Pinus palustris Miller, are
dominated by the (+) enantiomer (Mirov 1961, Phillips et al. 1999,
Marques et al. 2012). Similarly, in the northeastern United States, the

enantiomeric composition of a-pinene in the resin of red pine, Pinus
resinosa Solander ex Aiton, has an excess of the (+) enantiomer
(Erbilgin et al. 2001). Therefore, our goal was to clarify the effects
of the enantiomeric composition of a-pinene used in trap lures on
catches of bark and woodboring beetles in pine stands in the eastern
United States. We hypothesized that the responses of beetles would
correlate with the predominant enantiomer of a-pinene found in host
pines. Additionally, we wanted to verify the efficacy of (-)-a-pinene
lures in pine stands where a-pinene in tree resin is dominated by
the (+) enantiomer. Data from our trapping studies could help to (i)
clarify relationships between beetles and host trees and (ii) identify
optimal lure composition in detection programs.

Materials and Methods

Experimental Design

In 2009, we conducted identical field studies in pine stands at 3 sites
in the eastern United States to determine how the enantiomeric com-
position of a-pinene affects catches of bark and wood-boring beetles
in ethanol-baited traps. Field locations, tree species composition, and
experimental dates are provided in Table 1. Multiple-funnel traps,
pouch lures releasing ethanol at 0.5 g/day at 23 °C, and 15-ml bottle
lures releasing a-pinene at 150 mg/day at 23 °C were provided by

Table 3. ANOVA results for lure treatment effects on catches of am-
brosia, bark, and snout beetles (Curculionidae) caught in sufficient
numbers. df= 3, 27 for FL and GA; 3, 24 for Ml

Species Site F P
Ambrosia Beetles
Cnestus mutilatus GA 1.78 0.176
Dryoxylon onoharaense FL 6.38 0.002
GA 9.03 <0.001
Monarthrum mali MI 11.64 <0.001
Xyleborinus saxesenii FL 10.32 <0.001
GA 4.44 0.012
Xyleborus spp. FL 19.62 <0.001
GA 2.38 0.092
Xylosandrus crassiusculus FL 1.90 0.154
GA 2.58 0.074
Xylosandrus germanus MI 0.467 0.708
Bark Beetles
Dendroctonus terebrans FL 19.35 <0.001
GA 16.66 <0.001
Dendroctonus valens MI 13.35 <0.001
Dryocoetes autographus MI 5.97 0.003
Hylastes porculus FL 3.76 0.022
Hylastes salebrosus FL 18.67 <0.001
GA 159.76 <0.001
MI 2.56 0.078
Hylastes tenuis GA 22.20 <0.001
Ips grandicollis FL 81.31 <0.001
GA 29.28 <0.001
MI 18.18 <0.001
Orthotomicus caelatus MI 6.48 0.002
Snout beetles
Hylobius pales FL 3.74 0.023
GA 28.00 <0.001
MI 18.18 <0.001
Pachylobius picivorus FL 147.95 <0.001
GA 16.85 <0.001
Pissodes spp. MI 11.13 <0.001
Stenoscelis brevis GA 0.47 0.704
MI 1.70 0.194
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Contech Enterprises (Victoria BC). Release rates were determined by
the manufacturer. We tested 3 different enantiomeric compositions
with the a-pinene bottle lures: (+)-a-pinene [95% (+): 5% (-)]; ra-
cemic a-pinene [50% (+): 50% (-)]; and (-)-a-pinene [5% (+): 95%
(=)]. All chemical purities were >95%.

At each site, we deployed 40 traps in 10 replicate blocks of 4
traps per block. We used 8-unit traps in Florida and Georgia and
12-unit traps in Michigan. Traps were spaced 10-15 m apart and sus-
pended above ground at a height of 0.3-0.5 m to the bottom of the
collection cup. Collection cups contained 100-150 ml of a solution
of propylene glycol (Table 1) to kill and preserve captured insects
between biweekly collections (Miller and Duerr 2008). Each of the
following lure treatments was randomly allocated to a different trap
within each block: ethanol control (CT); ethanol + (+)-a-pinene (P);
ethanol + racemic a-pinene (PM); and ethanol + (-)-a-pinene (M).
Voucher specimens were deposited in the University of Georgia
Collection of Arthropods (Athens, GA, USA).

Statistical Analyses

Data for species caught in sufficient numbers for analysis (N > 30)
were analyzed with the SYSTAT ver. 13.1 and SigmaStat (SigmaPlot
ver. 12.5) statistical packages (SYSTAT Software Inc., Point
Richmond, CA, USA). Trap catch data were transformed as needed
by In (Y + 1) to ensure homoscedasticity and normality (Pepper et
al. 1997), verified with the Equal Variance and Shapiro-Wilk tests,
respectively, prior to analyses. One replicate block from Michigan
was deleted from the analyses due to missing data for one treatment.
Data for each species at each site were analyzed separately by mixed-
model ANOVA using treatment as the model factor. The Holm-Sidak
multiple-comparison procedure (a = 0.05) was conducted to com-
pare treatment means when treatment effects were significant at
P <0.05.

Results

Ambrosia, Bark, and Snout Beetles

We caught >8,200 ambrosia, bark, and snout beetles across the 3
sites, with 19 species or genera caught in sufficient numbers for
analyses (Table 2). Species composition and abundance differed
markedly between the 3 sites. For example, Dendroctonus terebrans
(Olivier) (Coleoptera: Curculionidae) was caught in Florida and
Georgia, whereas De. valens was caught in Michigan. Some spe-
cies, such as I. grandicollis and Hylobius pales Herbst (Coleoptera:
Curculionidae), were caught at all 3 sites.

Four of 7 species or genera of ambrosia beetles were affected by
trap treatments at one or more sites (Table 3). In Florida, catches
of Xyleborinus saxesenii (Ratzeburg) (Coleoptera: Curculionidae)
were lowest in all traps baited with a-pinene, regardless of enan-
tiomeric composition (Fig. 1A). In Georgia, catches of Xyleborinus
saxesenii were lower in traps baited with ethanol and (-)-a-pinene
than in those baited solely with ethanol (Fig. 1B). Catches of
Dryoxylon onoharaense (Murayama) (Coleoptera: Curculionidae)
in Florida and Georgia were lowest in all traps baited with a-pinene,
regardless of enantiomeric composition (Fig. 1C and D). Trap
catches of Xyleborus spp. (Coleoptera: Curculionidae) in Florida
were increased by the addition of a-pinene, regardless of enantio-
meric composition (Fig. 1E). In Florida, trap catches of Xyleborus
spp. (Coleoptera: Curculionidae) were increased by the addition of
a-pinene, regardless of enantiomeric composition (Fig. 1E), whereas
in Georgia, trap catches were unaffected by lure treatments (Table
3); mean (+SE) trap catches=4.2 = 0.4. In Michigan, catches of

Xyleborinus saxesenii

cT b A b B
P a ab
PM a ab
M a FL a GA
0 10 20 0 1 22
Dryoxylon onoharaense
cT b C b D
Pa a
PM a a
M a FL a GA
0 2 4 0 6 12
Xyleborus spp. Monarthrum mali
CT a E a F
P b b
PM b b
M b FL c Mi
0 7 14 0 6 12

Mean (+SE) number of beetles per trap

Fig. 1. Mean (+SE) catches of the ambrosia beetles Xyleborinus saxesenii,
A and B), Dryoxylon onoharaense, C and D), Xyleborus spp., E), and
Monarthrum mali, F) (Curculionidae) in traps baited with ethanol alone
(CT), ethanol + (+)-a-pinene (P), ethanol + racemic «-pinene (PM), and
ethanol + (-)-a-pinene (M) in Florida (FL), Georgia (GA), and Michigan (Ml).
For each species, means followed by the same letter are not significantly
different at P=0.05 (Holm-Sidak multiple-comparison test).

Monarthrum mali (Fitch) (Coleoptera: Curculionidae) were greatest
in traps baited with (-)-o-pinene and lowest in traps not baited
with a-pinene (Fig. 1F). Catches of Cnestus mutilatus (Blandford)
(Coleoptera: Curculionidae) in Georgia and Xylosandrus germanus
(Blandford) (Coleoptera: Curculionidae) in Michigan were unaf-
fected by treatments (Table 3); mean («SE) trap catches = 1.9 = 0.3
and 24.5 = 2.1, respectively. Similarly, treatments had no effect on
catches of Xylosandrus crassiusculus (Motschulsky) (Coleoptera:
Curculionidae) in Florida and Georgia (Table 3); mean (+SE) trap
catches = 5.3 = 0.6 and 3.3 = 0.4, respectively.

Lure treatments had significant effects on catches of 8 species
of bark beetles (Table 3). In Florida and Georgia, catches of De.
terebrans were greatest in traps baited with (-)-a-pinene and lowest
in traps not baited with a-pinene (Fig. 2A and B). In Michigan, catches
of De. valens and Dryocoetes autographus (Ratzeburg) (Coleoptera:
Curculionidae) were greater in traps baited with (-)-o-pinene or
(+)-a-pinene than in those not baited a-pinene (Fig. 2C and D). For
both species, catches in traps baited with (-)-a-pinene were greater
than those in traps baited with racemic a-pinene. Catches of I.
grandicollis were lowest in traps not baited with a-pinene across all
3 locations (Fig. 2E-G). The highest catches in Florida and Georgia
were in traps baited with (-)-a-pinene (Fig. 2E and F), whereas the
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highest catches in Michigan were in traps baited with (-)-a-pinene
or racemic o-pinene. In Michigan, more Orthotomicus caelatus
(Eichhoff) (Coleoptera: Curculionidae) were caught in traps baited
with (+)-a-pinene or racemic o-pinene than in traps not baited
with a-pinene (Fig. 2H). Catches of Hylastes salebrosus Eichhoff
(Coleoptera: Curculionidae) in Florida and Georgia were greatest in
traps baited with a-pinene, regardless of enantiomeric composition
(Fig. 21 and J). The same was true for Hylastes porculus Erichson
(Coleoptera: Curculionidae) in Florida (Fig. 1K) and Hylastes tenuis
Eichhoff (Coleoptera: Curculionidae) in Georgia (Fig. 2L). There was
no treatment effect on catches of Hylastes salebrosus in Michigan
(Table 3); mean (+SE) trap catch = 1.8 = 0.4.

Three of 4 species of snout beetles were affected by trap
treatments (Table 3). Catches of Pa. picivorus in Florida and Georgia
were lowest in traps not baited with a-pinene (Fig. 3A and B). In
Florida, the greatest numbers of Pa. picivorus were caught in traps
baited with (-)-a-pinene (Fig. 3A), whereas the greatest numbers
in Georgia were caught in traps baited with racemic o-pinene or
(-)-o-pinene (Fig. 3B). In Florida, catches of Hylobius pales were
greater in traps baited with (-)-o-pinene than in those not baited
with a-pinene (Fig. 3C). In Georgia, traps baited with (-)-a-pinene
or (+)-a-pinene caught the greatest numbers of Hylobius pales

whereas traps not baited with a-pinene caught the least (Fig. 3D).
In Michigan, traps not baited with a-pinene caught the least num-
bers of Hylobius pales and those baited with (-)-a-pinene caught
the most (Fig. 3E). All traps baited with a-pinene, regardless of en-
antiomeric composition, caught more Pissodes spp. (Coleoptera:
Curculionidae) than traps not baited with a-pinene (Fig. 3F). Trap
treatments had no effect on catches of Stenoscelis brevis Boheman
(Coleoptera: Curculionidae) in Georgia and Michigan (Table 3);
mean (=SE) trap catches = 4.2 = 0.4 and 1.7 = 0.3, respectively.

Wood Borers

We caught almost 1,200 woodboring beetles (Coleoptera: Buprestidae,
and Cerambycidae) across the 3 sites, with 4 species or genera caught
in sufficient numbers for analyses (Table 2). Treatment effects were
found for all 4 species (Table 4). In Georgia, catches of Chalcophora
virginiensis (Drury) (Coleoptera: Buprestidae) were greater in traps
baited with (+)-a-pinene or (-)-o-pinene than in those in traps not
baited with a-pinene (Fig. 4A). There was no effect on catches of Ch.
virginiensis in Florida (Table 4); mean (+SE) trap catch =2.1 = 0.2. In
Michigan, the greatest catches of Asemum striatum (L.) (Coleoptera:
Cerambycidae) were in traps baited with (+)-a-pinene or racemic
a-pinene and lowest in traps not baited with a-pinene (Fig. 4B). Catches

Dryocoetes
Dendroctonus terebrans Dendroctonus valens  autographus
CT}a Al |a B a Cl})a D
P b b b bc
PM b b a ab
M c FL ¢ GA b MI c Ml
0 5 10 0 3 6 0 7 14 0 2 4
Ips grandicollis Orthotomicus caelatus
CT }a E|la F a G a H
P b b b b
PM b b c b
M c FL c GA c Mi ab Mi
0 9 18 0 6 12 0 15 30 0 2 4
Hylastes salebrosus Hylastes porculus Hylastes tenuis
cT| a | a J a K a L
P b b b b
PM b b b b
M b FL b GA b FL b GA

o
w

6 0 25 50

0 1 2 0 8 16

Mean (+SE) number of beetles per trap

Fig. 2. Mean (+SE) catches of the bark beetles Dendroctonus terebrans, A and B), Dendroctonus valens, C), Dryocoetes autographus, D), Ips grandicollis, E-G),
Orthotomicus caelatus, H), Hylastes salebrosus, | and J), Hylastes porculus, K), and Hylastes tenuis, L) (Curculionidae)in traps baited with ethanol alone (CT),
ethanol + (+)-a-pinene (P), ethanol + racemic a-pinene (PM), and ethanol + (-)-a-pinene (M) in Florida (FL), Georgia (GA) and Michigan (Ml). For each species,
means followed by the same letter are not significantly different at P= 0.05 (Holm-Sidak multiple-comparison test).
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Pachylobius picivorus

CTfa A |ka B
P b b
PM b c
M ¢ FL ¢ GA
0 25 50 0 3 6
Hylobius pales
CT a Clka D
P ab c
PM ab b
M b FL cGA
0 1 2 0 10 20
Hylobius pales Pissodes spp.
CT}la E a F
P b b
PM b b
M ¢ Mi b Ml
0 4 8 0 15 30
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Fig. 3. Mean (+SE) catches of the snout weevils Pachylobius picivorus, A
and B), Hylobius pales, C-E), and Pissodes spp., F) (Curculionidae) in traps
baited with ethanol alone (CT), ethanol + (+)-a-pinene (P), ethanol + racemic
a-pinene (PM), and ethanol + (-)-a-pinene (M) in Florida (FL), Georgia (GA),
and Michigan (MI). For each species, means followed by the same letter are
not significantly different at P=0.05 (Holm-Sidak multiple-comparison test).

of Xylotrechus sagittatus (Germar) (Coleoptera: Cerambycidae) in
Florida were greater in traps baited with (-)-a-pinene than any other
treatment (Fig. 4C). In Georgia and Michigan, catches of Xylotrechus
sagittatus were greater in traps baited with a-pinene than in those
not baited with a-pinene (Fig. 4D and E). In Georgia, catches in traps
baited with (-)-a-pinene were greater than those in traps baited with
racemic a-pinene (Fig. 4D) whereas in Michigan catches in traps baited
with (-)-a-pinene or racemic a-pinene were lower than those baited
with (+)-a-pinene (Fig. 4E). Trap catches of Monochamus titillator (F.)
(Coleoptera: Curculionidae) in traps not baited with a-pinene were
lower than those baited with (+)-a-pinene in Florida (4F) and lower
than all traps baited with o-pinene in Georgia, regardless of enantio-
meric composition (4G).

Beetle Predators

Numerous species across several families of predators prey on bark
and woodboring beetles, particularly on larval prey in host trees
(USDA 1985). We caught >2,300 predators of bark and woodboring
beetles across 5 families (Cleridae, FElateridae, Histeridae,
Passandridae, and Trogossitidae) with 6 species or genera caught
in sufficient numbers for analyses (Table 2) and 5 with significant
treatment effects (Table 4). In Georgia and Michigan, catches of
Thanasimus dubius (E.) (Coleoptera: Cleridae) in traps baited with

Table 4. ANOVA results for lure treatment effects on catches of
wood borers and predators caught in sufficient numbers. df= 3, 27
for FL and GA; 3, 24 for Ml

Family, Species Site F P
Woodborers
Buprestidae
Chalcophora virginiensis FL 2.21 0.110
GA 5.73 0.004
Cerambycidae
Asemum striatum MI 27.22 <0.001
Monochamus titillator FL 9.02 <0.001
GA 22.47 <0.001
Xylotrechus sagittatus FL 11.42 <0.001
GA 47.42 <0.001
MI 12.95 <0.001
Predators
Cleridae
Thanasimus dubius GA 9.00 <0.001
MI 26.82 <0.001
Elateridae
Alaus myops FL 22.15 <0.001
GA 6.21 0.002
Histeridae
Platysoma spp. FL 49.75 <0.001
GA 103.30 <0.001
Passandridae
Catogenus rufus GA 0.72 0.551
Trogossitidae
Temnoscheila virescens FL 25.20 <0.001
GA 9.90 <0.001
Tenebroides spp. GA 28.41 <0.001

(+)-0-pinene or racemic a-pinene were greater than those in traps
not baited with a-pinene (Fig. SA and B). In Michigan, catches of
Th. dubius in traps baited with (-)-a-pinene were greater than those
not baited with a-pinene but less than those in traps baited with
(+)-0-pinene or racemic o-pinene (Fig. 5B). In Florida and Georgia,
more Alaus myops (E.) (Coleoptera: Elateridae) were caught in traps
baited with o-pinene than in those not baited with a-pinene regard-
less of enantiomeric composition (Fig. 5C and D). In Florida and
Georgia, catches of Platysoma spp. (Coleoptera: Histeridae) were
greatest in traps baited with (+)-a-pinene (Fig. SE and F). There was
no difference in catches among the remaining 3 treatments in Florida
(Fig. SE), whereas in Georgia, catches of Platysoma spp. in traps
baited with racemic o-pinene were greater than those in traps not
baited with a-pinene (Fig. SF).

In Florida, catches of Temnoscheila virescens (F.) (Coleoptera:
Trogossitidae) were greatest in traps baited with a-pinene, regard-
less of enantiomeric composition (Fig. 5G). In Georgia, traps baited
with (+)-0-pinene or racemic o-pinene caught more Te. virescens
than those not baited with a-pinene; traps baited with (-)-o-pinene
caught less than those baited with (+)-a-pinene (Fig. SH). Catches of
Tenebroides spp. were increased by the addition of a-pinene regard-
less of enantiomeric composition; trap catches were greater in traps
baited with (-)-a-pinene than in traps baited with (+)-a-pinene or
racemic a-pinene (Fig. SI). Trap treatments had no effect on catches
Catogenus rufus F. (Coleoptera: Passandridae) (Table 4); mean (+SE)
trap catch = 3.2 = 0.5.

Discussion

Bark and woodboring beetles have a complex relationship with
conifers. Coniferous trees use various physical, chemical, and bi-
ological defenses against invasions by insects, bacteria, and fungi
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Fig. 4. Mean (+SE) catches of the woodboring beetles Chalcophora virginiensis (Buprestidae), A), Asemum striatum, B), Xylotrechus sagittatus, C-E), and
Monochamus titillator, F and G) (Cerambycidae) in traps baited with ethanol alone (CT), ethanol + (+)-a-pinene (P), ethanol + racemic a-pinene (PM), and
ethanol + (-)-a-pinene (M) in Florida (FL), Georgia (GA), and Michigan (MI). For each species, means followed by the same letter are not significantly different at

P=0.05 (Holm-Sidak multiple-comparison test).

(Krokene 2015, Raffa et al. 2015). With respect to bark and
woodboring beetles, resin pressure and composition are of particular
importance. Healthy trees can localize resin flow, forcing out and
drowning beetles attempting to bore into the phloem (Smith 1972).
In addition, resins in pine trees are composed of monoterpenes, some
of which can be toxic to bark and woodboring beetles, necessitating
judicious selection of hosts by bark beetles (Krokene 2015, Raffa
et al. 2015). Although attracted by low levels of a-pinene, high-
release rates of a-pinene can reduce attraction of bark beetles such
as Co. coniperda (Miller et al. 2003), Ips pini (Say) (Coleoptera:
Curculionidae) (Erbilgin et al. 2003), and Ips avulsus (Eichhoff)
(Coleoptera: Curculionidae) (Sullivan 2023) to traps baited with
their respective pheromones. Monoterpenes such as a-pinene are
also used to produce pheromones such as cis- and trans-verbenol
(e.g., Vanderwel and Oehlschlager 1987, Blomquist et al. 2010,
Keeling et al. 2021).

Pine tree resins contain a diversity of monoterpenes such as
a-pinene, 3-pinene, 3-carene, limonene, myrcene, and 3-phellandrene
with significant variation in monoterpene composition by species
(e.g., Mirov 1961, Coyne and Keith 1972, Rockwood 1973, Gansel

and Squillace 1976, Hodges et al. 1979, Squillace and Wells 1981,
Clark et al. 2010). When released from bark wounds, woody de-
bris or stumps of felled trees, monoterpenes in the resin can act as
kairomones, indicating suitable host material for bark and wood
boring beetles (e.g., Wood 1982, Coulson et al. 1986, Sjodin et al.
1989, Fletchmann et al. 1999, Fettig et al. 2006, Kelsey and Westlind
2017).

Variations in monoterpene composition among different spe-
cies of pines may allow bark and woodboring beetles to be selec-
tive in choosing hosts if necessary. For example, f-phellandrene is
the dominant monoterpene in the resin of lodgepole pine, Pinus
contorta Douglas ex Loudon in western North America (Zavarin et
al. 1969, Smith 2000, Pureswaran and Borden 2005, Ankney et al.
2022). Traps baited with lures releasing B-phellandrene are highly
attractive in a dose-dependent fashion to I. pini, Orthotomicus
latidens (LeConte) (Coleoptera: Curculionidae), and Dendroctonus
ponderosae Hopkins (Coleoptera: Curculionidae), Monochamus
clamator (LeConte) (Coleoptera: Cerambycidae), and several species
of bark beetle predators (Miller and Borden 1990a, 1990b, 2000)
that attack or prey on beetles in lodgepole pine.
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Fig. 5. Mean (+SE) catches of the predators Thanasimus dubius (Cleridae), A
and B), Alaus myops (Elateridae), C and D), Platysoma spp. (Histeridae), E and
F), Temnoscheila virescens, G and H), and Tenebroides spp. (Trogossitidae),
1) in traps baited with ethanol alone (CT), ethanol + (+)-a-pinene (P),
ethanol + racemic a-pinene (PM), and ethanol + (-)-a-pinene (M) in Florida
(FL), Georgia (GA), and Michigan (MI). For each species, means followed
by the same letter are not significantly different at P=0.05 (Holm-Sidak
multiple-comparison test).

However, responses to other monoterpenes in lodgepole pine
can vary between these same 3 species of bark beetles in lodgepole
pine. Increasing release rates of myrcene decreased catches of I. pini
and O. latidens in pheromone-baited traps, whereas catches De.
ponderosae increased with the increasing release rate of myrcene
(Miller and Borden 2000). In contrast, catches of I. pini and De.
ponderosae increased with increasing release rates of 3-carene,
whereas catches of O. latidens decreased (Miller and Borden 2000).
Increasing release rates of B-pinene increased catches of I. pini but
had no effects on catches of O. latidens and De. ponderosae (Miller
and Borden 2000).

Such results support the hypothesis that bark beetles can be se-
lective in choosing individual host trees as well as timing or host
conditions for attack based on monoterpene blend composition
in order to maximize success in establishing broods and parti-
tion resources for reproductive isolation or to avoid competition.
Enantiomeric preferences may also play a role associated with host
preferences. In California, the attraction of De. valens to traps baited
with (+)-a-pinene was interrupted by the addition of (-)-a-pinene
in a stand of ponderosa pine, Pinus ponderosa Douglas ex Lawson,
and sugar pine, Pinus lambertiana Douglas (Hobson et al. 1993).
Hobson et al. (1993) found that the enantiomeric composition of
o-pinene was 94% (-) in ponderosa pine but only 31% (-) in sugar
pine, suggesting a preference by D. valens for sugar pine.

In our study, we found several patterns of responses common to
bark beetles, woodborers, and predators. For example, the enantio-
meric composition did not affect the responses of the bark beetles
O. caelatus, Hylastes salebrosus, Hylastes porculus, and Hylastes
tenuis to o-pinene. Their attraction to ethanol-baited traps was
enhanced by a-pinene, regardless of enantiomeric composition (Fig.
2H-L). The same was true for the ambrosia beetles Xyleborus spp. in
Florida (Fig. 1E), the weevils Pissodes spp. in Michigan (Fig. 3F), the
woodborers Ch. virginiensis and Monochamus titillator in Georgia
(Fig. 4A, F, and G), and the predators Th. dubius in Georgia (Fig.
5A), Al myops in Florida and Georgia (Fig. 5C and D), and Te.
virescens in Florida (Fig. 5G). These species at these locations do
not seem to use the enantiomeric composition of a-pinene to locate
specific hosts.

However, several species demonstrated a preference for traps
baited with (+)-a-pinene, consistent with the enantiomeric compo-
sition of a-pinene in pines in the immediate proximity of our traps,
including longleaf, loblolly and red pine that all have predomi-
nantly (+)-a-pinene (Mirov 1961, Phillips et al. 1999, Erbilgin et al.
2001, Marques et al. 2012). Traps baited with (+)-a-pinene were
preferred over traps baited with (-)-a-pinene for the woodborer As.
striatum (Fig. 4B), and the predators Th. dubius in Michigan (Fig.
5B), Platysoma spp. in Florida and Georgia (Fig. SE and F), and Te.
virescens in Georgia (Fig. SH).

In contrast, the bark beetles De. valens and Dr. autographus
exhibited equal attraction to traps baited with (+)- or (-)-a-pinene
in Michigan and were generally less attracted to traps baited with
racemic a-pinene (Fig. 2C and D). The same was true for Hylobius
pales and Xylotrechus sagittatus in Georgia (Figs. 3D and 4D). These
results suggest the avoidance of trees with resin containing racemic
a-pinene, possibly eastern white pine, Pinus strobus L. (Mirov 1961).
Eastern white pine is common in Michigan, as well as northeastern
Georgia (Wendel and Smith 1990).

Results for other species did not support the hypothesis that
beetles are attracted to traps baited with enantiomeric compositions
of a-pinene that reflect the resin composition of trees in the area.
The bark beetles De. terebrans and I. grandicollis exhibited a clear
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preference for (-)-o-pinene over (+)-a-pinene (Fig. 2A, B, and E-G).
The same was true for the ambrosia beetle Monarthrum mali in
Michigan (Fig. 1F), the weevils Pa. picivorus (Fig. 3A and B) in
Florida and Georgia, and Hylobius pales in Florida and Michigan
(Fig. 3C and E), the woodborer Xylotrechus sagittatus in Florida
(Fig. 4C), and the predators Tenebroides spp. in Georgia (Fig. 51). Yet
the traps were all located within stands of pines including loblolly,
longleaf, and red pine with resin known to have an excess of the (+)
enantiomer of a-pinene (Mirov 1961, Phillips et al. 1999, Erbilgin et
al. 2001, Marques et al. 2012).

Some beetle species had variable responses to the enantiomeric
composition of a-pinene at different locations in our study. Catches
of Pa. picivorus were greater in traps baited with (-)-a-pinene
than in those baited with racemic a-pinene in Florida but not in
Georgia (Fig. 3A and B). Hylobius pales preferred traps baited with
(=)-0-pinene in Michigan, whereas in Georgia, traps baited with ei-
ther (+)- or (-)-a-pinene were preferred (Fig. 3D and E). Responses
by Xylotrechus sagittatus differed across all 3 locations, prefer-
ring (-)-a-pinene in Florida, (+)-a-pinene in Michigan, and both
(-)- and (+)-a-pinene in Georgia (Fig. 4C-E). In Florida, catches
of Te. virescens were not affected by the enantiomeric composition
of a-pinene (Fig. 5G), whereas in Georgia, catches of Te. virescens
in traps baited with (+)-a-pinene were greater than those baited
with (-)-a-pinene (Fig. SH). Such variation in responses at dif-
ferent locations may reflect differences in the overall composition of
monoterpene blends in different pine species, differences in compet-
itor and natural enemy communities, and possible variations in enan-
tiomeric composition over time and under different host conditions.

A greater understanding of the role of enantiomeric composi-
tion of pine resins, including a-pinene is needed to better understand
variation in beetle responses. There are numerous determinations
of monoterpene composition due in part to the turpentine industry
(Silvestre and Gandini 2008), but very few studies have assessed en-
antiomeric composition. Further assessments of the enantiomeric
composition of o-pinene are needed, particularly at times when
beetles are attacking or inhabiting pine trees. Behavioral responses
to a-pinene may vary when pheromones are also present.

Olfactory responses of De. frontalis can vary depending on
which of the 2 enantiomers of a-pinene is present or more abun-
dant (Staeben et al. 2015, Sullivan 2016). In the field, catches of De.
frontalis were greater in traps baited with the pheromone frontalin
when co-baited with the (+) enantiomer of a-pinene [98% (+)] than
with the (-) enantiomer of a-pinene [97% ()] (Staeben et al. 2015).
The resin of most common pines in the southeastern United States is
dominated by the (+) enantiomer of a-pinene (Mirov 1961, Phillips
et al. 1999). Attraction of De. frontalis to traps baited with frontalin
is enhanced by both ()-a-pinene and (-)-f-pinene (Munro et al.
2020). One supplier of lures (Synergy Semiochemicals Inc., Delta,
BC, Canada) for the southern pine beetle detection program adjusted
the lure to a 7:3 blend of 75% (+)-a-pinene and (-)-B-pinene to
better match the monoterpene composition found in southern pines
and help minimize the variation in population predictions based on
models of trapping results (Sullivan et al. 2021). Further studies on
the enantiomeric composition of host volatiles and beetle responses
may be critical in optimizing detection protocols such as those used
for the Southern Pine Beetle Detection and Prediction program.

In conclusion, we found that the enantiomeric composi-
tion of a-pinene in the resin of host trees is not a good predictor
of preferences by bark and woodboring beetles and associated
predators. Behavioral responses by beetles to different enantiomers
of a-pinene varied substantially by species/genera and geographic
region. Our data could be useful in the optimization of lures for our
native species targeted as nonnatives in other countries.
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