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Abstract. The pine bark beetle, Dendroctonus armandi, is a native pest restricted to forests in the Qinling Mountains in China.
There was an outbreak of this species there that affected over 0.36 million hectares of pine forest. We hypothesized that there are dif-
ferences between the numbers of beetles captured by traps baited with various combinations of candidate semiochemicals extracted
from the hindguts of D. armandi. In order to determine whether a better operational lure could be developed for D. armandi, we ana-
lyzed the volatiles in extracts of the hindgut of D. armandi and tested various combinations of candidate semiochemicals. The
GC-MS and GC-FID analyses of volatiles in the extracts of the hindguts of D. armandi collected at different stages of the attack
revealed that they are mainly a-pinene, B-caryophyllene and (+)-3-carene with minor amounts of myrcene, limonene, verbenol and
verbenone. We tested various combinations of these candidate semiochemicals in order to determine an optimal blend. Our results
suggest that the addition of B-caryophyllene to either a-pinene, or blends of a-pinene and other candidate semiochemicals, signifi-
cantly enhanced the attractiveness of the lures for D. armandi. Field trapping experiments indicated that the blends that included
B-caryophyllene, myrcene and other candidate semiochemicals resulted in significantly higher trap catches (161-243% higher) than
a-pinene alone. Therefore, a simple lure consisting of a-pinene and B-caryophyllene would be an optimal blend for D. armandi. We
conclude that this blend of semiochemicals may provide a better method of reducing the numbers of D. armandi in forest ecosystem.

INTRODUCTION

The pine bark beetle Dendroctonus armandi Tsai & Li,
which occurs throughout the Qinling Mountains, is one of
the most important pests of mature Pinus armandii
Franch in China (Wang et al., 2011). The life histories of
Dendroctonus pine beetles can be characterized in terms
of a sequence of behavioural components that culminate
in the propagation of the species. The sequence begins
with the emergence of adults from their host trees. They
fly from the tree where they developed to a new host tree,
where they bore through the bark and start constructing
galleries in the phloem. As these beetles attack a tree,
they also release certain semiochemicals that attract more
beetles. As a result of this aggregative behaviour pine
trees are successfully attacked, mating takes place, egg
galleries are constructed, eggs are deposited, broods
develop and adult beetles emerge to attack other trees.
Like most bark beetles, D. armandi develops from the
juvenile to the adult stage under the bark. The female
beetle initiates the attack and uses chemical signaling to
attract both males and females. D. armandi produces two
generations per year throughout its distribution.

D. armandi may cause serious economic damage to
pine forests throughout the beetle’s distribution. For
example, this pine bark beetle has killed 3 x 10® m* of
Chinese white pine in China since the 1970s. Because
Pinus armandii is the preferred host of D. armandi, it
may pose a significant threat to the Qinling Mountain for-
ests. Considerable effort was expended in controlling the
spread of D. armandi in these forests from 1998 to 2008.
Management measures commonly include removing wind

throws and sanitary logging of infested trees at an early
stage of infestation. However, as an important manage-
ment measure, semiochemical-based trapping to reduce
the numbers of beetles has not been used.

Bark beetles commonly utilize specialized and complex
semiochemical messages to locate and colonize trees suit-
able for breeding (Wood, 1982; Byers, 1999; Huber et al.,
1999; Zhang et al., 1999a, b; 2000). Therefore, barriers of
traps emitting volatiles might be one way of protecting
pine stands, possibly by using such traps to protect
selected stands by significantly lowering the primary
beetle attack rate (Faccoli & Stergulc, 2008; Stephen,
2001; Blazenec & Jakus, 2009). Due to the essential role
that these semiochemicals play in the beetles’ ability to
kill trees, substantial effort has been invested in devel-
oping semiochemical-based management techniques for
controlling the following species: Dendroctonus frontalis,
Dendroctonus brevicomis, Dendroctonus ponderosae and
Dendroctonus valens (Hughes, 1973; Bertram & Paine,
1994a, b; Yin, 2000; Li et al., 2001; Miao et al., 2001;
Pureswaran & Borden 2004; Sullivan, 2005; Zhang &
Sun, 2006; Erbilgin et al.,, 2007; Fettig et al., 2008;
Pureswaran et al., 2008; Zhang et al., 2008, 2009a, b).
However, previous studies have shown that D. armandi
exploits olfactory cues emitted by P. armandii and other
non-host species, and use them to locate new host trees
(Chen et al.,, 2006; Wang et al., 2011). Bark beetles
belonging to the genus Dendroctonus utilize not only
some host odours, such as 3-carene, to locate susceptible
hosts (Erbilgin et al., 2007) but also produce and release
their own volatiles. Earlier studies of volatile production
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by D. valens, collected from naturally infested pine
stumps, used paired adults and ovipositing females of
uncertain age (Zhang & Sun, 2006). However, previous
studies indicate that both feeding and pairing influences
the quantity and composition of the semiochemicals pro-
duced by bark beetles (Zhang et al., 2000a, b; Pureswaran
& Borden, 2004). For this reason, it is likely we have not
identified all the volatiles produced by the genus Den-
droctonus. In contrast to the previous focus on screening
mixtures of semiochemicals by evaluating flight
responses, our objectives were to (1) identify the semio-
chemicals utilized by D. armandi, (2) determine the
semiochemicals used in the different phases of the attack,
(3) test the biological activity of the key male-specific
compounds as flight attractants in the Qinling Mountain,
(4) determine whether an improved operational lure could
be developed for D. armandi, incorporating candidate
semiochemicals in addition to a-pinene. For commercial
application, the lure must be significantly more attractive
than a-pinene alone and give reliable and consistent
results.

MATERIAL AND METHODS

Sample collection and preparation

Live adults D. armandi in different phases of the subcortical
attack (phase 1: unpaired female in nuptial chamber; phase 2:
one mated male with one female; phase 3: two mated males with
one female) were collected between 27 and 31 May 2008 from
six naturally attacked wind-thrown pine trees (Pinus armandi)
near Fengyu Forestry Station (33°48°-34°02'N; 108°42"-
—108°52°E; 1,600-1,900 m altitude), in the Qinling mountain,
Shaanxi Province, China (Fig. 1). Beetles from the same gallery
system were placed in a 2 ml polyethylene centrifuge tube and
immediately put into an outdoor cooler (4°C). The centrifuge
tubes were separated into categories according to the phase of
attack in the laboratory on the day of collection and the hindguts
were immediately dissected (Zhang et al., 2009a). Hindguts of
females from the same attack phase and same tree were
extracted using 1 ml redistilled pentane (with 2 pg of heptyl
acetate as internal standard) in a 2-ml glass vial. Hindgut
extracts (8 to 28 guts / sample) for females from different attack
phases were kept at —20°C and analyzed chemically by GC-MS
(gas chromatography with mass spectrometric detection) in the
Analysis and Testing Center of North-West A & F University,
China.

GC-MS analysis

Chemical analyses of hindgut samples of D. armandi were
made using a combined HP 5890 series 1l gas chromatograph
and HP 5972 mass selective detector (GC-MSD). The GC was
equipped with a 25 m x 0.25 mm fused silica column, coated
with CP-Wax 58 (FFAP) CB. All the samples were injected by a
HP 7673 auto-injector (2 ml each). Helium was used as the car-
rier gas at a constant flow of 30 cm/s. The GC oven was pro-
grammed at 50°C for 1 min, with a rise to 230°C at a rate of
10°C/min and then kept at 230°C for 25 min. Injector and
transfer line temperatures were both 250°C. Helium was used as
the carrier gas at a constant flow of 30 cm/s. Volatiles were
identified by comparison of the retention indices and mass
spectra with those of available authentic synthetic compounds
(see Chemical Standards below) using the computerized data
library, NBS75K, and a custom produced library (KE1995). The
relative amounts of individual compounds were calculated as
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Fig. 1. Locations of the two study sites: Jiwozi and Dabagou.
Left — location of Shaanxi Province in China; right — shaded
area is the Fengyu Forestry Station.

percentages of whole blends. Absolute amounts were obtained
by comparison with an internal standard.

GC-FID analysis

Hindgut samples were injected into a Varian CP-3800 GC
equipped with a polar column (30 m x 0.53 mm x 1.0 um film
thickness) and FID for compound quantification based on an
internal standard (IS 2 ug of heptyl acetate in each sample;
assuming similar or identical responses of the analytes and the
IS). Helium was used as the carrier gas at a constant flow of 30
cm/s, and the injector and detector temperatures were 200°C and
300°C, respectively. Column temperature was 55°C for 1 min,
rising to 220°C at 10°C/min, and then held for 10 min (Zhang et
al., 2009).

Terpene material

a-pinene, (+)-3-carene, (—)-trans-verbenol (all of 98% chemi-
cal purity and diluted only if stated) were purchased from Fluka,
AG, Switzerland and Witasek, Austria; cis-verbenol, B-caryo-
phyllene, limonene and myrcene were obtained from SciTech,
Prague, Czech Republic, Fluka, AG, Switzerland and Sigma-
Aldrich, St. Louis, MO, USA in such and that purity. Witasek
(Austria) and Zhongjie gave us (+)-3-carene and a-pinene.

Field trapping experiments

Field trapping experiments were conducted from 15 April to
31 August 2009-2011 at Fengyu Forestry Station in the Qinling
Mountains to test D. armandi responses to lures consisting of
different combinations of semiochemicals. All experiments were
conducted using multiple funnel traps (obtained from Witasek,
Austria; Sino-Czech Trading Co. Ltd. Beijing, China) in a plan-
tation with infested trees of Pinus armandii (Fig. 2). Experi-
ments were replicated at Jiwozi and Dabagou to verify that the
responses were same at different geographical locations. The
Jiwozi field site was located on a north-facing slope at the
Fengyu Forestry Station in the Qinling Mountains. Trees were
approximately 20-30-years old and 4.5-5.0 m tall and were
infested with D. armandi. As over the previous 3 years many
heavily infested pine trees were felled there was very few
breeding beetles and the population of D. armandi at Jiwozi was
fairly low in 2009. In 2010, the Jiwozi field site was located in
another pine tree plantation at the Fengyu Forestry Station
(south-facing slope). There were mainly pine trees at the for-



Fig. 2. Study sites of the field-trapping experiments at Fengyu Forestry Station, Shaanxi Province, China. Left — open area at
Jiwozi; right — open area at Dabagou. Traps set outside the forest.

estry center, which were approximately 20—40-years old and
4.5-5.5 m tall and heavily infested with D. armandi. A single
stand at Dabagou was used from 2009 to 2011. This consisted of
a pine tree plantation located in the southeast of Fengyu For-
estry Station, where there were high populations of D. armandii.
Trees were approximately 20-30-years old and 4.5-5.5 m tall.

Field trapping experiment 1 was conducted from 15 April to
31 August 2009 at Jiwozi and Dabagou, Fengyu Forestry Sta-
tion. It compared four treatments: (i) a-pinene; (ii) a-pinene,
(+)-3-carene and (—)-trans-verbenol; (iii) cis-verbenol,
B-caryophyllene, limonene and myrcene; and (iv) a-pinene,
(+)-3-carene, (—)-trans-verbenol, cis-verbenone, B-caryophylle-
ne, limonene and myrcene. The o-pinene lures were standard
commercial baits (Fluka, AG), consisting of only a-pinene
released from two 15-mL plastic vials at a combined release rate
of 300 mg/day. The blend of a-pinene, (+)-3-carene and
(—)-trans-verbenol (2 : 1 : 1) was released from a plastic vial at
300 mg/day. The blend of a-pinene, limonene and
B-caryophyllene (2 : 1 : 1) was released from two 15-mL plastic
vials at a combined release rate of 300 mg/day and myrcene
released from bubble caps at a rate of 1.5 mg/day.

Field trapping experiment 2 was conducted at Jiwozi and
Dabagou from 15 April to 31 August 2010. It compared
a-pinene alone with blends of other volatiles and antennally
active compounds. At Jiwozi, experiment 2 included four treat-
ments: (i) unbaited control traps; (ii) a-pinene; (iii) a-pinene,
(-)-trans-verbenol, (+)-3-carene and limonene; and (iv)
a-pinene, (—)-trans-verbenol, (+)-3-carene, limonene,
B-caryophyllene and myrcene. The a-pinene lures were the stan-
dard commercial baits as used in experiment 1. The blend of
a-pinene, (+)-3-carene, (—)-trans-verbenol and limonene (2 : 1 :
1 : 1) was released from two plastic vials at a rate of 300
mg/day. The mixture of trans-verbenol and myrcene (1 : 1) was
released from bubble caps at a rate of 1.5 mg/day.

At Dabagou, experiment 2 included six treatments: (i)
unbaited control traps; (ii) a-pinene; (iii) 80% o-pinene, trans-
verbenol, (+)-3-carene and limonene; (iv) a-pinene, trans-
verbenol, (+)-3-carene and limonene; (v) 75% o-pinene, trans-
verbenol, (+)-3-carene and limonene; and (vi) 98% a-pinene,
trans-verbenol, (+)-3-carene, limonene, B-caryophyllene and
myrcene.

Field trapping experiment 3 was conducted from 15 April to
31 August 2011 at both Jiwozi and Dabagou. It compared the

attractiveness for D. armandi of limonene, myrcene, and
B-caryophyllene added to a-pinene individually and in all pos-
sible combinations. In experiment 4 there were nine treatments:
(i) unbaited control traps; (ii) a-pinene; (iii) a-pinene and
limonene; (iv) a-pinene and B-caryophyllene; (v) a-pinene and
myrcene; (vi) a-pinene, limonene and B-caryophyllene; (vii)
a-pinene, limonene and myrcene; (viii) o-pinene, B-caryo-
phyllene and myrcene; (IX) o-pinene, limonene, B-caryo-
phyllene and myrcene. Limonene, B-caryophyllene, and
myrcene were released individually from bubble caps at a rate
of 10, 1.5, and 0.75 mg/day, respectively.

All experiments were laid out in a completely randomized
design with at least 20 replicates per treatment. Traps were set
outside the forest, otherwise many beetles can be captured just
by chance and because of the rather short flight period (few
days) the position effect can be very significant even though the
positions of the different traps are rotated. Treatment positions
were re-randomized between collections, and the numbers of
beetles captured during the different collection periods were
pooled for each trap. Trapping assays were statistically evalu-
ated using a completely randomized design.

Statistics

The data were transformed using log(xbl) to satisfy assump-
tions of normality. Statistical analysis was done using one-way
ANOVA at a —0.05 and SPSS 16.0 for Windows, followed by
LSD multiple comparison procedure to determine differences
among treatments. Additionally, sex ratios of the beetles
responding to the different baits were compared for homoge-
neity of proportions (a = 0.05, chi-square test).

RESULTS

Chemical analysis

We identified eight major volatile compounds
(B-caryophyllene, a-pinene, cis-verbenol, trans-verbenol,
verbenone, (+)-3-carene, myrcene, and limonene) in the
extracts of female hindguts using GC-MS and quantified
them using GC-FID (Fig. 3, Table 1). Major components
included B-caryophyllene, (+)-3-carene and a-pinene,
while myrcene, limonene, cis-verbenol, trans-verbenol
and verbenone were minor components (Table 1). Mean
amounts of the three major components [(+)-3-carene,
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TaBLE 1. Quantities of potential semiochemicals (in nanograms) identified in extracts of the hindguts of female Dendroctonus
armandi collected at different phases of their colonization of pine trees, Shaanxi Province, China, May 27-31, 2008.

Hindguts from female beetle at different phases of the colonization

Retentign time Chemical Phase 1 Phase 2 Phase 3
(min) 1?2 (N=2;n=15-20) 18,12 N=2;n=28) 28,12 N=2;n=8-15)
ng/® % ng/? % ng/? %
5:28 cis-verbenol 109.5 33 89.6 4.0 80.7 3.7
9:57 (—)-trans-verbenol 163.3 5.0 160.5 7.2 155.3 7.1
30.05 a-pinene 285.6 8.7 323.8 14.5 364.5 16.5
30.50 B-caryophyllene 1143.6 34.6 820.3 36.8 786.5 35.7
34.31 (+)-3-carene 1287.8 39.0 630.8 28.3 575.2 26.1
37.50 verbenone 73.6 2.2 449 2.0 36.2 1.6
40.51 myrcene 92.2 2.8 87.6 3.9 83.5 3.8
42.28 limonene 145.4 44 73.9 33 121.6 5.5

N — number of hindgut extracts per phase; n — number of hindguts per extract (8 to 28 hindguts/sample of females collected at dif-
ferent phases were analyzed chemically using GC-MS and GC-FID).

B-caryophyllene and o-pinene] extracted from phase 1
beetles were 1287.8, 1143.6, and 285.6 ng /female (ca. 5 :
4 : 1 ratio), respectively, which are 7-19 times greater
than those of the five minor components (Table 1).
Although not statistically analyzed because of too few
results, the quantities of B-caryophyllene and especially
(+)-3-carene decreased after mating (i.e., during phases
2-3), whereas those of cis-verbenol, trans-verbenol and
myrcene showed no obvious changes (Table 1).

Field-trapping experiment

The responses of D. armandi in field-trapping experi-
ment | differed between Jiwozi and Dabagou. At Daba-
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Fig. 3. Representative gas chromatogram (polar column with
FID detection) of the compounds in extracts of the hindguts of
female Dendroctonus armandi before mating. Heptyl acetate
(HA; 2 pg/sample) was added as an internal standard to the
hindgut extracts. Analytes included B-carypohyllene (B-c), cis-
verbenol (cV), (+)-3-carene (3C), a-pinene (a-p), trans-verbenol
(tV), verbenone (vB), limonene (Lim) and myrcene (Myr).
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gou, both male and female D. armandi were attracted in
significantly higher numbers to the complete blend of
o-pinene, (+)-trans-verbenol, (+)-3-carene, limonene,
B-caryophyllene and myrcene than to o-pinene alone
(Table 7). At Jiwozi, significantly more male and female
D. armandi were captured in traps baited with a-pinene
alone than with any other combination of semiochemi-
cals.

The results of field-trapping experiment 2 were very
similar at Jiwozi and Dabagou. At both locations, signifi-
cantly more male and female D. armandi were captured
by traps baited with the blend of a-pinene, trans-verbenol,
(+)-3-carene, limonene and myrcene than by traps baited
with a-pinene alone (Table 8). The blend that included
o-pinene, limonene, (+)-3-carene and trans-verbenol
resulted in intermediate numbers of D. armandi being
captured regardless of the enantiomeric composition of
a-pinene used at Dabagou.

In field-trapping experiment 3, at Jiwozi, significantly
more D. armandi were captured by traps baited with the
combinations a-pinene and B-caryophyllene; a-pinene,

TaBLE 2. Tests of homogeneity of the variance in the number
of males of Dendroctonus armandi captured by multiple funnel
traps in field-trapping experiment 1-3 at each site at Jiwozi and
Dabagou at the Fengyu Forestry Station, Shaanxi Province,
China (15 April to 31 August 2009-2011) (n = 20 traps per
treatment).

Levene .

statistic di2  Sig.
Field-trapping exp. 1 (Jiwozi), 2009 2467 3 76 0.09
Field-trapping exp. 1 (Dabagou), 2009 1.146 3 76 0.34
Field-trapping exp. 2 (Jiwozi), 2010 5462 3 76 0.07
Field-trapping exp. 2 (Dabagou), 2010 3.970 5 114 0.06
Field-trapping exp. 3 (Jiwozi), 2011 2.184 8 171 0.07
Field-trapping exp. 3 (Dabagou), 2011 1.168 8 171 0.08

Variance in the number of males of D. armandi captured in
experiment 1-3 at each site are homogeneous (o = 0.05). Data
transformed using log (x + 1).



TaBLE 3. ANOVA of the numbers of males of Dendroctonus armandi captured by multiple funnel traps in field-trapping experi-
ment 1-3 at Jiwozi and Dabagou at the Fengyu Forestry Station, Shaanxi Province, China (15 April to 31 August 2009-2011) (n =

20 traps per treatment).

Sources of variation Sum of squares df Mean square F Sig.
" Between groups 746.204 3 248.735 280.347 .000
Field-trapping experiment 1 o
(Jiwozi), 2009 Within groups 67.430 76 0.887
Total 813.634 79
" Between groups 70959.291 3 23653.097 396.021 .000
Field-trapping experiment 1 o
(Dabagou), 2009 Within groups 4539.247 76 59.727
Total 75498.538 79
Between groups 450834.596 3 150278.199 495.031 .000
Field-trapping experiment 2 o
(Jiwozi), 2010 Within groups 23071.583 76 303.573
Total 473906.179 79
" Between groups 51897.368 5 10379.474 1030 .000
Field-trapping experiment 2 o
(Dabagou), 2010 Within groups 1149.212 114 10.081
Total 53046.580 119
W Between groups 459033.929 8 57379.241 149.894 .000
Field-trapping experiment 3 o
(Jiwozi), 2011 Within groups 65458.442 171 382.798
Total 524492.371 179
Between groups 41935.362 8 5241.920 319.630 .000
Field-trapping experiment 3 o
(Dabagou), 2011 Within groups 2804.397 171 16.400
Total 44739.759 179

The numbers of males trapped were significantly influenced by the treatments (o = 0.05). Data transformed using log (x + 1).

B-caryophyllene and myrcene; and a-pinene, B-caryo-
phyllene, myrcene and limonene than by a-pinene alone.
Addition of limonene to a-pinene did not enhance attrac-
tiveness of the bait for D. armandi and the responses to
the other combinations were intermediate between those
to a-pinene alone and o-pinene plus B-caryophyllene
(Table 9). At Dabagou, all of the treatment combinations
resulted in significantly higher numbers of D. armandi
captured than by a-pinene alone (Table 9).

In field-trapping experiment 2, only the blend that
included B-caryophyllene and myrcene resulted in signifi-
cantly higher trap catches (217-243% higher) than
a-pinene alone (Table 8). Similarly, in field-trapping
experiment 3 at Jiwozi, oa-pinene in combination with
B-caryophyllene or with myrcene or myrcene and
limonene significantly enhanced the attractiveness of the
bait for D. armandi by 175%, 161% and 172%, respec-
tively (Table 9). At Dabagou, the addition of B-caryo-
phyllene, myrcene and limonene, individually, or in any

combination, significantly increased the attractiveness of
the bait for D. armandi by up to 243% compared to
o-pinene alone (Table 9). At both Jiwozi and Dabagou,
traps with baits that contained B-caryophyllene captured
significantly more D. armandi than those that did not
(Tables 7-9). Results for field-trapping experiment 1 at
Jiwozi and Dabagou, in which B-caryophyllene was not
included in any of the baits, were inconsistent and the
overall number of beetles captured at Jiwozi was very
low. Because many heavily infested pine trees were cut
down during the previous 3 years there was very little
breeding material available and the population of D.
armandi at Dabagou was fairly low in 2009.

DISCUSSION AND CONCLUSIONS

This is the first chemical and behavioural analysis of
the semiochemicals of D. armandi in the Qinling Moun-
tains. Results of GC-MS and GC-FID analysis of the D.
armandi semiochemicals demonstrate that the major com-

TABLE 4. y* analysis of the ratio of males to females in the catches of all the traps used in the three experiments at Jiwozi and

Dabagou.
Field-trapping experiment 1 Field-trapping experiment 2 Field-trapping experiment 3
(Jiwozi) (Dabagou) (Jiwozi) (Dabagou) (Jiwozi) (Dabagou)
2009 2009 2010 2010 2011 2011
Chi-Square 10.908 12.721 178.3 26.262 28.634 14.948
df 1 1 1 1 1 1
Asymp. sig. .024 .03 .000 .000 .000 .000

The ratios of males to females caught by all the traps used in each experiment at both sites are significantly different (o = 0.05).
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TaBLE 5. Tests of homogeneity of variance of the numbers of males of Dendroctonus armandi captured in field-trapping experi-
ment 1-3 (15 April to 31 August 2009-2011) (n = 20 traps per treatment).

Sites Levene statistic dfl df2 Sig.
Field-trapping experiment 1, 2009 1.615 1 158 206
Field-trapping experiment 2, 2010 3.945 1 198 0.072
Field-trapping experiment 3, 2011 2.135 1 358 .145

Variance in the numbers of males of D. armandi captured in experiment 1-3 is homogeneous (a = 0.05). Data transformed by log (x

+1).

ponents in the extracts of female hindguts were o-pinene,
B-caryophyllene and (+)-3-carene, with myrcene,
limonene, verbenol and verbenone minor components
(Fig. 3, Table 1). Although the results were not statistical
analyzed because of the small amount data, the quantities
of B-caryophyllene and especially (+)-3-carene decreased
after mating (i.e., during phases 2-3), whereas those of
cis- verbenol trans-verbenol and myrcene did not change
(Table 1). GC-FID analyses indicated a large variation in
the quantities of volatiles in the extracts of female hind-
guts at different phases of the attack. The maximum
amounts of the major components occurred in phases 1-2,
when the nuptial chamber was finished, or only one male
was present. The results of our experiments, together with
other research demonstrating that B-caryophyllene occurs
in the digestive tract of D. armandi, support the designa-
tion of B-caryophyllene as one of the semiochemicals of
D. armandi. Other compounds frequently found in many
other bark beetles, but not confirmed as semiochemicals,
such as myrtenol and myrcene, were also detected as
minor components (Bakke et al., 1977; Birgersson et al.,
1984; Schlyter et al., 1987; Zhang et al., 2000a, b). How-
ever, we identified and quantified 3 groups of hindgut
volatiles (B-caryophyllene; the pinene alcohols including
trans-verbenol, cis-verbenol, limonene and myrcene;
(+)-3-carene and a-pinene) in the extracts of female hind-
guts (Fig. 3, Table 1).

Semiochemicals are an attractive option for managing
bark beetles, because of their perceived lack of environ-
mental intrusiveness, flexibility and simplicity of applica-
tion compared to other traditional options. Research on
the use of disruptant or attractant semiochemicals for pro-
tecting trees from attack by species of Dendroctonus has

been ongoing since the discovery of scolytid disruptant
semiochemicals in America (Wilson et al., 1996). During
the past few decades, there has been great progress in the
study of the semiochemicals used by bark beetles. How-
ever, when used for direct control or resource protection,
disruptant or attractant semiochemicals have been
plagued by inconsistent results (Wood, 1982; Bertram et
al., 1994a, b). The natural biological and ecological
effects of semiochemicals are complex or unknown,
making their successful application difficult. Recent
investigations identified previously unknown semio-
chemicals for several species of bark beetles (Pureswaran
& Borden, 2004; Sullivan, 2005). Some of these semio-
chemicals are potential inhibitors of bark beetle attraction
(Dickens et al., 1992; Pureswaran & Borden, 2004). It is
likely that our poor knowledge of how semiochemicals
interact with the environment, behavioural complexities
and performance of release devices are in part responsible
for the poor effectiveness of the traps. Improving the
methods used to evaluate and predict semiochemical
effects, along with determining the environmental factors
that affect when and where semiochemicals can be effi-
ciently and effectively deployed, are keys to their future
utility as tools for bark beetle management.

In recent years, D. armandi infestations appear to be
increasing throughout the Northwest of China. D.
armandi mostly lives in the high and steep mountainous
areas in the Qinling Mountains, so it is often difficult to
use traditional methods for controlling this beetle. Semio-
chemical traps are very effective as they catch insects
even when present at very low densities. They are often
used to detect the presence of exotic pests, or for sam-
pling, monitoring or determining the first appearance of a

TaBLE 6. ANOVA of the numbers of males of Dendroctonus armandi captured in field-trapping experiment 1-3 at each location

(15 April to 31 August 2009-2011) (n = 20 traps per treatment).

Sources of variation Sum of squares df Mean square F Sig.
Between groups 40.912 1 40.912 1524 .000
Field-trapping experiment 1 s
(Jiwozi), 2009 Within groups 4.240 158 .027
Total 45.152 159
" Between groups 5.443 1 5.443 26.637 .000
Field-trapping experiment 1 o
(Dabagou), 2009 Within groups 40.459 198 204
Total 45.902 199
Between groups 20.897 1 20.897 117.908 .000
Field-trapping experiment 2 s
(Jiwozi), 2010 Within groups 63.448 358 177
Total 84.344 359

The numbers of males trapped were significantly influenced by the treatments (o = 0.05). Data transformed using log (x + 1).
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TABLE 7. Mean (= SEM) number of Dendroctonus armandi captured by multiple funnel traps in field-trapping experiment 1 at
Jiwozi and Dabagou at the Fengyu Forestry Station, Shaanxi Province, China (15 April to 31 August 2009) (n = 20 traps per treat-

ment).
Mean number of Dendroctonus armandi captured/trap
Treatment Number of traps
Males Females

Jiwozi
o-p 20 13.2+1.5° 12.6 £ 1.6*
o-p+3C+tV 20 45+0.5° 43+0.5°
¢V + B-¢ + Lim + Myr 20 7.1£0.6° 7.0 £0.6°
a-p +3C+tV +cV + B-¢c + Lim + Myr 20 7.3+0.8° 5.6 +0.5%

Dabagou
a-p 20 453 +5.8b¢ 50.3 £ 5.9b¢
o-p+3C+tV 20 82.5+6.4° 85.4+6.8¢
cV + B-¢c + Lim + Myr 20 108.3 £ 8.4%° 1022 +6.7°
a-p +3C+tV+cV + B-c+ Lim + Myr 20 122.6 + 13.3° 129.3 £ 19.5°

Means within a column, for each site, followed by the same superscript letter are not significantly different, LSD test on data trans-
formed using log (x + 1), P < 0.05. The total number of Dendroctonus armandi captured in each trap was counted. Baits consisted
of a-pinene released at 300 mg/day(Ie); a-pinene: (+)-3-carene: trans-verbenol (2 : 1 : 1) released as a mixture at 300 mg/day (a-p +
3C +tV); and a two-part lure consisting of a-pinene, B-caryophyllene and limonene (2 : 1 : 1) released as a mixture at 300 mg/day

and myrcene released at 0.75 mg/day from a separate device (cV + B-c + Lim + Myr).

pest in an area. The fact that semiochemical traps are
highly species-specific can also be an advantage, and they
tend to be inexpensive and easy to implement.

Some of the difficulties we experienced in using semio-
chemical traps in the field were their sensitivity to bad
weather, ability to attract bark beetles from neighbouring
areas and they only attract adults of D. armandi. We only
report the release rates of the entire blend, however, it
may be more appropriate to report the release rates of

each compound in each blend, since compounds elute at
different rates and when in combination can interact with
each other altering the elution rates. Our study is the first
step in a series of field bioassays of the attractiveness of
candidate semiochemicals for D. armandi. Before the
effectiveness and utility of a potential treatment can be
determined, further experiments need to be done.

These beetles either attack non-colonized areas of the
main stem on newly-infested trees or initiate colonization

TaBLE 8. Mean (+ SEM) number of Dendroctonus armandi captured by multiple funnel traps in field-trapping experiment 2 at
Jiwozi and Dabagou at the Fengyu Forestry Station, Shaanxi Province, China (15 April to 31 August 2010) (n = 20 traps per treat-
ment).

Mean number of Dendroctonus armandi captured/trap

Treatment Number of traps
Males Females
Jiwozi
Unbaited control 20 72+ 1.8° 3.4+0.5°
a-p 20 109.5+11.3° 118.6£13.1°
a-p +3C+tV + Lim 20 122.7£15.8° 149.2 £ 28.5%°
a-p +3C +tV + Lim + B-¢c + Myr 20 213.3+38.7° 282.6 +51.5°
Dabagou
Unbaited control 20 43+1.9° 33+£0.8°
a-p 20 31.54+£3.2° 28.3+£2.9°
(80%-) a-p +3C + tV + Lim 20 38.3+3.6* 35.44+3.3%0
(+/-) a-p + 3C +tV + Lim 20 44.8 £4.3 41.4+4.8°
(75%+) a-p +3C + tV + Lim 20 40.4 +3.8*° 36.3+£3.5%
a-p +3C +tV + Lim + B-c + Myr 20 75.7+5.3* 69.5+5.1°

Means within a column followed by the same superscript letter are not significantly different, LSD test on data transformed using
log (x + 1), P < 0.05. The total number of Dendroctonus armandi captured in each trap was counted. Baits consisted of a-pinene
(98% —) released at 300 mg/day; a-pinene (80% —, 75% +, or +/—): (+)-3-carene: trans-verbenol: limonene (2 : 1 : 1 : 1) released as
a mixture at 300 mg/day (a-p + 3C + tV + Lim); and a two-part lure consisting of a-pinene (80% —): (+)-3-carene: trans-verbenol:
limonene (2 : 1:1: 1) released as a mixture at 300 mg/day and B-caryophyllene: myrcene (1 : 1) released from a separate device at
1.5 mg/day (o-p + 3C + tV + Lim + -¢ + Myr).
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TABLE 9. Mean (= SEM) number of Dendroctonus armandi captured by multiple funnel traps in field-trapping experiment 3 at
Jiwozi and Dabagou at the Fengyu Forestry Station, Shaanxi Province, China (15 April to 31 August 2011) (n = 20 traps per treat-

ment).
Treatment Number of & Mean number of Dendroctonus armandi captured/trap
reatmen umber of traps
P Males Females
Jiwozi
Unbaited control 20 43+1.9° 32+0.6¢
a-p 20 108.7 £11.3% 93.5+10.6°
a-p + Lim 20 93.3 +12.3¢ 105.6 £ 12.1°
a-p + B-c 20 177.2 £28.5° 175.7 £26.3°
a-p + Myr 20 141.4 £ 16.5% 101.3+£12.4°
a-p + Lim + B-c 20 1643 £27.1%° 160.5 +32.3°
a-p + Lim + Myr 20 141.5 £ 16.2*b¢ 136.6 + 18.5*"
a-p + B-¢ + Myr 20 166.2 +27.3%° 162.5 £ 31.6*°
a-p + Lim + B-¢c + Myr 20 170.3 £ 15.8% 177.1 £19.32b
Dabagou

Unbaited control 20 24+1.5¢ 1.8 +0.4¢
a-p 20 26.5+3.3° 25.3+£3.2°
a-p + Lim 20 36.2 £4.5% 34.6+4.1°
a-p + B-c 20 43.5 + 4.7 472+52°
a-p + Myr 20 41.2 £ 4.3 43.1+3.1°
a-p + Lim + B-c 20 46.2 +£5.1* 52.5+5.3¢°
a-p + Lim + Myr 20 445 + 3.8 475+ 4.4
a-p + B-c + Myr 20 52.2+4.8% 55.7+4.9*
a-p + Lim + B-c + Myr 20 58.6 5.3 67.2+6.2°

Means within a column followed by the same superscript letter are not significantly different, LSD test on data transformed using
log (x + 1), P < 0.05. The total number of Dendroctonus armandi captured in each trap was counted. Baits consisted of a-pinene
(a-p) released at 300 mg/day, limonene (Lim) released at 15 mg/day, B-caryophyllene (B-c) released at 1.5 mg/day, and myrcene

(Myr) released at 0.75 mg/day.

of adjacent, uninfested trees. Many of the compounds that
we identified in the extracts of the hindguts of female D.
armandi are tree phytochemicals and microbial by-
products. However, further tests are planned to solve
these problems and ensure that we collect only beetle
volatiles and not tree and microbial volatiles. Volatiles
isolated from the hindguts of females are semiochemicals.
The work to prove these are sex pheromones will require
another study.

In general, our results indicate that the addition of
B-caryophyllene to either a-pinene alone or to blends of
o-pinene and other candidate semiochemicals signifi-
cantly enhanced their attractiveness for D. armandi. At
both Jiwozi and Dabagou, traps that contained B-caryo-
phyllene consistently captured more D. armandi than
traps that did not. Also, traps that are baited with a combi-
nation of a-pinene and B-caryophyllene are simple to use,
relatively inexpensive to manufacture and produce con-
sistent results. Therefore, a simple lure consisting of
a-pinene and B-caryophyllene would be the optimal one
for trapping D. armandi in the Qinling Mountains of the
People’s Republic of China.
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