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ABSTRACT We tested the feasibility of competitive exclusion as a potential management tactic
for the spruce beetle, Dendroctonus rufipennis Kirby, using pre-attack baiting with pheromones of
. 2 secondary species, Ips tridens Mannerheim and Dryocoetes affaber Mannerheim. Spruce beetle
attack densities, gallery lengths per square meter, and progeny densities were significantly reduced
by up to 78% in individual felled trees baited with the I tridens pheromones (*)-ipsdienol and
(—)-¢is-verbernol, and the D. affaber pheromones (*)-exo- and (+)-endo-brevicomin, or phero-
mones of both secondary species. A simplified D. affaber bait consisting of only (*)-endo-brevicomin
-also significantly reduced spruce beetle attacks, resource exploitation, and progeny production.
Baiting with I tridens pheromones also reduced spruce beetle attack and success in simulated patches
of windthrown trees. Resource exploitation and indirect interference by synomonal inhibition of
spruce beetle attack are the most likely competitive mechanisms invoked. Competitive exclusion of
* the spruce beetle may provide an alternative management tactic where traditional methods based
* on tree removal, widespread harvesting, and the use of insecticides are not feasible.

KEY WORDS Dendroctonus rufipennis, Ips tridens, Dryocoetes affaber, interspecific competition,

competitive exclusion, pheromone

* THE SPRUCE BEETLE, Dendroctonus rufipennis Kirby, is a
serious pest of spruce trees, Picea spp., in western
North America (Safranyik 1988). It attacks all native
spruce species within its range. In British Columbia,
the preferred hosts are Engelmann spruce, Picea en-

" gelmannii Parry; white spruce, Picea glauca (Moench.)
Voss; and their hybrids. Interspecific competition by
secondary bark beetles was a major source of mortality

. for the spruce beetle in Colorado (McCambridge and

Knight 1972) and Alaska (Whitmore 1983, Gara et al.

1995). The 2 most common secondary species associ-

- ated with the spruce beetle in southern and interior

" British Columbia are Ips tridens Mannerheim and

Dryocoetes affaber Mannerheim.

. The pheromones of L tridens, (*)-ipsdienol (2-meth-
.yl-6-methylene-2,7-octadien-4-ol) and cis-verbenol (cis-
4,6,6-trimethylbicyclo[3.1.1] hept-3-en2-0l) (Moeck et
al. 1985), and of D. affaber, (+)-exo- and (+)-endo-
brevicomin - (7-ethyl-5-methyl-6,8-dioxabicyclo[3.2.1]
octane)' (Camacho et al. 1994), disrupted attraction of
the spruce beetle to traps baited with frontalin (1,5-
dimethyl-6,8-dioxabicyclo[3.2.1]octane) and o-pinene
- (2,6,6-trimethyl-bycyclo[3.1.1]hept-2-ene) (Poland and
Borden 1998a). Pheromones of the secondary species
applied to logs after attack by the spruce beetle also were
effective in inducing competitive displacement of the

! Current address: U.S. Forest Service, North Central Research
Station, 1407 S. Harrison Rd., Rm. 220, Michigan State University, E.
Lansing, MI 48823,

spruce beetle (Poland and Borden 1998b). The primary
mechanisms of competition were resource exploitation
by the primary-attacking spruce beetles and indirect
interference by the secondary species through syno-
monal inhibition of subsequent spruce beetle attacks.
However, the competitive effects were limited because
the spruce beetle had already begun to use the scarce
phloem resource. Therefore, in managing spruce beetle
populations, the tactic of competitive exclusion to pre-
vent spruce beetle establishment may be more promising
than competitive displacement of already established
populations. The competitive exclusion principle states
that if there is no differentiation between the realized
niches of 2 species, then one will exclude the other. Thus,
competitive exclusion can influence the range and dis-
tribution of species (Begon and Mortimer 1986). This
principle could be exploited by using semiochemicals to
expand the realized niche of the secondary species and
exclude attack by the spruce beetle. Competitive exclu-
sion would be used to prevent population buildup in

" areas with suboutbreak populations and where abundant

breeding material is available. This would be particularly
effective if the pheromones of secondary species had a
dual role in inhibiting spruce beetle attack while at the
same time inducing secondary species to exploit avail-
able resources. Both interference and exploitation com-
petition (Begon and Mortimer 1986) would be invoked.

The importance of interspecific competition in
structuring communities has been widely investi-
gated. Historically, observational studies of resource
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. partitioning were conducted to provide evidence for
interspecific competition. Experiments using pheno-
mological approches were criticized and the role of
interspecific competition was challenged. However, in
a review of recent experimental field studies, the role
of interspecific competition was reexamined. Inter-
specific competition occurred in 76% of interactions,
was often asymmetric, and was most frequent among
phytophagous insects that were closely related, intro-
duced, sessile, aggregative, and fed on discrete re-
sources such as internal feeding niches (Denno et al.

.1995). Because these features are characteristic of
bark beetles, interspecific competition may be maxi-
mized and greatly influence community structure.
Therefore, competitive exclusion could have consid-
erable potential for management of the spruce beetle.

The objective of this study was to determine the
feasibjlity of competitive exclusion as a management
tactic for the spruce beetle in felled trap trees that are
baited with secondary species baits before spruce bee-
tle flight. Our specific objectives were to test the
hypotheses that spruce beetle attack and success is
reduced as follows: (1) in individually felled trap trees
baited with pheromones for L tridens, D. affaber, or
both; (2) in individually felled trap trees baited with
an inexpensive single component or racemic substi-
tutes for the complete pheromones of D. affaber and
I tridens; and (3) in groups of felled trap trees baited
with I tridens baits, D. affaber baits, or baits for both

‘secondary species.

Materials and Methods

Four trap tree baiting experiments were conducted
in forests of Engelmann and white spruce and subal-
pine fir, Abies lasiocarpa (Hook.) Nutt., near Mack-
enzie, BC. In experiments 1-3, trap trees (healthy,
large-diameter spruces) were felled individually ~30
m apart into the margins of the stand along rights-of-
way. In experiment 4, groups of 4 healthy, large-di-
ameter spruces within 5 m of each other were felled
together to simulate patches of windthrown trees.
Patches were separated by at least 50 m. Individual
trees and all trees within a group were baited within

"1 wk of felling at 3 positions—2 m from the severed
butt, at the point where the bole measured 30 cm
diameter, and midway between the 2. All baits were
attached on the north or shaded side of the tree. Bait
locations were selected to represent the range of lo-
cations along the bole of the tree where the spruce
beetle and secondary scolytids are likely to interact. At
midseason and again at the end of each experiment,
bark sections (=20 by 25 cm) were removed with a
chisel and hammer and stored in plastic bags at -18°C.
Bark samples were removed from the area immedi-
ately below each bait (or analogous positions on con-
trol trees). The 1st sample was taken ~40 cm to one
side of the bait position and the 2nd ~40 cm to the
other side. The bark samples were analyzed by mea-
suring the area of the bark, counting the number of
galleries, entrance holes, eggs, larvae, pupae, and cal-
low adults of each species and measuring egg gallery
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lengths. Densities of each of the measured variables
were computed by dividing their values by the area of
the bark sample. The identities of the attacking sco-
lytid species were determined based on the charac-
teristic shape and size of the galleries. In many in-
stances, parental beetles in the egg galleries were used
to confirm species identifications. A significant num-
ber of galleries formed by the scolytid Polygraphpus
rufipennis Kirby were present and it was not always
possible to distinguish them from galleries formed by
D. affaber unless adult beetles were present. There-
fore, for D. affaber, only galleries with adults were
tallied and measured, which would tend to slightly
underestimate the measured D. affaber attack param-
eters. A few L perturbatus Eichhoff also were found.
They were distinguished from L. tridens by their larger
body size, greater width/length ratio, and the conical
and acutely shaped 3rd declivital spine (Bright 1976).
Their egg galleries tended to be significantly wider
than those of I tridens. In addition, I tridens egg
galleries generally appeared as contiguous pairs with
only a thin septum of phloem between them. There-
fore, based on gallery pattern and the presence of
adult beetles, galleries formed by I. tridens were reli-
ably tallied and measured.

Experiment 1, conducted from 10 May to 4 August
1994, examined competitive interactions between the
spruce beetle, I. tridens, and D. affaber and tested
whether spruce beetle attack and success is reduced
in logs that are baited with secondary species phero-
mones before spruce beetle flight. The experiment
comprised 8 replicates of 4 treatments as follows: (1)
unbaited control, (2) I tridens pheromone, (3) D.
affaber pheromone, and (4) L tridens pheromone plus
D. affaber pheromone. Thirty-two trap trees were
felled in 5 locations within 30 km of each other. All
replicates were laid out within 1 location. The tree
diameter 2 m from the severed butt was 43.4 + .82 cm
(mean * SE). The distance between the baits at the
butt and crown positions was 13.6 = .6 m. L tridens
baits consisted of 3 bubble caps each releasing (*+)-
ipsdienol at 0.2 mg/24 h and 3 bubble caps each re-
leasing cis-verbenolin a 83:17 ratio of the (—) and (+)
enantiomers at 0.6 mg/24 h (Phero Tech, Delta, BC).
D. affaber baits consisted of a 1:1 mixture of (*)-exo-
and (+)-endo-brevicomin released at 0.2 mg/24 h
from glass capillary tubes (1.0 mm inside diameter)
which were sealed at one end and placed in perforated
400-pl Eppendorf tubes. The tubes were enclosed in
open-sided waxed carton containers to protect from
exposure to rain and ultraviolet light and to enable the
baits to be fastened to the trees. (*+)-exo-Brevicomin
(96.1 % pure) was obtained from Phero Tech. (+)-
endo-Brevicomin (98.8 % chemical and 90.2% optical
purity) was synthesized by B. D. Johnston (Depart-
ment of Chemistry, Simon Fraser University) accord-
ing to procedures developed by Johnston and
Ochlschlager (1982).

Experiments 2 and 3, conducted from 16 May to 6
August 1995, tested whether simplified or racemic
pheromone components were as effective as the en-
antiospecific complete pheromones of I. tridens and
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D. affaber in reducing spruce beetle attack and success
on felled spruce trees. Twenty-one and 28 trap trees
were felled for experiments 2 and 3, respectively. The
diameters of trap trees 2 m from the severed butt were
452 * 58 cm (mean *= SE) and 402 * .57 cm in
experiments 2 and 3, respectively. The average dis-
tances between baits at the butt and crown positions
were 14.6 = .38 m and 12.7 + .30 for experiments 2 and
3, respectively. Experiment 2 comprised 7 replicates of
3 treatments— (1) unbaited control, (2) D. affaber
bait, and (3) (*)-endo-brevicomin. Experiment 3
comprised 7 replicates of 4 treatments— (1) unbaited
control, (2) L tridens bait, (3) (=)-ipsdienol, and 4)
(*)-ipsdienol plus amitinol. Amitinol (frans-2-meth-
yl-6-methylene-3,7-octadien-2-ol) is a candidate pher-
-omone for I tridens (Poland 1997). D. affaber baits
were identical to those used in experiment 1 except
that the Eppendorf tubes were placed in polyethylene
bags instead of waxed carton containers. (*)-endo-
Brevicomin baits were prepared in the same way as the
'D. affaber baits but contained only (=*)-endo-brevi-
comin (95.6% pure, Phero Tech) released at 0.2 mg/24
h rather than the 1:1 mixture of (*)-exo- and (+)-
endo-brevicomin. I tridens baits were identical to
those used in experiment 1. (*)-Ipsdienol baits con-
sisted of 3 bubble caps each releasing (+)-ipsdienol at
0.2 mg/24 h (Phero Tech). Amitinol was synthesized
by H. D. Pierce, Jr., (Department of Biological Sci-
ences, Simon Fraser University) by the method of
Francke et al. (1980) from () ipsdienol (BRI, Dan-
bury, CT) and purified to 98% by flash chromatogra-
phy on silica gel using pentane-ether (2:1) (vol.:vol.)
as eluent. It was released from bubble caps at 0.02
mg/24 h (Phero Tech). All semiochemical release
rates were determined at 20-24°C in the laboratory.
Experiment 4, designed to simulate patches of
windthrown trees, was conducted from 26 May to 10
" August 1995 in the McGregor Model Forest (North-
wood Pulp and Timber Tree Farm License Number
30) near Prince George, BC. The experiment com-
. prised 6 replicates of 4 treatments laid out in random-
ized complete blocks. Ninety-six trap trees were felled
in 24 patches of 4 trees. The diameter 2 m from the
- severed butt was 54.7 * 1.68 cm (mean * SE). The
. distance between baits at the butt and crown positions
was 17.5 * 0.61 m. Each patch of 4 trees was assigned
a single treatment as follows: (1) unbaited control, (2)
all 4 trees baited with I tridens bait, (3) all 4 trees
baited with D. affaber bait, or (4) 2 trees baited with
" L tridens bait and 2 trees baited with D. affaber bait.
D. affaber and L. tridens baits were placed on separate
trees to'minimize any interference effects caused by
combining pheromones of the 2 species. I. tridens baits
were identical to those used in experiment 1. D. af-

. faber baits were similar to those used in experiment 1
except that a 1:2 mixture of (*+)-exo- and (*)-endo-
brevicomin was used instead of a 1:1 mixture of (*)-
exp-and (+)-endo-brevicomin, (+)-endo-Brevicomin
was used because insufficient quantities of (+)-endo-
"brevicomin were available. The (—) enantiomer in
(+)-endo-brevicomin partially inhibited the response
by D. affaber in trapping experiments (Camacho et al.
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1994) but (+)-endo-brevicomin has the offsetting ad-
vantage of inhibiting spruce beetle attraction (Poland
and Borden 1998a).

On 7 July and 4 August 1994, 3 bark samples, 1 from
each bait position, were collected from each tree in
experiment 1. In experiments 2- 4, 2 bark samples were
collected during the 1st sampling period (11-14 July
1995) and 4 in the 2nd (7-10 August 1995). The 1st
bark samples were taken from the bait position at the
butt of the tree and the position equidistant between
the baits at the butt and the midpoint of the bole. The
2nd set of 4 samples included additional samples from
the bait positions at the midpoint of the bole and near
the crown (or analogous positions on control trees).
The initial samples provided an indication of early
attack levels. The full set of 4 samples at the end of the
experiment yielded rich information about gallery es-
tablishment and progeny production for all species.
Samples from between-bait locations were included to
determine the range of efficacy of the baits on the
large-diameter section of the bole where spruce bee-
tles prefer to attack.

Two replicates were eliminated from experiment 1
because baits had been removed and destroyed by
animals (probably bears) before sample collection. A
3rd replicate was removed from the analysis because
no spruce beetle galleries were observed in any sam-
ple from any treatment including control trees. There-
fore, the final analysis included 5 of the original 8
replicates.

An analysis of the effect of low, medium, and high
attack densities of the 3 species on gallery construc-
tion and progeny production by each species also was
conducted for experiment 1 to test for direct interac-
tions between the spruce beetle and the secondary
species. For the 3 species, the ranges of attack densities
for each class were as follows: (1) D. rufipennis low,
<15/m?; medium, 15-30/m?; and high, >30/m?; (2) L
tridens low, <20/ m?; medium, 20-70/ m?; and high, >
70/m?; (3) D. affaber low, <10/m? medium, 10-20/
m?; and high, >20/m?. For each species transformed
data, log;, (x + 1) to satisfy assumptions of normality
and homoscedasticity (Zar 1989), for gallery length
per m%, progeny density per square meter, length per
gallery, and number of progeny per gallery were an-
alyzed by a split-plot analysis of variance (ANOVA)
with model factors for spruce beetle attack density
class, I tridens attack density class, and the interaction
between them. A separate split-plot ANOVA was per-
formed with model factors for spruce beetle attack
density class, D. affaber attack density class, and the
interaction between them.

For all 4 experiments, the transformed data, log;, (x
+ 1), for the density of each of the measured variables
were analyzed for each sample collection period by a
univariate split-plot 3-factor ANOVA. The main ef-
fects in the model were treatment, replicate and the
split-plot variable bark sample position. The model
also tested for interactions between treatment and
replicate and between treatment and position. Means
for treatment and for position were compared by a
least squares means multiple comparison procedure
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Fig. 1. Spruce beetle, I tridens, and D. affaber attack densities, gallery lengths per square meter, and progeny densities
in experiment 1 (10 May-4 August 1994), Mackenzie, BC. Control trees were unbaited. I. tridens baits consisted of
(%)-ipsdienol and (-)-cis-verbenol released at 0.6 and 1.8 mg/24 h, respectively. D. affaber baits consisted of a 1:1 mixture
of (+)-exo- and (+)-endo-brevicomin released at 0.2 mg/24 h. N = 5. Bars topped by the same letter are not significantly
different; Ryan-Einot-Gabriel-Welsch test, P < 0.05.
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Table 1. Spruce beetle, I. tridens, and D. affaber gallery lengths per square meter, and progeny densities by spruce beetle (SBclass)
and 1. tridens (ITclass) attack density classes in felled trap trees and results of ANOVA in experiment 1

: Spruce Beetle 1 tridens D. affaber
SBclass ITclass N Gallery Progeny Gallery Progeny Gallery Progeny
length/m? density length/m? density length/m? density

Low Low 18 0x0 00 00 0x0 244 * 84 530 =+ 250
Low Medium 4 00 0x0 1,152 + 754 1,236 + 348 170 = 118 603 + 400
Low - High 17 0+0 00 2,060 = 179 6,649 * 561 59 + 24 266 *+ 107
Medium Low 7 218 + 71 443 *+ 154 43+ 43 137 *+ 137 25 + 20 43+ 43
Medium Medium 2 193 £ 13 415 +* 112 896 + 307 1,988 = 173 145 + 145 94 =94
High Low 12 529 + 83 1,193 * 259 0*0 0+0 83 = 56 83+ 35
High - Medium 2 825 + 450 1,703 + 723 651 + 109 3,180 * 479 00 0+0
SBclass

F ' oo 141.78 36.86 0.60 0.61 1.13 1.05

df : 2 2 2 2 2 2

P 0.0001 0.0001 0.570 0.566 0.371 0.393
ITclass .

‘F ’ 0.01 0.06 346.10 346.41 0.89 0.52

df 2 2 2 2 2 2

P : 0.985 0.940 0.0001 0.0001 0417 0.600

Spruce beetle attack density classes were low, <15/m?% medium, 15-30/m?; and high, >30/m?. L. tridens attack density classes were low,

'<20/m? medium, 10-70/m?; and high, >70/m?.

using the Ryan-Einot-Gabriel-Welsh multiple range
test (SAS Institute1990). In all cases a = 0.05.

Results

In all 4 experiments the results for the 2 sampling
periods were similar, but by the August sampling pe-
riod differences between treatments had increased
markedly. Therefore, only results from the 2nd bark
‘sample collection are reported.

For experiment 1, ANOVA revealed a significant
effect for treatment on spruce beetle attack density
(F = 3.75,df = 3, P = 0.036), gallery length per square
meter (F = 4.83, df = 3, P = 0.016), and progeny
density (F = 4.70, df = 3, P = 0.018), L tridens attack
" “density (F = 8.89, df = 3, P = 0.002), gallery length per
square meter (F=9.44,df = 3, P=0.001), and progeny
density (F = 9.78, df = 3, P = 0.001), and D. affaber
~ attack density (F = 3.80, df = 3, P = 0.019), gallery

length per square meter (F = 3.31, df = 3, P = 0.033),
and progeny density (F = 2.93, df = 3, P = 0.049).
- Spruce beetle attack densities were significantly re-
. duced in trees that were baited with I. tridens baits, D.
. affaber baits, or baits for both secondary species com-
pared to unbaited control trees (Fig. 1). On the other
hand, I tridens attack density was significantly in-
creased on trap trees baited with L. tridens baits alone
" or combined with D. affaber baits. Attacks by D. af-
faber were significantly increased on trees baited with
D. affaber baits alone. Similar patterns of responses
were seen for gallery length per square meter and
progeny density per square milliliter (Fig 1).

Mean gallery lengths did not differ between treat-
ments for the spruce beetle (range, 5.7-10.4 cm; F =
0.62, df = 3, P = 0.636), L tridéens (range, 8.8-10.5 cm;
F=0.26,df = 3,P=0.854), or D, affaber (range 2.4-5.4
cm; F = 2.36, df = 3, P = 0.170). Similarly, the mean

" number of progeny per gallery did not differ between
treatments for the spruce beetle (range, 8.2-29.1; F =
0.36,df = 3, P = 0.786), I. tridens (range, 26.2-28.5; F =

0.19, df = 3, P = 0.896), or D. affaber (range, 8.0-19.0;
F = 3.07, df = 3, P = (.1126). By August, all spruce
beetle, I tridens, and D. affaber progeny were still
larvae. There were significant conspecific effects of
attack density class but no heterospecific effects (Ta-
bles 1 and 2). Therefore, high attack densities per
square meter for 1 species were not associated with
low values for gallery length per square meter or
progeny density per square meter for any other spe-
cies.

In experiment 2, ANOVA showed a significant ef-
fect for treatment on spruce beetle attack density (F =
4.23,df =2, P = 0.021), gallery length per square meter
(F = 427, df = 2, P = 0.039), and progeny density per
square meter (F = 5.99, df = 2, P = 0.005), L tridens
attack density (F = 5.98, df = 2, P = 0.016), gallery
length per square meter (F = 7.06, df = 2, P = 0.002),
and progeny density per square meter (F = 8.00, df =
2, P = 0.001), and D. affaber attack density (F = 4.54,
df =2, P = 0.034), and gallery length per square meter
(F=5.28,df = 2, P = 0.023). In experiment 3, ANOVA
showed a significant effect for treatment on spruce
beetle attack density (F = 6.20, df = 3, P = .004),
gallery length per square meter (F = 4.61,df = 3,P =
0.015), and progeny density per square meter (F =
5.75, df = 3, P = 0.006), and I tridens attack density
(F=4.17,df = 3, P = 0.021), gallery length per square
meter (F = 890, df = 3, P = 0.0001), and progeny
density per square meter (F = 8.55,df =3, P = 0.0001).
The lack of significant effect for position in both ex-
periments indicates that the baits were as effective at
inducing attack between baits as they were at each
bait position.

In experiment 2, spruce beetle attack densities were
significantly reduced in trees that were baited with (*)-
endo-brevicomin, but in contrast to experiment 1 (Fig.
1), not in trees that were baited with D. affaberbaits (Fig,
2). Both I tridens and D. affuber attack densities were
significantly increased in trees baited with (=*)-endo-
brevicomin compared with densities in unbaited control
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Table 3. Spruce beetle, I. tridens, and D. affaber gallery lengths per square meter, and progeny densities by spruce beetle (SBclass)
and D. affaber (DAclass) attack density classes in felled trap trees and results of ANOVA in experiment 1

Spruce Beetle I tridens D. affaber
SBclass DAclass N Gallery Progeny Gallery Progeny Gallery Progeny
length/m? density length/m? density length/m? density
Low Low 24 00 0x0 1,225 + 95 3,607 + 815 00 0x0
Low Medium 10 0x0 0+0 990 * 299 3,024 + 902 201 + 31 608 + 126
Low High 5 00 00 63 = 63 234 + 234 743 + 127 2,078 + 508
Medium Low 6 243 + 78 424 + 172 251 * 196 520 + 363 00 0*0
Medil.lm_ Medium 3 157 £ 44 465 * 147 196 *+ 196 604 = 604 155 + 76 170 = 89
High Low 8 591 + 133 1,296 * 279 162 = 108 795 *+ 528 0*0 0*0
High Medium 5 554 + 154 1,380 *+ 514 0*0 0*0 59+6 160 + 63
High High 1 501 458 0 0 701 206
* SBclass -

F ’ 74.41 26.43 1.56 151 0.22 1.39

df : 2 2 2 2 2 2

P . 0.0001 0.0003 0.222 0.232 0.805 0.304
DAclass

F 1.97 1.21 1.60 1.68 2,437.8 111.07

df ) 2 2 2 2 2 2

P . ' 0.1531 0.310 0215 0.199 0.0001 0.0001

Spruce beetle attack 'det;sity classes were low, <15/m? medium, 15-30/m? and high, >30/m?. D. affaber attack density classes were low,

<10/m? medium, 10-20/m?; and high, >20/m?.

trees.- Nearly identical patterns (statistically) occurred
for gallery length per square meter and progeny density
per square meter for all 3 species.

In experiment 3, spruce beetle attack density was
significantly reduced only in trees that were baited
with the I tridens bait which consisted of (*)-ipsdi-
. enol plus cis-verbenol (Fig. 3). Attack densities were

not reduced in trees that were baited with (*)-ips-
dienol alone or (=*)-ipsdienol plus amitinol. Con-
versely, I tridens attack densities were significantly
increased in trees baited with I tridens baits. There
were no significant differences in D. affaber attack
densities between the different treatments. The con-
specific patterns for gallery length per square meter
and progeny density per square meter were similar to
those for attack density.

In experiment 4, ANOVA again showed a significant
effect for treatment on spruce beetle attack density
(F =5.28,df = 4, P = 0.005), gallery length per square
meter (F = 4.30, df = 4, P = 0.011), and progeny

_density per square meter (F = 4.35, df = 4, P = 0.010),
- L tridens attack density (F = 8.78, df = 4, P = 0.0003),
gallery length per square meter (F = 8.45,df = 4,P =
0.0004), and progeny density per square meter (F =
8.48, df = 4, P = 0.0004), and D. affaber attack density
(F = 3.10,df = 4, P = 0.039), gallery length per square
meter (F = 4.35, df = 4, P = 0.011), and progeny
density (F = 4.30, df = 4, P = 0.011). Spruce beetle
attack densities and gallery lengths per square meter
were significantly reduced by all treatments but D.
affaber baits alone (Fig. 4). Progeny density was re-
duced only in trees baited with L tridens baits either
in patches baited with I tridens pheromones or the
pheromones of both secondary species. I tridens at-
tack densities, gallery lengths per square meter, and
progeny densities were lowest in trees from patches in
which all trees were baited with D. affaber baits and
highest in patches baited with I tridens baits, or in
trees baited with its own pheromone in co-baited

patches. D. affaber attack densities, gallery lengths per
square meter, and progeny densities were low in
patches baited with L. tridens baits, and high in patches
baited with D. affaber baits or trees baited with its own
pheromone in co-baited patches.

Discussion

The results of these experiments uphold all 3 hy-
potheses. Spruce beetle attack and success was re-
duced in individually felled trap trees baited before
spruce beetle flight with pheromones of either or both
secondary species (Fig. 1), with the single component
(*)-endo-brevicomin (Fig. 2), and in simulated
patches of windthrown trees baited with I tridens
pheromones (Fig. 4). In all 4 experiments when trees
were baited with secondary species baits before
spruce beetle flight, spruce beetle attack was inhibited
and the secondary species were able to attack suc-
cessfully and exploit the resource.

For experiment 1, spruce beetles exploited the re-
source in unbaited control trees at the expense of the
secondary species (Fig. 1). Success of the secondary
species was enhanced on trees baited with their respec-
tive pheromones, allowing them to exploit the resource
at the expense of spruce beetles (Fig. 1). These results
indicate that resource exploitation and indirect interfer-
ence in accessing the resource are important mecha-
nisms of competitive interactions between the spruce
beetle, L tridens, and D. affaber. This conclusion provides
further support for the role of interspecific competition
in the community structure of phytophagous insects.
Our results also agree with the finding that interference
competition was more prevalent among internal feeders
and closely related, aggregative insects (Denno et al.
1995). Differences in host preference by spruce beetles,
L tridens, and D. affaber are unlikely to account for
differential degrees of success, because all trees in the
study were similar in diameter, vigor, and placement in
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. Treatment Spruce Beetle Ips tridens Dryocoetes affaber

Control
D. affaber Bait

(1)-endo-brev_icqmin

Control
D. affaber Bait

{#)-endo-brevicomin

| | LI I |
0 250 500 750 0 120 240 3600 100 200 300 400

Gallery lengths (cm) per square meter (mean + SE)

Control -
D. affaber Bait

(+)-endo-brevicomin

0 600 1200 1800 O 300 600 900 0 300 600 900 1200
Number of progeny per square meter (mean + SE)

~ Fig 2. Spruce beetle, L tridens, and D. affaber attack densities, gallery lengths per square meter, and progeny densities
in experiment 2 (16 May-6 August 1994), Mackenzie, BC. Control trees were unbaited. D. affaber baits consisted of a 1:1
mixture of (*)-exo- and (+)-endo-brevicomin released at 0.2 mg/24 h. (*)-endo-Brevicomin was released at 0.2 mg/24 h.
N = 7. Bars topped by the same letter are not significantly different, Ryan-Einot-Gabriel-Welsch test, P < 0.05.
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Treatment Spruce Beetle Ips tridens Dryocoetes affaber

Control

I. tridens Bait

(+)-ipsdienol

(,t)—ibsdie_nol plus
amitinol

Control
‘I tridens Bait

(+)-ipsdienol

(#)-ipsdienol plus
amitinol

I I
0 200 400 600 800 O 400 800 1200 O 70 140 210 280

Gallery lengths (cm) per square meter (mean + SE)

Control

1. tridens Bait

(+)-ipsdienol

(+)-ipsdienol plus
. amitinol

I ! 1 I
0 500 1000 1500 2000 O 1200 2400 3600 O 300 600 900

Number of progeny per square meter (mean + SE)

Fig. 3 Spruce beetle, I tridens, and D. affaber attack densities, gallery lengths per square meter, and progeny densities
in experiment 3 (16 May-6 August 1994), Mackenzie, BC. Control tres were unbaited. 1. tridens baits consisted of (*)-
ipsdienol and (—)-cis-verbenol released at 0.6 and 1.8 mg/24 h, respectively. (+)-Ipsdienol and amitinol were released at
0.6 and 0.02 mg/24 h, respectively. N = 7. Bars topped by the same letter are not significantly different, Ryan-Einot-Gabriel-
Welsch test, P < 0.05.
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‘Treatment Spruce Beetle Ips tridens Dryocoetes affaber

‘Control
D. affaber Bait

1. tridens Bait

- D. affaber Baited trees
in co-baited patches

1. tridens Ba}ted trees
in co-baited patches

Control
D. affaber Bait

1. tridens Bait

D. affaber Baited trees
in co-baited patches

1. tridens Baited trees
in co-baited patches

I I
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0 600 1200 1800 O 800 1600 2400 3200 O 200 400 600 800
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-Fig. 4 Spruce beetle, L tridens, and D. affaber attack densities, gallery lengths per square meter, and progeny densities
_in ‘experiment 4 (26 May-10 August 1994), Prince George, BC. Control trees were unbaited. I tridens baits consisted of
(*)-ipsdienol and (-)-cis-verbenol released at 0.6 and 1.8 mg/24 h, respectively. D. affaber baits consisted of a 1:2 mixture
of (£)-exo- and (*)-endo-brevicomin released at 0.2 mg/24 h. N = 6. Bars topped by the same letter are not significantly
different, Ryan-Einot-Gabriel-Welsch test, P < 0.05.



October 1998

the stand. In addition, randomization and replication of
treatments would have removed any potential bias from
host differences.

The lack of mgmﬁca.nt differences in mean gallery
lengths and mean numbers of progeny per gallery for the
3 species between treatments and the lack of effect of
attack density class of any species on total gallery length
or progeny densities of any other species (Tables 1 and
2) suggests that direct interference is unlikely to be an
important mechanism of competitive interaction.

The lack of significant differences in mean gallery

lengths and numbers of progeny per gallery for the
" spruce beetle between treatments may be a result of

combined intra- and interspecific effects. Because
trees with low secondary species attack densities
tended to have high spruce beetle attack densities
(Fig. 1), reductions in interspecific encounters would
be offset by increased intraspecific encounters. The
reverse situation would exist in trees with low spruce
beetle attack densities and high secondary species
attack densities. Safranyik and Linton (1985) found
that increased intraspecific competition resulted in
reduced gallery lengths and numbers of progeny per
female. The mean gallery lengths and numbers of
progeny per gallery in experiment 1 were similar to
those found in the highest spruce beetle density treat-
- ments tested by Safranyik and Linton (1985). There-
fore, intra- and interspecific effects may offset each
~ other in reducing gallery lengths and progeny pro-
- duction in the different treatments.

_Attack densities, gallery lengths per square meter, and
progeny densities for both secondary species were sig-
nificantly increased in trees baited with their respective
pheromones (Fig, 1). This result contrasts with low at-
tack densities by D. affaber and L. tridens when trees were
baited with pheromones for the secondary species to

.induce competitive displacement of the spruce beetle
following its establishment (Poland and Borden 1998b).
In further contrast to the results forinducing competitive
displacement (Poland and Borden 1998b), attack den-
sities by the spruce beetle were much lower and were
signficantly reduced in trees baited with secondary spe-
cies pheromones before spruce beetle attack (Fig. 1).

. These differences may be due in part to a somewhat

- Jower spruce beetle population level in the area of this

- study than in the area studied for competitive displace-
ment (Poland and Borden 1998b). However the main
effect undoubtedly stems from placement of the sec-

_ondary species pheromones on the trees before spruce
beetle flight, thus interfering with spruce beetle attack
from the outset.

The reduction in spruce beetle attack densities,
gallery lengths per square meter and progeny densities
in trees baited with secondary species pheromones
(Fig. 1) suggests that competitive exclusion may have
considerable. potential for use in spruce beetle man-
agement. Less expensive single-component or race-
mic mixtures would be preferable to enantiospecific
pheromones for operational implementation of such a
management tactic.

The results of experiment 2 (Fig. 2) show that (*)-
endo-brevicomin was effective in reducing spruce
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beetle attack density and in increasing attack densities
by both L tridens and D. affaber, whereas in contrast
to experiment 1 (Fig. 1), the D. affaber bait was not.
This suggests that (+)-endo-brevicomin could be a
cost-effective substitute for the expensive D. affaber
bait. On the other hand, in experiment 3 only the I
tridens bait was effective in reducing spruce beetle
attack density and in increasing L. tridens attack den-
sity (Fig. 3). Therefore, (= )-ipsdienol in combination
with cis-verbenol appears to be the only effective L
tridens bait available at present for managing spruce
beetle populations through competitive exclusion.
Interactions between the 2 secondary species must
be considered in the implementation of competitive
exclusion of the spruce beetle as a management tactic.
Attack by I. tridens was not inhibited by the phero-
mone for D. affaber in experiment 1 (Fig. 1) and was
enhanced by baits consisting only of (*+)-endo-brevi-
comin in experiment 2 (Fig. 2). The bait for D. affaber
contained (z)-exo-brevicomin, a compound identi-
fied in volatiles produced by I tridens males boring in
Engelmann spruce logs (Poland 1997) and which elic-
ited antennal responses by L tridens females. D. affaber
attack density was significantly enhanced only on
trees baited with D. affaber baits alone, and was
strongly inhibited when baits for both secondary spe-
cies were combined in experiment 1 (Fig. 1). Simi-
larly, in experiment 3, I tridens baits were not attrac-
tive to D. affaber. Attacks by D. affaber were not
increased by the presence of (*)-ipsdienol, (*)-ip-
sdienol plus amitinol, or (*)-ipsdienol plus cis-ver-
benol (Fig. 3). This relationship suggests that I tridens
with a shorter life cycle is adapted to outcompete D.
affaber in exploiting the phloem tissue resource. It
may be adaptive for weak competitors to avoid colo-
nizing hosts that are already occupied, whereas strong
competitors or species that are able to co-exist suc-
cessfully in the same host (e.g., I pini and Pityogenes
knechteli Swaine) (Poland and Borden 1994) need not
avoid each other. Even though I tridens may be the
superior competitor, it might be desirable to maintain
or enhance D. affaber populations in an operational
implementation of competitive exclusion of the
spruce beetle by baiting some of the trees with D.
affaber baits alone.
-~ The results of experiment 4 show that baiting
patches of felled trees with I. tridens baits, regardless
of whether the trees were all baited with I tridens baits
or were adjacent to trees baited with D. affaber baits,
was effective in reducing spruce beetle attack density,
resource exploitation, and progeny production. In
turn, L. tridens attack density, gallery length per square
meter, and progeny density were increased (Fig. 4).
Although D. affaber attack density and success was
significantly increased in trees baited with D. affaber
baits, regardless of patch treatment, spruce beetle at-
tack density and success was not correspondingly re-
duced. These results lead to a tentative conclusion that
competitive exclusion of the spruce beetle would be
feasible in patches of trees, but they illustrate the
complexity of implementing it as a management tactic.
Although the results suggest that I tridens may be a
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stronger competitor than D. affaber, a similar result
could have been obtained if I tridens were more abun-
dant than D. affaber. D. affaber attack densities were
not as high as they were on trees baited with D. affaber
pheromones in experiment 1 (Fig. 1) in which inhi-
bition of spruce beetle attack by D. affaber baits was
effective, and were. only slightly higher than those in
experiment 2 in which inhibition of spruce beetle
attack was ineffective (Fig. 2). The fact that (*)-
endo-brevicomin was substituted for (+)-endo-brevi-
comin in experiment 4 was probably not significant
because in experiment 2 spruce beetle attack density
was significantly reduced in trees baited with (*)-
endo-brevicomin (Fig. 2).
Another possible explanation for the lack of com-
petitive exclusion of the spruce beetle by D. affaber in
experiment 4 is that environmental conditions can
influence” the outcome of competitive interactions
(Begon and Mortimer 1986). Therefore, while D. af-
faber may be a strong competitor under some condi-
‘tions {McCambridge and Knight 1972), its competi-
tive ability may be reduced under other conditions. Its
peak flight period occurs =1 mo later than that for the
spruce beetle and I tridens (Bright 1976, Camacho-
Vera 1993). If early-season environmental conditions
are favorable for spruce beetle development in the
absence of I. tridens, it may gain a competitive advan-
tage over D. affabet through rapid exploitation of the
phloem resource.
" Ips tridens attack densities were significantly higher
on trees baited with I. tridens baits than on trees baited
-with D. affaber baits regardless of patch treatment
(Fig. 4). Therefore, L. tridens was not cross-attracted
‘to the D. affaber bait on its own. I. tridens attack
densities were actually significantly reduced when all
trees in a patch were baited with D. affaber baits.
However, it is not possible to conclude from this ex-

" periment that D. affaber baits would disrupt the at-

traction of L. tridens because no disruptive effect oc-
curred in experiment 1 when trees were co-baited for
both secondary species (Fig. 1).
Dryocoetes affaber attack densities were signifi-
cantly increased only in trees that were baited with D.
. affaber baits regardless of patch treatment (Fig. 4).
This result agrees with the results from experiment 1,
which showed that D. affaber was not cross-attracted
to trees baited with I tridens baits (Fig. 1).
. Overall, experiment 4 shows that baiting patches of
felled trees with L tridens baits before spruce beetle
. flight was effective in reducing spruce beetle coloni-
-zation and-increasing colonization by L tridens. These
-data coupled with the results of experiments 1-3 in-
dicate that baiting trees with secondary species baits
before spruce beetle flight consistently results in re-
duced spruce beetle attack density, gallery length per
square meter, and progeny density. If implemented
operationally, baiting of susceptible hosts for second-
_ary species would have 2 positive effects—inducing
attack by the secondary species, and partially repelling
spruce beetles. Thus spruce beetle attack could be re-
duced and the probability of population buildup to out-
break levels would be minimized. Inducing attack by the
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secondary scolytids would increase their populations
which may remain high if windthrow and slash are abun-
dant. However, the secondary species are unable to col-
onize healthy standing trees and, therefore, would not
pose an economic threat. Secondary scolytid populations
may subsequently decline in the absence of fallen trees
or suitable hosts killed or weakened by the aggressive,
primary-attacking spruce beetle.

The operational success of phermone-induced com-
petitive exclusion in preventing spruce beetle popu-
lation buildup would be dependent on interactions
between populations of the spruce beetle and the
secondary species, the distribution and availability of
suitable hosts, environmental conditions, and other pest
management tactics with which it might be integrated. It
is most likely to succeed where endemic beetle popu-
lations are at suboutbreak levels, populations of second-
ary species are abundant, host resources such as fresh
windthrown trees are available, the stand is relatively
healthy, and climatic conditions are relatively cool and
moist. These conditions typically are found in riparian
zones which often are protected from intrusions such as
harvesting but which can be sources of outbreaks if
spruce beetle populations build up in the blowdown in
these areas. Therefore, competitive exclusion could be of
great value in managing the spruce beetle in these sen-
sitive sites where conventional management approaches
are not desired.

More complete resource exploitation might be
achieved if the entire guild of competitor species were
present. These might include Polygraphus rufipennis
Kirby, Scierus annectans LeConte, and I perturbatus
Eichhoff (Werner and Holsten 1984). It is probable that
their pheromones also disrupt spruce beetle attraction
and could be judiciously included in a cost-effective
treatment. It also is possible that different inhibitory
semiochemicals may enhance the competitive exclusion
effect depending on how they might affect the second-
ary species. Other inhibitors may include the antiaggre-
gation pheromone for the spruce beetle, methylcyclo-
hexenone (MCH) (Kline et al. 1974, Furniss et al. 1976),
resistant host compounds (Hayes et al. 1994, Werner
1995), and nonhost or green leaf volatiles (Dickens et al.
1992, Wilson et al. 1996).

Other pheromone-based management tactics such
as containment and concentration with aggregation
pheromones could be used with and complement
competitive exclusion. Shore et al. (1990) found that
grid-baiting with a-pinene plus frontalin was effective
in containing and concentrating a spruce beetle in-
festation in a grid-baited stand before sanitation har-
vesting. The use of attractive felled trap trees where
their removal is possible, and grid-baiting infested
areas that subsequently can be harvested could be
used as the pull component in a push-pull management
strategy (Lindgren and Borden 1993), in which the
push component involved competitive exclusion in
adjacent riparian or sensitive leave areas, as well as the
use of antiaggregation pheromones and nonhost vola-
tiles in reserve stands of commercial timber. In such an
integrated management program, competitive exclu-
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sion could reduce or replace the use of arsenical-
" treated lethal trap trees (Hodgkinson 1985).
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