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Abstract. The bark beetlesIpspini, I. perroti and 1. grandicollis are sympatric in pine forests of the north central
United States. They share the same limited phloem resource and often coexist within the same host trees. We
tested whether phloem resources are partitioned in time and space by measuring spatial and seasonal colonization of
logs. Differences among speciesin flight phenology, development time, voltinism and spatial colonization patterns
within logs reduce, but do not eliminate, species overlap. The bark beetle species share predation by Thanasimus
dubius (Cleridae) and Platysoma cylindrica (Histeridag), which exploit pheromone signals for prey location. We
employed pheromone traps to test for chemical communication among bark beetle species. Heterospecific signals
tend to be deterrents when they are added to conspecific signals but attractants when they are aone, indicating that
the communication system can both reduce and increase species overlap in resource use depending upon relative
abundance of the species. Deterrence by heterospecific signalsis probably aresult of selection for minimizing
interspecific competition. However, individuals may sometimes benefit from joining aggregations of other species
because of (1) predator swamping, (2) improved success in attacking live trees, and (3) location of suitable, recently
dead, trees. These benefits should be greatest for males (which locate and colonize host trees before signalling
females) and indeed males tended to be more attracted by heterospecific signals than females. Shared resources,
shared predators, and heterospecific pheromone communication all contribute to species interactions in this guild of
bark beetles, but it remains difficult to predict whether the removal of one specieswill tend to increase or decrease
the abundance of remaining species. It seemslikely that speciesinteractions are conditional and that coexistenceis
promoted by benefits to rare species of multispecies associations.

K eywor ds: interspecific competition; pheromones; conditional interactions; chemical communication; information
theory
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INTRODUCTION

In forests throughout the world, bark beetles
(Coleoptera: Scolytidae) lie at the center of complex
communities that exploit the resources provided by dead
and dying trees (Saveley 1939; Howden and Vogt 1951,
Moser et a. 1971; Dajoz 1974; Wood 1982a; Herard
and Mercadier 1996; Kailaet a. 1997; Amezega and
Rodriguez 1998). Multiple species of bark beetles
frequently live and feed within the phloem of trees
(Birch et al. 1980; Flamm et al. 1987; Flamm et al.
1989; Paine et a. 1981; Reid 1955; Smith et al. 1990).
M ulti-species aggregations can be structured by
airborne host volatiles and by insect pheromones (Birch
1978; Svirhaet a. 1980; Wood 1982a; Savoie et al.
1998) which can convey multiple species-specific
messages (Blum 1996). Interspecific responses to
pheromones range from strong deterrence (Lanier and
Wood 1975; Byers and Wood 1980; Borden et a. 1992;
Miller and Borden 1992), suggesting an antagonistic
relationship, to strong attraction (Hedden et a. 1976;
Cane et al. 1990), which suggests the potential for
mutualism (Svihra et a. 1980; Smith et al. 1990).
Suitable phloem is frequently alimited resource for
bark beetles (Berryman 1973; Anderbrandt et a. 1985)
and competition among bark beetles can limit parental
fecundity and reduce the survival and fecundity of
progeny (Kirkendall 1989; Light et al. 1983; Rankin
and Borden 1991; Garaet al. 1995; Robins and Reid
1997). However, offsetting benefits of interspecific
attraction could accrue from increased successin mass
attacks of trees, exploiting host material located by
other species (De Jong and Sabelis 1988), or predator
Swamping.

Ips pini (Say) (Coleoptera: Scolytidae) occurs
throughout pine forests of temperate North America. In
Wisconsin, Ips pini coexists with I. grandicollis
(Eichhoff) and I. perroti (Swaine). These three species
can be found in mixed assemblages feeding on the same
phloem resource within the same region of the tree bole.
Ips pini produces the pheromone ipsdienol
(2-methyl-6-methylene-2,7-octadien-4-ol; Stewart 1975;
Lanier et a. 1980), and the attractant synergist lanierone
(Tedeet al. 1991), which function in aggregation and
mate attraction. Ipsgrandicollis producesand is
attracted to the related compound ipsenol
(2-methyl-6-methylene-7-octen-4-ol) (Vite and Renwick
1971). Pheromone production of 1ps perroti was
analyzed as part of this study. Of the three species, I.
pini is most frequently implicated in pine tree mortality
(Sartwell et al. 1971; Goulding et al. 1988) but we have
also observed |. grandicollisand I. perroti participating
in attacks of live trees.

We conducted experiments to determine how these
three species of | ps maintain sympatry while apparently
sharing asingle limited food resource and habitat. We
tested for phenological segregation and spatial
segregation within and among trees, and evaluated
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whether semiochemical interactions promoted or
reduced resource overlap. The absence of mechanisms
for avoiding interspecific competition could imply that
the species assemblage is unstable or that the species
accrue benefits from association that offset the costs of
competition. Determining whether these species
interactions are antagonistic or beneficial is of
considerable importance to forest managers who need to
judge whether particular species should be considered
pests or biological controls on congeneric species that
are pests.

METHODS

Field experiments were conducted in pure red pine
(Pinusresinosa) plantationsin Dunn County, west
central Wisconsin, USA. All study sites were planted
between 1957 and 1967, had been thinned within the
last 5 years, and were being maintained at a basal area
of 27 - 46 m?/ ha. All plantations had little or no
undergrowth, and study sites were selected to avoid
whét little there was.

Pheromone production of 1ps perroti

I ps perroti were collected in Dunn County,
Wisconsin, in early May, 1995. Because preliminary
studies indicated that this species was attracted to the
combination of ipsenol and ipsdienol, beetles were
caught in Lindgren funnel traps baited with commercial
formulations of both compounds (Phero Tech, Inc.,
Delta, B.C.). After capture, 120 male beetles were
placed on damp paper toweling and shipped overnight
to Syracuse, NY. Volatiles were collected by aerating
apooled sample of malesfeeding on red pinefor 5
days (Tealeet a. 1991). The adsorbent was extracted
daily. A coupled gas chromatograph/mass spectrometer
(Hewlett Packard models 5890 and 5971) fitted with a
30 m HP-Wax column was used to identify and quantify
the components. The GC conditions were 0.5 min
splitlessinjection at 209°C, oven 40 "C for 1 min, ramp
5/ min, 20 min at 210°C. The ipsdienol enantiomeric
composition of individual males was determined by
solvent extraction of frass followed by chiral GC-MS
(Tedleet al. 1994; Hager and Teale 1996).

Flight phenology and seasonal abundance

In 1994 and 1995, we used three-trap arrays of
Lindgren funnel trapsto assay the flight phenology,
relative abundance, and pheromone preferences of wild
insects. Within each array, traps were hung 2 m above
ground and configured as an equilateral triangle 20 m
on aside. Each array contained one trap baited with
each of three pheromone lures; ipsdienal, ipsenal, or
ipsdienol plusipsenol. Theipsdienol was a50% (+):
50% (-) enantiomeric blend, which approximates the
preferred blend for this population of I. pini (Herms et
al. 1991; Seybold et al. 1995a). The pheromone lures
were 20-mg bubblecaps with elution rates of 0.2 mg /
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day (Phero Tech Inc., Delta, British Columbia, Canada).
In 1994, we used one three-trap array. In 1995, we
repeated the trial with eight three-trap arrays: two in
each of four plantations. Plantations were separated by
10- 15 km. Arrays within plantations were separated
by 200 m. Traps were emptied weekly from 15 April
thru 15 October. The position of pheromone lures
within trap arrays was rotated weekly to guard against
spurious spatial effects. Intwo of the plantations,
lanierone was added (elution rate = 0.01 mg / d) to the
ipsdienol and the ipsdienol + ipsenol lures at one array.
The lanierone was alternated weekly between the two
arrays within those plantations. No lanierone was used
at the other two plantations

A small parallel study was conducted in two pine
plantations in west central New Hampshire, USA, to
test for regional stability in the interspecific patterns of
pheromone preferences. From May - October 1995, we
sampled Ips pheromone preferences with one three-trap
array in each of two pine plantations separated by 2 km.
Array configurations and sampling protocols were asin
Wisconsin. Trapswithin each array were baited with
either ipsdienol, ipsenoal, or ipsdienol plusipsenal.

From 1989 thru 1995, five to 18 funnel traps baited
with 20-mg ipsdienol bubblecaps (elution rates of 0.2
mg / day) were emptied weekly from spring snow melt
thru the first snowfall. All scolytids and coleopteran
predators were counted and identified. Daily high and
low air temperatures were recorded from on-site
thermometers.

Development time

Freshly cut logs and emergence traps were used to
compare generation times of the three Ips species under
ambient field temperatures. On 16 May, 1995, we
induced synchronous colonization of 12 logs (0.5 min
length, 15 - 17 cm in diameter) by wrapping each log

with screen to enclose 25 - 50 adults of either Ips pini, I.

perroti, or I. grandicollis (four logs per species). Logs
were cut from mid bole of 4 codominant trees (3
sequential logs from each tree starting 1 m above
ground) selected for uniform size and thick phloem.
Bolts from all trees were mixed and then randomly
assigned to species. I nsects were taken from pheromone
traps that day. Insects were not sexed, but concurrent
pheromone captures showed a significant male bias,
(431 vs 272 for I.pini; 1844 vs 226 for | perroti; I.
grandicollis not sexed ) which assured that female
oviposition would not be limited by availability of
mates. Seven days after colonization, the screen was
removed and logs were placed in emergence traps (20
cm diameter PV C tubing with four mesh-covered holes,
100 mm diameter, to provide air circulation). All traps
from all sites were hung under arain shelter in one of
the study plantations. Insects emerging from the bolts
were removed and counted twice weekly. After 92
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days, when emergence had largely ceased, the bark was
peeled from al bolts to count living, unemerged Ips.

We compared development time of the three Ips
speciesin the laboratory at 25 °C by introducing adults
into sections of fresh phloem (6 x 25 cm) sandwiched
within plexiglass (Schmitz 1972) and monitoring the
development of their progeny. Bark and phloem were
peeled from freshly cut red pine logs. Weintroduced
one adult male into each of three 3-mm holesin the
plexiglass of each sandwich (4 - 10 sandwiches per
species). After 24 hours, two females were placed with
each male that had begun a nuptial burrow. Each
resulting progeny was individually monitored every 24
hours through hatching, larval development, and
pupation.

Egg volume for each species was estimated using a
microscope micrometer (= 0.01 mm) to measure the
length and width of 16 - 79 eggs from 6 - 24 mothers
from each species (assuming a prolate spheroid). A
subset of 20 eggs were measured, dried and individually
weighed to allow a conversion to dry mass. Average
adult dry mass was estimated from 30 - 40 adults per
Species.

Species associations

We tested for natural spatial separation of 1ps species
within entire felled trees. On 14 May, 1994, we cut
down seven red pines and mapped the subsequent
colonization of logs by Ips. All treeswere13-18 m
tal, 15 - 22 cm diameter at 1 m, and separated from the
closest felled tree by 30 - 100 m. After two weeks, and
at three day intervals for the next two weeks, Ips
colonization galleries were counted and mapped on each
tree. One month after felling, three 1-m long sections
were cut from each tree, one within 1 m of the butt, one
just above the first live branch, and the third from
midway between. The bark was peeled from these
sections, and the colonizers identified. On 8 June,
seven more trees were felled, and on 25 July, five
galleries within each of three regions (butt, lower
crown, and midpoint) on each tree were sampled.

We tested for spatial separation of 1ps species among
logs. Between 5 May and 6 July, 1995, we peeled the
bark from 61 logs that had been naturally colonized by
I ps and determined the species occupying each gallery.
All logswere 0.5 - 1.0 m long, 10 - 30 cm diameter, and
separated from the nearest such log by >20 m.

Analyses

We compared the flight phenology of specieswith
chi-square tests of the null hypothesis that equal
proportions of each species would be captured each
month. We used a one-way ANOVA to test for
differences among species in egg development, larval
development, pupation time, and adult mass, and a
nested ANOVA to test for differencesin egg volume
among species and among individual mothers within
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species. Spatial patterns of colonization within felled
trees were evaluated with (1) agenera linear model that
included tree as a class variable and distance from butt
as a continuous variable and (2) a chi-sgquare test of the
hypothesis that equal proportions of all species
occupied the butt, mid-tree, and lower live crown
regions of the bole. We evaluated species associations
among logs with a G-test based on the null hypothesis
that occupancy of alog by one species was independent
of occupancy by other species.

Contingency analyses (SAS 1990, CATMOD
procedure) were used to compare pheromone
preferences of the three I ps species and to test for
effects of season, lanierone, and sex on pheromone
preferences. For each main effect and interaction, the
null hypothesis was that the source had no effect on the
proportion of beetles captured with ipsdienol vs. ipsenol
vs. ipsdienol + ispenol. By design and necessity, the
experiment was a partial factorial (because the effects
of lanierone were only tested in two of the four pine
plantations, and because it was impractical to sex one of
the species, |. grandicollis). Consequently, we
developed orthogonal contrasts to test each hypothesis
for main effects and interactions using the most data
that could be applied while till retaining a balanced
design structure. Thisinvolved four different statistical
models. In model 1, we tested for differences among
the three | ps species, effects of season (spring = 1 May
to 14 June, mid summer = 16 June to 31 July, late
summer = 1 August to 9 October), and species X season
interactions (N, = 6619 Ips captured in 6 3-trap arrays
within 4 plantations; trap arrays with lanierone were
excluded). In model 2, we tested for effects of
lanierone and interactions of lanierone with season and
species (N, = 6233 Ips captured in 4 trap arrays within
2 plantations; 2 plantations without lanierone were
excluded). Inmodel 3, we tested for effects of sex, and
interactions of sex with season and species (N, = 5784
I ps captured in 6 trap arrays within 4 plantations; I.
grandicollis and trap arrays with lanierone were
excluded). In model 4, we tested for interacting effects
of sex and lanierone (N,,,y = 5926 Ips captured in 4 trap
arrays within 2 plantations; 1. grandicollis and
plantations without lanierone were excluded). This
family of tests was controlled for experimentwise error
with the Dunn - Sidék adjustment (Sokal and Rohlf
1995).

Results suggested that interspecific effects of one
pheromone could depend upon other signals within the
same pheromone plume (from other |ps species that
might or might not be colonizing the same log). We
summarized the response of each speciesto
heterospecific pheromone signals as

R =

Nuwith = Nwithout g0

N conspecific

Eqg. 1
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where R = beetle response, N,,;;,, = number of captures
with the heterospecific signal, N, = NUMber of
captures without the heterospecific signal, and Ngeiic
= number of captures with conspecific signal alone. R
can range from -100%, indicating high deterrence, to O,
indicating no effect, to 100%, indicating high attraction.
This parameter is similar to that suggested by Lanier
(1975) but more readily accounts for the possibility of
both attraction and deterrence. For each species, Rwas
calculated for each possible combination of
heterospecific pheromones in both the presence and
absence of the conspecific pheromones (valuesfor N,
and N, Were either with or without the conspecific
signal). Because we had not anticipated that a
parameter such as R would be required, the present
research lacked a treatment with unbaited funnel traps
(the basis for calculating N, iN the absence of
conspecific signals). However, we know from previous
sampling at the same sites that | ps captures in unbaited
traps are very rare (9 captures of 1. pini in unbaited traps
vs. 1289 capturesin paired traps baited with racemic
ipsdienol; Herms et al. 1991). So, for the purposes of
calculating Rin the absence of conspecific signals, we
used this result (9 vs. 1289) to estimate expected
capturesin unbaited traps. We used chi-sgquare statistics
to evaluate departures from the null hypothesis of no
effect on captures of adding a heterospecific signal (R =
0). Testsfor effects of heterospecific signalsin the
absence of conspecific signals were approximate
because they depended on previously collected data
and, in the case of I. perroti and I. grandicallis,
assumed that these species have the same probability of
being captured in unbaited traps as|. pini. All other
tests were statistically rigorousin being based on
planned comparisons of treatment combinations within
the present data. For each | ps species, we controlled for
experimentwise error in the family of tests regarding
responses to heterospecific pheromone signals (Dunn -
Sidék adjustment, Sokal and Rohlf 1995).

RESULTS

Pheromone production of Ips perroti

Of the 120 male beetles introduced to the red pine billet,
97 successfully bored in and excavated mating galleries.
The average production of ipsenol was 4.7 ug - male™* -
day* (range = 3.3 - 7.6) and of ipsdienol was 1.0 ug -
male® - day* (range = 0.7 - 1.7). Theipsenol to
ipsdienol ratio increased from 3.9:1 onday 1t05.3;1 on
day 5 and increased each day except for day 3 which
was unchanged from day 2. The average enantiomeric
composition of ipsdienol (+ SE) was11.6 + 1.7 %
R-(-)-ipsdienol and ranged from 4.4 to 21.0 %
R-(-)-ipsdienol (N = 13).

Flight phenology and seasonal abundance
Funnel traps captured atotal of 1133 Ipsin 1994 and
10350 in 1995 (Fig. 1). Of these, I. pini, I. perroti and
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I. grandicollis constituted 49% , 40% and 11%
respectively in 1994, and 39%, 51%, and 10% in 1995.
The phenological pattern varied among species (Fig. 1;
chi-square = 638.37 for 1994 and 2379.95 for 1995, P <
0.0001 and df = 8 for both years). In both years I.
grandicollis, and 1. perroti were most abundant in May
but showed second peaks in July. Within this spring
flight, I. perroti and I. pini tended to fly earliest, with
high capturesin the first week of May followed by four
weeks of decline. In contrast, |. grandicollis captures
were low until the third week of May, but 63% of total
annual captures occurred in the next two weeks. Adult
activity of all three species declined following the
spring flight (minimum during the second week of
June). Thereafter, the abundance of I. grandicollis
adults remained low but measurable through September.
The abundance of 1. perroti rebounded in July to levels
near those of the spring flight, but then declined
throughout the remainder of the summer. In contrast,
the abundance of |.pini adults remained quite stable
from May through August and peaked in September.

Seven species of predators were captured in 1989 -
1995, five species of Cleridae and two Histeridae, but
only one species from each family was abundant. In
1995, we captured 492 Thanasimus dubius (Cleridae)
and 501 Platysoma (= Cylistix) cylindrica (Histeridag).
The peak flights of both predators tended to occur in
June, but in some years they were also abundant later in
the summer (Fig. 2).

Development time
Under natural temperatures (mean of daily temperatures
+ SD =194 £ 3.8 °C; maximum daily high = 36.6 and
minimum daily low = 0.2), the median development
time of I. pini was 65 d, compared to 76 and 78 d for .
grandicollisand I. perroti, respectively (N = 630, 131,
and 82 adults). There were no living larvae after 92 d
but 30% of the |. perroti adults still remained within the
logswhileall 1. pini and . grandicollis had emerged.
At constant temperatures, |. pini eggs hatched faster
than I. grandicollis, both of which hatched faster than 1.
perroti (mean + SE =3.08 + 0.05, 3.60+ 0.16, 3.85 +
0.08 d, respectively; F, 15 = 26.23, P = 0.0001; Fig. 3).
Larval development was relatively rapidin|. pini and I.
grandicollis compared to |. perroti (mean + SE = 9.59 +
0.23,9.86 + 0.23, 15.61 + 0.43 days, F, 5 = 103.04, P =
0.0001). Similarly, pupa development time was nearly
identical for I. pini and |. grandicollis and 35% longer
inl. perroti (mean + SE = 3.07 + 0.07, 3.09 + 0.06 ,
4.15+ 0.10 days; F, 45, = 56.02, P = 0.0001). Each
larval molt was preceded by the insect reversing its
orientation within the feeding chamber and compacting
frass to seal the burrow behind them. Prior to pupation,
larvae stopped feeding and spent 24 - 36 h thrashing in
amanner that resulted in slow rotation within the
feeding chamber and created a circular barrier of
compacted frass around them. These pre-molting
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behaviors constituted a substantial proportion of
development time. After eclosion, adultsspent 1 - 2d
within their pupal chamber, then began wandering and
feeding throughout the sandwich.

Insect development timeis partly a function of the
growth that must be accomplished from neonate to adult
(Ayresand Scriber 1994). Ips grandicollis adults were
the largest of the three species(mean + SE=2.17 +
0.07 mg dry mass, N = 50). Maleswere larger than
femalesin both I. pini (mean + SE = 1.99 + 0.07 vs.
1.77+0.06 mg,t=2.44, P <0.01, df =58) and I.
perroti (mean+ SE =145+ 0.04 vs. 1.11 + 0.05 mg, t
=5.21, P <0.001, df =54). Egg volumes of I. pini and
I. grandicollis were larger than those of |. perroti (mean
+ SE =0.111 + 0.004, 0.104 + 0.006, and 0.073 + 0.008
mn’, respectively; F, 5, = 7.87, P = 0.0023). Therewas
additional variation in egg size among galleries within
species (Fx 15, = 4.68, P = 0.0001). Average dry mass
for eggsof I. pini, I. grandicollis, and I. perroti was
27.9, 24.5, and 18.7 g, respectively. Thus, larval
development in I. pini and I. perroti requires an increase
in biomass of 59 - 64 fold, compared to 88-fold for I.
grandicallis.

Species associations within 1ogs

In June 1994, three weeks after trees were felled, the
number of colonizing female adults per tree equaled, in
rank order, 1, 23, 25, 47, 52, 89, and 326 (Fs, 5 = 45.67,
P < 0.0001 for effect of tree, excluding the tree with
only one colony). Colonization was densest at the
stump end and decreased toward the crown (Fy 45 =
135.25, P < 0.0001), especialy on trees with the most
Ips galleries (F5 .5 = 20.76, P < 0.0001 for distance x
tree interaction: dopes+ SE =-2.96+ 0.29 vs. -0.32 +
0.08 galleries/ m for trees with 326 vs. 23 colonies).
We identified 225 colonizing adults (109 I. pini, 71 1.
grandicollis, and 45 I. perroti). Species overlapped
within the logs, but differed in their relative abundance
along the length of the logs (chi-square = 58.92, df = 4,
P <.001). The mgjority of |. grandicollis colonies
were near the butt of the log (59% compared to 25% in
the mid bole and 15% at the lower live crown). One
third (35%) of I. pini colonies occurred near the butt of
the logs, 61% in the mid bole, and 5% at the lower live
crown. Only 2% of thel. perroti colonies were in the
butt, compared to 62% in the mid bole and 36% in the
lower live crown. Thusl. perroti and I. grandicollis
tended to be spatially separated within trees, whilel.
pini overlapped extensively with both species. In July
1994, we identified Ips from 90 galleriesin three zones
of seven treesfelled on 8 June: al were . pini, with the
exception of two |. grandicollis (both located in the
basal region), and one I. perroti (located in the crown).

Species associations among 1ogs
Of 61 logs that were naturally colonized in 1995, 45
were colonized by I. pini, 21 by I. grandicollis and 10
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by I. perroti. Fifteen boltswere colonized by two
species and one was colonized by al three species
(Table1). Ipsgrandicollis were significantly more
likely to occur alone and less likely to occur with 1. pini
than would be expected by chance (Table 1). 1. pini
co-occurred with . perroti at about the frequency
expected by chance (6 vs. 6.3 10gs). Logswererarely
shared equally; in all but four logs, a single species
comprised > 85% of the colonizing population.

Pheromone interactions
Species differed strongly in their pheromone
preferences (Fig. 4, Table 2). Each species was most
attracted to the pheromone signal produced by that
species: |. grandicollis to ipsenol aone, |. pini to
ipsdienol + lanierone, and I. perroti to ipsenol +
ipsdienol. However, there were interactions with
season and the effects of any particular pheromone
signal often depended upon the presence or absence of
other signals (Table 2, Figs 4-5). With three Ips
species, there are seven possible permutations of
species within atree, which giverise to four possible
composite signals that might be encountered by an
individual beetle searching for host material. In
general, beetles were attracted to heterospecific signals
in the absence of their conspecific signal, but deterred if
the heterospecific signal was added to the conspecific
signal (Fig. 5).

Ips pini were somewhat more likely to be captured
in traps baited with the heterospecific signals of 1.
grandicollis (ipsenol) than to unbaited traps (captures
with ipsenol = 69 compared to 16 expected under the
hypothesis of no effect, R= 2.3 in Fig. 5, chi-square =
20.27). Conspecific signalsfrom I. perroti (or I. perroti
+ 1. grandicollis) were even more attractive to . pini
(624 captures vs. 12 expected if there was no effect, R=
54.4inFig. 5, chi-square = 551.04). Ips pini females
were deterred by signals from |. grandicollis and/or I.
perroti if the plume already contained their conspecific
signal (R=-20.4, chi-square = 16.68 for 574 captures
vs. 721) while males were unaffected or even attracted
by addition of the same signa (R = 16.6, 484 captures
vs. 416; chi-square for difference between sexes =
19.01). With lanierone, captures of |. pini were about
5-fold higher during the spring and mid summer than in
replicate arrays without lanierone (106 vs. 23 captures
in spring and 1053 vs. 271 capturesin mid summer).
During late summer, captures were still higher with
lanierone than without (1055 vs. 460 captures), but the
effect of lanierone was significantly reduced relative to
earlier in the summer (chi-square for season x lanierone
interaction = 36.18). Chi-square statisticsin this
paragraph were all significant at P < 0.05 when
controlled for experimentwise error with a Dunn - Sidék
adjustment for five post hoc tests.

Compared to I. pini, |. grandicollis were less
attracted by heterospecific pheromone signalsin the
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absence of conspecific signals and more deterred by
heterospecific signalsin the presence of conspecific
signals (Fig. 5). This matches the pattern of stronger
segregation in naturally colonized logs (Table 1). By
itself, ipsdienol + lanerione was barely any more
attractive to |. grandicollis than an unbaited funnel trap
(R=1.2). However, ipsdienol was a strong deterrent
when added to a pheromone plume that already
contained ipsenol (R =-84.9 for addition of signal from
|. perroti, chi- square = 536.24 for 151 captures vs.
684). 1. grandicollis were similarly deterred by the
addition of asignal from I. pini, which added lanierone
aswell asipsdienol (R=-91.7 for signals3 or 4 in Fig.
5).

In the absence of their own pheromone signal, I.
perroti were somewhat attracted by the signal of I. pini
(Fig. 5; R= 2.5 for responses to signal 3, chi-square =
23.81; 153 captures with ipsdienol + lanierone vs. 35
captures expected if R=0). In the absence of their own
signal, |. perroti, especialy males, were a so attracted
by the signa of I. grandicollis (R=13.0 and 3.1 for
males and females; chi-sgquares = 146.78 and 29.60 for
male and femal e captures, respectively, of 320 and 92
vs. expected captures of 19 and 17 if R = 0; chi-square
= 121.06 for contrast between sexes). Lanierone tended
to deter I. perroti, especially females (captures with and
without lanierone = 701 vs. 1035 for females and 451
vs. 528 for males; chi- square = 64.26 for females, not
significant for males). Consequently, the combined
signal of |. pini and I. grandicollis was not quite as
attractive as the conspecific signal (R= 85 and 67 for
males and femalesin Fig. 5, lower left), and the
addition of asignal from I. pini to the conspecific signal
tended to reduce captures of I. perroti (R=-15and -32
for males and females, Fig. 5, bottom right; note that the
signal from I. grandicollis is qualitatively redundant
with the conspecific signal, so again, R=- 15 and -32).
I ps perroti were less discriminating earlier in the
season, with significantly more choosing either ipsenol
or ipsdienol over the combination in the spring than in
the summer (322 of 1331 vs. 343 of 3978; chi square =
161.00). Chi-square statisticsin this paragraph were all
significant when controlled for experimentwise error
with a Dunn - Sidék adjustment for six post hoc tests.

Patterns of pheromone attraction and deterrence were
similar in New Hampshire except that we captured no I.
perroti. Ipsenol had little or no deterrent effect on I.
pini responses to traps aready baited with ipsdienol
(812vs. 914 1. pini at onesiteand 89 vs. 80 . pini at
the other site), but ipsdienol was a strong deterrent to |.
grandicollis (captures of 1. grandicollis with ipsenol
alonevs. ipsenal + ipsdienol = 38 vs. 4 at one site and
19 vs. 2 at the other site).

Predator responses to |ps pheromones
Both T. dubius and P. cylindrica were more attracted to
the combination of ipsenol and ipsdienol than to either
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by itself (captures during 1995 with ipsenol, ipsdienal,
and ipsenol + ipsdienol = 101, 164, and 227 for T.
dubius, respectively, and 88, 129, and 284 for P.
cylindrica; chi-square for differences among signals =
48.4 and 1501.36). Lanierone had little or no effect on
responses of T. dubius but appeared to increase captures
of P. cylindrica: capturesin paired arrays with and
without lanierone = 101 vs. 124 for T. dubius and 109
vs. 161 for P. cylindrica (chi-square = 10.01).
Chi-sguare statistics in this paragraph were significant
at P < 0.05 when controlled for experimentwise error
with a Dunn - Sidék adjustment for three post hoc tests.

DISCUSSION

Spatial and temporal overlap among species
Differences among speciesin the timing of spring
emergence, development rate, and number of annual
generations reduce, but do not eliminate, interspecific
competition for phloem. Of the three species, I. pini has
the largest egg size and most rapid development. 1. pini
in this system are multivoltine, as are other populations
(Reid 1955; Schenk and Benjamin 1969). |.
grandicollis are multivoltine in the southern United
States (Coulson et a. 1986) and I. perroti have been
reported to be bivoltine in Alberta (Reid 1955), but we
found very few I. perroti or |. grandicollis colonizing
trees or bolts after June in either 1994 or 1995,
suggesting that they are chiefly univoltinein our system.
A small second peak in flight activity in July (Fig. 1)
suggests that some fraction may initiate a second
generation, but some Ips still respond to aggregation
pheromones after reproduction has ceased for the
season (Teale 1991), so this second flight may also
represent some poorly understood post-reproductive
behavior. 1t makes sensethat I. grandicollisand 1.
perroti would be univoltine because of their relatively
long development time. Annual degree day
accumulations (10 °C base) from 1989 thru 1995
reached their mid-point from 11 - 20 July. In 1995, the
date of median adult emergence from the first
generation was near midsummer for I. pini (20 July),
but after midsummer for I. grandicollis, and I. perroti
(31 July and 3 August, respectively), so multivoltinism
only appearsto be viable for I. pini (immatures of any
species are unlikely to survive the winter; Clemens
1916; Reid 1955; Lombardero et a. 2000). Temporal
overlap among speciesisincreased by intraspecific
variation in reproductive phenology. Although most of
the mating and oviposition in I. perroti and I.
grandicollis was during early May and mid May,
respectively, there was additional flight activity, host
colonization, and mating in both species during June
(apparently from animals that had overwintered because
the first adult progeny did not appear until mid-July).
Therelatively late spring flight of 1. grandicallis (Fig.
1) further increases temporal overlap with 1. pini.
Similarly, I. perroti continues to compete for phloem
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resources throughout the summer even though it is
univoltine. 1. perroti has the slowest relative growth
rate and longest larval development time of the three
species. Furthermore, 1. perroti adults continue feeding
within the phloem for weeks after eclosion (perhaps to
acquire energy reserves for overwintering or to become
inoculated with mutualistic fungi). The relatively small
larval galleries of |. perroti suggested a nutritional
dependency upon fungi (Ayres et al. 2000), which
would make them unique within this community.
Resource overlap between Ips speciesis reduced by
partial spatial segregation on trees, as has been reported
for some other bark beetle communities (Wagner et al.
1985; Birch 1978; Svirhaet a. 1980; Paine et al. 1981;
Hui and Xue-Song 1999). I. grandicollis most often
colonized the base of the tree, while 1. perroti tended to
colonize near the crown, and I. pini colonized the
mid-bole. Spatia colonization patterns are flexible
(presumably mediated by pheromones) because I. pini
spread themselves evenly throughout the treein late
summer, when I. grandicollisand I. perroti were absent.

Pheromone communication among species
Interspecific responses to pheromones can both
reduce and increase species overlap in resource use. A
pheromone from a congener can act as a deterrent when
added to a conspecific signal, or as an attractant when
alone (Fig. 5, compare | eft and right panels). The
deterrence must contribute to segregation of species
within and among resource patches (logs), while the
attraction must contribute to species overlap.
Interspecific chemical communication is ubiquitousin
bark beetle communities (Birch et al. 1980; Wood
1982a; Cane et al. 1990; Smith et al. 1990; Borden et a.
1992; Savoie et al. 1998), even though it is seldom
reported in other taxa (L. ondon and Jeanne 1996;
Chiverset al. 1997). Ips pini in the western United
States are deterred by ipsenol (Furniss and Livingston
1979; Borden et al. 1992), which is produced by
sympatric populations of 1. paraconfusus (Lanier) , and
I. paraconfusus are deterred by R-(- )-ipsdienol which is
produced by sympatric populations of |. pini (Birch and
Wood 1975). Similarly, the attraction of I. latidens to
its pheromone, ipsenal, is inhibited by the ipsdienol
produced by I. pini (Miller and Borden 1992).
Conversely, Ips avulsus (Eichhoff), I. calligraphus
(Germar), 1. hoppingi (Lanier), I. montanus (Eichhoff),
Dendroctonus frontalis (Zimmermann), Hylastes
gracilis (LeConte), and Pityogenes knechteli (Swaine)
are dl attracted to pheromones produced by sympatric
species of bark beetles (Lanier and Wood 1975; Hedden
et al. 1976; Svihraet a. 1980; Cane et a. 1990; Smith
et al. 1990; Poland and Borden 1994). Ours seemsto
be thefirst report of heterospecific responses switching
from attraction to deterrence depending upon the
presence of conspecific signals. Thisindicates that the
information content of a pheromone plumeis more
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complex than predicted from the additive effects of
individual pheromones. Thisincreases the information
that can be transferred with alimited number of signals
(in this case, ipsdienal, ipsenol, and lanierone), and
therefore represents an example of semiochemical
parsimony (sensu Blum 1996). In terms of information
theory, the Ips communication system has higher
entropic properties (McCowan et a. 1999). The
information content of a pheromone plume may be even
greater because additional information is probably
transmitted by pheromone quantity (Birgersson et al.
1984; Renwick and Vite 1969), the enantiomeric
composition of ipsdienol (Teale et al. 1994; Miller et al.
1996), and undiscovered pheromones or synergists that
are produced in low quantity (Miller et a. 1990).
Presumably, the potential for speciesinteractionsis
increased when there is overlap between speciesin
pheromone production. In our system, lanieroneisthe
only chemical signal that is unique to a single species;
ipsenoal is produced by both I. grandicollisand I.
perroti, and ipsdienal is produced by both I. pini and I.
perroti. Signal overlap within bark beetle guildsis
relatively common (Wood 1982a). It isalso common
for bark beetle species to have chemoreceptors that
detect compounds they do not use as pheromones. For
example, the antennae of both |. pini and I. grandicollis
respond to numerous volatile molecules that function as
pheromones in other species of bark beetles (Mustaparta
et al. 1977; Ascoli-Christensen et al. 1993). Species
overlap in pheromone production and responseis
probably enhanced because pine-feeding bark beetles
share alimited set of suitable precursorsin their host
plants (chiefly monoterpenes) and share common
biochemical pathways by virtue of common descent
(Francke et a. 1995; Seybold et al. 1995b).
Nonetheless, the family Scolytidae employs at least 20
different molecul es as pheromones (Wood 1982a;
Francke et a. 1995), so even species-rich guilds could
be organized to eliminate overlap in pheromones.
Species with pheromone signal s that overlap most with
sympatric species (e.g., |. perroti) should tend to
experience the strongest interspecific interactions.

Are there benefits of multispecies aggregations?

The Ips community that we studied occurs in pine
forests across a broad geographic area, suggesting that it
isastable assemblage. Indeed, most coniferous forests
harbor diverse communities of bark beetles with very
similar ecological requirements (Wood 1982b). Such
communities would be more likely to persist if there
were sometimes benefits of multispecies associations
that mitigate the costs of competition. Adaptive
explanations for communication systems have to be
reconciled with benefitsto the individuals that are
producing the signals and/or those that are responding
(Alcock 1982). Unlike eusocial insects, bark beetles
derive no benefit from conspecific aggregations
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(beyond mating opportunities) that would not also be
accrued from heterospecific aggregations. Sometimes,
bark beetle individuals will suffer less from competition
with heterospecifics than from an equivalent number of
conspecifics (e.g., if the heterospecifics develop at a
dower rate). Furthermore, there are at |east three
mechanisms by which bark beetle individuals could
benefit from multispecies associations: predator
swamping, group attack, and host location. The Ips
species share aguild of predators (Fig. 2; Raffaand
Klepzig 1989, Raffa 1991), so per capita survival is
probably higher on logs where the total number of bark
beetlesis higher (Reeve et al. 1995). Abramset a.
(1998) described a similar situation as apparent
mutualism. When bark beetles attack live trees, per
capita reproductive success is enhanced by high attack
rates (Raffa and Berryman 1983). Potential attack rates
are greater for multispeci es aggregations, so presumably
per capita reproduction can sometimes be enhanced if
beetles produce and respond to heterospecific signals.

I ps also depend upon locating recently dead host
material. All three species exploit this same ephemeral
resource, so pheromone plumes from any species will
indicate suitable host material, and individual s that can
orient to heterospecific pheromones should have an
increased probability of finding food resources. In this
context, the responding beetle is a parasite or
commensalist. The attraction of Ipsfor heterospecific
pheromones could result from selection to exploit these
benefits. Differences among species could be the result
of asymmetrical competition (e.g., weaker cross-specific
attraction in I. grandicollis and stronger cross-specific
deterrence suggests that they may suffer more from
competition with other species than other species suffer
from competition with I. grandicollis).

It makes sense that males, the colonizing sex in these
three species, would be more strongly attracted to
heterospecific signals than females because they derive
the most benefit from participating in mass attacks and
from pirating previoudy located host material. Females
would not normally accrue these benefits, but would
till suffer the negative effects of interspecific
competition among larvae. If heterospecific attraction
has been favored by natural selection, then it should be
strongest among sympatric species, where it may tend to
counteract selection for reproductive isolation (Lanier
and Wood 1975). An aternative hypothesisis that
heterospecific attraction is an evolutionary anachronism
or abiochemical artifact of coincidental overlap in
signaling molecules and chemoreceptors (Lewis and
Cane 1990).

Regardless of whether or not heterospecific attraction
isan evolved attribute of bark beetle communities, the
effect isto strengthen interactions among species. It
remains difficult to predict whether removing a species
from our system would increase or decrease the
abundance of remaining species. This question has
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practical aswell as theoretical value because it
determines whether species- specific control program
(e.g., Bakke 1989) would tend to increase or decrease
the abundance of other bark beetle species. The effect
of changing the abundance of one species could depend
upon the abundance of shared predators, the severity of
food limitations, reliance on attacking live trees, and the
relative abundance of the different bark beetle species.
This would be an example of conditional interactions
(Abrams 1987) such as reported for some communities
of plants and fungi (Bronstein 19944, b; Johnson et al.
1997; Brooker and Callaghan 1998). It seemslikely
that rare species would tend to accrue the strongest
benefits of interspecies associations. For example, an
individual of species A would receive greater benefits
from species B (in predator swamping and mass attacks)
if that individual iswithout conspecificsthanif it is
associated with many conspecifics (with conventional
assumptions regarding functional responses of predators
and mortality responses of trees). If so, thisfrequency
dependence of conditional interactions would tend to
stabilize the community by increasing the reproductive
success of rare species relative to common species.
Conditional interactions mediated by pheromone
communication provides a promising hypothesis to
explain the persistence and prevalence in coniferous
forests of diverse guilds of bark beetles with very
similar resource requirements.
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Table 1. Associations of Ipspini, |. perroti, and I. grandicollisin 61 logs that
were naturally colonized in summer 1995.
444444444444 844440 844444444440 AAAAANAAAAAAAAAAAAAAAAAAA 444444444444

Number of logs

DIININNIIIIINN))
served Expected?

I ps species present p
)))))))))))))))))))))))))))))) NNNN) NNN))
[. pini alone 32 285

|. perroti alone 2 20
I. grandicollis alone 11 4.9 **
I. pini & 1. perroti 6 6.3
I. pini & 1. grandicollis 7 15.0 **
I. perroti & 1. grandicollis 2 1.1

All three Ips species
))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
ased on the null hypothesis of no association between species.
P< 05, " P<.01; " P<.001 (G -tests).

Table 2. Contingency analysis comparing the pheromone preferences of three

I ps speciesin three seasons (spring, mid summer, and late summer), with and
without the presence of lanierone. For each line of the table, the null hypothesis
isthat the source had no effect on the proportion of beetles captured with
ipsdienol vs. ipsenol vs. ipsdienol + ispenol. Data are summarized in Fig. 4.
444444444444 844440884440 884400 AAAAANAAAAANAAAAANAAAAANAAAAA4 444444444444

Source df Chi-sguare
)N ) M) .
Species 2 3423.10
Season 2 182.51"
Lanierone 1 7.31
Species x Season 4 191.96"
Species x Lanierone 2 11.22
Season x Lanierone 2 11.22
Species x Season x Lanierone 4 63.91”
Sex 1 0.00
Sex x Species 1 8.02
Sex x Season 2 0.13
Sex x Lanierone 1 0.50
Sex X Species x Season 2 4.33
Sex x Species x Lanierone 1 211
Sex X Season x Lanierone 2 6.23
Sex X Species x Season x Lanierone 2 3.63

))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))2)))))))))))

P < 0.01; controlled for experimentwise error with Dunn - Sidak adjustment
for 15 tests.
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Figure 1: Seasonal captures at pheromone traps of Ips grandicollis, 1. perroti, and I. pini in 1994 and
1995.
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Figure 2: Total monthly captures at pheromone traps of the two most abundant species of Ips predators.
Trapsin 1989-1993 were baited with ipsdienol only. Trap arraysin 1994-95 aso included ipsenol and
ipsdienol + ipsenol.
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Figure 3: Generation time at 25%C of Ips pini, I. perroti, and I. grandicollis.
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Figure 4. Relative preferences of three | ps species for ipsdienol alone, ipsenol alone, and ipsdienol +
ipsenol. Percent captures at each blend are shown for spring, mid summer, and late summer (upper,
middle, and lower panels), with and without the presence of lanierone (right vs. left panels). Values
above each set of barsindicate total captures of each speciesin each season with no lanierone (6 trap
arrays) or with lanierone (2 trap arrays). See Table 2 for corresponding analyses
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Figure 5: Response of Ips pini, I. grandicollis, and 1. perroti to heterospecific semiochemicalsin the
presence and absence of conspecific signals. Beetle response is expressed as numbers of beetles relative
to that attracted by the conspecific signal alone (equation 1). Vaues can range from strong deterrence (-
100) to strong attraction (100), with avalue of 0 indicating no effect. Numbers to the left and right of each
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lanierone, and 4 = ipsenol + ipsdienol + lanierone. Asterisks indicate three cases where the bars are very
small but where Ris significantly positive. "M" and "F" represent males and females, respectively.



