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Abstract

endo-Brevicomin, a pheromone component for tree-killing bark beetle Dendroctonus frontalis Zimmermann, the southern
pine beetle, has a “peaked,” biphasic dose-response, being synergistic with attractants (pheromone component frontalin
and host odors) at low release rates and attraction-reducing at high rates. Displacing an endo-brevicomin release device up
to tens of meters from an attractant-releasing trap can increase synergistic effects. We investigated the interaction of endo-
brevicomin device release rate and displacement. When one of a pair of 6 m distant, attractant-baited traps received an
endo-brevicomin device varying in release rate across four orders of magnitude, catches in the endo-brevicomin amended
and unamended traps peaked at the same, intermediate release of endo-brevicomin. However, catches were higher in
the trap lacking endo-brevicomin at all but the lowest release rates, at which catches did not differ. When endo-brevico-
min releasers were placed varying distances from an attractant-baited trap, tested release rates (0.45, 3.4, and 24 mg/d)
enhanced catches at 4, 8, or 16 m distance, but, at 0 m, catch enhancement occurred only at the lowest rate and the highest
rate produced catch reduction or no change. Our results indicate that endo-brevicomin releasers simultaneously produce
long-range attraction-enhancing and short-range attraction-reducing effects for D. frontalis. These effects may promote
switching of attack focus to adjacent hosts and propel growth of infestations. Our findings also indicate that maximum
augmentation of trap catches should occur with the endo-brevicomin device displaced. Displacement short distances may
preserve endo-brevicomin’s long-range attractive effects while lessening short-range inhibitory effects.
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Introduction

Bark beetles (Coleoptera: Curculionidae: Scolytinae)
include some of the most potent disturbance agents of for-
ests worldwide, and many species utilize semiochemicals
to mediate key components of their life history (Byers
1989a; Gitau et al. 2013; Raffa et al. 2015). “Aggressive”
bark beetle species in the genera Dendroctonus and Ips are
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capable of colonizing and killing healthy, vigorous trees
through rapid aggregation involving hundreds to thousands
of individuals (Fargo et al. 1978; Kérvemo and Schroeder
2010; Lindgren and Raffa 2013). Resin depletion from these
semiochemical-driven mass attacks weakens host defenses
sufficiently to allow gallery establishment and oviposition
(Berryman et al. 1989; Franceschi et al. 2005; Raffa and
Berrymann 1983). A mass attack results in rapid tree death
both from the damage of tunneling in the phloem and intro-
duction of weakly pathogenic fungi (Paine et al. 1997; Raffa
et al. 2005). Pheromone components released by beetles
newly arriving on a host tree attract conspecifics that join in
the mass attack and then release their own attractive phero-
mone components (Borden 1982; Schlyter and Anderbrant
1989; Sullivan 2016). Some of these compounds decline in
attractiveness and may become repellant at sufficiently high
concentrations (Borden et al. 1987; Byers 1983a; Rudinsky
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and Ryker 1980). Such high concentrations are ostensibly
associated with high densities of beetle attacks; hence, this
response presumably prevents over-colonization of a host
tree and moderates intraspecific competition (Byers 1989b;
Miller et al. 1990, 2005; Paine et al. 1999). Repellant effects
may help shift the focus of mass attack to less colonized
portions of the same host or onto adjacent hosts, a phenom-
enon termed “switching” (Gara and Coster 1968; Byers
1983a; Powell et al. 1998; Schlyter et al. 1987; Sullivan and
Brownie 2022). Bark beetle pheromone components with a
biphasic dose-response have been termed “multifunctional”
because their attractive and attraction-reducing properties
can serve different functional roles (Borden 1997; Rudinsky
1973; Symonds and Elgar 2004).

The southern pine beetle, Dendroctonus frontalis Zim-
mermann, is a major mortality agent and economic pest of
pines (Pinus) that is native to the southern and eastern USA
southward to Central America (Clarke and Nowak 2010;
Hain et al. 2011). The major attractive pheromone com-
ponents mediating its mass attacks appear to be frontalin
(released by attack-initiating females) and endo-brevicomin
(released by males attracted to, and pairing with, these
females) (Pureswaran and Sullivan 2012; Renwick and Vité
1969; Sullivan et al. 2007). Frontalin is attractive alone to
both sexes of the beetle but is synergized strongly by endo-
brevicomin as well as host odors, particularly the volatile
components of pine resin (Billings 1985; Munro et al. 2020;
Staeben et al. 2015; Sullivan 2016; Sullivan et al. 2022).

endo-Brevicomin, which does not attract D. frontalis to
traps without frontalin, has complex effects on D. frontalis
behavior (Salom et al. 1992; Sullivan and Brownie 2021;
Sullivan et al. 2007, 2011; Vité and Renwick 1971; Vité et al.
1985). The effects of endo-brevicomin on catches are bipha-
sic, with a peaked dose-response curve (Sullivan 2016; Sul-
livan and Brownie 2021). However, synergistic effects of
endo-brevicomin on trap catches have been found to occur
with the endo-brevicomin release device displaced up to
32 m from the trap (Sullivan and Mori 2009). To our knowl-
edge, such area-wide synergistic effects have not been docu-
mented for a pheromone component of any other bark beetle
species (Andersson et al. 2011). One apparent by-product of
this area-wide synergism and biphasic dose-response is that
background endo-brevicomin in the environment can alter
the effects of adding endo-brevicomin devices to attractant-
baited traps (Sullivan and Brownie 2021). These back-
ground levels can cause a reversal from catch enhancement
to catch reduction depending on the concentration of this
background and the rate of endo-brevicomin release from
the attractant-baited trap (Sullivan and Brownie 2021). This
“background effect” likely explains the opposite effects
of endo-brevicomin devices on trap catches inside (catch
reduction) or distant from (catch enhancement) active D.
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Jfrontalis infestations, as well as the apparent loss of biphasic

effects (loss of attraction enhancement at low release rates)
inside infestations (Sullivan et al. 2011).

Inclusion of endo-brevicomin in trapping lures for D.
frontalis increases catches as much as 40-fold (Sullivan et
al. 2007), and the semiochemical has been added to lure
combinations used in traps for forecasting D. frontalis
outbreaks and detecting populations moving northward in
response to a warming climate (Dodds et al. 2018; Munro
et al. 2021; Sullivan et al. 2021). The current, recommended
operational lure consists of devices of frontalin and a host
odor blend (a- and S-pinene in a 2:1 ratio) attached directly
to a multiple funnel trap and an endo-brevicomin device
attached to a hardwood tree or shrub branch located 4-6 m
from the trap (Sullivan et al. 2021). This deployment of the
endo-brevicomin device was recommended based on exper-
imental observations of catch enhancement often occurring
with such displacement but never a catch reduction (Sul-
livan and Mori 2009; Sullivan and Brownie 2021; Sullivan
et al. 2016; authors’ unpublished data). Furthermore, by dis-
placing the device, bycatches of insects attracted to endo-
brevicomin, whose presence in samples may complicate D.
frontalis counts, are reduced (Shepherd and Sullivan 2017).

However, it is possible that the increase in catches result-
ing from displacement of the endo-brevicomin device could be
duplicated by reducing the release rate of the device on the trap.
Thus, the same catch enhancement might be achieved while
consuming less semiochemical. Equivalence in results of move-
ment of the device and adjustment of its release rate (for the pur-
poses of this paper, the “dose/distance equivalence hypothesis”)
might be expected since both should change the concentration
of endo-brevicomin associated with the location of the trap and
downwind of it. With dose/distance equivalence, displacement
of a biphasic attraction modifier from an attractant-baited trap
should have the outcome displayed in Fig. 1. Notably, (1) maxi-
mum catches achievable by adjusting the release rate should be
the same with the device either on or displaced from the trap,
and (2) at low release rates, displacing the release device from
the trap should reduce synergistic effects.

We investigated variability in D. frontalis trap catches
due to the interaction of endo-brevicomin release rate and
displacement of the release device. The first experiment was
a test of the dose/distance equivalence hypothesis performed
with pairs of adjacent, attractant-baited traps where only one
(the “collocated trap”) received an endo-brevicomin device
of a variable release rate. Experiments 2 and 3 further exam-
ined the dose/distance relationship, but with single traps
where both the endo-brevicomin device release rate and
displacement distance from the attractant-baited trap were
adjusted simultancously. We intended to determine whether
the above predictions of dose/distance equivalence were
observed for endo-brevicomin and thus whether different
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maximum synergism

catches with attractant only

Beetle catches

Release rate of biphasic attraction modifier

Fig. 1 Representation of the “dose/distance equivalence hypothesis”
for a biphasic attraction modifier where variation in position of the
release point and variation in release rate of the modifier have identi-
cal consequences for catches in an attractant-baited trap. Equivalence
in results of movement of the device or adjustment of its release rate
might be expected since both should change the concentration of
attraction modifier associated with the location of the trap and down-
wind of it

expectations apply to this compound’s behavior and perhaps
to that of other biphasic semiochemicals.

Methods and Materials

Trapping trials were executed using 12-unit multiple-fun-
nel traps (funnels: 19 cm upper opening diameter, 5.5 cm
lower opening diameter, height 11 cm, extending into next
lower funnel 3 c¢cm; Synergy Semiochemicals, Delta, Brit-
ish Columbia, Canada). Traps were established adjacent to

Table 1 Release rates and construction of endo-brevicomin release devices

minor roads in mature stands of mixed pine/hardwoods in
the Homochitto National Forest in southwestern Mississippi,
USA (within 3 km of N31.43° W91.19°). During the experi-
ments, the Homochitto National Forest was in non-outbreak
status (92, 0, and 3 D. frontalis infestations in 2007, 2008,
and 2014, respectively, within a 776 km? area; data courtesy
USDA Forest Service). The stands were hilly, and traps were
not positioned uniformly with respect to topography. Traps or
trap pairs were >200 m apart, >10 m from the nearest pine,
and hung 1-1.5 m (trap bottom) above the ground on metal
poles. Catch collection cups contained several centimeters of
propylene glycol and water to retain and preserve captured
insects. Catches were collected at intervals of 3—14 d; rela-
tively longer intervals were required during periods when
beetle abundances were low. Dendroctonus frontalis were
counted, and sex was determined by the frontal tubercles
of males and the pronotal callus of females (Wood 1982).
Traps were uniformly baited with attractive pheromone com-
ponent frontalin and a source of host odors (as a synergist
to frontalin; differed among tests as described below). Lure
release rates were measured gravimetrically (or in the case
of capillary devices, change in the height of the meniscus in
the capillary) while devices were suspended in a fume hood.
Frontalin was released from a pair of capped, low density
polyethylene microcentrifuge tubes (400 pl capacity) filled
with 200-300 pl racemic frontalin [>98% purity; Chem Sam-
ples Company (Columbus, Ohio, USA, now ChemSampCo,
Trenton, New Jersey, USA) or BASF (Ludwigshafen, Ger-
many)] at a rate over 24 days of 7.3+0.4 SD mg/d at mean
24° C. Racemic endo-brevicomin (>95% purity; <3% exo-
brevicomin; Synergy Semiochemicals) passively evaporated
from either glass capillaries, glass vials (open or with hole
through cap), or autosampler vial inserts (Table 1).

Experi-ment#  Device' Device vol- Opening diam-  Height (mm) Approx. quan- Number devices Elution rate in
ume (ml) eter (mm) tity filled (g) deployed lab? (mg/d=s.d.)

1 Capillary 0.0010 0.20 32 0.0004 1 0.0050+0.0001
1 Capillary 0.0030 0.35 32 0.001 1 0.0153+0.0003
1 Capillary 0.010 0.63 32 0.004 1 0.056+0.001
1 Capillary 0.035 1.2 32 0.014 1 0.158+0.006
1,2,3 Capillary 0.035 1.2 32 0.014 3 0.45+0.01
1 Vial insert 0.2 3.7 30 0.05 1 1.52+0.04
2 Open vial 1.2 6.0 40 0.30 1 3.4+0.1
1 Vial with hole in 15 7 70 0.36 1 7.8+0.4

cap
2,3 Open vial 8 13 38 1.5 1 24+1
1 Open vial 20 17 56 1.4 1 38+4

All devices were glass enclosures open on one end or with hole in cap; compound passively evaporated through this opening. Capillaries were
flame-sealed at the bottom end and secured vertically. Openings of all devices were protected from rain under inverted vials, beakers, or plastic

cups.

Release rates were measured while devices were inside a fume hood (avg. 25° C) for 12 or 32 d (for vials or capillaries, respectively; measured
once). Rate for capillaries was determined by measuring change in meniscus height and converting volume to mass by multiplication with the
density of endo-brevicomin (0.99 g/ml, measured in lab); otherwise, release was determined gravimetrically.
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The capillaries and vials were protected from rain inside
inverted glass vials, beakers, or plastic beverage cups. Fron-
talin and endo-brevicomin devices (when not displaced)
were attached at the fourth funnel from the bottom of the
trap, whereas the host odor device was secured near the top
of'the trap. During experiments, pines adjacent to traps were
regularly checked for the presence of pitch tubes and other
evidence of D. frontalis attack. If attacked trees were not
being mass-attacked, traps were moved a further 10-20 m
away which typically caused attacks to cease; if being mass-
attacked, traps were moved at least 80 m away from the
infested trees and the experiment continued.

Experiment 1

Dose-response to endo-brevicomin released from one of a
pair of adjacent traps Two groups of nine pairs of traps sep-
arated by 6 m were established where one trap of each pair
received a device releasing one of eight different rates of
endo-brevicomin spread across four orders of magnitude or
no endo-brevicomin (nine treatments). The trap with endo-
brevicomin was located in a random direction (0°, 40°, 80°,
120°, 160°, 200°, 240°, 280°, or 320° from North) from
the trap without. All traps were baited with a-pinene and
frontalin. Host odor a-pinene [77% (-)-enantiomer; chemi-
cal purity >85%; release rate over 37 d of 2.4+0.1 SD g/d
at mean 26° C] was released through sealed, opaque plas-
tic bags (Synergy Semiochemicals). Within each group, all
nine treatments were assigned to pairs at random. At each
catch collection, treatments were reassigned randomly with-
out replacement to pairs within groups, and catches were
collected and re-randomizations performed until every
treatment had been at every pair once. This resulted in a
multiple Latin squares design with two squares (=groups)
with pairs as columns and collections as rows. The experi-
ment was conducted from 9 April to 19 May 2014.

Experiments 2 & 3

Interaction of endo-brevicomin release rate and device dis-
tance from single traps. For both experiments, traps were
arranged into two groups of seven traps each receiving one
of seven treatments, and the experimental design was mul-
tiple Latin squares as in experiment 1. Traps were baited
identically with frontalin and host odor source turpentine.
Turpentine was steam distilled from P. taeda L. (Hercules
Inc., Brunswick, Georgia, USA) and released from a 250 ml
brown glass bottle filled with turpentine and with a cotton
dental wick (1 cm diam.) immersed in the turpentine and
protruding 2—3 cm through the bottle cap [release rate~7 g/d
at mean 23° C over several days]. endo-Brevicomin release
devices were either placed on the trap directly or secured
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to a plastic gardening stake at 1.5 m above the ground and
displaced from the trap at a distance determined by the treat-
ment. The direction of the stake relative to the trap was ran-
domized within each trap group (0°, 51°, 103°, 154°, 206°,
257°, or 309° from North). In experiment 2, six of the treat-
ments consisted of all possible combinations of three endo-
brevicomin release rates [“low” (0.45 mg/d), “medium”
(3.4 mg/d), and “high” (24 mg/d); Table 1] with two dis-
tances of the endo-brevicomin device from the trap [either
attached directly to the trap (“0 m distance™) or 8§ m away].
In experiment 3, six of the treatments consisted of all pos-
sible combinations of two release rates [“low” (0.45 mg/d)
and “high” (24 mg/d); Table 1] with three distances of the
endo-brevicomin device from the trap (0, 4, and 16 m). For
both experiments there was also an endo-brevicomin-lack-
ing control treatment. The endo-brevicomin release rates
were selected to span the range of rates having either syn-
ergistic or inhibitory effects with D. frontalis when released
directly from an attractant-baited trap. Experiments 2 and 3
were conducted 7 November 2007 to 17 January 2008, and
20 February to 13 May 2008, respectively.

Statistical Analysis

For all tests a=0.05. The dependent variable (hereafter,
“trap catch”) was the numbers of D. frontalis caught in
each individual trap divided by the number of days that the
assigned treatment had been in place. Effects of treatment
on trap catch were analyzed with mixed-model ANOVAs
by using PROC MIXED in SAS 9.4 (Cary, North Caro-
lina, USA). Data were transformed to address distributional
assumptions of normality and homoscedasticity with either
a square root or cube root transformation chosen based on
examination of residuals plots. For the analyses, class vari-
ables included each Latin square (square) and the collection
date (date). For each experiment, an ANOVA was initially
performed with the sex of the beetles (sex) as a fixed effect to
detect for possible interactions with treatment variables. For
experiments 1 and 2, a second ANOVA was performed with
sexes summed. Experiment 1 had additional class variables:
location of the trap pair (pair), the trap of the pair to which
the endo-brevicomin device was assigned (brevicomin),
and release rate of endo-brevicomin (dose). For experiment
1, the first ANOVA [V(x+0.1) transformation] had fixed
effects dose, brevicomin, and sex (and all interactions), date,
date*dose, date*brevicomin, date*dose*brevicomin, and
date*sex; random effects were pair(square), date*square,
date*dose*pair(square), and date*dose*brevicomin*pair(s
quare). The second ANOVA [{/ (x+0.1) transformation] had
fixed effects dose, brevicomin, date and all interactions; ran-
dom factors were pair(square) and date*dose*pair(square).
Catches by traps within each pair were compared with
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an analysis of simple effects (a SLICE statement of the
dose*brevicomin interaction) and a Holm-Bonferroni cor-
rection for nine contrasts. For traps either with or without
endo-brevicomin, all pairwise comparisons were made
among doses with t-fests followed by a Holm-Bonferroni
correction for 36 contrasts. The relationship of endo-brevi-
comin release rate to the ratio between catches in the two
traps of each pair was fit to a two-parameter power function.
Experiments 2 and 3 had two additional class variables: one
of the seven pairings of a particular release rate and dis-
tance of the endo-brevicomin device from the trap (dose-
distance) and the trap position (trap). In experiment 2, the
first ANOVA (\3/ x transformation) had fixed effects dose-dis-
tance, date, sex, sex*date, and sex*dose-distance; random
effects were square, trap(square), dose-distance*square, and
dose-distance*date*trap(square). The second ANOVA (\3/x
transformation) had fixed effect dose-distance, and random
effects square, trap(square), dose-distance*square, date, and
date*dose-distance. All pairwise comparisons among levels
of dose-distance were performed with a Tukey test. In experi-
ment 3, the ANOVA [{/ (x+0.1) transformation] had the same
fixed and random effects as the first ANOVA of experiment
2. The effect of dose-distance within sex was determined
with an analysis of simple effects (a SLICE statement of the
interaction of dose-distance*sex). All pairwise comparisons
among levels of dose-distance were performed with #-zests
followed by a Holm-Bonferroni correction for 21 contrasts.

Results

In experiment 1, traps caught a mean 60% males, and an
interaction was detected between sex and dose (F=4.63,
df=8, 298, P<0.001), but not an interaction between sex
and brevicomin (F=1.45, df=1, 298, P=0.23), nor was
there a 3-way interaction between sex, dose, and brevico-
min (F=1.26, df=8, 298, P=0.26). Differences in the dose-
response pattern for males and females were subtle and
not readily interpretable (Online Resource 1); notably, the
ranking of dose levels with respect to mean catches by trap
pairs were identical for both sexes. The proportions of males
trapped ordered by increasing release rate from zero were
0.80, 0.79, 0.78, 0.57, 0.60, 0.60, 0.57, 0.64, 0.61 (trap with
endo-brevicomin) and 0.56, 0.69, 0.64, 0.51, 0.60, 0.59,
0.59, 0.62, 0.66 (trap without endo-brevicomin). Response
by total D. frontalis was significantly influenced by endo-
brevicomin release rate (factor dose; F'=48.6, df=8, 64,
P<0.001), by whether the trap was assigned the endo-brevi-
comin device or not (factor brevicomin; F=53.9, df=1, 81,
P<0.001), and by an interaction between these two factors
(F=5.35, df=8, 81, P<0.001). Both the trap of the pair
assigned the endo-brevicomin device and the trap lacking

endo-brevicomin showed a peaked response to release rate
of endo-brevicomin, with catches being greater than the
check (no endo-brevicomin) at the third (0.056 mg/d) and
all higher release rates of endo-brevicomin (Fig. 2).

Catches differed significantly between the two traps of
the pair at the fifth (0.45 mg/d) and all higher dose levels.
The ratio of catches between the two traps was related to
release rate of endo-brevicomin by a log-log regression
(y=1.77x"115 R2=0.928), and the proportion of beetles
trapped by the endo-brevicomin-lacking trap increased
steadily above the tested endo-brevicomin release rate of
0.0153 mg/d (Fig. 3).

In Experiment 2, traps caught a mean 67% males (range
among treatments 64—74%), and there was a marginally sig-
nificant interaction between sex and the endo-brevicomin
dose-distance combination (F=2.45, df=6, 85, P=0.031);
however, rankings of dose-distance combinations by catch
numbers were the same for both sexes (Online Resource 2)
so analyses were performed with sexes summed. Response
by summed sexes of D. frontalis was significantly influ-
enced by main effect dose-distance (F'=14.3, df=6, 18.7,
P<0.001). All three release rates of endo-brevicomin (0.45,
3.4, and 24 mg/d) significantly enhanced catches above the
level of the check (no endo-brevicomin) when devices were
positioned 8 m away, but only at the low rate were catches
significantly increased when devices were placed on the
trap (Fig. 4).

When the endo-brevicomin device was on the trap,
catches declined significantly between the low and high
release rates, whereas catches did not differ significantly
among the three release rates when the device was located
eight meters away. At both the medium and high release
rates, catches were significantly greater with the endo-brevi-
comin device located 8 m away rather than on the trap. The
effect of displacement was more apparent at higher release
rates; the difference in catches between 0 and 8 m separa-
tion at 0.45, 3.4, and 24 mg/d was 1.5, 9.0, and 36-fold,
respectively.

In experiment 3, traps caught a mean 64% males (range
among treatments 60-72%), and there was a significant
interaction between sex and the endo-brevicomin dose-
distance combination (F=3.74, df=6, 70, P=0.003).
The effect dose-distance was significant both for females
(F=22.5, df=6, 70, P<0.001) and males (F=29.6, df=6,
70, P<0.001). For both sexes, the high release rate of endo-
brevicomin produced significantly lower catches than the
check when the device was attached directly to the trap;
otherwise, the presence of endo-brevicomin caused signifi-
cantly higher catches (Fig. 5).

Increasing the distance of the high-release endo-brevico-
min device from the trap (0 m to 4 m or 16 m) significantly
increased catches for both sexes, whereas displacement

@ Springer



97 Page 6 of 11

Journal of Chemical Ecology (2025) 51:97

brevicomin

=
ol
1

D. frontalis per trap per day
)

—— trap with endo-
brevicomin

--#-- trap without endo-

5 4
A
0 0.01 0.1

1 10

100

endo-Brevicomin release rate (mg/d)

Fig. 2 Experiment 1: Response of D. fiontalis to widely spaced fun-
nel trap pairs (6 m separation within pairs), with both traps releasing
identical rates of frontalin and a-pinene, but with one trap of the pair
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ever, statistical tests were performed with cube root transformed data
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Fig. 3 Experiment 1: Beetle trap
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Fig.4 Experiment 2: Response of D. frontalis to widely spaced, single
funnel traps baited with an invariable release rate of frontalin and tur-
pentine plus a variable release rate of endo-brevicomin from a device
located either on or 8 m from the trap. Error bars display standard

caused no significant change in catches for the low rate
device. With 4 m distance of the endo-brevicomin device
from the trap, more females were trapped with the low than
the high release rate of endo-brevicomin.

Discussion

Experiment 3 (Fig. 5, those treatments where endo-brevico-
min devices were not displaced from the trap) demonstrated
that endo-brevicomin is a dose-dependent, biphasic attrac-
tion modifier (enhancing attraction at low release rates,
inhibiting attraction at high rates) for D. frontalis. Evidence
of such biphasic effects was reported previously (Sullivan
2016; Sullivan and Brownie 2021). Furthermore, in experi-
ment 3 (Fig. 5), a high release rate device of endo-brevico-
min caused a significant reduction in catches when attached
to an attractant-baited trap but catch enhancement when
displaced from the trap 4 and 16 m. This result illustrates
a biphasic displacement response for endo-brevicomin that

error of the mean of raw catch data; however, cube-root transformed
data were used for statistical tests for meeting parametric assumptions.
Treatment means associated with the same letter did not differ signifi-
cantly (Tukey test, a=0.05)

corresponds to its biphasic dose-response; that is, inhibi-
tory effects were reversed to attraction-enhancing effects
by either reducing the release rate or displacing the release
point of endo-brevicomin from the attractant. This observa-
tion agrees with the dose/distance equivalence hypothesis
illustrated in Fig. 1.

However, results of experiment 1 (in which one trap of
a pair of 6 m separated, attractant-baited traps received an
endo-brevicomin device of varying release rate) conflicted
with predictions of the dose/distance equivalence hypothe-
sis. In experiment 1 (Fig. 2), (1) maximum catches achieved
by adjusting the release rate of the endo-brevicomin device
were significantly higher for the trap lacking endo-brevi-
comin (i.e., displaced from the device; 14.1 beetles/trap/d)
than the collocated trap (8.0 beetles/trap/d) of the pair, and
(2) catches were never higher for the trap of the pair with
the collocated endo-brevicomin device. Between an endo-
brevicomin release rate of 0.056 mg/d (the threshold of
behavioral effects) and 1.52 mg/d (peak catches), preference
for the displaced trap of the pair increased concurrently with

@ Springer
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Fig. 5 Experiment 3: Response
by female (a) and male (b) D.
frontalis to widely spaced, single
funnel traps baited with an invari-
able release rate of frontalin and
turpentine plus a variable release
rate of endo-brevicomin from a
device located either on or 4 or
16 m from the trap. Error bars
display standard error of the
mean of raw catch data; however,
cube root transformed data

were used for statistical tests for
meeting parametric assumptions.
Treatment means associated with
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catches by both traps. This suggests that long-range attrac-
tion-enhancing effects of endo-brevicomin occurred invari-
ably with short-range attraction-inhibiting effects. Evidence
of long-range attractive effects coupled with short-range
repellant effects has been reported previously for endo-
brevicomin with D. frontalis (Sullivan and Brownie 2022).

In contrast, the responses observed in experiments 2
and 3 (Figs. 4 and 5) did not violate the aforementioned
expectations of the dose/distance equivalence hypothesis
as (1) greatest catches obtained with the endo-brevicomin
device displaced from the trap did not differ significantly
from greatest catches with the device collocated, and (2) we
cannot exclude the possibility that endo-brevicomin devices
with lower release rates than those tested might have

@ Springer

produced higher catches when collocated with, rather than
displaced from, the traps. However, the results of experi-
ments 2 and 3 show that a source of endo-brevicomin can
create a broad zone of attractant synergism (at least 16 m in
radius), and this may surround a much smaller zone (in this
study, less than 4 m radius) of attraction inhibition when the
release rate is sufficiently elevated. In another experiment,
the radius of synergistic effects was shown to be as much as
32 m (Sullivan and Mori 2009).

The results of the experiments imply that, as beetle attacks
and endo-brevicomin release increase on a mass-attacked
tree, both long-range attraction-enhancing effects (affect-
ing the mass attacked and surrounding trees) and short-
range attraction-reducing effects (affecting primarily the
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mass-attacked tree) would increase simultaneously, with the
result that net attractive effects of endo-brevicomin would
be higher for surrounding trees than the mass-attacked tree.
Relatively greater attractiveness of the surrounding trees
should promote switching of the focus of mass attack to these
trees. Semiochemicals have been proposed to play a role in
mediating switching in other bark beetle systems (Borden
1997; Geiszler et al. 1980; Schlyter et al. 1987). The rapid
growth of bark beetle infestations is attributed to switching
behavior (Bentz et al. 1996; Gara and Coster 1968; Powell
et al. 1998), and our study adds to other evidence indicating
the likely importance of endo-brevicomin in expansion of
D. frontalis infestations (Sullivan and Mori 2009; Sullivan
and Brownie 2022). Other semiochemicals likely contribute
to switching in D. frontalis as well, including the attraction-
inhibiting pheromone verbenone and the aggregation pher-
omone component frontalin (Sullivan 2016; Sullivan and
Brownie 2022). The long-range attractive response to endo-
brevicomin should have selective benefits for the beetles,
as the semiochemical should be an indicator of successful
establishment by beetle pairs on hosts and thus signal the
presence of susceptible breeding substrate. Simultaneously,
high levels perceived when approaching an individual host
would indicate low availability of unoccupied phloem to
gallery-initiating females and reduced mate availability to
males (Byers 1983b; Sullivan and Brownie 2022).

It should be noted that all experiments used a similar
composition and release rate of frontalin/host odor attractant
(albeit a composition and rate resembling that of the recom-
mended operational lure for D. frontalis), and an undetected
interaction between the composition and release rate of the
attractive lure components and the release rate and displace-
ment distance of endo-brevicomin devices may have influ-
enced the effects observed. Time of year has been shown
to influence displacement-caused attraction enhancement
by endo-brevicomin (it is more pronounced in winter and
spring) (Sullivan et al. 2022), and thus variables other than
release rate of endo-brevicomin devices can influence the
outcome of displacement. Also, it is likely that the highest
tested release rates of endo-brevicomin in our experiments
exceeded those ever associated with a single location in
nature, as it has been estimated that one tree mass-attacked
by D. frontalis releases only 0.12—0.52 mg endo-brevicomin
per day (Sullivan and Mori 2009).

Experiment 1 indicated that the augmenting effects of
endo-brevicomin on D. frontalis trap catches are greater
when the device is positioned a small distance (6 m) from
the trap. We propose that displacement of endo-brevicomin
devices small distances may reduce this semiochemical’s
short-range inhibitory effects while preserving its long-
range attractive effects. As suggested by experiments 2
and 3 (Figs. 4 and 5), maximization of endo-brevicomin’s

synergism of attractants for D. frontalis may require adjust-
ment of both release rate and the distance of device dis-
placement. However, our results indicate that detection of
D. frontalis in practice may be optimized by displacement
of the endo-brevicomin device from the trap baited with
frontalin and host odors (as is the current recommendation).
Enhancement in potency of attractive lures through separa-
tion of components may be possible with other bark beetles
(Sullivan 2023).

SupplementaryInformation The online version contains supplementary
material available at https://doi.org/10.1007/s10886-025-01653-8.

Acknowledgements We thank JoAnne McNeal and Zachary Oliver
for field and lab assistance in completing this work. Lee Dunnam of
the Homochitto National Forest provided assistance in locating field
sites.

Author Contributions Experiments were conceived by B.S. in con-
sultation with J.B. B.S. performed and oversaw execution of the field
experiments. C.B. performed most statistical analyses. B.S. wrote the
original draft which was reviewed and edited by J.B.

Funding The authors declare that no funds, grants, or other support
were received during the preparation of this manuscript.

Data Availability Data is available from the Corresponding Author
upon request.

Declarations

Competing interests The authors declare no competing interests.

References

Andersson MN, Binyameen M, Sadek MM, Schlyter F (2011) Attrac-
tion modulated by spacing of pheromone components and anti-
attractants in a bark beetle and a moth. J Chem Ecol 37:899-911.
https://doi.org/10.1007/s10886-011-9995-3

Bentz BJ, Powell JA, Logan JA (1996) Localized spatial and temporal
attack dynamics of the mountain pine beetle in lodgepole pine.
USDA Forest Service, Intermountain Research Station INT-
RP-, vol 494, p 10

Berryman AA, Raffa KF, Millstein JA, Chr N (1989) Interaction
dynamics of bark beetle aggregation and conifer defense rates.
Oikos 56:256-263. https://doi.org/10.2307/3565345

Billings RF (1985) Southern pine bark beetles and associated insects:
effects of rapidly-released host volatiles on response to aggrega-
tion pheromones. J Appl Entomol 99:483-491. https://doi.org/10
1111/5.1439-0418.1985.tb02015.x

Borden JH (1982) Aggregation pheromones. In: Mitton JB, Sturgeon
KB (eds) Bark beetles in North American conifers: A system for
the study of evolutionary biology. University of Texas, Austin,
TX, pp 74-139

Borden JH (1997) Disruption of semiochemical-mediated aggregation
in bark beetles. In: Cardé RT, Minks AK (eds) Insect pheromone
research: new directions. Chapman and Hall, New York, pp 421—
438. https://doi.org/10.1007/978-1-4615-6371-6_37

@ Springer



97 Page 10 of 11

Journal of Chemical Ecology (2025) 51:97

Borden JH, Ryker LC, Chong LJ, Pierce HD Jr, Johnston BD,
Ochlschlager AC (1987) Response of the mountain pine beetle,
Dendroctonus ponderosae Hopkins (Coleoptera: Scolytidae), to
five semiochemicals in British Columbia lodgepole pine forests.
Can J Res 17:118-128. https://doi.org/10.1139/x87-023

Byers JA (1983a) Sex-specific responses to aggregation pheromone:
regulation of colonization density in the bark beetle Ips paracon-
fusus. J Chem Ecol 9:129-142. https://doi.org/10.1007/BF0098
7777

Byers JA (1983b) Bark beetle conversion of a plant compound to a
sex-specific inhibitor of pheromone attraction. Science 220:624—
626. https://doi.org/10.1126/science.220.4597.624

Byers JA (1989a) Chemical ecology of bark beetles. Experientia
45:271-283. https://doi.org/10.1007/BF01951813

Byers JA (1989b) Behavioral mechanisms involved in reducing com-
petition in bark beetles. Ecography 12:466—476. https://doi.org/1
0.1111/.1600-0587.1989.tb00924.x

Clarke SR, Nowak JT (2010) Southern pine beetle. USDA Forest Ser-
vice Forest Insect and Disease Leaflet 49

Dodds KJ, Aoki CF, Arango-Velez A, Cancelliere J, D’Amato AW,
DiGirolomo MF, Rabaglia RJ (2018) Expansion of Southern Pine
beetle into Northeastern forests: management and impact of a pri-
mary bark beetle in a new region. J for 116:178-191. https://doi.
org/10.1093/jofore/fvx009

Fargo WS, Coulson RM, Pulley PE, Pope DN, Kelley CL (1978)
Spatial and Temporal patterns of within-tree colonization by
Dendroctonus frontalis (Coleoptera: Scolytidae). Can Entomol
110:1213-1232. https://doi.org/10.4039/Ent1101213-11

Franceschi VR, Krokene P, Christiansen E, Krekling T (2005) Ana-
tomical and chemical defenses of conifer bark against bark bee-
tles and other pests. New Phytol 167:353-376. https://doi.org/10.
1111/1.1469-8137.2005.01436.x

Gara RI, Coster JE (1968) Studies on the attack behavior of the South-
ern pine beetle. III. Sequence of tree infestation within stands.
Contrib Boyce Thompson Inst 24:77-85

Geiszler DR, Gallucci VF, Gara RI (1980) Modeling the dynamics
of mountain pine beetle aggregation in a lodgepole pine stand.
Oecologia 46:244-253. https://doi.org/10.1007/BF00540133

Gitau C, Bashford R, Carnegie A, Gurr G (2013) A review of semio-
chemicals associated with bark beetle (Coleoptera: curculionidae:
Scolytinae) pests of coniferous trees: a focus on beetle interac-
tions with other pests and their associates. Ecol Manag 297:1-14.
https://doi.org/10.1016/j.foreco.2013.02.019

Hain FP, Duehl AJ, Gardner MJ, Payne TL (2011) Natural history
of the Southern pine beetle. In: Coulson RN, Klepzig KD (eds)
Southern pine beetle II. USDA Forest Service Southern Research
Station Gen. Tech. Rep, Asheville, NC, pp 13-24. https://doi.org
/SRS-140

Kérvemo S, Schroeder LM (2010) A comparison of outbreak dynam-
ics of the Spruce bark beetle in Sweden and the mountain pine
beetle in Canada (Curculionidae: Scolytinae). Entomol Tidskr
131:215-224

Lindgren B, Raffa K (2013) Evolution of tree killing in bark beetles
(Coleoptera: Curculionidae): trade-offs between the maddening
crowds and a sticky situation. Can Entomol 145:471-495. https:/
/doi.org/10.4039/tce.2013.27

Miller DR, Gries G, Borden JH (1990) E-myrcenol - a new pheromone
for the pine engraver, Ips pini (Say) (Coleoptera, Scolytidae). Can
Entomol 122:401-406. https://doi.org/10.4039/Ent122401-5

Miller DR, Lindgren BS, Borden JH (2005) Dose-dependent phero-
mone responses of mountain pine beetle in stands of lodgepole
pine. Environ Entomol 34:1019-1027. https://doi.org/10.1093/e
¢/34.5.1019

Munro HL, Gandhi KJK, Barnes BF, Montes CR, Nowak JT, Shep-
herd WP, Villari C, Sullivan BT (2020) Electrophysiological and
behavioral responses Dendroctonus frontalis and D. terebrans

@ Springer

(Coleoptera: Curculionidae) to resin odors of host pines (Pinus
spp.). Chemoecology 30:215-231. https://doi.org/10.1007/s0004
9-020-00311-7

Munro HL, Montes CR, Kinane SM, Gandhi KJK (2021) Through
space and time: predicting numbers of an eruptive pine tree
pest and its predator under changing climate conditions. For
Ecol Manage 483:308-316. https://doi.org/10.1016/j.foreco.2
020.118770

Paine T, Millar J, Hanlon C, Hwang J-S (1999) Identification of semio-
chemicals associated with Jeffrey pine beetle, Dendroctonus jef-
freyi. J Chem Ecol 25:433—453. https://doi.org/10.1023/A:1020
989417318

Paine TD, Raffa KF, Harrington TC (1997) Interactions among sco-
lytid bark beetles, their associated fungi, and live host conifers.
Annu Rev Entomol 42:179-206. https://doi.org/10.1146/annurev
.ento.42.1.179

Powell J, Tams J, Bentz B, Logan J (1998) Theoretical analysis of
switching in a localized model for mountain pine beetle mass
attack. J Theor Biol 194:49-63. https://doi.org/10.1006/jtbi.199
8.0742

Pureswaran DS, Sullivan BT (2012) Semiochemical emission from
individual galleries of the Southern pine beetle, (Coleoptera: cur-
culionidae: Scolytinae), attacking standing trees. J Econ Entomol
105:140—148. https://doi.org/10.1603/EC11222

Raffa KF, Aukema BH, Erbilgin N, Klepzig KD, Wallin KF (2005)
Interactions among conifer terpenoids and bark beetles across
multiple levels of scale: an attempt to understand links between
population patterns and physiological processes. Rec Adv Phyto-
chem 39:79-118

Raffa KF, Berrymann AA (1983) The role of host plant resistance in
the colonization behavior and ecology of bark beetles (Coleop-
tera: Scolytidae). Ecol Monogr 53:27-49. https://doi.org/10.230
7/1942586

Raffa KF, Gregoire J-C, Lindgren BS (2015) Natural history and ecol-
ogy of bark beetles. In: Vega FE, Hofstetter RW (eds) Bark bee-
tles. Elsevier, Amsterdam, pp 1-40

Renwick JAA, Vité JP (1969) Bark beetle attractants: mechanism of
colonization by Dendroctonus frontalis. Nature 224:1222-1223.
https://doi.org/10.1038/2241222a0

Rudinsky JA (1973) Multiple functions of the Douglas fir beetle pher-
omone 3-methyl-2-cyclohexen-1-one. Environ Entomol 2:579—
585. https://doi.org/10.1093/ee/2.4.579

Rudinsky JA, Ryker LC (1980) Multifunctionality of Douglas-fir
beetle pheromone 3,2-MCH confirmed with solvent dibutyl
phthalate. J Chem Ecol 6:193-201. https://doi.org/10.1007/B
F00987538

Salom SM, Billings RF, Upton WW, Dalusky MJ, Grosman DM,
Payne TL, Berisford CW, Shaver TN (1992) Effect of verben-
one enantiomers and racemic endo-brevicomin on response of
Dendroctonus frontalis (coleoptera, scolytidae) to attractant-
baited traps. Can J Res 22:925-931. https://doi.org/10.1139/
x92-123

Schlyter F, Anderbrant O (1989) Mass attack of trees by Ips typogra-
phus induced by sex-specific pheromone: a model of attack
dynamics. Ecography 12:415-426. https://doi.org/10.1111/j.160
0-0587.1989.tb00917.x

Schlyter F, Byers JA, Lofqvist J (1987) Attraction to pheromone
sources of different quantity, quality, and spacing: Density-regu-
lation mechanisms in bark beetle Ips typographus. J Chem Ecol
13:1503-1523. https://doi.org/10.1007/BF01012294

Shepherd WP, Sullivan BT (2017) Spatial displacement of a lure com-
ponent can reduce catches of two nontarget species during spring
monitoring of Southern pine beetle. J Insect Sci 18:3. https://doi.
org/10.1093/jisesa/iex1106

Staeben JC, Sullivan BT, Nowak JT, Gandhi KJ (2015) Enantiospecific
responses of Southern pine beetle (Dendroctonus frontalis) and



Journal of Chemical Ecology (2025) 51:97

Page 11 of 11 97

its clerid predator, Thanasimus dubius, to a-pinene. Chemoecol-
ogy 25:73-83. https://doi.org/10.1007/s00049-014-0175-0

Sullivan BT (2016) Chapter four - Semiochemicals in the natural his-
tory of Southern pine beetle Dendroctonus frontalis Zimmermann
and their role in pest management. Adv Insect Physiol 50:129—
193. https://doi.org/10.1016/bs.aiip.2015.12.002

Sullivan BT (2023) Host odour alpha-pinene increases or reduces
response of Ips avulsus (Coleoptera: curculionidae: Scolyti-
nae) to its aggregation pheromone, depending on separation
of release points. Can Entomol 155:e4. https://doi.org/10.40
39/tce.2022.48

Sullivan BT, Brownie C (2021) Some effects of endo-brevicomin
background on Southern pine beetle (Coleoptera: curculionidae:
Scolytinae) aggregation behavior. Environ Entomol 50:1304—
1310. https://doi.org/10.1093/ee/nvab092

Sullivan BT, Brownie C (2022) The role of wind and semiochemi-
cals in mediating switching behavior in the Southern pine bee-
tle (Coleoptera: curculionidae: Scolytinae). Environ Entomol
51:340-350. https://doi.org/10.1093/ee/nvac006

Sullivan BT, Brownie C, Barrett JP (2016) Intra-annual variation in
responses by flying Southern pine beetles (Coleoptera: curcu-
lionidae: Scolytinae) to pheromone component endo-brevicomin.
J Econ Entomol 109:1720-1728. https://doi.org/10.1093/jee/tow
078

Sullivan BT, Dalusky MJ, Mori K, Brownie C (2011) Variable
responses by Southern pine beetle, Dendroctonus frontalis Zim-
mermann, to the pheromone component endo-brevicomin: influ-
ence of enantiomeric composition, release rate, and proximity to
infestations. J Chem Ecol 37:403—411. https://doi.org/10.1007/s1
0886-011-9940-5

Sullivan BT, Mori K (2009) Spatial displacement of release point can
enhance activity of an attractant pheromone synergist of a bark
beetle. J] Chem Ecol 35:1222-1233. https://doi.org/10.1007/s10
886-009-9705-6

Sullivan BT, Munro HL, Shepherd WP, Gandhi KJ (2022) 4-allyl-
anisole as a lure adjuvant for Dendroctonus frontalis (Coleop-
tera: curculionidae: Scolytinae) and two associated beetles. J
Appl Entomol 146:813-822. https://doi.org/10.1111/jen.13014

Sullivan BT, Shepherd WP, Nowak JT, Clarke SR, Merten PR,
Billings RF, Upton WW, Riggins JJ, Brownie C (2021) Alter-
native formulations of trap lures for operational detection,
population monitoring, and outbreak forecasting of Southern
pine beetle in the United States. J Econ Entomol 114:1189—
1200. https://doi.org/10.1093/jee/toab062

Sullivan BT, Shepherd WP, Pureswaran DS, Tashiro T, Mori K
(2007) Evidence that (+)-endo-brevicomin is a male-produced
component of the Southern pine beetle aggregation phero-
mone. J Chem Ecol 33:1510-1527. https://doi.org/10.1007/s
10886-007-9336-8

Symonds MRE, Elgar MA (2004) The mode of pheromone evolution:
evidence from bark beetles. Proc Roy Soc Lond B Bio 271:839—
846. https://doi.org/10.1098/rspb.2003.2647

Vité JP, Billings RF, Ware CW, Mori K (1985) Southern pine beetle:
enhancement or Inhibition of aggregation response mediated by
enantiomers of endo-brevicomin. Nat Sci 72:99—100. https://doi.
org/10.1007/BF00508146

Vité JP, Renwick JAA (1971) Inhibition of Dendroctonus frontalis
response to frontalin by isomers of Brevicomin. Naturwissen-
schaften 58:418-419. https://doi.org/10.1007/BF00591531

Wood SL (1982) The bark and ambrosia beetles of North and cen-
tral America (Coleoptera: Scolytidae), a taxonomic monograph.
Great Basin Nat Mem 6:1-1359

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer



