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Abstract

Semiochemical background in the environment can influence insect orientation to release points of the same
or different semiochemicals. endo-Brevicomin is a pheromone component of the tree-killing bark beetle
Dendroctonus frontalis Zimmermann (Coleoptera: Curculionidae: Scolytinae) that has a biphasic dose-response
curve, enhancing attraction at low release rates but reducing attraction at high rates. We investigated the effect
of artificial manipulation of background levels of endo-brevicomin on D. frontalis responses to sources of
aggregation attractant in the field. Traps baited with the aggregation pheromone component frontalin and
the host odor alpha-pinene were deployed either with or without a background of endo-brevicomin produced
by three surrounding dispensers of this semiochemical each located 20 m away. Two tested levels of endo-
brevicomin background caused catches to increase by an order of magnitude above those in the absence of
background. Presence of background also altered the beetles' biphasic dose-response when endo-brevicomin
dispensers were added to traps. Background reduced or concealed attraction-enhancement otherwise
observed for low-release dispensers added to traps, and it decreased the release rate necessary to produce
reductions in catches. We propose that spatial variability in abundance of natural, background sources of endo-
brevicomin in the environment (i.e., infested trees) is a cause of the observed variability in effects of endo-
brevicomin dispensers on southern pine beetle behavior in the field. Furthermore, our results illustrate the
potential complexity of the density-dependent effects of biphasic pheromone components on bark beetle mass
attack and colonization behavior.
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Insect orientation with respect to individual sources of semiochem-
icals can be influenced by background semiochemicals in the en-
vironment (Miller et al. 2006, Schroder and Hilker 2008, Party
et al. 2013, Conchou et al. 2019). This effect has been demon-
strated in tree-killing bark beetles (Coleoptera: Curculionidae:
Scolytinae) through distribution of synthetic semiochemical re-
leasers in areas where attractant-releasing traps have been de-
ployed (Vité et al. 1976, Payne et al. 1977, Ross and Wallin 2008).
Additionally, stands and trees can be protected from bark beetle
infestation through deployment of regularly-distributed dispensers
of attraction inhibitors (Tilden et al. 1981, Tilden et al. 1987, Ross
and Daterman 1995, Gillette et al. 2009, Andersson et al. 2011).
The resulting semiochemical background within a stand possibly

interferes with beetle orientation to aggregation pheromone re-
leased from beetle attacks. Natural, spatially-dispersed sources of
semiochemical in the environment presumably can also influence
bark beetle orientation to individual sources of pheromone, but
the topic has received little attention (Zhang and Schlyter 2003,
Zhang and Schlyter 2004). Mass-attacked trees distributed in ac-
tive infestations should generate a pheromone background within
and adjacent to these infestations, and infestations dispersed across
the landscape (Coulson et al. 1999, Dodds et al. 2006, Kautz et al.
2011) may produce pheromone background at larger spatial scales.
Since levels of semiochemical background should be influenced
by local beetle abundance, effects on beetle behavior should be
density-dependent.
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A combination of beetle- and host-produced compounds mediate
mass-aggregation on individual hosts by the aggressive, tree-killing
bark beetle Dendroctonus frontalis Zimmermann (Coleoptera:
Curculionidae: Scolytinae) (Gara et al. 1965, Tisdale et al. 2003).
Aggregation attractant stimulates attacks on individual trees in suf-
ficient numbers to overwhelm constitutive resin defenses of vigorous
hosts (Sullivan 2016). Females initiate attacks on trees by releasing
the pheromone component frontalin which attracts both sexes
(Kinzer et al. 1969, Renwick and Vité 1969), and frontalin is strongly
synergized by volatile constituents of defensive resin released by the
damaged host tissue (Billings 1985, Pureswaran and Sullivan 2012).
Males join females and release endo-brevicomin which can further
enhance attraction, and the combination mediates mass-aggregation
(Vité et al. 1985, Sullivan et al. 2007). Presumably, endo-brevicomin
(when present with frontalin) can signal the presence of success-
fully establishing pairs and thus susceptible hosts. endo-Brevicomin
may also play a role in regulating attack densities and mediating
switching of attack focus to adjacent trees (Vité and Renwick 1971,
Salom et al. 1992, Sullivan and Mori 2009, Sullivan et al. 2011). It
can reduce responses to frontalin and host odor combinations as
its concentrations increase, and in this context it may signal that
the abundance of attacking pairs has reached the carrying capacity
of the host (Sullivan et al. 2011, Sullivan 2016). Individual sources
of endo-brevicomin can influence beetle behavior across a wide
area, and single releasers can synergize beetle response to sources
of the female-associated components of the aggregation attractant
located tens of meters away (Sullivan and Mori 2009, Sullivan et al.
2016, Shepherd and Sullivan 2017). Bark beetle semiochemicals like
endo-brevicomin that either increase or decrease response to an at-
tractant when released at either low or high rates, respectively (i.e.,
have a biphasic dose-response, Calabrese 2013), have been termed
‘multifunctional’ because they presumably mediate both mass aggre-
gation on a host and attack termination and switching depending
on their concentration (Rudinsky et al. 1974, Rudinsky and Ryker
1980, Borden et al. 1987).

In the present study, we investigated the effect of an artificial
endo-brevicomin background on the dose-response of D. frontalis
to endo-brevicomin devices associated with a source of attractant.
Previously, we observed that releasers of endo-brevicomin reverse
from inhibitory to synergistic when either inside or outside of ac-
tive infestations, respectively, and we hypothesized that pheromone

8 mg/d
00670 < - ___
E U
=\
’//’J/// \\
e o

background within infestations could be a sufficient cause for such
a difference (Sullivan et al. 2011). Unknown influences of natural
semiochemical background have the potential to interfere with the
desired effects of synthetic semiochemical releasers deployed for
bark beetle management.

Materials and Methods

Three lines of eight 12-unit multiple funnel traps were established
within a mixed pine and hardwood forest within the Homochitto
National Forest, Mississippi (within 5 km of 31° 25.2" N, 91° 12/
W). The forest was experiencing a D. frontalis outbreak at the time;
however, no infestations were occurring within the stands used for
the tests. Traps were spaced >250 m apart both within and between
lines, were suspended from metal standards with collection cups
1-1.5 m above ground, and were >15 m from the nearest pine. Trap
cups contained dilute propylene glycol to preserve captured insects.
All traps were baited with lures releasing frontalin (two capped
polyethylene microcentrifuge tubes with 250 pl racemic frontalin;
BASE, Florham Park, NJ; >99% purity; total release rate 7 mg/d at
26 = 1°C; devices attached at trap center), and alpha-pinene [plastic
pouch with 3:1 (-):(+) alpha-pinene; 2 g/d at 27 = 2°C; Synergy
Semiochemicals, Delta, British Columbia, CA; devices attached to
trap top]. Four randomly-selected traps in each line were provided
an artificial endo-brevicomin ‘background’ by deploying three re-
lease devices positioned ~1.5 m above ground (on plastic gardening
stakes) and 20 m from the trap; these were arranged in an equilateral
triangle centered on the trap (Fig. 1). The remaining four traps had
no satellite release devices and were ‘background free’. Within each
line and background category, traps were randomly assigned either
no additional device or an endo-brevicomin device releasing one of
three rates differing by an order of magnitude (variable ‘lure’; Table
1). These devices were attached at trap center.

With each collection of catches (2-7 d intervals), lure treatments
were rerandomized without replacement among traps within each
line and background category until every treatment had been at each
trap once. After this complete rotation (four collections), the sat-
ellite endo-brevicomin releasers were moved to traps which lacked
them in the first rotation, and a second identical rotation (with dif-
ferent randomization scheme) was completed. Two such complete
trials were performed sequentially using the same sites. In trial 1
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Fig. 1. Arrangement of traps and lures for experiments. Half of the traps had a background of endo-brevicomin (‘B’) produced by a trio of releasers on poles
arranged in an equilateral triangle around the trap. Traps both with and without background were assigned devices with one of four release rates of endo-
brevicomin (0, 0.06, 0.5, and 8 mg/d approximately). All traps had devices releasing components of the D. frontalis aggregation attractant frontalin (F) and

alpha-pinene (P).
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Table 1. endo-Brevicomin release devices used in experiments

Device type Release Rate® Device construction”
Background Low (trial 2) 0.16 mg/d Single microcapillary (1.17 mm id x 32 mm)

High (trial 1) 3.1 mg/d Single, capped low-density polyethylene microcentrifuge tube (400-pl capacity)
Trap Low 0.06 mg/d Single microcapillary (0.63 mm id x 32 mm)

Mid 0.5 mg/d Three microcapillaries (1.17 mm id x 32 mm)

High 8 mg/d Single 15 ml vial with 7 mm diameter hole through phenolic cap

“Measured either gravimetrically or by volume loss in a fume hood at mean 23-25°C.

bCapillaries were secured open-end up inside an inverted, uncapped, 4-ml capacity brown glass vial.

# background absent -# high background present

200 1

& C

T 00 | B e e e e e e =

—

a

o 1501

[1+]

s

| .

Q

o

:g_ 100

E ¥

S

&

o 50 1
Al

0 T 1k T

0 0.01

Release (mg/d) endo-brevicomin from device on trap

Fig. 2. Trial 1. Responses of D. frontalis to funnel traps baited with frontalin and alpha-pinene and (1) with an attached releaser of endo-brevicomin of one of
three release rates (or none) and (2) either surrounded by three releasers of endo-brevicomin at 20 m distance (red) or alone (blue). Dashed lines display the
mean catches that occurred in the absence of endo-brevicomin devices on the trap. Satellite devices each released 3.1 mg/d. Means with the same lower-case
letter (background absent) or upper-case letter (background present) did not differ significantly. Asterisks indicate that catches were significantly different with
or without background at the indicated release of endo-brevicomin from the trap. Pairwise contrasts received a Bonferroni correction (o = 0.05). Data received a

log transformation for analyses, but untransformed data are shown.

(18 February—29 March 2016) the satellite endo-brevicomin de-
vices released at a ‘high’ rate (3.1 mg/d); in trial 2 (30 March-7 May
2016) they released a ‘low’ rate (0.16 mg/d; Table 1). Trees within
100 m of the traps were inspected at the start and during the trials
to ensure absence of D. frontalis attacks that might be a source of
pheromone. Captured male and female D. frontalis were counted.
Statistical analyses were performed with SAS 9.4 (SAS Institute,
Cary, NC). Catches were log-transformed to meet test assumptions,
and suitability of the transformation was based on examination of
residuals plots. Interactions between sex and treatment were tested
with a mixed-model ANOVA with fixed effects background, lure,
sex, and all interactions; for trial 1, random effects were line, trap in
line, background by trap in line, date, lure by line, and lure by back-
ground by date by trap in line; for trial 2, random effect lure by line
was removed as it was not significant. No significant sex interactions
were detected, and therefore sexes were pooled for further analyses.
Pairwise comparisons were performed with an Estimate statement.
For each trial, contrasts were made between background present and
absent for each trap lure release rate (with Bonferroni adjustment for
four contrasts), and we performed all-pairwise comparisons among
trap lure release rates within both background categories (with
Bonferroni adjustment for 12 contrasts). For all tests o = 0.05.

Results

In trial 1 (with high background of endo-brevicomin;), there was
not an interaction between sex and the presence of background
(F=1.84; df =1, 182; P = 0.18), between sex and lure release rate
(F=1.99; df = 3, 182; P = 0.12), or an interaction among all three
factors (F = 0.85; df = 3, 182; P = 0.47). With sexes totaled (Fig.
2), there was a strong effect due to the presence of background
(F = 154; df = 1, 22; P < 0.001), lure release rate (F = 126; df = 3,
6; P < 0.001), and the interaction of these factors (F = 64.0; df = 3,
124; P < 0.001). Catches were significantly increased by pres-
ence of a high level of endo-brevicomin in the background when
endo-brevicomin devices on traps were absent or released at the low
or intermediate rates; presence of background had no effect with
high release trap lures present. With endo-brevicomin absent in the
background, endo-brevicomin devices on traps with low and inter-
mediate release rates significantly increased catches relative to the
zero rate, but high-rate trap devices significantly reduced catches.
With high levels of endo-brevicomin present in the background,
catches decreased with increasing release rates from traps.

In trial 2 (low background of endo-brevicomin), there was not an
interaction between sex and the presence of background (F = 3.16;
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df =1, 183; P = 0.077), between sex and lure release rate (F = 1.65;
df = 3, 183; P = 0.18), or an interaction among all three factors
(F = 0.94; df = 3, 183; P = 0.42). With sexes totaled (Fig. 3), there
was a significant effect due to the presence of background (F = 5.50;
df = 1, 33.4; P = 0.025), lure release rate (F = 28.4; df = 3, 121;
P < 0.001), and the interaction of these factors (F = 7.72; df = 3,
121; P < 0.001). Catches were significantly increased by presence of
a low endo-brevicomin background when endo-brevicomin devices
were absent from the traps or released at the low rate; background
presence had no significant effect when higher release devices were
on the traps. In the absence of an endo-brevicomin background,
catches were increased by all release rates of endo-brevicomin from
the traps, peaking at the intermediate rate. With low background
present, catches likewise increased from the zero rate and peaked at
the intermediate trap release rate; however, with high rate devices
on the traps, catches declined to less than those with no endo-brevi-
comin device on the traps.

Discussion

The presence of synthetic endo-brevicomin background altered the
dose-response of D. frontalis to single releasers of this pheromone
placed on attractant-baited traps. In the absence of background,
endo-brevicomin devices on the traps produced a peaked dose—re-
sponse as observed in other studies (Sullivan 2016, B. T. Sullivan
unpublished data). However, a fully biphasic effect was not observed
in trial 2 (i.e., catches did not drop below the level of the zero dose
on the trap), perhaps due to a change in responsiveness of D. fron-
talis to endo-brevicomin that occurs as spring progresses (Sullivan
et al. 2016). Termination of the spring flight of D. frontalis likely
explains the much lower, overall catches in trial 2 relative to trial
1. Background either diminished (low background) or eliminated
(high background) the relative catch increase associated with low
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release rate devices on the trap, and it caused appearance of catch-re-
ducing effects for devices on the traps (low background) or made
these effects evident at a lower release from the trap (high back-
ground). This observed change in the dose-response is largely con-
sistent with an additive effect of the background endo-brevicomin
and the endo-brevicomin device on the trap. That is, the effect of
the background largely resembled that expected for a preexisting
endo-brevicomin device on the trap (Fig. 4). However, a genuinely
additive effect would imply that catches at the peak of the dose-re-
sponse curve would be the same with background either present or
absent, and our data plots are not consistent with this (Figs. 2 and
3). In the high background trial in particular (trial 1), the maximum
catches observed with background present (zero and low release
from trap) were significantly higher than the maximum catches ob-
served with background absent (low or middle release from trap; ¢ <
-6.02, df = 124, P < 0.004).

The effect of the artificial pheromone background in our experi-
ments likely reflects what might be produced by the natural phero-
mone background within an active D. frontalis infestation. In Sullivan
et al. (2009), it was estimated that total release of endo-brevicomin
by beetles on mass-attacked pines 20-40 cm diameter (typical diam-
eter range in a mature, managed forest of host species for D. fron-
talis) is 0.1- to 0.5-mg endo-brevicomin per day. Hence the total
release from the background devices in our study (0.5-6 mg/d) ap-
proximately represented the production of one to 60 mass attacked
trees. This suggests that the endo-brevicomin background inside
or near such infestations could reduce, eliminate, or reverse the
attraction-enhancing influence otherwise observed for low release
endo-brevicomin sources (Sullivan et al. 2007, 2011, 2016). Hence,
the presence of endo-brevicomin background within D. frontalis in-
festations could explain the contrast between the attraction-reducing
effects of endo-brevicomin sources typically observed inside infest-
ations (Payne et al. 1977, Payne et al. 1978, Richerson and Payne
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Release (mg/d) endo-brevicomin from device on trap

Fig. 3. Trial 2. Responses of D. frontalis to funnel traps baited with frontalin and alpha-pinene and (1) with an attached releaser of endo-brevicomin of one of
three release rates (or none) and (2) either surrounded by three releasers of endo-brevicomin at 20 m distance (red) or alone (blue). Dashed lines display the
mean catches that occurred in the absence of endo-brevicomin devices on the trap. Satellite devices each released 0.16 mg/d. Means with the same lower-case
letter (background absent) or upper-case letter (background present) did not differ significantly. Asterisks indicate that catches were significantly different with
or without background at the indicated release of endo-brevicomin from the trap. Pairwise contrasts received a Bonferroni correction (o = 0.05). Data received a

log transformation for analyses, but untransformed data are shown.
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Fig. 4. Additive effects of release devices on dose-response curves for a semiochemical with a biphasic dose-response. Plot A displays a biphasic dose-
response curve with the response level indicated for a lower (a) or higher (b) release rate device attached to a trap. Plot B displays the expected effect of
preexistence of device a or b on the trap with respect to the dose-response curve for further increase in release of the biphasic semiochemical from the trap
(dashed cyan line is the curve with no preexisting lure). Solid colored lines indicate level of catches with no further addition of semiochemical. Plots are drawn

with x-axis in logarithmic scale.

1979, Vité et al. 1985, Salom et al. 1992, Sullivan et al. 2011, how-
ever, see Vité et al. 1985) and the attraction-enhancing effects typ-
ically observed outside (Billings 1985; Sullivan et al. 2007; Sullivan
and Mori 2009; Sullivan et al. 2011, 2016).

endo-Brevicomin has been shown to have both a biphasic dose—
response (Sullivan 2016) and the capacity to enhance D. frontalis
attraction to sources of the female-associated components of the
aggregation attractant located dozens of meters away (Sullivan
and Mori 2009). Both qualities were ostensibly necessary for the
observed effects of endo-brevicomin on D. frontalis behavior in
this study. Although attraction-reducing effects of displaced or dis-
persed releasers of bark beetle semiochemicals are common (Tilden
et al. 1981, Tilden et al. 1987, Ross and Daterman 1995, Gillette
et al. 2009, Andersson et al. 2011, Sullivan and Clarke 2021), the
few studies where the release points of synergistic semiochemicals
have been separated indicated a nearly complete loss of activity
with displacement of just a few meters (Byers 1987, Andersson
et al. 2011). Hence, there is as yet little evidence to support the
hypothesis that the response of D. frontalis to endo-brevicomin
in this study has parallels with semiochemicals in other species of
bark beetle. Our observations thus may not reflect a general phe-
nomenon in the semiochemistry of bark beetles. endo-Brevicomin
is currently used as a component of the population monitoring and
forecasting lure for D. frontalis (Sullivan et al. 2021), and our re-
sults suggest that background of endo-brevicomin from infested
trees in the surroundings could influence the shape of functions
relating catches and local beetle abundances. However, nearby in-
fested trees should also influence catches by being a copious source
of beetles and providing competing sources of attractant.

The three discrete, widely spaced endo-brevicomin releasers around
our traps were undoubtedly producing a very nonhomogenous atmos-
phere of this semiochemical. The isolated release points would have
caused the ratios of the attractant (frontalin and alpha-pinene) and the
attraction-modifying semiochemical (endo-brevicomin) encountered by
orienting beetles to vary widely since the plumes would overlap irregu-
larly (Byers 1987, Andersson et al. 2011). A more homogenous atmos-
phere of endo-brevicomin (which might be a better representation of
natural airborne concentrations in the environment, particularly within
infestations) may have produced different results.

Our results suggest that endo-brevicomin background, whether
artificial or natural, may give pioneer females greater probability
of success since it should enhance responses to their attacks. This is
inferred from the very large increase in beetle response to frontalin
and alpha-pinene, components released by pioneer female attacks,
caused by endo-brevicomin background. It should be noted, how-
ever, that quantities of frontalin and host odors released from our
trap lures were thousands of times greater than those from a single
female attack, suggesting this inference should be treated cau-
tiously. Local effects of endo-brevicomin might influence the spa-
tial dimensions of infestations. Successful pioneer female attacks
would presumably be more likely to occur within an area close
enough to mass-attacked trees that the endo-brevicomin released
into the environment would have a synergistic effect. Similarly, our
results here and those of previous studies (Sullivan and Mori 2009)
suggest that artificial releasers of endo-brevicomin, although not
attractive in themselves (Sullivan et al. 2007), might increase infest-
ation risk in uninfested forest by enhancing responses to pioneer
female attacks.

Depending on background levels of endo-brevicomin, host-seek-
ing D. frontalis should respond differently to individual trees having
similar numbers of fresh attacks, levels of pheromone release,
and phloem availability. Where local beetle densities are low and
endo-brevicomin background is likewise low (such as at locations
away from trees being mass attacked), background endo-brevicomin
would increase the likelihood of successful mass-attack of individual
trees by enhancing attraction. High concentrations of endo-brevi-
comin background occurring in or near infestations would preempt
the synergism of endo-brevicomin from any single tree coming under
mass attack and cause rejection of such trees by host-seeking beetles
to begin at an earlier stage of colonization (Payne et al. 1977). We
suggest that beetle response to endo-brevicomin background may be
a feedback mechanism that promotes more dispersed attacks as local
beetle densities become greater. Enhanced attraction to attacked
trees around an infestation combined with reduced attraction to
those within would create a ‘push—pull’ effect that should stimulate
infestations to spread outward. Hence the beetles' tendency to aggre-
gate within stands would be regulated by beetle densities, with in-
festations becoming less focused when beetle abundances are higher.
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Variation in background concentrations of other D. frontalis semi-
ochemicals likely influence spot growth dynamics as well.
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