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The eastern larch beetle, Dendroctonus simplex LeConte, is a North American species of bark beetle that shares
the distribution of its host, Larix laricina (Du Roi) K. Koch. A recent outbreak in the Great Lakes region has
prompted renewed interest in the chemical ecology of eastern larch beetle and its natural enemies. Here, we de-
scribe field assays elucidating these insects’ flight responses to host resin odors and pheromone components
in Minnesota and laboratory olfactometer assays illustrating walking responses by eastern larch beetle to pher-
omone components produced by female beetles. In field trials, the addition of host monoterpenes A-3-carene
and a-pinene to seudenol lures increased trap captures of eastern larch beetles. Similarly, a-pinene increased
captures of Thanasimus spp. predators in seudenol-baited funnel traps. Frontalin release rates between
0.014-3.3 mg/day did not significantly alter catches of eastern larch beetles with seudenol alone, however, still
higher concentrations of frontalin (24 mg/day) decreased catches. In contrast, increasing frontalin release rates
increased attraction of Thanasimus spp. to seudenol. In a laboratory olfactometer assay, a combination of
frontalin and seudenol released at rates comparable to those of a solitary, mining female arrested walking male
eastern larch beetles whereas either compound alone did not. Insights into the eastern larch beetle’s chemical
ecology will improve understanding of cues in host and mate location that may be exploited for management.
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Introduction

The genus Dendroctonus contains the most aggressive as well as
economically and ecologically important species of bark beetles
(Coleoptera: Curculionidae: Scolytinae) in North America (Six and
Bracewell 2015, Fettig et al. 2022). They colonize and kill conifers
across several genera: Pinus, Picea, Pseudotsuga, and Larix (Six and
Bracewell 2015). During outbreaks, attack-initiating females and, in
some species, subsequently arriving males, produce pheromones that
attract additional beetles thereby inducing a mass aggregation that
overcomes resin defenses of vigorous trees (Wood 1982, Raffa et al.

2008, Bloomquist et al. 2010). Following establishment in the host,
some species produce antiaggregation compounds that indicate that
the tree is at or above optimal colonization capacity for the larvae
to develop under the bark (Coulson 1979, Raffa 2001, Raffa et al.
20135, Sullivan 2024).

The eastern larch beetle Dendroctonus simplex LeConte shares
the range of its host, eastern larch or tamarack (Larix laricina (Du
Roi) K. Koch), which spans the Canadian Maritime region, the Great
Lakes region, the northeastern United States, British Columbia, and
Alaska (Simpson 1929, Langor and Raske 1989, Burns and Honkala
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1990, Seybold et al. 2002). Historically, eastern larch beetle has
not been deemed aggressive or of economic concern, with sporadic
outbreaks occurring in mature tamarack stands only following
predisposing events such as fire, flooding, drought, wind throw, or
defoliation (Hopkins 1909, Baker 1972, Bright 1976, Langor and
Raske 1987, Ward and Aukema 2019). This historical pattern has
shifted in recent decades in the southern transcontinental portion of
the range, possibly due to a change in voltinism concomitant with
a warming climate (McKee and Aukema 2015, McKee et al. 2022).
For example, since 2001, the state of Minnesota has experienced
a large outbreak of eastern larch beetle with ~425,000 cumula-
tive hectares or 75% of tamarack cover type in the state affected
(MN DNR 2024). Additional outbreaks have recently occurred in
Wisconsin and Michigan (WI DNR 2021, 2024, MI DNR 2024).

While many species of Dendroctonus and their natural enemies
are well studied, some aspects of the behavior and chemical ecology
of the eastern larch beetle require further investigation. Eastern
larch beetle is attracted to seudenol (3-Methyl-2-cyclohexen-1-ol)
(Baker et al. 1977, Graham and Storer 2011, Sullivan 2024), a com-
pound isolated from solitary female beetles after tunneling into host
material (Althoff 2024). Female beetles have also been shown to
produce semiochemicals frontalin (1,5-dimethyl-6,8-dioxabicyclo
[3.2.1]octane), verbenone (4,6,6-trimethylbicyclo[3.1.1]hept-3-
en-2-one), and MCH (3-methyl-2-cyclohexen-1-one), but the role
of each is not well understood (Francke et al. 1995, Barkawi et al.
2003, Sullivan 2024). Previous studies have suggested that frontalin
may either attract or repel flying eastern larch beetles (Baker et al.
1977, Werner et al. 1981, Prendergast 1991, Francke et al. 1995,
Graham and Storer 2011). Graham and Storer (2011) found that
frontalin eluting at 2.5 mg/day decreased the number of beetles
captured in Lindgren funnel traps baited with seudenol. Werner et
al. (1981) reported similar inhibitory effects, although the release
rate of frontalin was unreported. In contrast, Francke et al. (1995)
reported that traps baited solely with frontalin were attractive to
flying beetles, but the release rate was not given.

Likewise, the role that host compounds play in the attraction of
eastern larch beetles is not fully understood. Most work in this area
has centered on a-pinene, as it is the predominant component of
the volatile blend produced by tamarack (Stairs 1967, Von Rudloff
1987, Ward et al. 2019, Althoff et al. 2023). Less work has addressed
other components of the host’s volatile profile. Within the Great
Lakes region, A-3-carene is also a major host monoterpene in the
phloem of L. laricina (Althoff et al. 2023). Eastern larch beetle is
highly attracted to a-pinene in combination with seudenol (Baker et
al. 1977, Werner et al. 1981, Werner 1995, Graham and Storer 2011)
with possible attraction to A-3-carene in combination with seudenol
(Prendergast 1991). Additionally, 4-allylanisole, a phenylpropanoid
also present in the phloem tissue of L. laricina (Althoff et al. 2023)
may function as a repellent (Werner 1995).

Here, we describe laboratory and field bioassays investigating the
attraction of eastern larch beetle as well as predators Thanasimus
dubius (F.) (Coleoptera: Cleridae), and Thanasimus undulatus (Say)
to seudenol, frontalin, and selected host compounds. Thanasimus
spp. are natural enemies of bark beetles and use prey pheromones as
host-finding kairomones (Erbilgin and Raffa 2001). The adults feed
on bark beetles arriving on the surface of a host tree, while the larvae
prey on developing brood within the subcortical habitat (Aukema
and Raffa 2002). In the field, we used seudenol-baited funnel traps
to test A -3-carene, a-pinene, and 4-allylanisole for attractant and/
or attraction-inhibiting properties. Second, we tested responses
of eastern larch beetles and Thanasimus spp. to traps baited with
seudenol in combination with varying release rates of frontalin. We

hypothesized that (i) low concentrations of frontalin might be attrac-
tive to both sexes of eastern larch beetles by indicating early stages of
host attack and thus phloem and mate availability on a tree, whereas
(ii) high concentrations of frontalin might be repellent to both sexes
by indicating fewer unpaired females and limited resources due
to high densities of established conspecifics. Such a biphasic dose
response might explain the variability observed in eastern larch
beetle’s response to frontalin in past studies. Finally, we conducted a
4-choice walking bioassay where we tested responses of eastern larch
beetles to combinations of frontalin and seudenol in a 2 x 2 facto-
rial design. We hypothesized that walking eastern larch beetles may
exhibit responses to these compounds different than those noted in
flight assays, reflecting similar shifts in behavior in other scolytine
species (Payne et al. 1988, Camacho et al. 1998, Nifio-Dominguez et
al. 2015, and Nifio-Dominguez et al. 2016) and the changing signifi-
cance of semiochemicals for beetles before and after host finding. We
hypothesized that female-produced compounds, such as seudenol
and frontalin, would elicit longer engagement times from walking
males than females as the latter would not be seeking other females
post-landing.

Methods

Field Experiments

Eight sites in which to place traps (see below) were selected in ma-
ture tamarack forests with active outbreaks of eastern larch beetle
in central Minnesota, USA, in the summers of 2022 and 2023
(Table 1). These outbreak locations were identified from aerial survey
data and ground truthing. The minimum distance between any 2 sites
was 200 m. In 2022, we conducted a study assessing the attraction
of eastern larch beetle and Thanasimus spp. predators of the eastern
larch beetle to seudenol and selected host compounds. At each site, 5
ten-unit Lindgren funnel traps (Synergy Semiochemicals Corp. Delta,
BC) were set in a line at 50 m spacing and then randomly baited with
1 of 5 treatments: (i) seudenol, (ii) seudenol + 4-allylanisole, (iii)
seudenol + a-pinene, (iv) seudenol + A -3-carene, and (v) seudenol +
a-pinene + A -3-carene. Lures of a-pinene (97%), A -3-carene (97 %),
and seudenol (98.4%) had elution rates of 2 g/day at 23 °C, 150
to 200 mg/day at 23°C, and 7.5 mg/day at 30 °C, respectively, and

Table 1. Locations of 8 sites in Minnesota in the 2022 and 2023
trapping studies of eastern larch beetle and Thanasimus spp. with
selected host compounds (2 June—6 July 2022) and frontalin
dosage (14 June—23 July 2023) in combination with seudenol.

Year Site County Coordinates

2022 1 Aitkin 46.95735 °N, -93.4388 °W
2022 2 Aitkin 46.95875 °N, -93.4443 °W
2022 3 Aitkin 46.97418 °N, -93.4470 °W
2022 4 Aitkin 46.99788 °N, -93.3592 °W
2022 5 Aitkin 46.58568 °N, -93.4653 °W
2022 6 Aitkin 46.58018 °N, -93.4654 °W
2022 7 Aitkin 46.58534 °N, -93.4626 °W
2022 8 Aitkin 46.67992 °N, -93.6741 °W
2023 1 Aitkin 46.58199 °N, -93.4637 °W
2023 2 Aitkin 46.95767 °N, -93.4397 °W
2023 3 Aitkin 46.97371 °N, -93.4473 °W
2023 4 St. Louis 47.17088 °N, -92.5374 °W
2023 5 St. Louis 47.07532 °N, -92.6619 °W
2023 6 St. Louis 47.03439 °N, -92.6713 °W
2023 7 St. Louis 47.02786 °N, -92.6619 °W
2023 8 Carlton 46.59246 °N, -92.9242 °W
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were sourced from Synergy Semiochemicals. Lures for 4-allylanisole
(98%) were made by adding 250 pL to a 400-pL capacity low den-
sity polyethylene microcentrifuge tube (Fisher Scientific, Hampton,
NH) and released 4.2 mg/day at 24 °C (Sullivan et al. 2021). A
piece of approximately 5 x 2.5 cm No-Pest Strip (18% Dichlorvos
(2,2-dichlorovinyl dimethyl phosphate))(Spectrum Brands Inc.,
Middleton, WI) was placed in each trap’s collection cup to prevent
captured predators from consuming bark beetles. Trap contents
were collected once per week for 6 wk from 2 June to 6 July 2022.
Lure positions were rerandomized each week within a site. Collected
trap contents were stored at -20°C until processing when all bark
beetles and clerid predators were identified, counted, and stored in
ethanol. Bycatch was also identified and is reported in a separate bi-
odiversity study (Althoff 2024).

In 2023, we conducted a study to examine the behavioral
responses of eastern larch beetles and Thanasimus spp. predators to
seudenol lures when paired with 6 different release rates of frontalin:
none (i.e., seudenol-only control), and an approximate release rate
of 0.014 mg/day, 0.07 mg/day, 0.39 mg/day, 3.3 mg/day, and 24 mg/
day at 25°C (Table 2). We used 8 sites as in the previous experiment
but with 6 traps at 50 m spacing. Lures of seudenol were sourced as
before. The smallest release rates (0.014, 0.070, and 0.39 mg/day)
of frontalin were produced with 1/3-filled glass capillaries (internal
diameters: 0.2 mm, 0.45 mm, and 1.05 mm, respectively; length:
45 mm; Drummond Scientific, Broomall, PA) that were heat sealed
at one end. The closed ends of the capillaries were inserted edgewise
into half of a silicone rubber GC inlet septum (Agilent, Santa Clara,
CA), and the capillaries were secured open-end up in an inverted
4 ml glass vial by pressure-fitting the septa into the vial mouths
(Sullivan et al. 2011). Inverted vials were secured to the fourth
funnel of traps with aluminum carabiners. The second-highest re-
lease rate frontalin devices (3.3 mg/day) were low-density polyeth-
ylene microcentrifuge tubes (400 pL capacity, Fisher Scientific), and
the highest release rate lures (24 mg/day) were heat sealed, 4 mL ca-
pacity polyethylene transfer pipettes (Samco, San Fernando CA). An
aluminum foil barrier between these devices and the trap prevented
compound transfer between the lure and the plastic funnels, and
the lures were secured to the fourth funnel lip with a binder clip.
Racemic frontalin was approximately 99% purity (BASE, Florham
Park, NJ). Trap contents were collected weekly (14 June through 20
July 2023) for 6 wk and procedures were otherwise the same as in
the previous trapping experiment.

In 2023, we analyzed whether the sex ratios of eastern larch
beetles changed with changing concentrations of frontalin. Ten
beetles from each treatment for 2 sites over each of our 6 collection
dates were sampled at random and sexed for a total of 720 beetles.
We utilized the presence of 2 medial teeth that serve as stridulation

structures on the seventh abdominal tergite of male beetles to distin-
guish male beetles from female beetles (Armendariz-Toledano and
Zuniga 2017).

Laboratory Olfactometer Assay

Live eastern larch beetles were collected from Lindgren funnel traps
baited with seudenol at Warren Woessner Bog Boardwalk, MN
(47.07559 °N, -92.6616 °W) and Winterberry Bog, MN (47.17072
°N, -92.53954 °W). Traps were checked twice per week. Beetles were
stored at room temperature in plastic containers (118 mL) and held
for 3 to 5 d after collection. Male and female beetles were distin-
guished by the stridulation produced by male beetles when handled
(Rosenberger et al. 2016).

The arena for a 4-way choice olfactometer was made of a 10 cm
x 10 em x 1 cm acrylic sheet with four 3 mm diameter holes pene-
trating through the sheet and arranged in a square, centered in the
arena, with sides 1.7 cm (Fig. 1A). The open-top arena was approxi-
mately level and elevated above the bench top with 3 cm-tall rubber
stoppers beneath each corner. A circle of filter paper (9 cm diameter),
centered over the square, was placed on the arena as a walking sur-
face for the beetles, and 50 pl disposable polypropylene pipette tips
were inserted through the filter paper and into the holes (Fig. 1B,
C, D). Prior to this step, the pipette tips had been cut with a razor
blade so their wider openings were flush with the upper plexiglass
surface when the tips were inserted into the holes. The pipette tips
protected the acrylic arena from contamination by the pheromone
release devices (described below) that were inserted into the tips.
Beetles were confined on the arena by a stainless-steel ring (50 mm
diameter, 45 mm tall) surrounding the square and concentric with
the filter paper circle. The release devices, consisting of 6.4 mm
long, 2 mm diameter pieces of silicone cord (Caplugs, Buffalo, NY)
treated with the pheromone components, were inserted into each
pipette tip so that volatiles would diffuse out of the upper opening
into the arena (Fig. 1B, C). The silicone pieces had been treated with
pheromone components by steeping them in a hexane solution of the
compounds overnight in a capped glass vial and then allowing the
solvent to evaporate completely from the silicone in the opened vial
over several hours.

The 4 treatments were (i) seudenol released at 0.10 pg/h, (ii)
frontalin released at 0.29 pg/h, (iii) both seudenol and frontalin
released at these rates, and (iv) blank control. Release ratios of each
compound from the silicone were modeled after those of a solitary,
mining female beetle excised from the bark and confined with chem-
ical adsorbent (Althoff 2024). Release rates reflected those of major
pheromone components released from individual gallery entrances
of congeneric species Dendroctonus frontalis Zimmermann,
Dendroctonus mesoamericanus Armendariz-Toledano and Sullivan,

Table 2. Release rates of frontalin used in dose-response field assay 14 June to 20 July 2023, Minnesota.

Internal Length Approximate Manufac- Release

Device Type diameter (mm) (mm) contents turer rate (mg/d)
1 Glass capillary 0.2 45 0.6 mg Drummond 0.014
2 Glass capillary 0.45 45 3 mg Drummond 0.07
3 Glass capillary 1.05 45 20 mg Drummond 0.39
4 Low-density polyethylene - - 02g Fisher Scientific 3.3

microcentrifuge tube (400 pL capacity)
5 Polyethylene transfer pipette bulb - - 2g Samco 24

(4 mL capacity)

Manufacturer: Drummond, Broomall, PA; Fisher Scientific, Hampton, NH; Samco, San Fernando, CA.

Release Rate: Measured gravimetrically (polyethylene devices) or by meniscus height (capillary devices) at approximate mean 24 °C.
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Fig. 1. Olfactometer for investigating behavior of walking D. simplex responding to pheromone components. (A) Acrylic olfactometer arena with 4 penetrating
holes arranged in a square. (B) Treated pieces of silicone cord used for release of pheromone components, displayed both separately and inserted into pipette
tips. Pipette tips were cut so that, when pressed into the holes in the acrylic, their wider openings were flush with the surface. (C) Completely assembled
apparatus with pipette tips inserted through a filter paper disk (serving as a walking surface) and into the holes penetrating the arena surface. A stainless-steel
ring confined beetle movement within the test area. (D) A walking bark beetle offered a choice of odor sources in the olfactometer. Duration of beetle occupancy
of a 6.4-mm circle drawn with pencil around each odor source (not shown) was recorded.

and Dendroctonus barberi Hopkins (Nifio-Dominguez et al. 2015,
Pureswaran et al. 2016) because no such data were available for
eastern larch beetle. Release rates were measured through aerations
of the silicone cord/pipette tip assemblies placed into fluoropol-
ymer tubing with air drawn into a cartridge of 117 mg Porapak
Q adsorbent (SKC Inc., Eighty Four, PA) at 30 mL/min for 1 h at
room temperature. Pheromone components in extracts (made with
1.5 mL hexane) of the cartridges were quantified by GC-MS against
standards of known concentration. Analysis was on a Hewlett-
Packard (Palo Alto, CA) 6890-5973 GC-MS with helium as the car-
rier gas. We used an INNOWax capillary column (60 m x 0.25 mm
inner diameter x 0.25 pm film thickness; Agilent Technologies,
Wilmington, DE) and the temperature program was 40 °C for 1 min,
16 °C/min to 80 °C, then 7 °C/min to 230 °C with the inlet (200 °C)
in splitless mode. The concentration of pheromone components in
the hexane in which the silicone cord was steeped was adjusted until
the desired rates were achieved.

For each 5-min trial, a single beetle was released in the center of
the arena and allowed to walk while its position was monitored (Fig.
1D). We recorded the total time the beetle spent within a 6.4-mm
radius circle drawn with pencil around each release device. Silicone
cord/pipette tip assemblies were replaced every 5 trials and treatment
assignments to holes were rerandomized. Beetles were not reused.
Assays were conducted on a single day under fluorescent lighting

(60 Hz, 4100K, 25 W, T8 bulb) at room temperature (approximately
21 °C). The experiment was completed with 7 =19 female and
n =20 male beetles.

Statistical Analysis

Field Assay with Seudenol and Host Volatiles

All statistical analyses were performed using R version 1.3.1073
with the multcomp, ImerTest, nlme, and Ime4 packages (R Core
team 2021). To assess insect responses to host compounds in com-
bination with seudenol, we conducted a mixed-effects ANOVA with
random effect site and fixed effect lure treatment. A In(y + 1) trans-
formation was utilized on beetle count data to satisfy assumptions of
homoscedasticity and normal distribution of residuals, which were
assessed by inspections of residuals plots. If significant treatment
effects existed, means were compared using Fisher least significant
differences (Carmer and Swanson 1973). To isolate the main effects
of a-pinene and A -3-carene, we also examined linear contrasts for
each of these effects and their interaction.

Field Assay with Seudenol and Frontalin Dose
Response

To assess how varying concentrations of frontalin (when paired
with seudenol) affected beetle capture, we conducted a mixed-effects
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ANOVA with fixed effect lure treatment and random effect site.
A square root transformation was utilized on beetle count data
to satisfy assumptions of homoscedasticity and normal distribu-
tion of residuals. Where significant treatment effects existed, means
comparisons were conducted using Fisher least significant differences.
A generalized linear mixed-effects model with treatment as a fixed
effect and site as a random effect was used to determine if beetle sex
ratios varied in response to lure treatment. The model used a bino-
mial distribution for the binary response variable, male vs. female.

Laboratory Olfactometer Assay

We fit a model examining the total time a beetle spent at each treat-
ment within each 5-min assay using a 2 x 2 factorial design with
frontalin, seudenol, and their interactions as factors. Male beetles
and female beetles were analyzed separately. A In(y + 1) transfor-
mation of the response variable, time in seconds, was utilized to
satisfy assumptions of homoscedasticity and normal distribution of
residuals for both male and female beetles.

Results

Selected Host Compounds Paired with Seudenol

In total, we captured 140,532 eastern larch beetles, 2,829 T. dubius,
and 439 T. undulatus. The number of eastern larch beetles captured
in the traps varied among treatments (F, ,,, =3.92, P =0.0042).
Both A -3-carene alone and a-pinene plus A -3-carene significantly
increased catches relative to seudenol alone, whereas a-pinene alone
and 4-allylanisole did not alter catches (Fig.2A). Traps baited with
seudenol and A -3-carene captured the most eastern larch beetles with
a median of 265.5 = 154.0 (SE) beetles/trap/week (F, . =101.01,
P <0.001) compared to a median of 58.5 = 145.2 beetles/trap/week
for seudenol alone. The addition of a-pinene to this blend did not
significantly alter capture rates, and traps with A -3-carene/o-pinene/
seudenol captured a median 238 + 272.0 eastern larch beetles/trap/
week.

Thanasimus dubius and T. undulatus exhibited attractancy
to a-pinene and seudenol as traps baited with a-pinene (with or
without A -3-carene) and seudenol captured the most Thanasimus
spp. (F,, = 28.29, P<0.0001 and F,,, = 19.24, P <0.0001, re-
spectively for each species). Traps baited with both seudenol and
a-pinene had median capture rates of approximately 7 per week T.
dubius and 2 T. undulatus in comparison to median capture rates
of zero for each species when traps contained seudenol alone. Traps
baited with A -3-carene as the only host odor component caught
fewer Thanasimus of either species than lures including a-pinene but
were more attractive than lures containing seudenol without a host
volatile (Fig. 2B, C).

Frontalin when paired with seudenol
In total, we captured 68,125 eastern larch beetles, 2,872 T. dubius,
and 252 T. undulatus. Eastern larch beetles responded differently
to seudenol paired with varying concentrations of frontalin (F;
574 = 8.00, P < 0.0001). The highest release rate of frontalin (24 mg/
day) produced catches significantly less than most lower release rates
of frontalin and the seudenol-only control. Traps baited with the
highest release of frontalin (24 mg/day) captured the fewest eastern
larch beetles with a median capture rate of 23 = 21.0 beetles/trap/
week compared to 87 = 51.63 beetles/trap/week by seudenol-only
controls (a 74% reduction) (Fig. 3A).

Natural enemies T. dubius and T. undulatus also demonstrated

variation in trap capture among treatments (F_ .. =19.99, P < 0.0001

5,288

and F i = 8.59, P < 0.0001, respectively; Fig 3B, C). In contrast to
the pattern exhibited by eastern larch beetle, more Thanasimus spp.
predators were captured at higher release rates of frontalin (3.3 and
24 mg/day) than seudenol-only controls.

The ratio of male to female eastern larch beetles arriving at the
traps was 1.19 and did not change significantly with increasing

concentrations of frontalin (y,* = 0.0119, P = 0.91) (Fig. 4).

Laboratory Olfactometer Assay

While male eastern larch beetles exhibited responses to seudenol
(F, ,,= 13.55, P < 0.0004) and frontalin (F, , = 18.77, P < 0.0001),
there was strong synergism between seudenol and frontalin in the
9= 7-18, P=0.0091). On average,
they spent just over 1 min of each 5-min assay in close proximity to

2-component combination (F

the hole in the arena floor from which the 2-component combination
was emanating (Fig. 5A). Female beetles exhibited no preferences
(Fig. 5B), with no response observed to seudenol (F, ,=3.196,
P =0.08) or frontalin (F, , = 0.61, P = 0.44), and no interaction be-

tween them (F, ,=0.13, P =0.72).

1,19

Discussion

Our results demonstrated that concentration of frontalin can mod-
erate attraction of flying eastern larch beetles to seudenol and
may explain one mechanism by which eastern larch beetles colo-
nize new hosts while regulating arrival of conspecific competitors.
Solitary, attacking female eastern larch beetles produce both
frontalin (Francke et al. 1995, Barkawi et al. 2003) and seudenol
(Althoff 2024), and females cease producing seudenol after pairing
with a male (Althoff 2024). During the early stages of attack, low
numbers of female beetles (associated with low concentrations of
both frontalin and seudenol) would be attractive to male beetles
searching for a mate as well as additional females seeking to colo-
nize a host tree. Subsequently, increasing concentrations of frontalin
from higher densities of arriving females and decreasing amounts of
seudenol due to females pairing would begin reducing attraction of
additional conspecifics to the colonized host. High concentrations
of frontalin with a high frontalin/seudenol ratio thus would indicate
limited resources due to intraspecific competition. However, initially
arriving (“pioneer”) individuals often face higher mortality rates
due to more robust tree defenses, lower probability of recruitment,
and lower reproductive success than later-arriving individuals (Raffa
and Berryman 1983, Pureswaran et al. 2006, Latty and Reid 2009a,
2009b).

Our olfactometer results with approximately single-beetle
concentrations of semiochemicals showed that frontalin is necessary
for arrestment of walking male eastern larch beetles by the in-flight
attractant seudenol (Fig. 5A). Unlike our trapping results (Fig. 3A),
this finding is consistent with our hypothesis that low release rates of
frontalin may enhance attractive responses of eastern larch beetles.
However, in contrast to males, female eastern larch beetles were not
attracted to the combination of frontalin and seudenol or seudenol
alone when walking (Fig. 5) although they were in flight (Figs. 3A
and 4). Prior work on multiple species of scolytines has indicated
differences between flight and walking responses to semiochemicals
(Payne etal. 1982, Camacho et al. 1998, Nifio-Dominguez et al. 2015,
and Nino-Dominguez et al. 2016). Moreover, the concentrations
of pheromone components can alter walking responses within the
genus Dendroctonus (Rudinsky et al. 1974, Nifio-Dominguez et al.
2015). As female beetles are the host-selecting sex in D. simplex,
it is possible that they use pheromone cues while flying to locate

GZ0Z YoJe|\ Q] UO Jasn eiquinjoD-LINossI 10 Alsiaaiun Aq 2GS0 L 08/80018AU/29/S60 1 "0 /I0P/aoIiB-80UBAPE/83/W 0 dNo"olWapeoe//:sdny Wwoll papeojumoq



Althoff et al.

>

10’000 a ab ab

1,000

100

10

Number of D. simplex / trap / week

Seudenol 4-allylanisole « -pinene

w

1,000 a ab [

100

10 *

o -3-carene « -pinene +
o -3-carene

Number of T. dubius / trap / week

4 |
0

Seudenol 4-allylanisole « -pinene

100 a ab c

10

Number of T. undulatus / trap / week ©

& -3-carene « -pinene +
0 -3-carene

]

Seudenol 4-allylanisole  « -pinene

Compounds

& -3-carene o -pinene +
o -3-carene

(All lures contained seudenol)

Fig. 2. Box and whisker plots of A. eastern larch beetle, B. Thanasimus dubius, and C. Thanasimus undulatus responses to 5 lures that included seudenol plus
various host compounds.This experiment was conducted at 8 sites over weekly collection periods from 2 June to 6 July 2022 in Minnesota, USA.The middle line
of each box represents the median for each treatment, while the box boundaries represent the first and third quantiles. Letters indicate statistically significant

differences between treatments.

GZ0Z Yoie|l 0L UO Jasn eiquinjod-Lnossi 1o AlsiaAiun Aq 2G01 L08/00JBAU/E8/E60 L 01 /I0p/8|oB-80URApPE/88/WO0D dNO olWapede//:sdny Woly papeojumoq



Environmental Entomology, 2025, Vol. XX, No. XX

A ab a ab ab bc c

&

[}

(0]

21,000

Q.

o

=

3 100

Q

E

[%]

Q

ks

5 10

0

£

=

Z .

0 . .

0 0.014 0.07 0.39 3.3 24

B a a a ab bc c

=< -

3 100

=

= .

ol

P .

2

£Q

3 .

— 10 .

S

> .

e

: |

3

z |

'

0 0.014 0.07 0.39 3.3 24
¢ a a a ab bc [
4
Q
3 .
=
a
g
$10
8
3
o . .
<
: . .

'-‘- -
ks
E . .
0
£ 1 . . .
3
Z
0
0 0.014 0.07 0.39 3.3 24

Frontalin release rates (mg/day)
(All' lures contained seudenol)

Fig. 3. Box and whisker plots of A. eastern larch beetle, B. Thanasimus dubius, and C. Thanasimus undulatus responses to varying frontalin release rates in
combination with seudenol. This experiment was conducted at 8 sites over weekly collection periods from 14 June to 20 July 2023 in Minnesota, USA. The
middle line of each box represents the median for each treatment, while the box boundaries represent the first and third quartiles. Letters indicate statistically

significant differences between treatments.

susceptible hosts and, after landing upon a tree and beginning to
walk, rely on host compounds to determine host suitability. Work
by McKee (2015) showed that female eastern larch beetles will
frequently engage in “tasting” behavior that leaves marks on the
surface of the tree prior to determining a suitable place to bore.
Both walking and flying male beetles may primarily pursue female-
produced compounds since they are searching for mates (Langor and

Raske 1987, Althoff 2024). However, it should be noted that our
observations of walking behavior occurred within the laboratory
and further studies should be developed that can assess walking be-
havior on the bark surface.

Eastern larch beetle’s greater attraction to A-3-carene than
a-pinene (when combined with seudenol) could reflect host spe-
cies discrimination and resource partitioning between eastern
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larch beetle and its closely related congener, the Douglas-fir beetle
Dendroctonus pseudotsugae Hopkins. The range of Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) overlaps with eastern and
western larch (Larix occidentalis Nutt. (Pinales: Pinaceae)) (Reed

et al. 1986). Dendroctonus pseudotsugae specializes on Douglas-
fir, in which A -3-carene is not abundant. However, it is the second
most prevalent monoterpene in eastern larch and is present in high
concentrations in western larch (Stairs 1967, Von Rudloff 1987,
Althoff et al. 2023). In contrast to eastern larch beetle, Douglas-fir
beetle is repelled by A -3-carene (Ross et al. 2022). Additionally, there
is the potential for eastern larch beetle’s preference for A -3-carene to
confer natural enemy free space since their Thanasimus predators
prefer a-pinene (Fig 1B, C) (Aukema and Raffa 2000).

Thanasimus spp. are predators that specialize on bark beetles
with relatively high dispersal capacities (Cronin et al. 2000).
Like many clerids that use pheromones and other host-associated
semiochemicals to locate prey (Imrei et al. 2023), Thanasimus
dubius utilizes a-pinene in combination with frontalin and other
bark beetle pheromones to locate prey (Aukema and Raffa 2005,
Staeben et al. 2014, Munro et al. 2021). The increasing attraction
of Thanasimus dubius to higher concentrations of frontalin instead
of repellency, as noted with eastern larch beetle (Fig. 3), suggests
increased predation risk to late-arriving bark beetles potentially
seeking to reduce mortality from host defenses by waiting until a
cooperative mass attack is well underway (Berryman et al. 1985,
Erbilgin et al. 2003, Aukema and Raffa 2004). Our experiments also
demonstrated that a-pinene more strongly enhanced Thanasimus
spp. responses to seudenol than A -3-carene (Fig. 2B, C). The prefer-
ence of T. dubius and T. undulatus for o-pinene is not surprising due
to the generalist nature of the clerid predators. The conifer hosts of
many bark beetle species emit a-pinene (Gitau et al. 2013). Further
exploration of predator choice should be conducted to elucidate if
different preferences for host tree odors may occur in regions where
Dendroctonus species overlap. This would be expected since geo-
graphic variation in semiochemical preference and a pattern con-
sistent with optimal foraging theory (i.e., shifts in prey preference
in response to host abundance) exists in populations of T. dubius
(Murdoch 1969, Stephens and Krebs 1986, Reeve et al. 2009). As
proportions of a-pinene and A -3-carene vary among tamarack trees,
responses of Thanasimus dubius to a range of ratios and dosages
should be assessed (Althoff et al. 2023).
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We did not observe a decrease in response of flying eastern larch
beetle to seudenol when combined with 4-allylanisole, as noted by
Werner (1995). Much evidence indicates this compound to be an
inhibitor of Dendroctonus attraction and attacks (Hayes and Strom
1994, Emerick et al. 2008). However, recent studies have found
4-allylanisole to be an attractant synergist for D. frontalis and D.
terebrans (Olivier) (Sullivan et al. 2022) with response variability
possibly linked to beetle population densities. Investigations of
eastern larch beetle responses to 4-allylanisole at varying release
rates and beetle population levels might reveal attractive effects.

The repellency of high doses of frontalin to eastern larch beetles
and its likely role as a deterrent from “full” trees suggests that this
semiochemical has behavioral properties that could be exploited in
pest management schemes. Although low release rates of frontalin
did not enhance eastern larch beetle attraction in the field assay (Fig.
3A), we are hesitant to conclude the absence of biphasic responses
of flying eastern larch beetle to frontalin since (i) the seudenol-only
traps may have had biologically active concentrations of frontalin
in the environment from the higher release rate lures and/or beetles
present in the area (Sullivan et al. 2011, Sullivan and Brownie 2021)
and (ii) the walking assay showed attractive properties of frontalin
when combined with seudenol (Fig. 5). Hence, it is possible that high
doses of frontalin may become attractive as the compounds diffuse
and reach lower concentrations at the margins of infestations, thus
functioning as medium-range aggregation pheromones (Geiszler
et al. 1980, Borden et al. 1987, Schlyter et al. 1987, Sullivan and
Brownie 2022). As such, more research is needed to assess the poten-
tial biphasic properties of frontalin as its potential effectiveness in
tree and stand protection is investigated.
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