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Red turpentine beetle primary attraction to pg-pinene or
3-carene (with and without ethanol) varies in western US pine

forests
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2R3 Forest Health Protection, Flagstaff, 1. Lure attraction strength for red turpentine beetle, Dendroctonus valens (Coleoptera:
Arizona, USA Curculionidae: Scolytinae) observed previously in US Pacific Northwest ponderosa
Correspondence pine forests is (—)-B-pinene+ethanol > (+)-3-carene+ethanol, but untested else-
Rick G. Kelsey, United States Department of where in its western US range. Thus, both were tested with (—)-p-pinene, (+)-3-car-
Agriculture Forest Service, Pacific Northwest
Research Station, Corvallis, OR, USA. ene, ethanol, and a blank in Oregon and California sites burned by wildfire, whereas
Email: rick kelsey@usda.gov in Arizona the first four lures were tested in a thinned-unburned site.
2. The D. valens responses in burned Oregon and California sites were similar,
(—)-p-pinene+ethanol > (—)-B-pinene > 3-carene = 3-carene+ethanol > ethanol
> blank, whereas in the cut-unburned Arizona site it was 3-carene+-ethanol > 3-car-
ene = (—)-p-pinene+ethanol > (—)-p-pinene. Whether this variation was influenced
by beetle genetic differences, or chemical and physical parameters in the different
environments and remaining stressed host resources 1-year post disturbance war-
rants additional study.
3. Responses to (—)-p-pinene varied, from a stronger attractant than (+)-3-carene in
Oregon and California, to a weaker lure than (+)-3-carene in Arizona. This
(—)-B-pinene variability was minimized when released in combination with ethanol,
making (—)-p-pinene+ethanol the most consistent attractant of those tested across
the three states, and a reliable lure for detection, monitoring, and management pro-
jects for D. valens in western US pine forests.
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INTRODUCTION

However, its invasion into China during the 1980’s was accompanied

by an increased aggressive behaviour contributing to extensive mor-

In North and Central America the red turpentine beetle, Dendroctonus
valens LeConte (Coleoptera: Curculionidae: Scolytinae) is a nonaggres-
sive, generalist bark beetle colonizing all pine species across its native
range (Kelley & Farrell, 1998; Owen et al., 2010). Although they attack
stressed hosts their colonization usually does not enhance mortality
(Fettig et al, 2008; Westlind & Kelsey, 2019; Zhu et al., 2008).

tality of healthy Chinese red pine, Pinus tabuliformis (Sun et al., 2013;
Yan et al., 2005), attributed in part to their vectored microbial symbi-
onts (Cheng et al., 2016, 2018; Liu et al., 2020; Lu et al., 2010, 2011;
Lu, Decock, et al., 2009; Lu, Zhou, et al., 2009; Xu et al., 2016). Subse-
quent to entering China, the fungal communities vectored by D. valens

have changed and now include new Ophiostomatoid species not
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present in North American pine forests (Lu, Decock, et al., 2009;
Lu, Zhou, et al., 2009; Taerum et al., 2013, 2016). This creates a
latent threat from re-introduction of D. valens to North America
with new or potentially more virulent fungal pathogens from China
(Lu et al., 2011). Furthermore, although Southern Hemisphere pine
forests remain D. valens free, the beetle was ranked the highest
risk for possible introduction and establishment there among 64
North American Scolytinae species evaluated (Lantschner
etal, 2017).

The first line of defence against re-introductions from China has
been the implementation of phytosanitary standards to reduce the
transport of forest pests by world trade and movement of people, but
various issues can weaken their effectiveness (Haack & Petrice, 2009;
Meurisse et al., 2019). In the event of any break-throughs, there is an
abundance of susceptible fire-stressed pine in western US forests that
D. valens are known to quickly colonize (Ganz et al., 2003; Kelsey &
Westlind, 2017a; Westlind & Kelsey, 2019). There is evidence from
China showing some fungi vectored by D. valens may produce larger
lesions in fire-injured trees than in healthy hosts (Lu, Decock,
et al., 2009). Fire-injured pine may also enhance the further spread of
native pathogens such as Leptographium wageneri vectored by D.
valens (Owen et al., 2005). Availability of these stressed hosts in west-
ern US forests has expanded in recent years in conjunction with cli-
mate changes contributing to increases in the number of large
wildfires, fire severity and area burned (Abatzoglou & Williams, 2016;
Littell et al., 2009, 2016; Singleton et al., 2019; Westerling, 2016; Wil-
liams et al, 2019) along with more human-caused ignitions (Balch
et al, 2017). The number of fire-injured trees may remain high or
increase in the western landscape with further climate changes (Bar-
bero et al., 2015; Peterson & Littell, 2014; Williams et al., 2019), as
well as potentially greater use of prescribed fire to manage fuel loads
(Kolden, 2019; Melvin, 2018).

Surveillance and early detection are the second level of defence
(Liebhold et al., 2017). Early detection programs at ports of entry and
nearby pine stands need a strong lure coupled with molecular proto-
cols for identifying vectored exotic symbionts to separate re-introduc-
tions from China and native beetles. Ethanol is a likely lure
component because its release is a key factor in the rapid D. valens
detection of fire-stressed trees (Kelsey & Westlind, 2017a).
Monoterpene+ethanol mixtures have shown strong D. valens
responses in Wisconsin (Klepzig et al., 1991) and Oregon (Joseph
et al., 2001), with the specific monoterpene(s) released having a major
impact on the D. valens response. For example, when lures with the
three dominant or co-dominant ponderosa pine monoterpenes were
tested against one another, the order of attraction strength was
(—)-B-pinene-+ethanol > (+)-3-carene+ethanol > (-
+)-a-pinene+-ethanol in Pacific Northwest pine forests of Oregon and
Washington (Kelsey & Westlind, 2020). Additional tests found the D.
valens response was linearly related to the total dose of
(=)-B-pinene-+ethanol released and changing their release ratios had
minimal impact on attraction (Kelsey & Westlind, 2022).
(—)-p-Pinene+-ethanol and (+)-3-carene+ethanol lures have not been

tested outside Pacific Northwest pine forests.
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Our objective was to test the attraction consistency of D. valens
to (—)-p-pinene+-ethanol and (+)-3-carene+ethanol at three locations
in western US pine forests and compare their catch numbers with,

(—)-p-pinene, (+)-3-carene.

MATERIALS AND METHODS
Lure processing

(+)-3-Carene (>90.0%), and (—)-B-pinene (297%) were purchased from
Sigma Aldrich (St. Louis, MO) and dispensed from low-density poly-
ethylene (LDPE) bottles (15 mL, The Cary Company, Addison, IL) simi-
lar to those used in previous tests (Erbilgin et al., 2007; Kelsey &
Westlind, 2020, 2021, 2022; Liu et al., 2013; Sun et al., 2004). They
were filled in advance to the threaded neck with a small air bubble
under the cap, then grouped by lure type in sealed plastic bags and
stored at 5°C. Before initial weighing they were held 5 days at room
temperature to saturate the LDPE bottles (Kelsey & Westlind, 2020),
then refilled, weighed and immediately returned to the cold room for
a few hours until further processing. Ethanol (95%) pouches (approx.
59.6 x 8.4 cm inseams) were purchased from Synergy Semiochem-
icals Corp., Burnaby, Canada, and stored at 5°C until adjusted to room
temperature for initial weighing, then immediately returned to the
cold room for further preparation.

Ethanol released from stressed conifer tissues mixes with resin
monoterpenes as it vaporizes into the atmosphere (Gara et al., 1993).
To simulate comparable vapour mixing the weighed monoterpene and
ethanol dispensers were combined in a wide mouth, high-density
polyethylene jar (9.3 x 9.7 cm, D x L cap on, 473 mL, Uline, Pleasant
Prairie, WI) with five equally spaced ventilation holes drilled in the
bottom (0.79 cm dia.) and screw cap (0.95 cm dia.) in an X pattern
(Kelsey & Westlind, 2020, 2021). A screen inside the cap prevented
insects from entering the top holes, and the outside jar wall was
wrapped with aluminium foil to reduce solar heating. To monitor site
temperatures one ibutton temperature data logger (model 1922L,
Maxim Integrated Corp. San Jose, CA) was secured with tape to the
inside wall for three randomly selected jars of each lure type.

Each mixing jar, except blanks, received one ethanol pouch
wrapped around the inside wall leaving a center opening for one 3-
carene bottle, or two p-pinene bottles to provide similar release rates
based on laboratory tests (Kelsey & Westlind, 2020). Arizona 3-carene
lures had an empty LDPE bottle added, giving them the same number
of bottles in each jar as the p-pinene lures. Loaded mixing jars for Ore-
gon or California were sealed in plastic bags by lure type and stored in
separate coolers at 5°C overnight. The next morning they were
packed with ice and transported to the study sites. Arizona lures were
weighed, loaded into mixing jars, then grouped by lure type in card-
board boxes with 10 frozen cold packs (473 mL each, Uline). Boxes
were sealed in a plastic bag, placed in separate coolers and shipped
overnight air to Arizona where they were stored in a freezer for less
than 48 h before attaching to traps. On the last day, at all sites, the
beetles and lures were collected simultaneously. Oregon and
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TABLE 1 Field test locations, prior year disturbances and tree metrics®
Tree means (range)
Site Species®-status BA (m?/ha) Diameter (cm) Height (m) Age
Arizona, thinned June, 2020, no burn 35°12.980’ N PP-live 15.3 40.4 (24.1-68.1) 16.5(10.2-24.2) 101¢
112°16.243" W; Elevation (m): 1980 Al-live 3.67 22.5(16.8-34.5) 4(17.8-284) 125
California, burned 6 July, 2020; 41°2.789" N; 120°50.740' PP-dead 13.8 40.3 (13.7-86.1) 17.3(9.7-27.1) 235
W; Elevation (m): 1689 WJ-dead 18 424(31.8-648)  11.3(8.3-16.0) -
Oregon, burned 16 August, 2020; 44°28.094' N PP-live 0.7 57.7 (49.8-68.8) 28.3 (20.9-34.0) 66
121°33.272' W; Elevation (m}: 1165 PP-dead 9.4 358(9.7-864) 160 (4.0-28.7) -
DF-live 0.7 55.0 (40.6-68.3) 26.4(20.7-32.4) 105
DF-dead 2.5 42.8 (5.6-61.0) 20.0 (4.0-25.7) -
GF-live - - - -
GF-dead 0.7 20.2 (15.0-24.4) 11.4 (8.2-13.7) 64
WL-live 0.9 42.2(29.8-62.2) 26.9 (23.1-33.5) 99
WL-dead 0.2 325 21.0 -
Wl-live - - - -
WJ-dead 0.2 53.9 12.6 -

*Tree metrics are means (ranges) obtained from 10 systematically positioned variable radius plots overlapping the study area using a 10 basal area factor
prism. All trees within each plot were measured for diameter at 1.4 m, and height using an Impulse laser range finder (Laser Technology Inc., Englewood,
CO). In Arizona, the largest diameter ponderosa pine on each plot was cored to the pith at 1.4 m with a 5 mm diameter increment borer and growth rings
counted in the lab. In California and Oregon, the age was estimated for one tree only because xylem tissue in burned trees was dry and crumbly. The
California PP-live age is from one 79.8 cm diameter unburned tree outside the fire boundary.

bPP, Pinus ponderosa, Douglas ex P. Lawson & C. Lawson; AJ, Juniperus deppeana Steud.; WJ, Juniperus occidentalis Hook.; DF, Pseudotsuga menziesii
(Mirbel) Franco; GF, Abies grandis (Douglas ex D. Don) Lindley; WL, Larix occidentalis Nutt.

“The Arizona PP-live age ranged from 64 to 353 years from 10 trees, the AJ-live age ranged from 105 to 176 with 5 trees cored.

California lures were regrouped by type in a plastic bag in separate
coolers with ice and returned to the 5°C cold room later in the day
and held overnight. Arizona mixing jars were regrouped by lure type
in boxes with frozen cold packs, held overnight and transported by
vehicle for 33 h to the laboratory and stored overnight in the cold
room. The next day LDPE dispensers and ethanol pouches were
adjusted briefly to room temperature and reweighed for calculating
release rates.

Study sites and trial designs

The Oregon trial was located approximately 19 km north of Sisters,
Oregon, in a ponderosa pine stand burned by wildfire the previous
summer, see Table 1 for details. It was setup in a randomized com-
plete block design with 12 blocks each having six randomly assigned
(—)-B-pinene,
(—)-B-pinene-+ethanol, ethanol, or a blank jar attached to 16-unit mul-

lures, (+)-3-carene, (+)-3-carene+ethanol,
tiple-funnel traps. Blocks were a line of traps separated by a minimum
of 50 m, and each trap was at least 3 m from potential host trees.
Blocks were a minimum of 50 m apart. Traps were secured to a metal
rod stand, with catch cup bottoms 10-30 cm above the forest floor.
Catch cups contained marine antifreeze with propylene glycol (Prime
Guard, Highline Warren, Memphis, Tennessee, or Winter-eez, South

Win. LTD, Greensboro, NC) to kill and preserve beetles. Lure jars were

attached to the 6th funnel above the catch cup on 28 April, 2021,
beetles were collected on 11 and 28 May, and 21 June when lures
were removed, 54 trap days total.

The California field trial was located approximately 71 km north
of Susanville, California, in a ponderosa pine stand burned by wildfire
the previous year, see Table 1 for details. It was setup with the same
randomized complete block design with randomly assigned lures as in
Oregon. All parameters were the same except a 30 m minimum dis-
tance between blocks and traps within blocks, to ensure all were
located within the burned area. Lure jars were attached on 6 May
2021, beetles were collected 24 May and 15 June when lures were
removed, 40 trap days total.

The Arizona test was located approximately 8 km southwest of
Williams, Arizona. Unlike Oregon and California, there was no previ-
ous year prescribed or wildfire burn sites readily accessible, so the test
was conducted in a ponderosa pine stand thinned the previous year,
with the woody debris collected and piled throughout the site, see
Table 1 for details. The design and distances were the same as in Ore-
gon, but only four randomly assigned lures in each block, (+)-3-carene,
(+)-3-carene+-ethanol, (—)-p-pinene, (—)-p-pinene+ethanol. The multi-
ple-funnel traps were shorter with five larger diameter funnels (Syn-
ergy Semicochemicals Corp.) rather than 16 funnels at the other two
sites. Lure jars were attached to the second funnel above the catch
cup on 3 May 2021, with beetles collected 13 and 24 May and 9 June
when lures were removed, 37 trap days total.

85UB017 SUOWILLOD 3A1Ie81D) 3|qeo![dde 8Ly Aq peulenob afe Sa[ole YO ‘85N JO S3INI 104 AkeiqiT8UIIUQ AB|IM UO (SUONIPUOD-PUR-SULIBY WO A8 | 1M ARIq 1 pUl|UO//ScIY) SUORIPUOD pue SWie | 8y} 89S *[£202/T0/Se] Uo ARiqi]auliu AB|IM ‘Ariq1T] 80IABS 158104 [eUOIRN AQ SESZT8e/TTTT OT/I0p/L0o A3 1M AReiq iUl u0's euno ka.//sdny Wwouy papeojumod ‘T ‘€202 ‘€956T9T



114 Agricultural and Forest
Entomology

Statistical analysis

Each site had one or more lure treatments with 11 lure replicates
rather than 12 because of interfering factors during the tests. Physical
evidence indicated the presence of elk (Cervus elaphus) near Oregon
traps throughout the test period, resulting in loss of catch data from
four separate blocks; one trap with ethanol, one with B-pinene, and
two blank traps with no lures. Elk activity in Arizona also caused a loss
of catch data from one trap baited with p-pinene. In California, sus-
tained high wind or intermittent wind gusts dislodged catch cups from
two traps, one baited with 3-carene and the other with p-pinene.

Due to site differences in lure releases and trapping periods the data
from all three sites were separately analysed using sas software, version
9.4 (SAS, 2014). Assumptions of normality and equal variance of resid-
uals were checked during analysis through quantile-quantile and residual
versus predicted plots, respectively. Where necessary to meet these
assumptions, the data were natural log transformed. For all analyses the
means were compared by Fisher's protected (@ < 0.05) least significant
difference. Means were considered significantly different at p < 0.05,
but most were lower and reported in the graph legends.

B-pinene, 3-carene, and ethanol daily release rates within each site
were separately analysed as a randomized complete block analysis of
variance (anova) using the mixed model procedure (proc MIXED). Block
was modelled as a random effect, and lure as a fixed effect, with no data
transformation required to meet model assumptions. Lure jar average,
minimum, and maximum daily temperatures were analysed similarly by
the mixed model procedure, with no transformations necessary.

At each site the total D. valens catch by each trap over the entire trap
period was analysed by a generalized mixed models anova (proc
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GLIMMIX) using a Poisson distribution for count data with a log link func-
tion to meet model assumptions for normality and equal variance. Block
was modelled as a random effect and lure as a fixed effect. The means

and 95% confidence limits were back-transformed for presentation.

RESULTS
Lure release rates and temperatures

3-Carene 24 h release rates with or without ethanol were greater
than B-pinene with or without ethanol at each site and all within site
differences were statistically significant (Figure 1). p-Pinene release
was faster from the Oregon p-pinene+ethanol lures than from the
B-pinene only lure, but not in California, or Arizona (Figure 1). The 3-
carene release was also higher from 3-carene-+ethanol than 3-carene
only lures in Oregon and California, where both differences were sta-
tistically significant (Figure 1a,b), but not in Arizona (Figure 1c). Etha-
nol pouch release rates were similar among lures at each site, with no
statistical differences among them (Figure 1).

B-pinene, 3-carene, and ethanol release rates, and mean average
daily temperature increased as the site latitude progressed to the
south. They were all lowest in Oregon, intermediate in California, and
highest in Arizona, but these differences among sites were not com-
pared statistically (Figure 1). Lure temperatures within each site were
not statistically different, although the daily average for
monoterpene-+ethanol lures in Oregon and California were slightly
higher (13.0, 15.0°C; respectively), than their corresponding lures with
monoterpenes only (12.6, 14.6°C; respectively).

Oregon California Arizona
220 {(A)  [Efect at £ P _ - (B) |[Effectdi_E__P ~(C) |Effect df. F__ P
| Lure 222 002 0.979 | Ethanol O | Lure 222 291 0076 | Eghanol O | Lure 1,11 0.00 0.966 | Ethanol O

> 200 4 Lure 3,33 25.28 <0.001 | Terpenes P A | — Lure 3,33 47.31<0.001 |Temenes pP A | - Lure 333 2119<0.001 |Terpenes P A
é 4 Temp Ave Max Min c m | Temp Ave Max Min c m Temp Ave Max Min cn
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FIGURE 1 Twenty-four-hour release rates (means +95% Cl) for ethanol, -pinene and 3-carene from each lure type. Box inserts show separate
ANOVA results for ethanol and monoterpenes, E, ethanol; P, B-pinene; C, 3-carene. (a) Oregon monoterpene symbols with different letters indicate
significant statistical differences (SSD) at p < 0.026 for all comparisons. (b) California monoterpene symbols with different letters indicate SSD at

p < 0.011 for all comparisons, and those with the same letters are not different at p = 0.139. (c) Arizona monoterpene symbols with different letters
indicate SSD at p < 0.001 for all comparisons, and those with the same letters are not different at p > 0.385. Ethanol release rates within each site
were not statistically different among any lure types as indicated by the anova table p values. Ethanol symbols for BPE lures were offset slightly for
clarity. Temperatures are the mean daily average, maximum, and minimum across the four lures releasing monoterpenes at each site.
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FIGURE 2 The Dendroctonus valens total beetle number/trap
(means £95% ClI) for lures at each test site plotted on different scales.
Box inserts show the anova results, E, ethanol; P, p-pinene; C, 3-
carene; NT, not tested. (a) Oregon lure symbols with different letters
indicate significant statistical differences (SSD) at p < 0.001 for all
comparisons, and those with the same letters are not different at

p 2 0.297. (b) California lure symbols with different letters indicate
SSD at p < 0.001 for all comparisons, and those with the same letters
are not different at p = 0.798. (c) Arizona lure symbols with different
letters indicate SSD at p < 0.003 for all comparisons, and those with
the same letters are not different at p > 0.958

Beetle responses

Total beetle catch was lowest in Arizona (625), intermediate in Ore-
gon (1305) and highest in California (2415). The D. valens responses in
Oregon (Figure 2a) and California (Figure 2b) were very similar, where
B-pinene+ethanol was the most attractive lure with catch numbers
statistically higher than all the others. At both sites p-pinene was the
second most attractive, its beetle catch was also statistically greater

e | 1

than 3-carene and 3-carene+ethanol, with no difference in the low
beetle numbers for the latter two. Traps baited with ethanol caught
more beetles than the blank, but lower numbers statistically than lures
with either monoterpene present. Arizona D. valens responses were
distinctly different from Oregon and California because 3-carene+-
ethanol attracted greater beetle numbers statistically than either 3-
carene or f-pinene+tethanol with nearly identical catches, whereas

B-pinene lures attracted the fewest beetles (Figure 2c).

DISCUSSION

The D. valens trap catch increases as p-pinene release rates rise (Hobson
et al., 1993), or the combined release rates of B-pinene+ethanol increase
by changing either one or both components (Kelsey & Westlind, 2022).
Therefore, when comparing monoterpene lure attraction strengths the
release rates need to be considered. 3-Carene was released 1.2 times
faster than f-pinene at all sites when matching both lures without etha-
nol, or both with ethanol; a result of 3-carene diffusing more than two
times faster than B-pinene through the LDPE bottle (Kelsey &Westlind,
2020). Although all B-pinene lures had two bottles to compensate, their
combined releases were still slightly lower than one bottle of 3-carene.
The monoterpene release from f-pinene+ethanol lures in Oregon, and
3-carene+ethanol lures in Oregon and California was 1.1 times higher
than from their corresponding lures without ethanol. This is attributed to
their additional mass from ethanol pouches keeping the lure mixing jars
mean daily average temperatures slightly higher, in the same way,
release rates for all lure components increased as the mean daily average
site temperatures climbed. Although lure release rate differences within
sites could have influenced some beetle responses they are not consid-
ered a major contributing factor to the large catch differences among
lures at any site, except for between each respective monoterpene with
or without ethanol.

Variability in the D. valens responses among lures was most notable
in Arizona compared to Oregon and California where their behaviours
toward all lures were similar. In Arizona p-pinene was a weaker attrac-
tant than both 3-carene lures; 3-carene-ethanol captured the most bee-
tles, 1.4 times more than B-pinene+ethanol or 3-carene with similar
catches. This contrasts with Oregon and California where 3-carene-+-
ethanol and 3-carene had similar low beetle catches to both f-pinene
lures, just 33% and 30% of the Oregon B-pinene-+ethanol catch, respec-
tively, and 17% and 18% of the numbers attracted to California
B-pinene+-ethanol, respectively. These variable responses could be due
to the presence of other influential chemical or physical signals in the
environment, olfactory detection differences in the sensilla on the anten-
nae, and/or dissimilar higher-order neuron processing in the brain.

The environment and type of host materials in Arizona were dis-
tinctly different. It was ponderosa thinned the previous year and
unburned, with stumps and piles of woody slash as host materials.
This contrasts with burned Oregon and California ponderosa pine
sites with fire-injured host trees only, with no stumps or slash. The
Arizona environment and beetle response were similar to an earlier

Oregon test, also thinned the prior year with stumps and piles of
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woody slash scattered throughout, where beetles likewise responded
more strongly to 3-carene+ ethanol than 3-carene; B-pinene and
B-pinene+ethanol were not tested (Kelsey & Westlind, 2017b). Similar
geographic variability was observed for a-pinene attraction to wood-bor-
ing beetles (Miller, 2006) and several conifer bark beetles when tested
against a-pinene+ethanol and ethanol alone in southeastern forests
(Miller & Rabaglia, 2009). They proposed site differences, such as the pri-
mary host species, possible competing sources of ethanol or a-pinene,
local weather, or dampening of lure emissions by associated vegetation
as potential influences on beetle responses. For D. valens, the contrast
between burned and thinned-unburned ponderosa pine forests with dis-
tinctly different stressed hosts materials provide an opportunity to gain
further insight into whether such disparate environments influence their
primary attraction to 3-carene and p-pinene, with or without ethanol.
However, both recent and historical wild and prescribed fires in Arizona
(Covington & Moore, 1994; Singleton et al., 2019) should have provided
similar selective pressure on D. valens for attraction to recently burned
trees as observed in Pacific Northwest forests (Kelsey &
Westlind, 2017a; Westlind & Kelsey, 2019).

Regional differences in host ponderosa pine resin monoterpenes
might influence the Arizona responses but seems unlikely, as they do
not align with the beetles corresponding response changes. Monoter-
penes have been analysed for 10 populations across northeastern
Washington, central Oregon and northeastern California in the gen-
eral vicinity of our trap sites (Hobson et al., 1993; Smith, 1977; Stur-
geon, 1979). 3-Carene is the most abundant ranging from about 37%
to 64% and B-pinene 9% to 29% (Smith, 1977), with phloem propor-
tions for both in the same ranges at one Washington and one Oregon
site (Kelsey & Westlind, 2020; Table S3). Yet, p-pinene or f-pinene-+-
ethanol attracts more beetles than 3-carene or 3-carene+ethanol
across this region (Hobson et al.,, 1993; Kelsey & Westlind, 2020,
results here). In Arizona, a-pinene is typically the most abundant
xylem resin monoterpene in ponderosa pine (Smith, 1977). In two
populations nearby the Arizona test site it ranges from 43% to 50%,
3-carene from 27% to 35%, and p-pinene at 5% to 6% (Smith, 1977).
Phloem proportions for a-pinene and f-pinene are about the same,
and 3-carene lower at 19% in another nearby stand (Kolb et al., 2019).
Although 3-carene does occur at higher amounts than p-pinene in
some Arizona trees and populations, the greater abundance of
a-pinene and substantial variation in proportions of all three com-
pounds makes it seem unlikely the host resin composition is a critical
element for stronger D. valens attraction to lures with 3-carene over
B-pinene. Furthermore, at sites with different pine host species and
resin components in California, Wisconsin, Pennsylvania, and China,
3-carene was a stronger attractant than f-pinene, (+)-a-pinene, and
(—)-a-pinene (Erbilgin et al., 2007; Sun et al., 2004).

Genetic differences in Arizona D. valens are another factor poten-
tially influencing response changes in Oregon and California. Recently
four genetically and geographically distinct D. valens populations were
recognized in North America (West, Central, Northeast and Mexico)
using microsatellite markers to determine population structure (Taerum
et al.,, 2016). Beetles in the West population were collected from Wash-

ington, Idaho, Montana, Oregon, California, and Arizona. Although
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Arizona was included, the principal components analysis plots indicated
it was the least similar to beetles at the other five western sites.

Our Oregon site here is the first p-pinene test in a Pacific North-
west forest, with a catch 2.3 times higher than 3-carene, whereas in
California it was 3.2 times higher than 3-carene, and similar to results
by Hobson et al. (1993) in California. Their B-pinene catches were 5.4
and 10.7 times greater than 3-carene in separate tests, and the
response was log linear with increasing doses of p-pinene. But
B-pinene in Arizona was a weak attractant here, with 3-carene captur-
ing 8.6 times more beetles, a relationship also observed at multiple
sites across California, Wisconsin, Pennsylvania, and China (Erbilgin
et al,, 2007; Sun et al., 2004).

B-Pinene-+ethanol produced the most consistent beetle response
across all three test sites, although in Arizona the 3-carene-ethanol
caught more beetles. Oregon and California catches were 3 and 5.8
times higher than 3-carene-+ethanol, respectively, a response pattern
observed before in Oregon and Washington (Kelsey & Westlind, 2020).
As in a previous test (Kelsey & Westlind, 2022) the higher combined
release of B-pinene+ethanol improved attraction strength over p-pinene
alone by 1.5, 1.5, and 6.2 times in Oregon, California, and Arizona,
respectively, and all were likely synergistic increases. As mentioned, a
similar attraction consistency by (—)-a-pinene+ethanol over (—)-apinene
was detected for numerous wood-boring beetles (Miller, 2006) and coni-
fer bark beetles (Miller & Rabaglia, 2009) at multiple trap sites in south-
eastern US forests.

Ethanol alone produces a weak D. valens response, attracting a few
more beetles than a blank trap with no lure (Kelsey & Westlind, 2017b;
results here), and consistently enhanced the D. valens capture of
B-pinene+-ethanol over B-pinene at all sites. It remains unknown whether
ethanol influences p-pinene electrophysiological detection in hairlike sen-
silla on antennae, or some other higher-order neuron processing in the
brain. But comparable responses have been examined more thoroughly
for fruit flies, Drosophila melanogaster, that exhibit a variety of ethanol-
influenced behaviours (reviewed by Park et al, 2017). The flies
responded more strongly to farnesol (a component of citrus odour) +-
ethanol than to either chemical alone (Park et al., 2020), similar to D.
valens responses to pine kairomones-+ethanol. These investigators
showed that brief ethanol exposure activated neuronal detection of sub-
sequent ethanol or farnesol exposure by chemosensory neurons sensi-
tive to farnesol. They also revealed similar effects of ethanol on the
activity of neurons tuned to the detection of a fly pheromone. This etha-
nol-enhanced neuronal activity for both compounds was considered
olfactory rather than systemic (Park et al., 2020). The mechanism by
which ethanol causes these effects remains a mystery. Furthermore, eth-
anol in pines, aside from contributing to D. valens host detection and
selection may provide these beetles other benefits such as increased lar-
val fitness as demonstrated for fruit flies (Schumann et al., 2021) or
increased brood production as shown for an ambrosia beetle (Ranger
et al.,, 2018), and are worthy of further investigation.

In conclusion, our three study sites were in the genetically similar
D. valens West population (Taerum et al., 2016) and beetles at all sites
exhibited a strong, consistent response to -pinene+ethanol, confirm-

ing this behaviour is not localized to the Pacific Northwest. This
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makes it a reliable lure for detection, monitoring, and management
projects for D. valens across its West population range, and a reason-
able initial choice for any rapid detection programs elsewhere as in
the Southern hemisphere where pine plantations could be at risk of
invasion from North America. Whether this same response occurs in
China, because its invasion was likely by beetles from the West popu-
lation (Cai et al., 2008; Cognato et al., 2005; Taerum et al., 2016; Yan
et al., 2005), or for members in the other three North American popu-
lations, awaits testing. If there are differences it might provide new
insight into what North American population was the original source
of invaders to China, as genetic studies of the beetles and their symbi-
ont assemblages support opposing invasion scenarios (Cai et al., 2008;
Cognato et al., 2005; Taerum et al., 2013, 2016). Further studies are
needed to evaluate whether host ethanol contents provide D. valens
with increased larval fitness or greater brood production, in addition
to how it is detected by neurons in sensilla or brain. Additional trials
with lures in thinned vs burned pine stands can provide insight into
what extent, if any, such extreme environmental and host condition
differences contributed to observed variation in their primary attrac-

tion to 3-carene and B-pinene with or without ethanol.
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