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Abstract

Many species of beetles in the family Cerambycidae use volatile pheromones to facilitate the location
of mates. Visual cues may also influence the location of mates, as the adults of many species of ceram-
bycids are often brightly patterned and diurnal. Theory predicts that combining signals or cues of dif-
ferent modalities (e.g., chemical, visual) to transmit information will increase the likelihood of an
organism responding to this information, compared to when the signal or cue is presented alone.
Here, we test the hypothesis that attraction of adults of the cerambycid beetle Megacyllene caryae
(Gahan) (Coleoptera: Cerambycidae, Clytini) to their pheromones will be increased when visual cues
are present. Consistent with that hypothesis, the number of beetles caught by traps baited with phero-
mones was increased 3.4-fold when a dead adult beetle of that species was attached to the trap, rela-
tive to those with just pheromone alone. Capture of M. caryae in our study was also influenced by the
position of traps within forest stands, with traps at 100 m within stands catching 2.5x as many bee-
tles as traps at the forest edge. These findings suggest that vision and visual cues play an important
role in the location of mates by cerambycid beetles and warrant further research. Also, the inclusion
of visual cues on traps may enhance the efficacy of trapping cerambycid beetles, such as the detection
of species that are non-native and potentially invasive, or when monitoring species that are native
and of conservation concern.

2005). The adults of many cerambycid species have bright

Introduction

Rapid location of mates is critical for animals that utilize
habitats that are ephemeral in space or time (Shorrocks,
1990; Ginzel & Hanks, 2005). Many species of beetles
(Coleoptera) in the family Cerambycidae prefer to lay their
eggs on trees that are stressed, weakened, or recently killed
(Hanks & Wang, 2017). There is intense competition for
these resources, as they are distributed as discrete patches
and the suitability of trees for colonization by organisms
that live within wood can change quickly (Ulyshen, 2016).
To facilitate the discovery of mates, many cerambycid
species use chemical signals (i.e., pheromones) that volati-
lize over long ranges (Millar & Hanks, 2017). Response to
signals produced by potential mates often can be enhanced
by the use of information from more than one modality
(e.g., chemical or visual) (Candolin, 2003; Hebets & Papaj,
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patterns on their bodies and are diurnal (i.e., active during
the day; Linsley, 1959). This suggests that visual informa-
tion may also act as a reliable cue for the location of mates
by cerambycids at long ranges (Endler, 1992).

The type of visual information that can influence the
location of mates by insects includes — but is not limited
to — or size of a potential mate, as well as stereotypical
movements that may act to signal the identity and/or qual-
ity of the insect that is performing the behavior (Thornhill
& Alcock, 1983). At short ranges, beetles in the family Cer-
ambycidae respond to visual information such as the color
(Wang, 2002) and the shape and size of models and con-
specifics (Fukaya et al., 2004, 2005). It is unknown
whether visual information is important to the location of
mates by cerambycids at distances greater than a few cen-
timeters, and whether visual information interacts with
information from other modalities (e.g., chemical) to
enhance attraction, thus allowing beetles to rapidly mate
and colonize trees.
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The cerambycid Megacyllene caryae (Gahan), com-
monly known as the hickory borer, is a yellow and black
patterned beetle that visually and chemically mimics wasps
in the family Vespidae (Mitchell et al., 2017). Larvae of
M. caryae develop in hickories that are dying or recently
dead, and the adults aggregate and mate on trees that have
fallen, as well as firewood that has been cut recently (Lins-
ley, 1964; Ginzel & Hanks, 2005). Upon the location of a
tree that is suitable for colonization by the larvae of M. car-
yae, adult males emit an aggregation-sex pheromone
(sensu Cardé, 2014) that consists of (2S5,3R)- and (2R,3S)-
2,3-hexanediol, (S)-(-)-limonene, 2-phenylethanol, (-)-o-
terpineol, nerol, and citral, an isomeric blend of neral and
geranial (Lacey et al., 2008). Citral is a major component
(i.e., attractive when presented alone) of the aggregation-
sex pheromone blend of M. caryae and adults of both sexes
of M. caryae are strongly attracted to traps baited with
citral (e.g., Lacey et al., 2008; Millar & Hanks, 2017).

In this study, we tested the hypothesis that orientation
of M. caryae to a major component of its aggregation-sex
pheromone on potential host trees will be enhanced by
visual information associated with conspecifics. Our
results contribute to a better understanding of the sensory
ecology of M. caryae, as well as provide insights into the
development of traps that increase the likelihood of detect-
ing species that are rare such as those that are of conserva-
tion concern, or recent introductions of exotic species that
may be invasive.

Materials and methods

Study site and trees

Field bioassays were conducted at the Vermillion River
Observatory (40.0655, —87.561), a 192-ha second growth
eastern deciduous forest owned by the University of Illi-
nois. In our experiment, we used 90 shagbark hickories
[Carya ovata (Mill.) K. Koch (Juglandaceae)] that
appeared undamaged and healthy, and that were at least
10 m apart. Distance of each tree from the nearest forest
edge was estimated using Google Earth (https://www.goo
gle.com/earth) from its GPS position.

Experimental design

On each tree we attached two traps of different designs that
operated as a unit (Figure 1): (1) sticky traps were trans-
parent plastic sheets coated with an adhesive (clear adhe-
sive roll trap; 15 x 15 cm; Alpha Scents, West Linn, OR,
USA), and (2) bucket traps, constructed from acetate cop-
ier transparency sheets (Staples, Framingham, MA, USA)
that were attached to a 946-ml plastic container (WNA
Plastics, Chattanooga, TN, USA). The sticky traps were
stapled to tree trunks at 2.5 m above the ground, and

bucket traps were attached just below the sticky traps so as
to capture insects that had escaped. Interior surfaces of
bucket traps were coated with fluoropolymer dispersion
Fluon (Northern Specialty Chemicals, Dudley, MA, USA)
to render the surface slippery and prevent insects from
escaping. Preliminary research revealed that some insects
were capable of escaping from sticky traps, thus necessitat-
ing the addition of the bucket traps.

We used the bodies of air-dried, dead adult M. caryae as
visual cues in our study. Beetles had been previously
trapped during field assays in 2014 and stored in 70%
ethanol. Solid-phase microextraction (SPME; 65 um
PDMS/DVB Fused Silica fiber, Supelco 57310-U 50-
300MW) was used to confirm that no volatile chemicals
associated with M. caryae emanated from the dead beetles
used as visual cues, and that ethanol used to store beetles
dissipated within 24 h. Because the sex and size of

Figure 1 Design of the two types of traps and their relative
positions on tree trunks. (A, B) Sticky traps were constructed of
transparent plastic sheets coated with adhesive, stapled to the
tree, with attached pheromone lure. (C, D) Bucket traps were

constructed of transparent acetate sheets attached to a plastic
container that was filled with water (blue), and were positioned
below sticky traps to capture insects that had escaped.
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individuals can influence response by conspecifics, each
beetle was sexed and had its body size estimated by mea-
suring the length of the right elytron. Male beetles used as
visual cues in our study were larger than females
(x> = 3.96, d.f. = 1, P = 0.05), with a mean (+ SE) right
elytron length of 1.07 & 0.03 cm compared to a mean
female elytron length of 0.98 £ 0.03 cm. On each sticky
trap, one dead beetle was randomly selected and stuck to
its center as a visual cue (total: 24 female, 19 male beetles).
Post hoc analysis confirmed that the number of M. caryae
captured was not associated with the estimated body size
of the visual cue (Kruskal-Wallis test: x> = 3.93, d.f. = 6,
P = 0.69). Pheromone lures consisted of transparent poly-
ethylene sachets (press-seal baggies, Bagette model 14770,
5.1 x 7.6 cm, 0.05 mm wall thickness; Cousin Corpora-
tion, Largo, FL, USA) that were loaded with 0.5 mg of
citral (Sigma Aldrich, St. Louis, MO, USA) in 1 ml of iso-
propanol and contained a cotton roll (#2,
3.81 x 0.75 cm; Patterson Dental Supply, Saint Paul,
MN, USA) to prevent leakage. Control lures contained 1
ml of neat isopropanol. Lures were stapled in the upper left
hand corner of sticky traps (Figure 1A).

The 90 trees selected for our study were randomly
assigned to six treatments (n = 15 trees per treatment)
that represented all combinations of the olfactory and
visual cue treatments as well as controls, as follows: (1)
blank trap; (2) control lure alone; (3) dead beetle alone;
(4) pheromone lure alone; (5) control lure + dead beetle;
and (6) pheromone lure + dead beetle. The experiment
was conducted from 30 April to 5 May 2015. Our hypothe-
sis would be supported if traps baited with both phero-
mone and dead beetles captured more beetles than our
other treatments. Captured cerambycids were identified
following Lingafelter (2007). Trees assigned to the six
treatments did not differ significantly in diameter at breast
height (DBH; overall mean 4+ SE = 32.4 4+ 0.81 cm,
range: 14.7-74.4 cm; Kruskal-Wallis test: y* = 5.37,
d.f. = 5, P = 0.37; Table S1) or position within the forest
relative to distance from the nearest edge (45.3 + 2.8 m,
range: 7.9-106 m; 3> = 1.37,d.f. = 5,P = 0.93).

Statistical analysis

Due to rain and wind damage during part of our experi-
ment, some bucket traps were knocked off of trees. We
thus excluded one blank, one adult alone, one
adult + control lure, one pheromone lure, and two con-
trol lure bucket traps from our analysis, bringing our total
sample size for bucket trapston = 84.

Data were analyzed in R v.3.23 (R Core Team, 2015).
Data were fit to the negative binomial distribution based
on the recommendations of Zeileis et al. (2008) and Zuur
et al. (2009), based on the variance being more than 10x
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the mean, and the dependent variable (numbers of beetles
caught per trap) being strongly left skewed and resistant to
normalization by any transformation. The test for differ-
ences between treatment means was a general linear
hypothesis-multiple comparisons procedure with a Tukey
honestly significant difference correction (glht multcomp
package; Hothorn et al.,, 2008; Bretz et al., 2010). The
influence of tree DBH and distance to the nearest forest
edge on trap catch was tested with the log-link function
(glm.nb lme4 package; Bates et al.,, 2015) (Zuur et al.,
2009). We generated confidence intervals by taking the
exponent of the results produced by the confidence inter-
val function (confint MASS package; Venables & Ripley,
2002).

Results

In total 224 cerambycid beetles were captured by traps
during the study, with 216 beetles (97%) being the target
species M. caryae, of which 155 were males and 61 were
females (sex ratio: 2.5 male:female). Other cerambycids
captured included one, two, two, and three adults of Asty-
lopsis macula (Say), Cyrtophorus verrucosus (Olivier), Phy-
matodes testaceus (L.), and Stenosphenus notatus Olivier,
respectively.

The number of adult M. caryae trapped was influenced
by treatment (x> = 52.13, d.f. = 5, P<0.001), with few
beetles caught by blank traps or those baited only with a
dead beetle, significantly more attracted to traps baited
only with pheromone, but the combination of pheromone
and dead beetles attracted most beetles (Figure 2). When a
female beetle was included as a visual cue, traps captured
more beetles (Kruskal-Wallis test: ¥* = 5.82, d.f. =1,
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Figure 2 Mean (= SE) number of adults of Megacyllene caryae
per trap by treatment. Means capped with different letters are
significantly different (general linear hypothesis test: P<0.05).
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Table 1 Generalized linear model output for number of adult
Megacyllene caryae captured by treatment, distance from forest
edge, and shagbark hickory tree diameter at breast height (DBH)

Treatment Estimate 4+ SE z Pr(>|z)
Intercept (blank) —33 £ 0.0 —2.48 0.01
Beetle —0.06 £+ 1.46 —0.05 0.96
Solvent —34 4186 x 100 000 1.0
Citral 3.35 £ 1.07 3.14  <0.01
Beetle + solvent —0.02 £ 1.5 —0.17 0.99
Beetle + citral 482 + 1.04 4,60 <0.001
Distance from edge 0.02 & 0.01 2.26 0.02
Tree DBH —0.01 £ 0.02 —0.03 0.97

P = 0.02), but did not change the sex ratios of captured
beetles. The eight adults of other cerambycid species that
were captured during the study were scattered across treat-
ments.

The number of beetles caught by traps was not influ-
enced by the DBH of the tree (GLM: z = —0.03,
d.f. = 80,73, P = 0.97; Table 1), but trap catch increased
with the distance of trees from the forest edge (GLM;

= 2.26, d.f. = 80,73, P = 0.02; Table 1). The log-likeli-
hood of detecting M. caryae increased from 1.43 to 2.44 as

traps were placed on trees from 0 to 100 m into the forest
(Figure 3). Transforming these values from a log scale, this
difference is ca. 4 beetles per trap at 0 m and ca. 11 beetles
per trap at 100 m. The dependent variable (number of M.
caryae captured) and independent variables (DBH of tree,
distance to edge, treatment) were not correlated with each
other (pairs function: P>0.05).

Discussion

Visual cues increase attraction to pheromones and are important for
the location of mates by Megacyllene caryae

When presented alone, visual cues did not attract any
M. caryae in our study, but increased attraction to citral by
M. caryae when presented in combination. This suggests
that visual cues are important for the location of mates by
M. caryae, but only serve as an attractant after citral has
been detected, either during flight, or at short ranges after
or just prior to landing on host trees.

We found that the inclusion of a female beetle as our
visual cue increased the number of M. caryae caught in our
traps. Females of M. caryae have much shorter antennae
than males and, thus, it is possible that conspecifics can
identify female M. caryae in flight and preferentially orient
toward them. This result may also be an artifact of our
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random assignment of beetles to treatments, as 13 out of
the 15 beetles that were randomly assigned to the
adult + pheromone lure treatment were female. Future
work should examine whether adults of M. caryae are able
to distinguish between male and female conspecifics while
in flight. And if so, additional work should investigate
whether the sex of a single beetle, or the sex ratio of many
beetles within an aggregation, influences the decision of an
adult M. caryae to land.

Because many species of beetles in the family Ceramby-
cidae use similar or identical blends of pheromones, orien-
tation to the incorrect species of beetle is a potential
problem (Millar & Hanks, 2017). The evolution of blends
of pheromones that include minor components (i.e., com-
pounds in the blend of pheromones that are not attractive
when presented alone; Mitchell et al., 2015) may be one
way cerambycids that are active during the same times of
day or year, avoid errors in orientation. Our findings sug-
gest that visual cues may act as another mechanism by
which beetles in sympatry avoid orientation to the wrong
species of beetle.

Location of traps within a forest may influence likelihood of detecting
Megacyllene caryae

Our study found that traps that were placed at greater
distances within the interior of the forest had a higher
likelihood of capturing M. caryae, compared to traps
placed closer to the edge of the forest. Allison et al.
(2019) found a similar result for three cerambycid spe-
cies in the subfamily Cerambycinae, with significantly
higher numbers of beetles captured at 30 m within the
interior of forests at their study sites. This contrasts
with research on the congener Megacyllene robiniae For-
ster, which found that M. robiniae was more abundant
closer to the edges of forests (Harman & Harman,
1987; McCann & Harman, 1990). Because we did not
sample across multiple sites, and did not sample sys-
tematically at known points inside and outside the for-
est, it is difficult to determine whether our result is
indicative of a true pattern for M. caryae, or is simply
representative of contextual factors (e.g., clumps of
stressed trees) at our field site. Additional research
should examine whether M. caryae are more abundant
in the interior of the forest, as well as whether this is a
general pattern for cerambycine species.

Potential applications to increase detection of insects of
management concern

Our results may provide insight for detection of insects
that are at low abundances. In order to accurately
determine the range(s) of insects that are rare and/or
of conservation concern, or potentially invasive and
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newly introduced into a location, surveys that are often
time-intensive, logistically challenging, and costly are
necessary to determine the abundance of individuals
within populations, as well as their geographic extents
(e.g., Haack et al., 2010; Ray et al., 2014). Results from
these surveys are often used to determine the status of
populations and subsequent management (i.e., extent of
eradication programs for non-native species; determin-
ing whether populations of endangered insects have
increased or decreased in abundance). Although phero-
mones alone can be attractive to many beetles in the
Cerambycidae (Millar & Hanks, 2017), it is possible
that, when presented with an additional visual cue such
as a dead beetle of the same species, trap captures, or
detection of target species may be increased beyond the
pheromone alone. This may indicate that it is possible
to increase detection of target insects when the full
pheromone blend of the target is not known, or if
other environmental factors limit detection.

Conclusions and future directions

Our results confirm that the most important signal for the
location of mates by M. caryae is its aggregation-sex phero-
mone, but that visual cues are also important at short
ranges. Although we detected no chemicals associated with
M. caryae on the dead beetles we used as visual cues, it is
possible that residual chemicals were still present at levels
not detectable by SPME. Future research should confirm
specificity of response to visual cues by M. caryae and
other species of cerambycids and short and long ranges
with models produced by 3D-printing or bioreplication
on the nano-scale (e.g., Domingue et al., 2014). Synthetic
models can allow the independent evaluation of a number
of morphological differences between and within species
of cerambycids. Characteristics such as the size and shape
of a beetle can be scaled to study their role in attraction, in
addition to the inclusion or removal of structural features
that are difficult for humans to evaluate (e.g., cavities,
ridges along the elytra), but that may significantly affect
the response of target insects. The aforementioned tech-
niques, along with additional studies evaluating responses
by M. caryae to specific patterns or colors, will contribute
to a better understanding of the visual system of M. caryae,
as well as provide baseline data for future studies investi-
gating the role of vision or visual cues in orientation by
cerambycid beetles.
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