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ABSTRACT The redbay ambrosia beetle (Xyleborus glabratus Eichhoff) is an invasive pest and
vector of the pathogen that causes laurel wilt disease in Lauraceous tree species in the eastern United
States. This insect uses olfactory cues during host Þnding, but use of visual cues by X. glabratus has
not been previously investigated and may help explain diameter-related patterns in host tree mortality.
The objective of this study was to determine whether X. glabratus females visually detect silhouettes
of tree stems during host Þnding and are more likely to land on large diameter stems than smaller ones.
Three Þeld experiments were conducted in which stem silhouettes (black cylinders or standing
nonhost pines) of varying diameters and identical capture surface areas were baited with essential oil
lures. The Log10-transformed number of X. glabratus trapped per week increased as a function of
silhouette diameter in 2011 and 2012, using artiÞcial silhouette diameters ranging 2Ð18 and 3Ð 41 cm,
respectively. When lures and capture surfaces were attached to standing pines ranging 4 Ð37 cm in
diameter, a positive relationship between Log10(X. glabratus trap catch) and stem diameter was
modeled using nonlinear quadratic plateau regression and indicated a diameter above which visual
attraction was not enhanced; however, there was not a maximum diameter for enhanced X. glabratus
attraction that was generally consistent across all experiments. These results 1) indicate that X.
glabratus incorporates visual information during host Þnding, 2) help explain diameter-related patterns of redbay (Persea borbonia (L.) Sprengel) mortality observed during laurel wilt epidemics, and
3) are applicable to the management of this forest pest.
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Before an insect can successfully use its host, it must
Þrst Þnd, recognize, and accept that host as being
suitable for oviposition or consumption (Kogan 1994).
The Þnding of host plants by phytophagous insects is
often a complex process involving behavioral responses to chemical, visual, and other stimuli
(Prokopy and Owens 1983, Harris and Foster 1995),
and while much research attention has been given to
olfaction and other forms of chemoreception, visual
host-Þnding cues are commonly used and integrated
with other cues in many insect systems (Reeves 2011).
In bark beetles (Coleoptera: Curculionidae: Scolytinae), for example, the importance of both olfaction
and vision in host location is well recognized, and
manipulation of visual stimuli (including stem or trap
shape, orientation, and color) has been used successfully in bark beetle monitoring and management tactics (Payne and Coulson 1985, Strom and Goyer 2001,
Strom et al. 2001). Although phytophagous insect responses to visual cues commonly occur only when
appropriate chemical cues are present (Bernays and
Chapman 1994), visual stimuli may serve as the dom1 Corresponding author: USDA Forest Service, Southern Research
Station, 200 W.T. Weaver Blvd., Asheville, NC 28804.
2 Professor Emeritus, Department of Statistics, North Carolina State
University, Raleigh, NC 27695.

inant host-Þnding cue for some insects (Machial et al.
2012).
The redbay ambrosia beetle (Xyleborus glabratus
Eichhoff) is native to Asia and was Þrst detected in the
United States near Port Wentworth, GA, in 2002
(Rabaglia et al. 2006). It is the principal vector of
Raffaelea lauricola T.C. Harrington, Fraedrich &
Aghayeva, the fungus that causes laurel wilt disease
and one of several ambrosial symbionts present in the
beetleÕs mycangia (Harrington et al. 2008, 2010). Laurel wilt is a deadly vascular disease of several tree
species in the family Lauraceae and has caused widespread mortality of redbay (Persea borbonia L. Sprengel) in the Atlantic and Gulf Coastal Plain regions of
the southeastern United States (Fraedrich et al. 2008).
Laurel wilt also kills sassafras (Sassafras albidum (Nuttall) Nees) and avocado (Persea americana Miller) and
the pathogen has been recovered from wilted specimens of the rare and threatened native plants pondspice (Litsea aestivalis (L.) Fernald) and pondberry
(Lindera melissifolia (Walter) Blume (Fraedrich et al.
2008, Smith et al. 2009, MayÞeld et al. 2008, Hughes et
al. 2011). Laurel wilt occurs when female X. glabratus
ßy, locate, and bore into the stems or branches of live
host trees and inoculate the xylem with R. lauricola
spores. The fungus moves systemically through the
plant and causes the foliage to discolor and wilt within
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a few weeks or months. X. glabratus has spread rapidly
from its initial point of detection through an area
extending from eastern North Carolina south to Florida and west to Mississippi (Bates et al. 2012). Concern
exists that Lauraceae in other parts of the Americas
may be at risk of damage from X. glabratus and laurel
wilt disease.
To date, research on the host-Þnding behavior of X.
glabratus has focused largely on beetle responses to
volatile chemical cues. Several studies have demonstrated the attraction of ßying X. glabratus females to
host-produced volatiles emanating from cut bolts or
essential oil lures, with signiÞcant effects of host species and lure type on beetle capture (Hanula et al.
2008, 2011; Kendra et al. 2011; MayÞeld and Hanula
2012). Hanula et al. (2008) found no difference in X.
glabratus attraction to infested versus uninfested bolts,
suggesting that there is no aggregation pheromone or
long-range attraction to volatiles emanating from beetle frass or fungal symbionts during host Þnding. Analyses of the volatile chemical composition of attractive
substances, including redbay wood, manuka oil (extract of Leptospermum scoparium Forst. and Forst.,
family Myrtaceae), and phoebe oil (extract of Phoebe
porosa Mez., family Lauraceae) suggest ␣-copaene is
a primary, host-produced attractant (Hanula and Sullivan 2008), although other plant-derived compounds
are likely important in host location as well (Kendra
et al. 2011, Niogret et al. 2011). As for responses to
visual stimuli, Hanula et al. (2011) evaluated X. glabratus catch on various colors of cross vane and sticky
traps baited with manuka oil, but found no color to be
consistently more attractive than others.
At least two previous studies have reported diameter-related patterns in redbay mortality during laurel
wilt epidemics in forest stands (Fraedrich et al. 2008,
Shields et al. 2011). In these studies, percent mortality
of redbay because of laurel wilt was highest in the
larger diameter classes, whereas seedlings and small
diameter saplings were much less affected. Possible
explanations for this pattern include 1) the susceptibility of redbay to the laurel wilt pathogen increases
with stem diameter, or 2) the probability of attack by
X. glabratus increases with stem diameter. The Þrst
explanation seems unlikely because artiÞcial inoculation with the laurel wilt pathogen causes rapid wilting
and mortality in small diameter redbay seedlings and
saplings (Fraedrich et al. 2008) as well as in mature
redbay trees (MayÞeld et al. 2008a). If the second
explanation (probability of X. glabratus attack increases with stem diameter) is correct, there are several mechanistic hypotheses that may explain or support it. One is that ßying X. glabratus females use vision
when Þnding hosts and land on larger diameter hosts
preferentially. Alternatively, larger diameter trees
may produce more or stronger volatile attractants, or
are more likely to be encountered simply because of
larger surface areas. In addition, host recognition or
acceptance may be affected by physical or chemical
bark surface properties (assessed by the insect after
landing) that are more likely to promote entry of X.
glabratus relative to smaller diameter stems.
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Fig. 1. Schematic of artiÞcial stem traps designed to
mimic tree boles of three different diameters, used to capture
Xyleborus glabratus in July 2011 near Cordesville, SC.

The objective of this research was to test the hypothesis that ßying X. glabratus females visually detect
potential host stems during host Þnding and are more
likely to land on large diameter silhouettes than
smaller ones. To test this hypothesis, Þeld trapping
bioassays were implemented in which silhouette diameter varied, but the surface area on which beetles
could be captured and the volatile attractants released
from each trap were held constant.
Materials and Methods
Artificial Stem Experiments. Experiment 1. Experiments were conducted in 2011 and 2012 using artiÞcial stem traps that were designed to visually mimic
the boles of trees. In 2011, traps were constructed from
sections of plastic pipe, 1 m long and of three different
outside diameters: 2, 9, and 18 cm (Fig. 1). The body
of the 2 and 9 cm diameter traps was constructed of
schedule 40 poly vinyl chloride (PVC) plastic pipe
(Charlotte Pipe, Charlotte, NC), whereas the body of
the 18 cm trap was constructed of high density polyethylene (HDPE) plastic drain pipe (Hancor, Inc.
Findlay, OH) because of unavailability of PVC pipe at
the desired diameter. Each pipe was painted with ßat
black spray paint (Valspar Corp., Chicago, IL) for
uniform color and texture. Two 400 cm2 (20 by 20 cm)
transparent Plexiglas panels were attached with wire
at the midpoint of each trap on opposing sides. A clear
photocopier transparency sheet (18 by 18 cm) printed
with a 2 by 2 cm grid and covered with a thin layer of
clear Tanglefoot Tangle-Trap insect glue (Contech
Enterprises Inc., Victoria, BC, Canada) was attached
to each Plexiglas panel with binder clips. A half-size
lure of manuka oil (Synergy Semiochemical Corp.,
Burnaby, BC, Canada), an X. glabratus olfactory attractant (Hanula and Sullivan 2008), was attached to
the bottom rim of each pipe trap, positioned 38 cm
below one of the sticky sheets. The lure consisted of
an internal cellulose matrix soaked with 2 ml of
manuka oil housed in a plastic pouch. Field release
rates of this lure are variable and in a recent study
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decreased from 170 mg/d to ⬍5 mg/d over 14 d in
Georgia (Hanula et al. 2013).
On 13 July 2011, traps were deployed on the border
between a longleaf (Pinus palustris Mill.) and loblolly
(Pinus taeda L.) pine stand and a ßoodplain stand of
mixed hardwood or pine species that paralleled the
headwaters of Alligator Creek on the Francis Marion
National Forest near Cordesville, SC (33.16707 N,
⫺79.87013 W). Traps were deployed during the expected peak ßight period for X. glabratus in this region
(late July through early September; Hanula et al.
2008). Common tree species in the ßoodplain stand
included swamp tupelo (Nyssa sylvatica variety biflora
(Walter) Sargent), swampbay, red maple (Acer
rubrum L.), sweetgum (Liquidambar styraciflua L.),
baldcypress (Taxodium distichum (L.) Richard), laurel oak (Quercus laurifolia Michaux), loblolly pine,
and longleaf pine. Nearly all swampbays ⬎7 cm in
diameter were dead or dying from laurel wilt disease,
and evidence of ambrosia beetle activity on such trees
(sawdust, entrance holes) was widespread. Traps
were hung on ropes suspended between two nonswampbay trees ⬇2 m above ground. No trap was
placed within 3 m of a swampbay tree. Traps were
arranged as eight randomized complete blocks with
three traps per block. Each block contained one trap
of each of the three diameter treatments (2, 9, and 18
cm). Traps were spaced at least 12 m apart and blocks
were spaced at least 15 m apart. After 2 wk, traps were
removed and sticky sheets with trapped insects were
returned to the laboratory. The number of X. glabratus
trapped within the 18 by 18 cm grid of each sticky
sheet was counted and expressed as beetles per trap
per week.
Experiment 2. In August 2012, a similar experiment
at a different location was conducted using different
trap materials, a different lure, and a wider range of
trap diameters. Traps were constructed by forming a
cylinder with 14-gauge welded fence wire (5 by 10 cm
mesh size) (Keystone Steel & Wire Co., Peoria, IL),
wrapping the outer surface of the cylinder with black
landscaping fabric (Greenscapes, Inc., Chatsworth,
GA), and coating the outer surface with ßat black
spray paint (Valspar Corp.). Cylinders were 1 m long
and of the following diameters: 3, 10, 20, 30, and 41 cm.
Plexiglas panels with transparent sticky sheets were
attached to each trap as described above. Each trap
was baited with one cubeb oil lure (Synergy Semiochemical Corp.), another essential oil lure with properties attractive to X. glabratus (Hanula et al. 2013).
The lure contained 2 ml of distilled cubeb oil in a
29-mm diameter bubble releaser; summer Þeld release
rates of this lure were 45 mg/d initially and decreased
to 5Ð10 mg/d for several weeks thereafter (Hanula et
al. 2013). Each lure was attached ⬇38 cm below one
of the sticky sheets. Traps were deployed in a mature
loblolly pine plantation near Kelly, NC (34.47875 N,
⫺78.29576 W) with dead and dying swampbay trees in
the understory. Traps were arranged in a rectangular
grid using Þve replicate rows (blocks) with each of the
Þve trap diameters represented once per row. Each
trap was hung from a rope suspended between two
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pine trees ⬇2 m above ground, and no trap was placed
within 3 m of a swampbay tree. Traps were spaced at
least 15 m apart within rows and rows were spaced at
least 20 m apart. After 12 d, sticky sheets were collected and replaced, and traps were systematically
rotated two positions within each row to help minimize positional effects on beetle capture. Final trap
collections were made 17 d later and the number of X.
glabratus trapped during each period was expressed as
beetles per trap per week. One or more sticky sheets
(or their associated lures) were damaged or pulled
down from four stem silhouettes during 1Ð13 August
(affecting 2, 1, and 1 traps of the 30, 20, and 10 cm
diameter treatments, respectively) and three stem silhouettes during 13Ð30 August (affecting 2 and 1 traps
of the 3 and 30 diameter treatments, respectively).
These traps were presumably damaged by black bears
(Ursus americanus Pallas, as evidenced by footprints
and black hairs in the sticky cards) and data associated
with these traps were discarded.
Standing Pine Experiment. Experiment 3. On 27 July
2011, an experiment was initiated in the same location
as the 2011 artiÞcial stem experiment (experiment 1)
described above, this time using standing live pine
trees for the trap silhouettes. Standing pines stems
were chosen as silhouettes in this experiment because
1) they potentially presented a more natural-looking
host stem proÞle compared with suspended cylinders,
2) pines of a diversity of diameters were present at the
site where X. glabratus was abundant, and 3) cut pine
bolts (8 Ð12 cm diameter and 60 cm long, not baited
with lures) were unattractive to the redbay ambrosia
beetle in a previous study (Hanula et al. 2008), and
thus the standing pines were not expected to be a
source of olfactory attractants. Twenty-four pine trees
(longleaf or loblolly) were used, four from each of the
following diameter classes: ⬍5, 5 to ⬍10, 10 to ⬍15, 15
to ⬍20, 20 to ⬍25, and ⱖ25 cm. From a starting location at one end of the ßoodplain and pine forest
boundary, one of the six diameter classes was randomly chosen (without replacement), and the nearest
pine tree in that diameter class was selected and its
diameter at 1.5 m above ground (diameter at breast
height, DBH) was recorded. The next pine was selected by walking 12 m along the forest edge, randomly choosing a diameter class, Þnding the nearest
tree in that class, and so on, until all diameter classes
were represented four times. A transparent 20 by 20
cm Plexiglas panel was attached with an aluminum nail
to each selected pine on the main stem 1.5 m above the
ground. Gridded transparent sticky sheets were attached to each panel as described previously. A halfsize manuka oil lure was stapled to the tree 15 cm
below the bottom of the sticky sheet. After 7 d, sticky
sheets were removed and the number of X. glabratus
per trap was counted. Voucher specimens of X. glabratus were preserved in 70% alcohol and stored at the
U.S. Department of Agriculture Forest Service Southern Research Station in Asheville, NC.
Data Analysis. For the 2011 artiÞcial stem experiment (experiment 1), analysis of variance (ANOVA)
appropriate for a randomized complete block design,
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Table 1. Mean (and SE) no. of X. glabratus captured per week
on artificial silhouette traps of various diameters and baited with
manuka oil (experiment 1, Cordesville, SC, 2011) and cubeb oil
(experiment 2, Kelly, NC, 2012)
Experiment (year)
1 (2011)
2 (2012)

Silhouette
diameter (cm)
2
9
18
3
10
20
30
41

X. glabratus/trap/wk
Mean

SE

12.8
99.5
166.7
1.1
4.6
6.6
14.7
16.9

1.5
10.7
15.5
0.4
0.9
1.7
3.9
4.4

Note. In both experiments, data were Log10-transformed for analysis of variance but untransformed means and SE (SEM) are shown
here.

with factors block and treatment, was performed on
Log10-transformed catch per trap per week. The treatment effect with two degrees of freedom was partitioned using orthogonal polynomial contrasts into
linear and quadratic (i.e., lack-of-Þt to linear) components, and an F test was computed for each (Steel
et al. 1997, p. 386 Ð395). Analysis of data from the 2012
artiÞcial stem experiment (experiment 2) was carried
out on Log10-transformed catch from both periods to
reduce variance heterogeneity. The mixed model
ANOVA accounted for blocks and period as sources of
replication and included a Þxed effect for treatment
(with Þve levels) and random effects for block,
treatment*block, period and treatment*period. The
treatment effect (with 4 df) was partitioned into linear, quadratic and lack-of-Þt to quadratic components
(with 1, 1, and 2 df, respectively). PROC MIXED
(version 9.2, SAS Institute Inc., Cary, NC) was used to
carry out the ANOVA, and adjusted treatment means
were obtained using the LSMEANS statement to account for the missing observations. Results for both
experiments 1 and 2 are represented graphically with
Log10(X. glabratus trapped per week) plotted against
silhouette diameter. Simple means and standard errors
of X. glabratus trapped per week in experiment 1 and
2, calculated using the untransformed data and ignoring the experimental design, are presented in Table 1.
For the standing pines experiment (experiment 3),
data were again Log10-transformed to reduce variance
heterogeneity. The graph of Log10(X. glabratus
trapped per week) versus silhouette diameter suggested a nonlinear relationship with Log10(trap catch)
increasing to a plateau as tree DBH increased. Several
2- and 3-parameter models were Þt and assessed visually and via R2 values, and based on these assessments, a quadratic-plateau segmented regression
model provided the best description of the data. This
model assumes a quadratic relationship between logtransformed trap catch (Log10Y) and DBH (X) up to
an unknown DBH value (D0), and a horizontal line
relationship above that value. The D0 parameter represents the diameter above which there is no increase
in trap catch and the join at D0 between the two
segments is forced to be smooth, reducing the number

Vol. 42, no. 4

of unknown parameters to 3. The 3-parameter model
is written as:
Log10Y ⫽ A ⫹ B(X) ⫹ C(X2) when X ⬍ D0;
Log10Y ⫽ A ⫹ B(D0) ⫹ C(D02) when X ⱖ D0
with the smoothness constraint C ⫽ ⫺B/(2 x D0).
The iterative GaussÐNewton method of optimization implemented in PROC NLIN (version 9.2, SAS
Institute Inc., Cary, NC) was used to estimate the
parameters of this nonlinear model (Rawlings et al.
1998, chapter 15).
To facilitate visual comparisons between the three
experiments, quadratic-plateau models were also Þt to
the Log10-transformed data from experiments 1 and 2
and graphed. Only three distinct silhouette diameters
were used in experiment 1, so the Þtted quadraticplateau passed exactly through the treatment means
and model assessment was not possible.

Results
Artificial Stem Experiments. Experiment 1. For the
artiÞcial stem experiments (experiments 1 and 2),
simple means and standard errors for the untransformed X. glabratus trap catch by silhouette diameter
indicate that both mean catch and variance increased
with diameter (Table 1). In 2011, when using an artiÞcial stem silhouette baited with an olfactory attractant (manuka oil), the effect of silhouette diameter on
Log10(X. glabratus trapped per week) was highly signiÞcant (F ⫽ 177.28; df ⫽ 2,14; P ⬍ 0.0001). Logtransformed catch in 2011 increased (at a decreasing
rate) as silhouette diameter of manuka-oil baited traps
increased from 2 to 18 cm (Fig. 2A; F ⫽ 301.1, df ⫽ 1,
14, P ⬍ 0.0001 and F ⫽ 53.42, df ⫽ 1, 14, P ⬍ 0.0001 for
the linear and lack-of-Þt to linear components of the
treatment effect, respectively).
Experiment 2. In 2012 there was a signiÞcant effect
of artiÞcial silhouette diameter on Log10-transformed
catch of X. glabratus (F ⫽ 6.76; df ⫽ 4,7; P ⫽ 0.017).
The relationship between Log10(trap catch) and silhouette diameter of cubeb-oil baited traps (ranging
3Ð 41 cm diameter) was mainly linear (Fig. 2A; F ⫽
22.72, df ⫽ 1, 6, P ⫽ 0.006; F ⫽ 2.32, df ⫽ 1, 7, P ⫽ 0.175;
and F ⫽ 0.69, df ⫽ 2, 7, P ⫽ 0.535 for the linear,
quadratic, and lack-of-Þt to quadratic components of
the treatment effect, respectively), although graphical
presentation of the data indicated a leveling-off of
Log10-transformed catch at the larger diameters (Fig.
2A).
Standing Pine Experiment. Experiment 3. When
baiting standing pine trees of various diameters, there
was a signiÞcant positive relationship between tree
DBH and Log10(X. glabratus trapped per week) (F ⫽
11.61; df ⫽ 2, 21; P ⬇ 0.0004). Stem DBH explained 53%
of the variability in log-transformed trap catch using a
quadratic-plateau regression model (Table 2; Fig. 2B).
The diameter at which X. glabratus trap catch was
estimated to plateau (parameter D0) was 9.5 cm, with
an approximate 95% conÞdence range of 5.5Ð13.4 cm
(Table 2).
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Fig. 2. Scatterplots of the relationship between silhouette diameter (centimeter) and the log-transformed number
of X. glabratus captured per trap per week on baited silhouette traps in three different experiments. Panel A: ArtiÞcial
silhouette traps baited with manuka oil (experiment 1, Cordesville, SC, July 2011) and cubeb oil (experiment 2, Kelly, NC,
August 2012) lures. Panel B: Standing pine trees baited with
manuka oil (experiment 3, Cordesville, SC, JulyÐAugust 2011).
In Panel B, the relationship is modeled using nonlinear quadratic plateau-segmented regression, where Log10Y ⫽ A ⫹
B(X) ⫹ C(X2) when X ⬍ D0, and Log10Y ⫽ A ⫹ B(D0) ⫹
C(D02) when X ⱖ D0. D0 is an estimated parameter representing the diameter above which trap catch does not increase.
Regression statistics and parameters for panel B are reported in
Table 2. Quadratic plateau regression curves are also Þtted to the
data in panel A for the purposes of comparison with panel B. The
regression curve for experiment 1 is shown as dashed because
there are only three distinct silhouette diameters, so the Þtted
quadratic-plateau passes exactly through the treatment means
and model assessment is not possible.

Discussion
Stem silhouette diameter had a signiÞcant effect on
host Þnding by female X. glabratus in all three exper-
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iments of this study. When using the same type of lure
and identical capture surface on dark silhouettes of
various diameters, catch of X. glabratus increased with
diameter. This effect was demonstrated at two different sites, using three different types of silhouette materials (black plastic pipe, black wire-and-fabric cylinders, and standing pines) and two different kinds of
attractant lures (manuka oil and cubeb oil). Very few
to no X. glabratus are captured in ßight traps that lack
volatile attractants, even when the trap provides a
vertically oriented stem section or stem-like silhouette
(Hanula and Sullivan 2008, Hanula et al. 2011, MayÞeld and Hanula 2012). Thus, host Þnding by X. glabratus appears to integrate the use of both chemical and
visual cues, although the relative importance or temporal sequence in which these two types of cues are
used is still uncertain. Presumably, wider silhouettes
are easier for the beetles to see, and larger diameters
increase the probability that X. glabratus will Þnd and
land on the stem. This is consistent with several other
species of stem-boring insects that integrate visual
detection of vertical stem silhouettes with olfactory
cues during host Þnding (Hunt and Raffa 1991; Strom
et al. 1999; DeGroot and Nott 2001; Campbell and
Borden 2006a, b). For example, visual discrimination
of host stems by the ambrosia beetle Trypodendron
lineatum Wood & Bright is synergized by the presence
of host and nonhost volatiles (Vité and Bakke 1979,
Campbell and Borden 2009).
Diameter-dependent host selection has been observed in a number of stem-colonizing insects. A visual
preference for larger diameter branches by the weevil
Pissodes strobi Peck is thought to be related to avoidance of host resistance mechanisms (resin ducts)
(VanderSar and Borden 1977). Certain pine bark beetle species, such as Dendroctonus ponderosae Hopkins
and Dendroctonus valens LeConte, preferentially colonize large diameter hosts, a pattern that is at least
partially explained by enhanced beetle brood production afforded by thicker phloem (Amman 1972, Mitchell and Preisler 1991, Liu et al. 2011). Although our
study was not designed to investigate the possible
ecological or evolutionary mechanisms that underlie
enhanced visual attraction of X. glabratus to larger
diameters, this behavior may be of adaptive signiÞcance to this insect as well. As host trees die from
infection with the laurel wilt pathogen, X. glabratus
constructs egg galleries in the xylem in which it cul-

Table 2. Statistics for a nonlinear plateau regression model describing the relationship between the stem diam (centimeter) of
manuka-oil baited pine trees (X variable) and the log-transformed no. of X. glabratus beetles captured per week (Y variable) near
Cordesville, SC, Aug. 2011
Model parameters

Regression statistics
Approx. 95% CI

Approx.

Param.a

Estimate

SE

Lower

Upper

Source

DF

MS

F

P

R2

A
B
D0

⫺0.8
0.5
9.5

1.0
0.3
1.9

⫺2.8
⫺0.1
5.5

1.2
1.1
13.4

Model
Error
Total

2
21
23

0.85
0.07

11.6

⬍0.001

0.53

a
Log10(Y) ⫽ A ⫹ B(X) ⫹ C(X2) when X ⬍ D0; Log10(Y) ⫽ A ⫹ B(D0) ⫹ C(D02) when X ⱖ D0. D0 is an estimated parameter representing
the diam above which trap catch does not increase.
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tivates symbiont fungi as a food source for adults and
larvae (Harrington et al. 2010). One adaptive hypothesis explaining a visual preference for larger diameters
is that a greater volume of xylem allows for construction of longer egg galleries and more brood production
relative to smaller diameter stems. Similarly, thicker
stems may allow for decreased competition with conspeciÞcs or other wood borers for the xylem resource,
or may provide more optimal moisture content for
fungal cultivation or larval development compared
with smaller stems. These are testable hypotheses that
could be evaluated to better understand X. glabratus
host selection behavior.
The results of the current study help explain diameter-related patterns in redbay mortality that have
been observed during laurel wilt disease epidemics.
Fraedrich et al. (2008) monitored a stand infested with
X. glabratus in northern Florida in which mortality of
redbay trees ⱖ2.5 cm DBH increased from 10 to 92%
over 18 mo. Redbays in the largest diameter classes
succumbed to laurel wilt Þrst, and by the end of the
study, redbay mortality was ⬍1, 79, 92, and 100% in the
⬍2.5, 2.5Ð5, 5Ð10, and ⬎10 cm DBH classes, respectively (Fraedrich et al. 2008). Similarly, Shields et al.
(2011) observed 2, 30 and 100% redbay mortality in the
seedling (⬍1.2 m tall), sapling (⬍10 cm DBH, ⱖ1.2 m
tall) and overstory (ⱖ10 cm DBH) strata, respectively, during a 2 yr period in another Florida stand.
The current study suggests that larger diameter redbay stems are more attractive to X. glabratus than
smaller stems, increasing their probability of being
successfully attacked by females and inoculated with
the laurel wilt pathogen.
There may be other characteristics of larger diameter host trees that act in concert with visual cues to
increase their apparency or attractiveness to X. glabratus relative to smaller trees. Although these experiments were designed to hold olfactory cues constant
and thereby isolate the visual effect of silhouette diameter on beetle capture, the strength of olfactory
stimuli (e.g., host-produced volatile compounds) released from live redbay trees may vary with stem
diameter. Furthermore, this study did not evaluate
cues that X. glabratus may use to recognize or accept
the host after landing on the surface, which might
include additional visual, olfactory, tactile, or gustatory stimuli present at or beneath the bark surface.
Such cues would determine whether X. glabratus
bores into and inoculates the sapwood with L. lauricola; if these cues also varied with stem diameter, they
could further explain diameter-related patterns in laurel wilt-caused mortality (Fraedrich et al. 2008,
Shields et al. 2011).
The results presented here suggest that there may
be stem silhouette diameters above which visual attraction of X. glabratus does not increase. In experiment 3, the quadratic-plateau model indicated that
Log10(trap catch) began to plateau at ⬇9.5 cm DBH
(Table 2; Fig. 2B). In the artiÞcial stem experiments,
although there was a strong, signiÞcant linear component of the diameter treatment effect, scatterplots
of the data indicated that Log10(trap catch) increased
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with silhouette diameter at a decreasing rate, and
nonlinear plateau models were also consistent with
these data (Fig. 2A). However, the tendency for
Log10(trap catch) to plateau appeared to occur at
greater diameters in the artiÞcial silhouette experiments compared with traps on standing pines (Fig. 2),
indicating that there was not a generally consistent
maximum diameter for enhanced X. glabratus attraction. These differences between experiments could
have been a result of differences in visual properties
of the silhouette material (pine bark vs. black cylinders), type of lure (manuka oil vs. cubeb oil), beetle
abundance (high in 2011 vs. low in 2012), or environmental factors. Furthermore, it is possible that standing pines have properties that are repellent to X.
glabratus, and that this repellency (perhaps chemically mediated) increased with increasing diameter.
Additional studies are needed to determine whether
the strength or shape of the positive relationship between stem diameter and X. glabratus visual attraction
varies with host tree species, X. glabratus population
densities, forest structure (e.g., stem density, basal
area, and species composition), or other environmental variables (e.g., light). Additionally, this study did
not evaluate the nature of this relationship at very
small diameters (⬍2Ð3 cm).
The results of this study are applicable to the management of X. glabratus and laurel wilt and suggest
areas of additional research. In detection or monitoring surveys for X. glabratus, a baited trap with a stemlike silhouette at least 10 cm in diameter should catch
more beetles per unit capture surface area than a trap
with a narrower or no distinct stem silhouette. Increasing trap diameter above this value may further
enhance beetle capture. A standard, black, Lindgren
multi-funnel trap (Lindgren 1983), which is commercially available and widely used for detection and
monitoring of Scolytinae and other stem-boring beetles (Brockerhoff et al. 2006), has a silhouette diameter
of ⬇20 cm and is an effective trap for X. glabratus
when baited with manuka oil (Hanula et al. 2011).
Other funnel or stem silhouette-based traps of wider
diameter could be compared with the standard 20-cm
multi-funnel trap to see if X. glabratus capture can be
improved. This study also suggests a behavioral mechanism by which small diameter trees survive during
laurel wilt epidemics, a mechanism that could perhaps
be exploited for management purposes, such as by
altering the appearance of larger diameter hosts to
visually disrupt host Þnding by X. glabratus (Strom et
al. 1999). Furthermore, silvicultural manipulation of
redbay diameter distributions (in favor of smaller diameter stems) may be worthy of evaluation as a management tool to help reduce stand-level impacts of X.
glabratus and laurel wilt.
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