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FOREST ENTOMOLOGY

Assessing the Flight Capabilities of the Goldspotted Oak Borer
(Coleoptera: Buprestidae) With Computerized Flight Mills

VANESSA M. LOPEZ," MICHAEL N. McCCLANAHAN,?> LAURIE GRAHAM,?
AND MARK S. HODDLE"*?

J. Econ. Entomol. 107(3): 1127-1135 (2014); DOL http://dx.doi.org/10.1603/ EC13525

ABSTRACT The goldspotted oak borer, Agrilus auroguttatus Schaeffer (Coleoptera: Buprestidae),
is native to southern Arizona and is an invasive wood-boring beetle that has caused considerable
mortality to native oak species in southern California. Assessing the dispersal capabilities of this
woodborer may help to determine its potential environmental and economic risk within the invaded
region, and possibly assist with the development of species-specific management strategies. The flight
performance of A. auroguttatus adults under different age, mating, and nutritional status was assessed
by tethering individuals to computerized flight mills for a 24-h trial period to collect information on
total distance flown, flight times and velocities, number and duration of flight bouts, and postflight
weight. The nutritional status and body size (i.e., elytron length) of A. auroguttatus adults had a
significant influence on overall flight performance. Mating status and gender had no significant
influence on total flight distance, duration, velocity, and flight bout time. Significant interactions
between nutritional status and age were observed in the overall flight performance of A. auroguttatus,
with decreased flight activity in old (=6 d of age) starved individuals during a 24-h trial period. Overall,
results of these flight mill assays indicate that A. auroguttatus is unable to disperse long distances across
habitats that lack suitable oak hosts. This work supports the hypothesis that human-aided transpor-
tation via infested oak firewood from southern Arizona across the Sonoran desert likely caused the
initial introduction, and subsequent satellite infestations of A. auroguttatus within southern California’s

native oak woodlands.

KEY WORDS dispersal, flight activity, flight mill, invasive species

When introduced insects become pestiferous in ad-
ventive areas, studies examining their dispersal ca-
pabilities can aid in determining the biological and
abiotic factors that may influence rates of spread
and establishment into new areas. Invasive species,
such as insect pests, can be particularly damaging to
forest ecosystems, causing severe economic and en-
vironmental impacts (Pimentel et al. 2000, Lovett et
al. 2006, Holmes et al. 2009, Kenis et al. 2009).
Millions of dollars are spent annually managing in-
sect forest pests because their negative effects on
invaded ecosystems are often widespread and long-
lasting (Pimentel et al. 2005, Kovacs et al. 2010, Van
Driesche et al. 2010). Therefore, identifying and
understanding traits that promote the proliferation
and expansion of invasive species in natural forest
ecosystems can help to determine the potential en-
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vironmental and economic risk these species pose,
and possibly allow the development of species-spe-
cific management strategies that mitigate their neg-
ative effects.

The goldspotted oak borer, Agrilus auroguttatus
Schaeffer (Coleoptera: Buprestidae), is a small (adults
are ~10 mm in length) invasive wood-boring pest of
native oaks within urban and natural environments in
southern California (CA). Indigenous to southern Ar-
izona (AZ), A. auroguttatus was likely introduced into
southern CA through the transportation of infested
oak firewood, and was initially detected in the Cleve-
land National Forest, San Diego County, CA, in 2004
(Westcott 2005). In this area, >212.460 ha of native
forest are infested with this pest and it has been es-
timated that ~25,000 coast live oak (Quercus agrifolia
Née), California black oak (Quercus kelloggii Newb.),
and canyon live oak (Quercus chrysolepis Liebm.)
have been killed because of larval feeding damage to
the phloem/xylem interface (Coleman et al. 2012a,
USDA-FS-FHM 2013).

Owing to the proximity (=550 km) of the native AZ
range of A. auroguttatus to southern CA, Westcott
(2005) hypothesized that this species naturally ex-
panded its distribution into CA. However, this seems
unlikely due to significant geographical barriers such
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as the Mojave and Sonoran deserts, which lack suitable
oak hosts required for adult feeding (i.e., oak leaves)
and larval development (i.e., live oak trees in the red
oak group, section Lobatae, with trunk diameters
>12 cm).

In 2009, a satellite infestation was found at Marion
Bear Memorial Park in urban San Diego, CA, ~32 km
west of major infestation zones (Coleman et al.
2012b). Another satellite infestation was discovered in
fall 2012, in Idyllwild, Riverside County, CA, ~70 km
north of the closest known infestation (Jones et al.
2013). It is unknown how A. auroguttatus spreads to
these new areas, but the movement of infested oak
firewood is the most likely explanation for the ap-
pearance of these isolated populations. The prox-
imity of initial CA populations to recreation areas
such as the Laguna Mountain Recreation Area in the
Cleveland National Forest, Rancho Cuyamaca State
Park, and William Heise County Park (all in San
Diego County with recreational camping facilities)
anecdotally supports the hypothesis that A. aurogut-
tatus was introduced from AZ into southern CA
through firewood associated with outdoor recre-
ational activities (e.g., camping). Although fire-
wood movement is suspected to be a major dispersal
mechanism for A. auroguttatus, the alternative hy-
pothesis, natural dispersal by flight, cannot be dis-
counted because information on the flight potential
of this beetle is lacking.

Flight mills are a practical tool for gaining insight
into the flight capabilities of an insect owing to their
easy use within a controlled environment. However,
because the behavioral effects of handling during at-
tachment to the flight mill are largely unknown and
difficult to define and quantify, flight mill studies may
need to be interpreted with caution (Taylor et al.
2010). An approach for overcoming this challenge may
be to simply compare the performance of two or more
experimental groups of comparable size (Rowley et al.
1968). Through comparison, insight into the effects of
biotic conditions (i.e., sex, mating status, age, etc.) on
flight performance is obtained and can help in the
overall assessment of an insect’s dispersal potential.
Another criticism of flight mill studies is that they may
not be truly representative of flight performance in the
field because they are conducted in the laboratory,
and therefore lack environmental stimuli normally
encountered by a flying insect in the wild (Taylor et
al. 2010). Although laboratory studies lack environ-
mental components that potentially influence flight
behavior, they can be useful for research attempting
to quantify basic attributes such as the frequency of
flight bouts, and distance, velocity, and duration of
flight. These types of data are almost impossible to
collect accurately in the field. At a minimum, flight
mill studies provide estimates (with measures of vari-
ation) of certain flight-related characteristics that can
later be used for designing field dispersal studies and
interpreting data from these experiments.

Dispersal characteristics of invasive insects may be
influenced by variable traits such as age, sex, and
mating status. Understanding these effects on flight
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activity may help enhance risk assessment analyses
that are aimed at developing effective management
strategies, such as the implementation of quarantine
zones around newly infested areas (Landis 2004, Neu-
bert and Parker 2004, Lodge et al. 2006, Jongejans et
al. 2008, Sarvary et al. 2008, Koch et al. 2009). Because
the flight capabilities of A. auroguttatus were unknown
before this study was conducted, adults of varying age,
mating, and nutritional status were flown on flight
mills to determine their combined effects on flight
performance. This work is the first to evaluate the
dispersal potential of A. auroguttatus.

Materials and Methods

Collection and Rearing of A. auroguttatus Adults for
Flight Mill Studies. Field-collected A. auroguitatus
adults were reared from infested Q. agrifolia and Q.
kelloggii trees that were felled in April 2012 at William
Heise County Park, Julian, CA, cut into rounds (~30
by 60 cm), and placed inside 15 emergence tents (1.83
by 1.83 by 1.83-m Lumite screen portable field cages,
Bioquip Products, Rancho Dominguez, CA). During
June to August 2012, adults were collected daily from
emergence tents (located at William Heise County
Park), each of which contained ~15 A. auroguttatus-
infested oak rounds. From these daily collections,
adults were immediately sexed (Coleman and Seybold
2010), and randomly assigned to 1 of 16 experimental
treatments shown in Tables 1 and 2. Following treat-
ment designation, adults were placed in 1-1 hand-grip
rearing containers (9.2 by 9.5 by 14.6 cm, Candy Con-
cepts Inc., Pewaukee, WI) until flown. Rearing con-
tainers had a 4-cm-diameter ventilation hole that was
covered with fine metal mesh screen, and were held
under ambient laboratory conditions (14:10 (L:D) h,
24 = 4°C, 35 = 5% RH).

Designation of A. auroguttatus Adults to Experi-
mental Treatments. The treatment combinations
shown in Tables 1 and 2 were created by immediately
designating field-collected male and female A. au-
roguttatus adults to one of each of the following cat-
egories: starved or fed, virgin or mated, and young or
old. Adults in starved treatments were placed into
rearing containers without food or water until flown.
Fed adults were placed inside rearing containers pro-
vided with host plant leaves (Q. kelloggii) and water
(via a moist cotton wick), which were replaced every
3-4d, a time interval shown in preliminary studies to
be adequate. To obtain virgin beetles, adults that
emerged inside their respective rearing tents without
others of the opposite sex were placed individually
into rearing containers on collection. Mated individ-
uals were acquired by placing one male and one fe-
male together inside a rearing container until copu-
lation was observed and documented. Typically,
copulation occurred shortly after adults were paired,
although occasionally (=~25% of matings), several days
of observation were needed to confirm mating had
occurred. Adult beetles that were <2-d-old were con-
sidered “young,” and adults that were >5 d of age were
considered “old.”
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Test Specimen

Optical Slits

Optical Sensor

Diagram of flight mill used to investigate the flight capabilities of Agrilus auroguttatus. The encoder (including

the encoder disc’s optical slits and sensor) (A), flight mill arm (FMA) (B), L-shaped flight mill arm attachment (C),
counterbalance (D), encoder shaft (E), encoder coupling (F), encoder inner index track (G), and encoder disc showing outer

ring (H) are illustrated. (Online figure in color.)

Computerized Flight Mills. Seven flight mills were
set-up inside a mobile laboratory (14:10 (L:D) h, 24 +
4°C, 35 = 5% RH) located at the William Heise County
Park in San Diego County, CA. Each flight mill was
connected to a laptop computer via a USB4 Encoder
Data Acquisition Device (U.S. Digital, Vancouver,
WA), which was operated with customized LabVIEW
software (National Instruments Corporation, Austin,
TX) that recorded flight activity. Raw flight data were
summarized using customized Visual Basic for Appli-
cations macros in Microsoft Excel, which calculated
average flight velocity, total flight duration time, num-
ber of flight bouts (movement of >5 s before coming
to a complete stop), and distances flown during each
flight bout over a 24-h period by individual A. aurogut-
tatus adults.

Recording of Flight Measurements. To measure and
record insect flight, a quadrature encoder (model
7700, Gurley Precision Instruments, Troy, NY) inside
each flight mill (Fig. 1) provided both timing and arc
travel direction information from flight activity (de-
scribed later), which was used to calculate flight pa-
rameters including velocity, distance, and duration.
The encoder (Fig. 1) is composed of a 33-mm-diam-
eter transparent disc with an opaque pattern of slits

extending 2 mm radially near the edge (Fig. 1). The slit
pattern allows an IR source to pass through the disc to
optical sensors. Two sensors (a and b) (Fig. 1) are
positioned such that if the disc travels clockwise, the
rising edge of the a pulse is measured first, followed by
the rising edge of the b pulse. When the disc is trav-
eling counterclockwise, the rising edge of the b pulse
is detected first. A third detector (z) sees asingle index
slit placed on an inner concentric track to mark the 0
position of the disc, which gives a reference, or home
position.

As the encoder disc rotates, the slits pass over the
sensors and a square-wave pulse train is generated.
The resulting signal pulse train is read by the USB4
Encoder Data Acquisition Device. The acquisition de-
vice counts the pulse number since the last index was
sensed, and clocks the time delta between rising edges
with an internal high-frequency clock. Flight data
were generated by attaching the insect to the encoder
shaft (Fig. 1) by means of a 0.5-mm carbon steel flight
mill arm (FMA) wire (30.5 cm in length) (see expla-
nation). The FMA was supported by the encoder shaft
with a coupling (Fig. 1), and an equal length of the
FMA wire passed through the coupling.
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Fig. 2. Adult A. auroguttatus tethered by the pronotum to a flight mill. (Online figure in color.)

For every complete revolution, the end of the FMA
travels a distance approximately equal to the circum-
ference of a circle whose radius equals the length of
the FMA from the encoder shaft (center of the circle)
to the insect specimen. The encoder returns values
between 0 and 500 depending on the position of the
arm. Because the pulse value 0 (at the encoder index)
is equal to 0 radians and the pulse value 500 is equal
to 2 radians, these values are converted to radians. To
determine the distance traveled between each pulse,
the difference between the latest pulse value and the
previous pulse value is found. Direction of the FMA’s
movement (i.e., clockwise or counterclockwise) is
taken into account when calculating this difference
(note that individual insects are only able to fly in
one direction once they are connected to the FMA).
The resulting value is converted into radians and the
arc length for the angle is calculated. The rate at which
the end of the FMA travels for the period between the
latest pulse and the previous pulse is calculated from
this distance value and the time difference between
the latest pulse and the previous pulse.

Calibration of Flight Mills. To estimate the accu-
racy of the pulse counter, its output was compared
with a second calibration pulse counter with five times
the resolution of the flight unit being used. The test
unit pulse counter and the calibration pulse counter
were linked and driven at the same speed by a motor.
Pulse frequencies for both pulse counters were mea-
sured over a specified period with a TLS 216 Logic
Scope (Tektronix, Beaverton, OR). The TLS 216 was
calibrated with an HP pulse generator (model 3324A,
Hewlett-Packard, Boeblingen, Germany). For each
flight calibration sample, the ratio of the calibration
frequency to test unit frequency was calculated and
compared with the expected ratio of 5.00. Ninety sam-
ples were obtained from three randomly selected
flight mills and assessed at three different motor
speeds. The mean ratio (+SE) from calibration studies
was 5.0039 = 0.0021, confirming the accuracy of pulse
information generated by flight mills.

Attachment of A. auroguttatus Adults to Flight
Mills. Following treatment designation, adults were
weighed with a precision balance (model GF-600,
A&D Company Ltd., Milpitas, CA), then tethered by
the pronotum to the arm of a flight mill (Fig. 2) via the
FMA attachment (Fig. 1) and left for 24 h. A piece of
modeling clay was weighed and placed at the opposite
end of the FMA to counterbalance the weight of each
tethered adult (Fig. 1). To attach the study insect to
the FMA, A. auroguttatus adults were fastened by the
pronotum, using high-strength glue (Gorilla Glue
Company, Cincinnati, OH), to a small (0.59-mm-di-
ameter by 28-mm-long) L-shaped wire that was flat-
tened at one end. The L-shaped wire with the attached
beetle was connected to a standard socket crimp
(model 809-043, Glenair, Glendale, CA), which was
directly connected to the FMA. After gluing and be-
fore flight data being recorded, free wing movement
was visually confirmed (Fig. 2). Following each 24-h
flight trial, individual A. auroguitatus adults were de-
tached from flight mills, immediately weighed, and
elytron length was measured with an electronic
0-200-mm digital caliper. After the 24-h flight trial,
any dead individuals detached from flight mills were
discarded and excluded from the analyses, although
this was rare (<5% of beetles flown).

Statistical Analysis. The flight performance of A.
auroguttatus adults under varying age, mating, and
nutritional status was analyzed using analysis of co-
variance. Covariates included a measurement of adult
body size (elytron length) and weight. Measurements
of flight performance included total distance flown
(m), total flight time (min), average flight velocity
(m/s), number of flight bouts, and average flight bout
time (s). For analyses of research variables, model
assumptions were satisfied by conducting the follow-
ing mathematical transformations (where y = re-
search variable): total distance flown: y%3; total flight
time: y°%; average velocity: y** number of flight
bouts: 4°7; and average flight bout time: y~°”. Tukey-
Kramer tests were used to conduct pairwise compar-
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isons for each significant factor in the analysis of co-
variance. When significant interactions occurred,
contrasts to determine the effects of interacting vari-
ables were conducted. All statistical analyses were
conducted at the 0.05 level of significance and were
performed using SAS 9.2 (SAS Institute Inc. 2008).

Results

Average Total Flight Distance. The average total
distance flown by A. auroguttatus adults during the
24-h flight period (Tables 1 and 2) was significantly
influenced by nutritional status (F, ,,; = 62.53, P =
0.0001), with fed adults flying greater distances than
starved individuals. Elytron length had a significant
effect on average flight distance (F, ,;;, = 48.82, P =
0.0001), with larger adults flying greater distances than
smaller individuals (coefficient estimation for covari-
ate = SE = 1.49 * 0.21). Preflight weight, mating
status, and gender did not have an effect on the total
average distance flown during a trial period (P=0.05).
A significant interaction between nutritional status
and age (F, ,7; = 37.74, P = 0.0001) existed; old fed
adults flew further than old starved adults (F, ,,; =
103.83, P = 0.0001). However, nutritional effects were
not significant in the total flight distance of young A.
auroguttatus adults (F, ,,; = 1.61, P = 0.21).

Average Total Flight Duration. The average total
flight time of A. auroguttatus adults during the 24-h
trial period (Tables 1 and 2) was significantly affected
by nutritional status (F, ,,; = 17.88, P < 0.0001), with
fed adults flying longer than starved individuals.
Elytron length had a significant effect on average flight
duration (F, -, =20.77, P=0.0001), with larger adults
flying longer than smaller individuals (coefficient es-
timation * SE = 2.58 = 0.57). Preflight weight, mating
status, and gender had no significant effect on total
flight duration (P = 0.05). There was a significant
interaction between nutrition and age (F, ., = 14.9,
P = 0.0002). Age had an effect on total average flight
duration when adults were starved (F, ,,; =12.88,P =
0.0004), but not when adults were fed (F, ., = 3.52,
P = 0.06). However, the effects of nutrition (for both
starved and fed adults) on total flight time were sig-
nificant only in old individuals (F, ,;; = 3447, P =
0.0001), which flew less during the 24-h trial period
when starved.

Average Velocity. The average velocity of A. au-
roguttatus adults during flight (Tables 1 and 2) was
significantly affected by nutritional status (F, ., =
37.90, P = 0.0001), with fed adults flying faster than
starved individuals. Elytron length had a significant
effect on average velocity (F, ,,; =23.75,P=0.0001),
with larger adults flying faster than smaller individuals
(coefficient estimation = SE = 0.08 = 0.02). There
was no significant effect on average velocity due to
preflight weight, mating status, or gender (P = 0.05).
However, there was a significant interaction between
nutritional status and age (F, ,,; = 14.02, P = 0.0002).
Age had an effect on average velocity when adults
were starved (F, ,,; = 13.65, P = 0.0003), but not
when adults were fed (F, ,;; =2.53, P = 0.11). How-
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ever, the effects of nutrition (for both starved and fed
adults) on average flight velocity were significant only
for old individuals (F, ,,; = 51.62, P < 0.0001), which
had lower average flight velocities when starved. The
effects of nutrition were not significant in young A.
auroguttatus adults (F, ;7 = 2.90, P = 0.09).

Total Number of Flight Bouts. The total number of
flight bouts in a 24-h flight trial (Tables 1 and 2) was
significantly affected by nutritional status (F, .5 =
6.15, P = 0.01) and body size (F, ,,; = 10.81, P =
0.0012). Preflight weight had no significant effect on
the total number of flight bouts (P > 0.05). Significant
interactions were observed between nutritional status
and gender (F, ,,;=6.13,P=0.01),age (F, ;;53=9.48,
P =0.002), and mating status (F, ,;3 =5.16,P = 0.02).
The effects of gender on the number of flight bouts
were only observed in fed adults (F, ,;; = 4.66, P =
0.03), and in fed adults, these nutrition effects were
significant for male A. auroguttatus (F, ;53 =11.84, P =
0.0007), but not for females. Alternatively, the signif-
icant effects between nutrition and age on the number
of flight bouts were observed in starved (F, ;5 = 8.36,
P=0.004), 0ld (F, 1,5 = 16.18, P =< 0.0001) individuals
irrespective of gender. Finally, the interaction be-
tween nutritional and mating status showed significant
effects in mated individuals (F, ;3 = 11.89, P =
0.0007), which had alower number of flight bouts than
virgin adults when deprived of food.

Average Flight Bout Time. The average time indi-
vidual A. auroguttatus adults flew during each flight
bout (Tables 1 and 2) was significantly influenced by
nutritional status (F, ,,, = 31.10, P =< 0.0001) and body
size (F, ;7 = 12.84, P = 0.0004). However, there was
no significant effect on average flight bout time due to
preflight weight, mating status, or gender (P = 0.05).
Significant interactions were observed between nu-
tritional status and age (F, ,,; = 14.41, P = 0.0002).
The effects of age were significant in starved
(Fy. 17z = 11.95, P = 0.0007) individuals, which
resulted in a general decrease in average flight bout
time compared with fed adults. Effects of nutrition
were observed in old A. auroguttatus adults
(Fy, 177 = 46.23, P = 0.0001), which flew shorter
flight bouts when starved.

Average Total Weight Loss. Nutritional status, pre-
flight weight, and elytron length had a significant ef-
fect on total average weight loss following the 24-h
flight trial (Tables 1 and 2). Fed adults lost signifi-
cantly more weight after being tethered to flight mills
for 24 h than starved individuals (F, ;4 = 19.05, P =
0.0001). In addition, A. auroguttatus adults with a
heavier preflight weight and larger body size
(elytron length) lost significantly more weight after
being tethered to flight mills for 24 h (F, ;4 =17.35,
P = 0.0001, and F, ;4 = 7.35, P = 0.0074, respec-
tively). Coefficient estimations (=SE) for preflight
weight and elytron length were 0.28 * 0.07, and
0.004 = 0.001, respectively. Gender, age, and mating
status had no significant effect on postflight weight
loss (P = 0.05).
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Discussion

Assessing the flight potential of A. auroguttatus
adults of varying age, mating, and nutritional status
using computerized flight mills provided the first in-
formation on the dispersal potential of this invasive
beetle. The nutritional status and body size (elytron
length) of A. auroguttatus adults had a significant in-
fluence on overall flight performance. The total dis-
tance, flight time, velocity, number and duration of
flight bouts, and postflight weight loss were greater in
larger, fed individuals when tethered to flight mills and
flown for a 24-h trial period. Because flight is a very
energy-intensive activity, the enhanced flight perfor-
mance of fed adults is not surprising (Thompson and
Bennett 1971, Candy et al. 1997). Although elytron
length was correlated with overall flight performance
(e.g., flight distance and duration), preflight weight
was not. While greater body mass could represent
more flight muscle mass, body weight also includes
lipid and water content, and nonflight musculature
(Shelton et al. 2006), which may explain its lack of
influence on A. auroguttatus flight. However, the cor-
relation of preflight weight with the total amount of
weight lost following 24-h flight trials suggests that
heavier adults used more energy-producing resources
during flight than lighter individuals.

The influence of mating status and gender did not
impact total flight distance, duration, velocity, and
flight bout time of A. auroguttatus. In contrast, the
flight distance and duration of mated emerald ash
borer (Agrilus planipennis Fairmaire) females was sig-
nificantly greater than unmated females and males
when tethered to flight mills, which suggested that
females of this species may be programmed for dis-
persal flights following mating (Taylor et al. 2010).
However, the lack of mating and gender effects on the
overall flight performance of A. auroguttatus adults is
similar to that reported for the plum curculio Cono-
trachelus nenuphar (Herbst) (Chen et al. 2006) and
the Chinese white pine beetle (Dendroctonus ar-
mandi) (Chen et al. 2011), respectively.

Significant interactions between nutrition and age
were observed in the total flight distance, flight time,
velocity, number of flight bouts, and flight bout time
for A. auroguttatus. Age had a significant effect on
flight performance when adults were starved, but not
when adults were fed, which resulted in overall de-
creased flight activity in old, starved individuals during
the 24-h trial period. These results suggest a more
pronounced effect of nutrition rather than an age by
nutrition interaction because old, starved beetles were
essentially starved for a longer period. The reduced
flight performance of old A. auroguitatus individuals
under starvation conditions points to the difficulty for
long-distance dispersal by this species across habitats
that lack suitable oak hosts, especially considering the
age of “old” individuals in this study (typically 6-d-
old). Old, starved A. auroguttatus flew an average of
255 m in 24 h. Considering the average dispersal ca-
pabilities of these individuals, it would take ~6 yr to
travel from oak woodlands in southern AZ to San
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Diego County (a distance of ~550 km). When the
average distance flown by all individuals (i.e., all treat-
ments pooled) in this study (=790 m in 24 h) is taken
into account, a dispersal of 550 km would require ~2
yr of continuous flight. Therefore, it appears unlikely
that A. auroguttatus is capable of range expansion by
natural dispersal across geographic barriers such as the
Sonoran and Mojave deserts, which was hypothesized
by Westcott (2005). Similarly, dispersal between
mountain range populations of A. auroguttatus in
southern AZ, which are also separated by ~60-150 km
of the Sonoran desert, does not seem probable and
these populations likely remain isolated from each
other.

Comparison of the mitochondrial cytochrome oxi-
dase (COI) gene region across five mountain ranges in
southern AZ indicated that populations of A. aurogut-
tatus from these “sky islands” are genetically isolated
from one another (Lopez et al. 2014), which supports
the lack of long-distance dispersal within the native
range of this wood borer. When taken together, results
from flight mill studies reported here and genetic
isolation between relatively close populations of A.
auroguttatus in southern AZ support the hypothesis
that A. auroguttatus was accidently transported into
southern CA through infested wood and did not in-
vade CA via natural flight. The inadvertent movement
of forest pests through firewood is becoming an in-
creasingly important transport vector of woodborers
and bark beetles in the United States (Liebhold et al.
1995, Perrings et al. 2005, Brockerhoff et al. 2006,
Hulme et al. 2008, Tobin et al. 2010).

In summary, our results suggest that nutrition, body
size, and the interaction between nutrition and age are
important factors for A. auroguttatus dispersal, and this
beetle is only capable of flying relatively short dis-
tances in a 24-h period. These findings are essential for
understanding the overall dispersal risk of A. aurogut-
tatus in CA, which is low via natural flight, but high
when infested oak firewood is moved long distances.
These flight data may be useful for implementing spe-
cific management strategies for A. auroguttatus and
could include the use of “trap” or sentinel trees to
detect and provide a semiquantitative measure of
migrating A. auroguttatus. A similar system is being
used for emerald ash borer where natural dispersal
from infestation foci is anticipated (Muirhead et al.
2006). These flight data may also help to define
quarantine zones surrounding infestation sites,
which could help to retard the spread of A. aurogut-
tatus within infested regions, thereby preventing
further rapid spread of this invasive and highly de-
structive beetle.
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