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Abstract

The effects of mating status, sex, beetle age, host quality, temperature, and wind speed on the propensity of 
Anoplophora glabripennis (Motschulsky) (Coleoptera: Cerambycidae) to take flight were evaluated using a free 
flight test in the laboratory. Time to initiate flight, the angle of flight, and flight capability (when beetles were enticed 
to take flight) were also evaluated. Host quality, mating status, beetle age, sex, temperature, and the interactions 
between one or more of these were all found to be significant predictors of flight in A. glabripennis in one or more 
of the experiments. Female flight propensity peaked at sexual maturity and declined thereafter. Both sexes had a 
higher propensity to take flight from a stem section of dry host material than from a fresh one. Most (78%) males 
flew at least once during the four mating status/ages tested from a fresh host stem section, while only 43% of the 
females flew at least once after chewing an oviposition pit. Flight propensity and distance flown increased with 
temperature and there was no voluntary flight at 15°C. Flight propensity did not increase with wind speeds 0.0–1.0 
m/s, but no ascending flight was observed at 0.5 or 1.0 m/s. Time to flight initiation did not vary with the factors 
evaluated. Implications these results could have on the success of eradication programs are discussed. Specifically, 
what factors increase the propensity of mated females to disperse, effectively expanding the infestation zone.
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The adult stage of insects is specialized for dispersal and repro-
duction. Dispersal, which is defined as the spreading of individuals 
away from each other (Begon et al. 2009), is primarily accomplished 
through flight. Flight that results in dispersal can be of two types: 
routine to seek and exploit resources, or specialized for longer dis-
tance displacement and settlement away from the natal site (Van 
Dyck and Baguette 2005). In insect species that do not migrate, the 
frequency distribution for flight distance is right-skewed and long 
distance fliers make up a small percentage of the population (Steyn 
et al. 2016). Longer distance fliers would likely be the colonizers of 
new habitats and important to a species ability to survive in frag-
mented landscape where host patches are far apart. Routine flight is 
associated with daily activities like finding food, seeking a mate, find-
ing shelter, finding an oviposition site, etc. and results in a small net 
displacement. Flight propensity changes with 1) the insect’s biology 
in response to sensory inputs and level of sclerotization for example, 
2) external environmental factors such as resource availability or
risks of finding them, and 3)  internal time-dependent factors like
deprivation and sexual maturity/receptivity (Bell 1990, Arnold et al. 
2016). In addition, insect flight is the most costly physiological pro-
cess in the animal kingdom and the adult may use stored reserves
from the larval stage or have to acquire additional resources before
flight (Candy et al. 1997, David et al. 2015). In general, insect flight

is low in immature adults, peaks at sexual maturity, and then slowly 
declines with age (Dingle 1972).

Anoplophora glabripennis (Motschulsky) (Coleoptera: 
Cerambycidae) is a xylophagous beetle native to China and the 
Korean Peninsula (Lingafelter and Hoebeke 2002). It is a pest on its 
preferred host genera: Acer L. (Aceraceae), Populus L. (Salicaceae), 
Salix L.  (Salicaceae), and Ulmus L.  (Ulmaceae) both in native and 
introduced habitats (Hu et al. 2009, Meng et al. 2015). Introduced 
populations are under eradication in both North America and 
Europe (Haack et al. 2010). One of the most challenging aspects of 
the eradication efforts is locating all the infested trees, so they can be 
destroyed. This is primarily because this beetle spends most of its life 
cycle inside the tree, so identifying infested trees depends on spotting 
signs of its presence like oviposition pits or adult exit holes, which 
are often high in the tree. The beetles walk around their host trees to 
find mates, feed, and oviposit; only flying when necessary. Another 
factor that complicates locating all infested trees is an incomplete 
understanding of this beetle’s flight behavior in the diverse habitats 
and under different environmental conditions in which the infes-
tations exist. The programs have to use the best data available on 
potential flight distance and direction obtained from mark–release–
recapture tests, flight mills, reconstructions of how beetles infested 
trees in invaded landscapes, and modeling.
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The speed and distance at which this A.  glabripennis moves 
have been estimated using both the laboratory and field methods 
already mentioned. The reconstructions used dendrochronology to 
age beetle exit holes and oviposition pits, locations of infested hosts 
on the landscape, and modeling to estimate distances moved. The 
distance A. glabripennis will fly varies greatly with the landscape 
in which they are moving. Based on several mark–release–recap-
ture studies carried out in China beetles move shorter distances 
when the trees are smaller or closer together (106 m in 20–28 d, 
Wen et al. 1998) than when they are larger or when gaps between 
trees are greater (266 m in a season, Smith et al. 2001). These dis-
tances moved are similar to reconstructed actual distances moved 
in infested urban and industrial areas averaged 260 m in 5 yr in 
warmer areas (United States: Sawyer et al. 2011) and 234–300 m in 
9 yr in colder areas (Canada, United Kingdom: Turgeon et al. 2015, 
Straw et  al. 2016). Beetles have moved longer distances in more 
open landscapes with sparse trees 3.2 km in 5 yr and in woodlots 
200 m in 9 yr (Sawyer et  al. 2011). Maximum distances beetles 
traveled in a season were reported to be 2,644 m for females and 
2,394 for males (Smith et al. 2004).

The average speed of flight in the field using harmonic radar was 
1.8 m/s and the maximum observed speed was 5.3 m/s (Williams 
et al. 2004). Flight mill data point to slightly slower average speeds 
(1.1 m/s), but shown it varies with age and mating status (Lopez 
et al. 2017). The same flight mill study showed that maximum daily 
distance A.  glabripennis can travel was much higher (13.7 km/d) 
than in the mark–release–recapture studies, but that only 5% of 
the beetles traveled >8k m/d (Lopez et al. 2017). Another flight mill 
study that flew beetles 2 hr twice a week for life showed they could 
fly 14 km in their life span (Javal et al. 2018). Therefore, the max-
imum distance a beetle could travel if it does not come in contact 
with a landing site is much longer than what field trials suggest but 
more in line with what the reconstructions suggest. Modeling efforts 
that employed data on infested trees in the eradication zones sug-
gests that rarer longer distance dispersal events, 8 km in Worcester, 
Massachusetts and 2.2 km in Cornuda, Italy, have apparently 
occurred when beetle population densities were higher (Favaro et al. 
2015, Trotter and Hull-Sanders 2015).

All of the existing information on A.  glabripennis movement 
has been used by eradication programs to set survey boundaries 
around infested trees and, when conditions warrant, to determine 
how large an area around an infested tree to remove all potential 
host trees. Removal of all hosts can potentially remove asymptom-
atic infested trees that are missed in visual surveys and reduce the 
need for repeated surveys in high-risk areas. Understanding what 
conditions cause the beetles to take flight, and how those condi-
tions might influence flight distances will be instrumental in refin-
ing the program boundaries and eradication protocols for this pest.  

Keena and Sánchez (2018b) have documented that the probabil-
ity of flight for A. glabripennis males significantly increases when 
sex ratios are male skewed, especially after aggressive male–male 
encounters. Models have provided evidence that dispersal is density 
dependent, and that tree characteristics, temperature, and humidity 
correlate with dispersal propensity (Bancroft and Smith 2005). This 
study will directly assess the effects of mating status, sex, beetle age, 
host quality, temperature, and wind speed on A. glabripennis pro-
pensity to take flight under laboratory conditions. Time to initiate 
flight, the angle of flight, and flight capability (after enticing the bee-
tles to take flight) are also evaluated. Implications of the results for 
eradication programs will also be discussed.

Materials and Methods

Insects and Rearing Conditions
In these experiments, beetles originating from different geographic 
locations were used (Table 1). The beetles were either just emerged 
from wood or from the first four generations of laboratory colonies. 
The flight bioassays were conducted in 2000–2002. Infested branch 
sections were transported under permit to the USDA-Forest Service 
quarantine facility in Ansonia, Connecticut. Voucher specimens of 
each population were deposited at the Entomology Division, Yale 
Peabody Museum of Natural History, New Haven, Connecticut.

General colony methods for rearing larvae on artificial diet and 
obtaining eggs for the next generation are given in Keena (2005). 
Newly emerged adults that had been reared on artificial diet were 
held in the dark for 4–5 d to allow their exoskeleton to sclerotize 
before being weighed and fed. Virgin adults, both diet-reared and 
emerged from wood, were fed fresh Acer saccharum Marshall (sugar 
maple) twigs (3–7  mm diameter with leaves removed) and held 
individually in 950 ml glass jars until needed for the flight assays. 
Adults were held, both before and after the behavioral assays, at 
either 20 ± 2°C or 25 ± 2°C and 60 ± 5% RH and subjected to a 
photoperiod of 16:8 (L:D) h. Once mated, pairs were held in a 3.8-
liter glass jar and weekly provided fresh A. saccharum twigs for food 
and a bolt (3–7 cm diameter and 20 cm long) with both ends waxed 
as an oviposition substrate. Fresh A. saccharum twigs and bolts were 
obtained bi-weekly and monthly, respectively, and stored at 10°C 
and ≥80% RH until used.

General Bioassay Setup and Procedures
All flight assessments were conducted in a white room measuring 
8 × 7 m with a ceiling at 2.5 m (Fig. 1). The temperature and humid-
ity were maintained at desired test levels using space heaters and 
a humidifier. A large pedestal fan was used to help evenly heat the 
room before trials and to create appropriate wind speeds for each 
experiment. A single spot light (100 W grow light bulb) was mounted 

Table 1. Approximate location (latitude and longitude) of source populations and designations for populations of A. glabripennis evaluated 
in this study

Population State City Latitude Longitude Collection date Total individuals from wood to 
start colony

C Illinois Ravenswood 41.58 N 87.42 W February 12, 1999 1,450
B1 New York Bayside 40.45 N 73.45 W April 5, 1999 384
B2 New York Astoria/Long Island City 40.76 N 73.92 W May 21, 1999 204
F New York Flushing 40.74 N 73.85 W August 3, 2000 711
S New York Sunnyside 40.74 N 73.92 W June 21, 2000 118
M1 New York Maspeth 40.73 N 73.91 W February 17, 2000 181
M2 New York Maspeth 40.73 N 73.91 W December 12, 2001 135
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at ceiling height across the room from the release point to simulate 
the sun. A Kestrel 3000 pocket weather meter (Nielsen-Kellermans, 
Boothwyn, PA) was used to measure the conditions in the room at 
the beginning of each flight trial. Along one wall, a 40-cm-wide by 
7-m-long shelf, 1 m from the mottled white floor, was used as the
release point for all flights (Fig. 1b). On the shelf were placed four,
90-cm-tall A. saccharum sapling stem sections with bark. Two types
of stem sections were used: dry logs (neither end waxed and allowed
to dry for >3 wk) mounted on 20 cm2 pieces of 2 cm thick plywood
and fresh logs with one end waxed and the other end in a tree stand
with water. In the middle of the room a fresh section of A. saccha-
rum sapling (1 m tall 10  cm diameter) and two Acer platanoides
L. (Norway maple) potted trees (1.5 m tall) were placed on a table
(Fig. 1a). Each adult that was flight-tested was identified either by its 
unique elytral spot pattern or by using a marker to color one white
spot on one elytron. The beetles were moved slowly from the glass
jar to the bolts at the release point using a twig, to minimize disturb-
ance. Each bioassay consisted of one to four adults, with opposite
sexes separated by at least one bolt without beetles. Beetles were
given 45 min to voluntarily take flight. After the observation period
had ended or after a voluntary flight had been completed, the beetle
was enticed to fly to determine its flight capability. This was done
by allowing the adult to walk on to a wooden ruler and holding it
at shoulder height facing a sidewall while standing near the release
point (Fig.  1b). The beetle was allowed to walk on the twig. The

twig was turned as necessary to keep the beetle from walking on 
to the observer. If after 5 min the beetle had not taken flight, it was 
nudged using another twig and/or the ruler was bounced. This type 
of disturbance often resulted in a takeoff. The following behavioral 
responses and durations were recorded: 1) initial direction of move-
ment on the bolt (up or down), 2) did the beetle chew any pits in 
the bolt during the trial, 3)  time the beetle started walking on the 
bolt, 4) time flight was initiated, 5) the flight angle (ascending, level, 
descending), 6) distance flown (as a straight line displacement) from 
the bolt in half-meters, 7) description of the general flight path, and 
8) the substrate on which the beetle landed.

Mating Status and Age Experiment
Twenty females from strain M2 (Table 1) that emerged from wood 
were tested eight times during their life: 1) the day of emergence; 2) 
1 wk after emergence; 3) 1 d after mating; and 4) at weekly intervals 
for 5 wk. Following testing at 1 wk after emergence, females were 
mated within 2 d with similar aged males from the same population. 
Pairs were observed to ensure that they copulated for at least 3 min, 
which would ensure insemination when the beetles were sexually 
mature (Keena and Sánchez 2018a). The room was maintained at 
24 ± 1°C and 50 ± 5% RH. Fresh A. saccharum sapling stem sections 
were used as the release point and wind speed at 0.0 m/s where the 
beetles were released.

A B

1 m

Fan

Spot light

Table with host material

Shelf with bolts where 
beetles were released

Fig. 1. Flight bioassay room diagram and photos of: (A) the wall opposite the beetle release points showing the positions of the pedestal fan, spot light, heater 
and table containing the fresh maple stem section and potted Norway maple saplings and (B) shelf with three fresh maple stem sections where beetles were 
released with experimenter enticing a beetle to fly using a wooden ruler.
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Host Quality and Mating Status Experiment
About half the beetles tested were from populations F, M, and S 
(Table 1) and had emerged from fresh host material. The remainder 
were from the second laboratory generation on artificial diet of pop-
ulations B, C, M, and S (Table 1). Thirty-two males and 30 females 
each were flight tested using dry and fresh sapling stem sections (496 
beetles total) at the release point. Dry and fresh stem sections sim-
ulated host material assumed unsuitable and suitable (Meng et  al. 
2015), respectively, for oviposition and larval development. Beetles 
from each combination of population and larval food source type 
(wood or artificial diet) were sequentially assigned to the two host 
treatments. Each adult was flight tested, always on the same type 
of host log, at four times during its life: 1) newly emerged (5 d after 
emergence if artificially reared), never fed, and unmated; 2) 1 wk after 
the first test, unmated, and well fed; 3) 1 d after mating (beetles were 
mated right after the second test) and well fed; and 4) 5 wk after 
mating and well fed. “Well fed” beetles had more fresh maple twigs 
to feed on than they could use in the time between jar changes. The 
room was maintained at 24 ± 1°C and 58 ± 8% RH. The fan was not 
running resulting in wind speed of 0.0 m/s at the release point.

Wind Velocity Experiment
The beetles used in this experiment were from the third laboratory 
generation of populations B and C (Table  1) reared on artificial 
diet. Ten to 12 mating pairs from each population being held at 20 
or 25°C (part of another study) were assigned to each of the wind 
treatments when first mated. However, several adults had wing 
deformities or died prior to testing. Because no additional pairs 
were available, we tested only 9–24 beetles per sex per wind speed 
(97 total beetles). The beetles were flight tested 1 wk after being 
mated. The fan was placed along the wall opposite the host stem 
sections and running at a medium setting, low setting, or turned off 
to achieve the desired wind speeds of 1.0 ± 0.05, 0.6 ± 0.08, and 
0.0 m/s, respectively. The wind speed was measured at the fresh host 
stem section where the beetle was released. The room was main-
tained at 25 ± 1°C and 54 ± 6% RH. Fresh A. saccharum sapling 
stem sections were used.

Temperature Experiment
The beetles used in this experiment were from the fourth laboratory 
generation of the B and C populations (Table 1) reared on artificial 
diet, 80 beetles from each population. Ten (coldest temperature only) 
or 15 mating pairs from each population were sequentially assigned 
to each of the temperature treatments when first mated and both 
sexes were flight tested 1 wk later. The three temperatures evaluated 
were: 16 ± 1°C, 23 ± 1°C, and 30 ± 1°C. The relative humidity was 
50 ± 5% and the wind speed was 0.0 m/s. Fresh A. saccharum sap-
ling stem sections were used as release points.

Statistical Analyses
The fit of the data on the time to take flight and distance flown to 
a normal, gamma, and lognormal distribution was evaluated using 
PROC UNIVARIATE (SAS Institute 2015). The Shapiro–Wilk test 
was used to assess normality. These two continuous variables were 
analyzed in PROC GLIMMIX (SAS Institute 2015) using a gamma 
distribution with a log link. Potential predictors of the probability of 
beetle flight, a dichotomous variable, were evaluated using a binary 
distribution with a logit link. Data from the mating status and age 
experiment were evaluated using a repeated measures design with an 
unstructured covariance matrix (UN) and treatment (combination 
of mating status and age) was assessed as a potential predictor of 

flight. A  repeated measures analysis with a heterogeneous autore-
gressive covariance matrix (ARH[1]) and a random effect of larval 
food source was used in analyzing the data on host quality and mat-
ing status. In the host quality and mating status experiment, the fol-
lowing were evaluated as potential predictors of flight: host quality, 
mating status, sex, and the two- and three-way interactions between 
the three. In the temperature and wind speed experiments treatment 
(temperature or wind speed), sex, and the interaction between the 
two were evaluated as potential predictors of flight. Note that ini-
tially strain was included as a random effect in each experiment 
where more than one strain was used and in each case the variance 
component associated with it was estimated to be zero, so it was 
removed from the model. For each model, residuals were evaluated 
using Levene’s test to assess homogeneity of variance. Differences 
among means were determined by the least-squares means test with 
α = 0.05 and a conservative Tukey–Kramer grouping (SAS Institute 
2015). Chi-square tests were conducted using Statistix 10 software 
(Statistix 2013)  to determine if the proportion of individuals that 
took flight versus those that remained on the maple stem sections 
was significantly different >50% and for comparing other propor-
tion data from the experiments. Multilevel chi-square tests were run 
using PROC FREQ (SAS Institute 2015) for proportion data using 
the same factors that were evaluated in the previous analyses for 
each experiment. When a significant difference was found, the pro-
portions for individual treatments were compared using chi-square 
tests (Statistix 2013). A  McNemar test for agreement (McNemar 
1947) was done using PROC FREQ (SAS Institute 2015) to compare 
the distance flown and flight angle observed for individuals that flew 
both voluntarily and after enticement.

Results

Takeoff, Flight, and Landing Behaviors
To take off, the beetles wagged their antennae (Fig. 2a), opened their 
elytra (Fig. 2b), unfurled their wings (Fig. 2c), began to fan (Fig. 2d), 
and leapt off the substrate (Fig. 2e and f). During flight, beetles held 
their legs to the side and back toward their dorsum. The flight path 
the beetle took after leaving the substrate was descending, level 
or ascending, and occasionally started out level and then became 
ascending. At landing, the sterna were first to hit the substrate and 
the in some cases, the beetle bounced off the substrate.

Female Mating Status and Age
The combination of mating status and age was a significant predic-
tor of female Asian long-horned beetle flight (F = 3.73; df = 7, 19; 
P  =  0.0105). Significantly less than 50% of the females that had 
been mated 14–35 d earlier took flight (Fig. 3). In addition, signifi-
cantly more 7 d virgin females took flight than did 21 or 28 d mated 
females (Fig. 3).

Host Quality and Mating Status
Host quality (F = 29.64; df = 1, 120; P < 0.0001), sex (F = 5.00; 
df  =  1, 120; P  =  0.0272), mating status (F  =  2.78; df  =  3, 360; 
P = 0.0408), the interaction between host quality and sex (F = 6.41; 
df  =  1, 120; P  =  0.0127), and the interaction between host qual-
ity and mating status (F = 3.21; df = 3, 360; P = 0.0233) were all 
significant predictors of female Asian long-horned beetle flight, but 
the interaction between the three was not (F = 1.81; df = 10, 360; 
P = 0.058). Significantly less than 50% of both sexes on fresh bolts 
took flight regardless of mating status (Fig. 4). In addition, signifi-
cantly more 7 d virgin and 21 d mated individuals on dry bolts took 
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flight than did mated (1 and 21 d) and virgin 7 d individuals on fresh 
bolts (Fig. 4b).

The flight angle observed was not significantly different for indi-
viduals that flew both voluntarily and after enticement (S = 5.64, 
df  =  3, P  =  0.1305). The only significant variation in flight angle 
was on the fresh host where more descending flight occurred in both 
sexes than did level flight in females (Fig. 5).

Host quality (F = 0.10; df = 1, 113; P = 0.7472), sex (F = 1.18; 
df  =  1, 113; P  =  0.2799), mating status (F  =  2.21; df  =  3, 85; 

P = 0.0924), the interaction between host quality and mating status 
(F = 1.40; df = 3, 85; P = 0.2495), the interaction between host qual-
ity and sex (F = 1.79; df = 3, 113; P = 0.1831), and the interaction 
between the three (F = 1.11; df = 6, 102; P = 0.3639) did not have 
a significant effect on the time it took Asian long-horned beetles 
to take flight. Host quality (F = 0.49; df = 1, 121; P = 0.4860), sex 
(F = 0.04; df = 1, 121; P = 0.8429), mating status (F = 1.97; df = 3, 
88; P = 0.1242), the interaction between host quality and mating 
status (F = 0.52; df = 3, 88; P = 0.6681), the interaction between 
host quality and sex (F = 0.03; df = 1, 121; P = 0.8637), and the 
interaction between the three (F = 0.4; df = 6, 106; P = 0.8796) also 
did not have a significant effect on the distance Asian long-horned 
beetles flew. The flight angle observed was not significantly differ-
ent for individuals that flew both voluntarily and after enticement 
(S  =  5.64, df  =  3, P  =  0.1305). There was however a significant 
difference in the distance flown when beetles flew voluntarily and 
after being enticed to fly (S = 66.78, df = 21, P < 0.0001). When 
the distance flown voluntarily was subtracted from that flown 
after enticement significantly more beetles flew a longer distance 
after enticement than voluntarily (Yate’s corrected χ2  =  104.07, 
P = 0.0000; Fig. 6). Also, most beetles that did not fly voluntarily 
were capable of ≥1 m of flight.

Significantly more females chewed an oviposition pit (Yate’s cor-
rected χ2 = 29.57, P < 0.0001) during the 45-min trial on the fresh 
host stem section (64%) than did those on a dry stem section (28%), 
while males chewed both stem section types equally (7% dry and 
9% fresh). In addition, significantly more females took flight (Yate’s 
corrected χ2  = 16.79, P  <  0.0001) after chewing a pit on the dry 
host stem section (32%) than did on the fresh stem section (3%). 
Beetles that flew however were not attracted to the host material in 
the room; only 6% landed on host material and instead most landed 
on the first surface they contacted.

A B C

D E F

Fig. 2. Photos showing the A. glabripennis beetle preflight and launch from a piece of wood. The beetle wagged its antennae (A), opened its elytra (B), unfolded 
the under wings (C), fanned briefly (D) and jumped off holding its legs to the side and back toward the body (E and F).

Fig. 3. Comparison of the percentage of A. glabripennis females of different 
mating statuses that responded by taking flight or by remaining on the bolt. 
Bars preceded by “*” indicate significantly different responses within a 
mating status (χ2 tests at α = 0.05). Bars followed by different letters indicate 
significant differences among mating statuses.
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Temperature and Wind Velocity
Temperature (F  =  29.64; df  =  1, 120; P  <  0.0001) was a signifi-
cant predictor of Asian long-horned beetle flight, but sex (F = 1.81; 
df = 10, 360; P = 0.0058) and the interaction between temperature 
and sex (F = 1.81; df = 10, 360; P = 0.0058) were not. Significantly 
more than 50% of the beetles at each temperature remained on the 
fresh host stem section (Fig. 7). As temperature increased from 15 
to 30°C significantly more beetles flew. Although no beetles volun-
tarily flew at 15°C, 10% flew after being enticed, significantly fewer 
than flew after being enticed at 22.5 (72%) and 30°C (95%). For 
beetles that flew there was no significant difference in flight dis-
tance between the voluntary and enticed flights (S = 22.00, df = 21, 
P = 0.3995). The distance beetles flew when enticed increased signif-
icantly as temperature increased (F = 3.46; df = 2, 97; P = 0.0354), 

but did not vary significantly by sex (F = 3.39; df = 1, 97; P = 0.0686) 
or the interaction between temperature and sex (F = 0.90; df = 2, 
97; P  =  0.4095). When enticed beetles flew an average (±SE) of 
0.97 ± 0.50, 1.85 ± 0.28, and 2.68 ± 0.35 m at 15, 22.5, and 30°C, 
respectively.

Neither wind speed (F = 1.85; df = 2, 91; P = 0.1631), nor sex 
(F = 2.73; df = 1, 91; P = 0.1020), nor the interaction between wind 
speed and sex (F = 0.22; df = 2, 91; P = 0.8010) were significant 
predictors of Asian long-horned beetle flight. However, significantly 
more than 50% of the beetles at 0.5 and 1.0 m/s remained on the 
fresh host stem section for the entire 45 min (Fig. 8). Neither wind 
speed (F = 1.96; df = 2, 29; P = 0.1585), nor sex (F = 0.24; df = 1, 
29; P  =  0.6263) nor the interaction between wind speed and sex 
(F = 0.04; df = 2, 29; P = 0.9606) had significant effects on the dis-
tance Asian long-horned beetles flew. Wind speed had a significant 
effect on the proportion of individuals exhibiting different flight 

Fig.  5. Percentage of A.  glabripennis individuals exhibiting each type of 
flight by sex and type of maple stem section they were placed on. Bars with 
different letters were significantly different based on χ2 tests at α = 0.05.

Fig. 6. Percentage distributions of the difference in the distance (m) flown 
(enticed distance minus voluntary distance) for A. glabripennis individuals 
that flew both voluntarily and after being enticed (solid bars) and only flew 
after being enticed (striped bars, using zero for the voluntary distance).

Fig. 4. Comparison of the percentage of A. glabripennis males and females (A), and of different mating statuses (B) that took flight or remained on either a fresh 
or dry Acer stem section. Bars followed by different letters were significantly different and for bars preceded by a “*” there were significant responses based 
on χ2 tests at α = 0.05.
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angles (likelihood ratio χ2 = 9.6107, df = 4, P = 0.0475; Fig. 9). Most 
notably there were no ascending flights observed at 0.5 or 1.0 m/s 
wind speeds.

Discussion

Host quality, mating status, beetle age, sex, and temperature were 
all significant predictors of flight in A. glabripennis in one or more 
experiments. Time to flight was not affected by any of the fac-
tors evaluated and distance flown only differed significantly with 

temperature. Angle of flight was affected by wind speed. More 
beetles were capable of flight when involuntarily tested than vol-
untarily took flight. Females assessed the host quality by chewing 
oviposition-type pits, even on the dry dead host stem sections, before 
making a choice to stay or fly away. Although wind speed over the 
range tested was not a significant predictor of flight, there was some 
indication that flight was affected by wind speed since there was a 
significant response in males at the 0.5 and 1.0 m/s and no individ-
uals of either sex exhibited ascending flights at these wind speeds.

A decline in female flight propensity after reaching sexual matu-
rity, as was seen in the first experiment, fits with the normal pattern 
seen in many insects. In other insects, degradation of the flight mus-
cles and the neurons that control flight occur with age (Ridgel and 
Ritzmann 2005). In A.  glabripennis significant reduction in flight 
did not occur until 21 d post-mating (35 d post-emergence from the 
wood) compared with the 7 d virgin (first time tested after sexual 
maturity). The same pattern of 21 d mated females flying less than 
7 d virgin females, however, was not seen in the second experiment 
on the fresh host stem section (same host as used in the first experi-
ment). The second experiment used about half of the beetles that 
emerged from wood and half that were reared on artificial diet, so 
this may have confounded the results. The artificial diet reared adults 
would be less sexually mature at each time frame than the ones that 
emerged from wood since it takes about a week and a half for them 
to chew out of the wood at the temperatures the bolts were held 
(Sánchez and Keena 2013). Also when beetles emerge from wood, 
their exoskeleton has more completely sclerotized, while the 0-d arti-
ficial diet reared adults are still soft and more vulnerable to dam-
age. In red flour beetles, Tribolium castaneum (Herbst) (Coleoptera: 
Tenebrionidae), non-reproductive adults that are still sclerotizing 
move less than more mature beetles, likely to avoid aggression and 
predation while vulnerable (Arnold et al. 2016).

A higher propensity to take flight from a dry host stem section 
than from a fresh one was expected. When the current habitat is no 
longer usable for reproduction or feeding, the beetles would natu-
rally disperse to seek a new habitat. Females made obvious assess-
ments of the host resource by chewing oviposition-type pits, but 

Fig. 7. Comparison of the percentage of A. glabripennis males and females 
mated for 7 d that took flight or remained on a fresh Acer stem section when 
exposed to different temperatures (°C). Bars followed by different letters were 
significantly different and for bars preceded by a “*” there were significant 
responses based on χ2 tests at α = 0.05.

Fig. 8. Comparison of the percentage of A. glabripennis males and females 
mated for 7 d that took flight or remained on a fresh Acer stem section when 
exposed to different wind speeds (m/s). Bars followed by different letters 
were significantly different and for bars preceded by a “*” there were 
significant responses based on χ2 tests at α = 0.05.

Fig. 9. Percentage of A. glabripennis individuals exhibiting each type of flight 
when exposed to three different wind speeds. Bars with different letters were 
significantly different based on χ2 tests at α = 0.05.
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male assessments were not obvious. However, recent work on A. gla-
bripennis sensilla on the palps has shown that the beetle is sensitive 
to moisture, so both sexes may have used these sensors in assessing 
host quality (Hall 2018). The flight angle and distance flown away 
from an unsuitable habitat will be based on the beetle’s perception 
of habitat patchiness. In more fragmented habitats where host trees 
are farther apart or scarce, beetle movements would be expected to 
change from routine resource exploration to specialized directed 
longer distance movements outside the current habitat to find a suit-
able host (Van Dyck and Baguette 2005). There was an indication 
that this may have happened in the host quality experiment because 
of the differences in flight angles observed on the fresh host stem 
sections. Also in China, when no trees were close by A. glabripennis 
adults flew spiraling upward (Smith et al. 2004).

When host quality was good, significantly more males flew 
at least once in the four times they were tested than did females. 
Seventy-eight percent of males flew, while only 43% of the females 
took flight. This is consistent with what was found when A.  gla-
bripennis movement was tracked in the field using harmonic radar, 
most females stayed on the healthy host they were released on while 
most males moved from tree to tree (Williams et  al. 2004). Since 
males usually are the sex that makes first contact before mating and 
they are also likely to fly after aggressive encounters with another 
male, it makes sense that they would tend to fly more (Keena and 
Sánchez 2018a,b). The tendency of females to stay on a viable host 
and oviposit rather than fly is likely why many studies have found 
that the beetles are slow to disperse from the initial point of infes-
tation until the population builds up (Sawyer et al. 2011, Turgeon 
et al. 2015, Straw et al. 2016). It is known that virgin females will 
fly from a viable host when their drive to seek a mate is high enough 
since they can be captured many meters from the nearest tree with 
an exit hole in traps baited with a combination of male produce 
pheromone and kairomones (Nehme et al. 2014). Increasing beetle 
density also has been shown to increase short range dispersal in both 
sexes (Bancroft and Smith 2005).

It has been shown that climate (temperature over time) affects 
A. glabripennis generation time and adult emergence timing (Trotter
and Keena 2016) and adult activity (Zhou et al. 1984, Keena 2006). 
A. glabripennis adults were active and successfully mated between
15 and 30°C (Keena 2006) and at 28–30°C adult activity greatly
increased but declined at temperatures ≥35°C (Zhou et  al. 1984). 
This is consistent with the results presented here where flight pro-
pensity increased over the 15–30°C temperature range and that
almost no flight occurs, even when the beetles are enticed at 15°C.
The absence of voluntary flights at 15°C may also partially explain
the slow spread of A.  glabripennis populations in cooler climates
as Straw et al. (2016) hypothesized that temperatures at which the
beetle flies would occur less often in colder climates. Tests at higher
temperatures would likely have resulted in a decrease in propensity
to fly. Field studies in China showed that temperatures around 32°C
were associated with decreased dispersal (Bancroft and Smith 2005). 
Evaluations of the effects of humidity on dispersal by flight are lim-
ited to that of Bancroft and Smith (2005), and Zhou et al. (1984), 
which suggest that increases in relative humidity are associated with
increased dispersal, except when it rains. Further work in this area
may be warranted.

The average wind speeds measured during mark–release–recap-
ture in China were documented to be about 1 m/s with gusts up to 
3.5 m/s (Wen et al. 1998, Smith et al. 2004). Wen et al. (1998) found 
that wind speeds of 0.3–1.8 m/s correlated with increased flight and 
that 3.5 m/s correlated with reduced flight. This likely explains the 
lack of significant differences in flight propensity observed over the 

range evaluated in this study. If higher wind speeds had been tested, 
significant differences may have been seen. Despite the lack of dif-
ferences in flight propensity, there were differences in the flight angle 
observed: no ascending flights were observed in the 0.5 or 1.0 m/s 
wind speeds, which may indicate that the beetle adjusts its flight 
pattern based on the wind. In China, the beetles were observed to 
fly upwind (Wen et al. 1998), but reconstructions of the spread of 
A. glabripennis in the Worcester, Massachusetts, infestation indi-
cated significantly longer distance spread with the prevailing winds
(Hull-Sanders et al. 2017). Further work on A. glabripennis flight
responses to wind is needed to fully understand how adults orient to
the wind and at what wind speeds they cease to fly.

Eradication programs would be most concerned with what 
increases the propensity of mated females to fly since their move-
ments to new host trees would effectively spread the infestation. 
Based on the results of this study and previous studies that have 
also shown that negative female interactions with a conspecific can 
cause females to take fight (Keena and Sánchez 2018b) programs 
can expect more mated female flight where beetle densities are 
higher resulting in lower host quality and more negative conspe-
cific interactions. They can also expect mated females to take flight 
when temperatures are over 15°C and the tree on which the female 
is sitting is disturbed or a perceived predator contacts the beetle. 
For example, I observed at least nine beetles flying away above the 
tree line from the heavily infested maple tree in Flushing Meadow 
Corona Park, New York when it was being cut on August 4, 2000 
and helped collect an additional 24 live beetles off the ground (that 
came down with the limbs) before they could take flight (M.K., 
personal observations). In fact, Favaro et al. (2015) found that the 
maximum dispersal in the Cornuda, Italy infestation occurred in the 
year that the population density was high and partial management 
was implemented. It should also be noted that beetles that take flight 
when disturbed, as in the host quality study, would be expected to 
fly further and that distance could further increase if the habitat is 
fragmented or good hosts are sparse (Van Dyck and Baguette 2005).
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