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ABSTRACT The olive fruit fly, Bactrocera oleae (Rossi) (Diptera: Tephritidae), is a newly invasive
pest of olives, Olea europaea L., in California. The table olive industry is located in California’s Central
Valley, where daily high summer temperatures can be >35.0°C. This study investigated the effects of
high temperatures (heat stress) and food conditions on the flight performance of B. oleae in laboratory
flight mill tests. Flies were provided food (honey and hydrolyzed yeast) and water for a 1-wk
preconditioning period and then subjected to 24-h preflight exposure to diurnal temperature regimes
(low-high temperatures of 18.3-35.0°C and 18-37.8°C) and deprivation of food. Flies with the preflight
stress conditions had significantly lower flight performance (1,305 m and 0.989 h at 18.3-35.0°C and
1,152 m and 0.966 h at 18.3-37.8°C) than control files that were held under no-stress preflight conditions
(constant 23.9°C, food, and water) and flew 1,982 m for 1.54 h. Flight distance and duration were
further reduced when no water was provided during the 24-h preflight exposure to high temperature
stress. Flight distance and duration also were decreased when the preflight exposure period was
increased to 2 and 3 d. When flies were deprived of food and water during the preconditioning period,
there was significant adult mortality and flight performance was poor (<50 m and <2 min) after 24-h
preflight exposure to either the 18.3-35.0°C or the 18.3-37.8°C temperature regime and deprivation
of food. Heat stress and food deprivation also reduced postflight fecundity and adult longevity. The
results are discussed with respect to the ability of B. oleae to survive summer heat and food deprivation
by dispersing to refuges with food, water, and shelter.
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The olive fruit fly, Bactrocera oleae (Rossi) (Diptera:
Tephritidae), is a major pest of cultivated olive, Olea
europaea L., throughout the Mediterranean Basin and
the Middle East (Tzanakakis 2006). It invaded Cali-
fornia ~1998 and quickly spread throughout the state
(Rice et al. 2003, Yokoyama et al. 2006), where it has
become the most important pest of the state’s olive
industry. California table olive processors maintain a
zero tolerance level for B. oleae in fruit. For that
reason, current management strategies for B. oleae in
California rely on the application of the spinosad-
formulated GF-120 NF Naturalyte Fruit Fly Bait (Dow
AgroSciences LLC, Indianapolis, IN), which is typi-
cally applied every 1-2 wk from just before olive pit
hardening in early summer until fruit are harvested in
fall for table olives or in winter for oil production
(Johnson et al. 2006). Repeated pesticide applications
not only increase control costs but may impact bio-
logical control agents of B. oleae and other olive pests
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(Collier and van Steenwyk 2003, Johnson and Daane
2006, Nadel et al. 2007).

Most table olive production isin California’s Central
Valley, where the summer is extremely hot; daily max-
imum temperatures are consistently >35°C during
July and August (Wang et al. 2009a). There is rarely
any rain and little or no morning dew during the dry
summer. Water within the orchards mainly comes
from various types of irrigation (e.g., flood, micro-jet
emitters), which is only periodically applied (e.g.,
once weekly). However, large water sources (e.g.,
irrigation canals, creeks, ponds, runoff reservoirs) may
exist outside of the orchards within a few meters to
several kilometers and would require B. oleae flight to
visit. Potential food sources, such as honeydew from
black scale, Saissetia oleae (Olivier), also may be lim-
ited during the summer when S. oleae populations
drop in number and shift to the smaller development
stages, which produce little honeydew (Daane and
Caltagirone 1989).

Normal activity of adult B. oleae occurs from 20 to
30°C; above this temperature, the flies move frantically
and oviposition is thereby inhibited, and at 35°C ac-
tivity ceases (Avidov 1958). Adult B. oleae died after
exposure for several days at high temperatures
(>35°C) when they did not have access to both water
and honey, but individuals could survive if adequate
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levels of both water and food sources (e.g., honey)
were provided (Johnson et al. 2006). These research-
ers also observed that adult B. oleae behavior is dra-
matically altered at high temperatures, such that flies
cease most activities except to seek out sources of
water. However, even on extremely hot summer days
the more favorable lower temperatures occur in the
early morning and late evening in the Central Valley,
and adult B. oleae may be still active during the cooler
morning periods (Wang et al. 2009a). It may be as-
sumed that adult B. oleae need to seek out a cool refuge
within or near the olive orchard during the warmer
periods of the day, and the heat stressed B. oleae must
travel to obtain both water and food sources during
the cool periods of the day. Therefore, the most crit-
ical abiotic mortality factors for adult B. oleae in Cen-
tral Valley olive regions may be the hot summer tem-
peratures and food availability. Understanding the
effects of those mortality factors on the fly’s survival
and dispersal ability is fundamental for effective man-
agement of this invasive pest.

It is, however, unknown whether levels of heat
stress or food scarcity reduce the flight and dispersal
ability of B. oleae during the summer, thereby limiting
the pest’s ability to find water, food, and refugia re-
sulting in increased mortality. Many fruit flies disperse
in search of food, host plants, shelter, or to escape
unfavorable environmental conditions (Tsiropoulos
1992, Fontellas and Zucoloto 2003). For food, many
adult fruit fly species use sugars (i.e., carbohydrates)
as energy sources to fuel various activities, such as
flight (Fletcher and Kapatos 1981, Tsiropoulos 1992,
Fontellas and Zucoloto 2003); and in addition, they
require nitrogenous food sources (e.g., amino acids,
protein) for reproductive development and longevity
(Hendriches and Prokopy 1994, Drew and Yuval
2000). Under moderate temperature conditions and
with adequate water and food, most fruit fly species
are strong fliers and can disperse great distances
(Shaw et al. 1967, Fletcher and Kapatos 1981). In the
absence of fruit, adult B. oleae could travel several
kilometers within a few days to find host fruit (Econo-
mopoulos et al. 1978, Fletcher and Kapatos 1983).
Trapping studies in Greece also showed that adult B.
oleae moved up to 200 m from olive groves to nonhosts
in search of food (Katsoyannos 1983). However, the
ability of heat stressed fruit flies to disperse during
periods of high temperatures and food deprivation is
poorly understood, even for many of the well known
species, including B. oleae. A better understanding of
the factors influencing B. oleae flight capacity would
greatly enhance our ability to predict its occurrence
and dispersal abilities. The aims of this study were to
quantify the effects of prefight exposure to different
levels of heat stress and food conditions on the flight
performance of B. oleae.

Materials and Methods

Insects. A colony of B. oleae was established in a
controlled room (23.9 + 2°C, 40-60% RH, and a pho-
toperiod of 14:10 [L:D] h) at the University of Cali-
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Table 1. Preconditioning and preflight treatments for testing
B. oleae flight performance

Preconditioning Preflight period

period
Treatment®
Day Food and Food and Temp

water water (°C)
FW-FW-23.9 7 Provided Provided 239
FW-W-35.0 7 Provided ~ Water only 18.3-35.0
FW-W-37.8 7 Provided Water only 18.3-37.8
FW-NFW-35.0 7 Provided No 18.3-35.0
FW-NFW-37.8 7 Provided No 18.3-37.8
NFW-NFW-35.0 1-2 No No 18.3-35.0
NFW-NFW-37.8 1-2 No No 18.3-37.8

“Newly emerged flies were first held at 23.9°C and provided with
food and water (FW) or denied food and water (NFW) during a 7-
or 1-2-d preconditioning period, respectively, and were then sub-
jected to 1-d preflight exposure under 23.9°C with food and water, or
under one of two diurnal temperature regimes (low temperature
18.3°C from 1900 to 1200 hours and high temperature 35.0 or 37.8°C
from 1200 to 1900 hours) without food and with or without water
(W). Photophase always ran from 0600 to 2000 hours.

fornia Kearney Agricultural Center (KAC), Parlier,
CA, and maintained on olive fruit since 2003. The
initial B. oleae for the colony were collected at Davis,
CA; periodic additions of field-collected flies from
Fresno, CA, were made to the colony. Adult flies were
held in screen cages (61 by 61 by 61 cm) (BugDorm2,
BioQuip Products Inc., Rancho Dominguez, CA) that
were provisioned with water, honey, and hydrolyzed
yeast (FisherBiotech, Fairlawn, NJ). Olives were ex-
posed to >2-wk-old fecund females within the cages
until each fruit had three to five ovipositional stings.
The infested olives were then distributed over a metal
grid (1-cm weave) that rested 2 cm above a plastic tray
(36 by 18 by 10 cm). When larvae matured, after 9-12
d, they dropped into the tray where puparia were
collected and placed into holding cages. Laboratory-
reared flies were used for flight mill tests.

Preconditioning and Preflight Treatment. To quan-
tify the impacts of preflight exposure to daily high
temperatures (heat stress) and food (honey and hy-
drolyzed yeast) and water deprivation on B. oleae
flight ability, the experiment consisted of seven treat-
ments of increasing heat stress, food and water depri-
vation, or a combination. In five treatments, the flies
were initially held for 1 wk under the same laboratory
conditions used for maintaining the fly colony (as
described above) with food and water (FW) provided
upon eclosion (i.e., preconditioning period, necessary
for the maturation of eggs in female flies) (Table 1).
Afterward, they were subjected to different preflight
treatments for 24 h (i.e., preflight period). In the last
two treatments, the flies were completely deprived of
food and water (NFW) upon eclosion. Because flies
could not survive for 1 wk without food and water, in
these two treatments the flies were initially held only
for 1-2 d before they were subjected to different
preflight treatments for 24 h before the flight tests.
Food alone treatment was not considered in this study,
because flies had to stay close to water sources for
survival when temperature was >35°C.
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There were three different temperature regimes
and three different food/water conditions during the
24 h preflight treatment (Table 1). The temperature
regimes included a constant temperature (23.9 * 2°C)
and two diurnal temperature regimes. The tempera-
ture cycle for both diurnal regimes was 18.3 = 1.0°C
from 1900 to 1200 hours and 35.0 = 1.0 or 37.8 = 1.0°C
from 1200 through 1900 hours. Photophase ran from
0600 to 2000 hours for all temperature regimes. Ac-
cording to historical temperature recordings (Johnson
et al. 2006), daily maximum temperature in most of the
Central Valley is consistently >35°C during July and
August. It commonly reaches or surpasses 37.8°C from
15 July to 20 August in the southern Central Valley
(i.e., San Joaquin Valley). Thus, the diurnal temper-
ature regimes reflected the field temperature condi-
tions and the mid-day rise in temperature during mid-
summer in the Central Valley (Wang et al. 2009a).
During the temperature treatment, flies were pro-
vided either with food and water (FW), water only
(W), or no food and water (NFW) (Table 1).

To examine the possible impacts of extended expo-
sure to four preflight conditions (FW-W-35.0, FW-
W-37.8, FW-NFW-35.0, FW-NFW-37.8; see Table 1)
on B. oleae flight performance, additional tests with
the identical preflight conditions, but with additional
exposure days (2 or 3 d) were conducted. No addi-
tional tests with increased exposure days were con-
ducted for the other two preflight treatments (NFW-
NFW-35.0, NFW-NFW-37.8) in which no food or
water were ever offered to the flies due to high pre-
flight mortality after 24-h exposure.

Flight Mill Assays. Immediately after the preflight
treatments, flight performance was monitored with a
flight mill system developed by Zermefio (2005) at
California State University, East Bay, Hayward, CA. It
consisted of a light weight, plastic rotating arm (i.e.,
plastic drinking straw) with a reflective element on
one end of the rotating arm and a support for an
attached fly at the opposite end. To facilitate handling
by reducing their movement, flies were held at 2°C for
2 min and then attached to the flight mill tether over
a Chill Table (BioQuip Products Inc.). A tethering
saddle (i.e., small cylindrical piece of wire insulation)
was placed on the end of a #1 insect pin and attached
to the mesonotum of a fly with acrylic polymer glue
(Polysciences, Warrington, PA). This pin with teth-
ered fly was then inserted into the support end of the
rotating arm, and the fly was maneuvered into a hor-
izontal position for flight. Most cold-anesthetized flies
recovered to normal activity within 1-2 min under the
laboratory conditions described above and started
flight. Each complete rotation of the flight mill arm
was detected by an infrared emitter-detection unit
that was connected to a computer to record the num-
ber of laps flown, time per lap, and cumulative flight
time.

Four flight mills were operated simultaneously,
which allowed 2-5 flies from each treatment to be
tested each day, with trials performed between 1000
and 1600 hours. For each treatment, ~30 males and
females each (60 total) were collected into an acrylic
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screened cage (30 by 30 by 30 cm), and the cage was
placed inside a temperature cabinet set at the tem-
peratures and food conditions for the preconditioning
and preflight treatments described above. This pre-
flight test was repeated 10-20 times for each treat-
ment. Immediately after the preflight treatment, a fly
was randomly selected from the cage and tethered as
described above. Once the insect started flight, com-
puters continually recorded the distance and duration
of the flight for each tested individual. An observation
was terminated when the fly stopped wing movement
for ~10 s. Some flies were observed to resume flight
after a break, but we only recorded the duration of the
maximum unbroken flight for each tested fly since the
flight was initiated. The flight speed was calculated
based on the measured flight distance and duration.
Some flies died during the preflight treatment,
whereas other flies failed to fly after being tethered,
possibly due to the extreme heat stress and food/ water
deprivation. Both preflight mortality and the number
of flies that failed to fly were recorded for each treat-
ment. In total, 720 flies were tested; each treatment
initially consisted of 25 males and 25 females from 10
to 20 separate tests. Trials were conducted under the
same laboratory conditions used for maintaining the
fly colony as described above.

Postflight Fecundity and Longevity. To determine
the effects of the preflight treatments and flight ex-
haustion on the postflight fecundity and longevity of
B. oleae, each tested fly from the above-described
flight mill tests was removed from the tether and was
placed in a cylindrical cage (15 by 15 by 20 cm) made
of a plastic container that had two organdy screen
holes (5 cm in diameter) for ventilation. Water and
food were provided for the fly until it died. The lon-
gevity of each fly was recorded daily. Each female was
provided with five green olive fruit for the first 24 h to
evaluate its postflight fecundity. Exposed fruit were
maintained in 300-ml containers until any resulting
offspring developed. The flies from the last two treat-
ments (see Table 1) were not tested for postflight
fecundity because they were 2-3 d old and not yet
sexually mature when the study was begun.

To better determine the impacts of flight, per se, on
postflight fecundity and longevity, an additional treat-
ment served as an untreated check. Flies were held
under constant conditions (23.9 = 2°C with food and
water), but were not tested for flight, were tested
relative to 24 h fecundity of females and longevity of
both sexes.

Data Analysis. Although experimental treatments
consisted of different preflight temperature and food
conditions, our particular interests were to determine
the combined effects of increasing levels of heat stress
and/or food and water deprivation that reflected field
situations. Thus, data on preflight mortality and flight
performance resulting from 24 h preflight treatment
were analyzed using one-way analysis of variance
(ANOVA) and Tukey’s honestly significant difference
(HSD) test for comparison of means among different
treatments. Among the four balanced treatments (i.e.,
with identical condition during preconditioning pe-
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Fig. 1. Effectof preconditioning and preflight treatments

on B. oleae mortality (A) and flight success (B). Values are
means * SE (n = 10-20) and different letters above each bar
are significantly different (P < 0.05; Tukey’s HSD test).
Arrow indicates increased preflight stress conditions (see
Table 1).

riod but with different temperature regimes, water
conditions, and exposure days during preflight treat-
ment) the data were further analyzed using three-way
ANOVA. In all above analyses, flight distance data
were log ,,-transformed to stabilize variation. Prelim-
inary analyses showed that there were no differences
between males and females in all measured parame-
ters in each treatment and, for this reason, these data
for males and females were pooled. Data on postflight
fecundity and longevity from three different days of
exposure were pooled due to small samples and also
analyzed using one-way ANOVA among different
treatments. All analyses were performed by the soft-
ware of JMP, version 6.0.3 (SAS Institute, Cary, NC).

Results

Preflight Mortality and Flight Success. Preflight
heat stress and deprivation of food and water in-
creased preflight mortality (Fs ¢4 = 62.5; P < 0.01)
(Fig. 1A) and decreased the percentages of live flies
that flew (Fy ¢4 = 23.0; P < 0.01) (Fig. 1B). No flies

Table 2.
mortality and percentage of B. oleae that failed to fly

Vol. 102, no. 4

died before tests when they were held under the
standard laboratory conditions (23.9°C, food and wa-
ter always provided), and 96.7% of the tested adults
were able to fly. When flies were provided with food
and water and held for 1 wk under 23.9°C during the
preconditioning period, there was no significant effect
of 24-h preflight treatments of different temperature
regimes (18.3-35.0 or 18.3-37.8°C) with or without
water on mortality, which was low (<10%) across all
the four treatments (Fig. 1A). But flies that were
provided with water and held at 18.3-35.0°C had bet-
ter flight ability than the flies denied access to water
and held at the same temperature regime or than the
flies held under 18.3-37.8°C temperature regime (Fig.
1B). In contrast, when flies were completely deprived
of food and water before or during the preflight treat-
ment, a mean of 42.8% flies died after 24-h exposure to
18.3-35.0°C and 45.7% of live flies failed to fly, and a
mean of 83.9% flies died after 24-h exposure to 18.3-
37.8°C and 74.3% of tested flies failed to fly.

For the four treatments in which the flies were first
provided with food and water at 23.9°C during the 7-d
preconditioning period, and then exposed to two dif-
ferent temperature regimes (18.3-35.0 or 18.3-37.8°C)
with or without water, three-way ANOVA analyses
showed that preflight mortality (Table 2) increased
with exposure period (F, 5 = 102.1; P < 0.01), de-
privation of water (F, 5, = 66.0; P < 0.01), and was
affected by the interaction of those two factors
(F3, 131 = 5.6; P < 0.01). Neither the temperature
regime (F, 5 = 0.1; P = 0.74) nor any other inter-
actions (temperature X water: F, 5, = 0.1; P = 0.73;
temperature X exposure period: F, ;5 = 0.1; P = 0.93;
and temperature X water X exposure period: F, 5, =
0.3; P = 0.72) affected the preflight mortality. Per-
centage of adults that failed to fly (Table 2) was higher
when the flies were denied access to water than the
flies allowed access to water (F, ,,, = 3.1; P < 0.01)
but was not affected by the temperature regime
(F,. 194 = 0.1; P = 0.76), exposure period (Fy 154 =
0.9; P = 0.43), or any interaction between the factors
(temperature X water: F; ,,, = 1.1; P = 0.29; tem-
perature X exposure period: F, ,, = 2.6; P = 0.08;
and water X exposure period: F, 5, = 0.01; P = 0.99;
temperature X water X exposure period: Fy o4 =
0.05; P = 0.95).

Flight Performance. Heat stress and deprivation of
food and water affected flight performance (distance:

Effects of temperature regime, water provision, and exposure duration (1-3 d) during preflight treatments on the preflight

Mortality (%)” Flight failure (%)”
Treatment”
1d 2d 3d 1d 2d 3d
FW-W-35.0 1.6 £1.0a 14.0 + 4.2b 42,6 £ 7.3c 6.7 = 3.6a 10.5 = 4.0a 18.9 * 5.5a
FW-W-37.8 35+ 1.5a 14.1 + 44a 54.3+9.1b 15.1 = 5.5a 7.5+ 24a 6.9 * 3.6a
FW-NFW-35.0 9.5 = 3.5a 49.6 = 3.3b 79.7 £ 5.0¢c 16.8 = 9.5a 175+ 7.7a 30.2 = 9.8a
FW-NFW-37.8 5.5+ 24a 49.7 +52b 787+ 4.1c 26.5 £ 7.1a 19.3 + 5.2a 21.2 + 5.8a

“For treatment conditions, see Table 1.

» Data were compared within the same treatment, but different exposure periods, and values (mean *+ SE; n = 10-20) followed by different
letters within the row are significantly different (P < 0.05; Tukey’s HSD test).
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Table 3. Effect of preflight treatments on the flight perfor-
mance of B. oleae

. a Distance Flight Flight speed
Treatment "™ flown (m)”  duration (h)” (m/s)?
FW-FW-23.9 57 1,982 = 205a 1.542 = 0.161a  0.350 = 0.013a
FW-W-35.0 48 1,152 +200b  0.966 = 0.171b  0.358 = 0.012a
FW-W-37.8 34 1,305 +247b  0.989 = 0.190b  0.370 * 0.018a

FW-NFW-35.0 31 552 = 129bc  0.531 = 0.135b  0.308 = 0.014ab

FW-NFW-37.8 27 382 = 91c 0.294 = 0.070c  0.344 = 0.018ab
NFW-NFW-35.0 41 28 = 5d 0.025 * 0.004d  0.278 *+ 0.010bc
NFW-NFW-37.8 21 15 + 4d 0.014 * 0.003d  0.237 = 0.023¢

“ For treatment conditions, see Table 1.
P Values (mean = SE) followed by different letters within the
column are significant different (P < 0.05; Tukey’s HSD test).

Fy. 555 = 62.7; P < 0.01; duration: Fy; 55, =16.1; P < 0.01;
and speed: F_,5, = 8.8; P<0.01) (Table 3). When flies
were held under standard laboratory conditions and
ample food and water were available in the control
treatment, flies flew a mean of 1,982 m within 1.5 h in
a single unbroken flight. The longest unbroken flight
distance and duration was 5,857 m within 4.2 h for a
female and 4,886 m within 3.9 h for a male. Compared
with the control conditions, preflight exposure to the
high heat regimes significantly reduced B. oleae flight
distance ~35-40% and duration ~30-33% when flies
were supplied with water and even more when denied
access to water during the temperature treatment (Ta-
ble 3).

When flies were completely deprived of food after
eclosion, they flew only short distances (mean <30 m)
and in short bursts (<2 min.). There were no signif-
icant differences in the flight distance and duration
between the two different temperature regimes under
the same preflight food condition (Table 3). Flight
speed was affected only when flies were completely
deprived of food before the tests (Table 3).

For the four treatments in which the flies were
provided with food and water at 23.9°C during a 7-d
preconditioning period and then exposed to two dif-
ferent temperature regimes (18.3-35.0 or 18.3-37.8°C)
without food and with or without water, three-away
ANOVA analyses were performed. Flight distances
(Table 4) decreased with increased preflight exposure
period (F, ,o; = 18.7; P < 0.01), deprivation of water
(F\. 407 = 22.1; P < 0.01), and were affected by the
interactions of those two factors (F, 4o; = 3.1; P <
0.05). Neither the temperature regime nor any inter-
action between the factors affected the flight distance.
Flight durations (Table 4) also were decreased with
increased preflight exposure period (F,_,; =19.2; P <
0.01) and deprivation of water (F, 4, = 10.8; P <
0.01), but were not affected by the temperature re-
gime or any interaction, whereas flight speed (Table
4) was affected only by deprivation of water (F, ,; =
14.6; P < 0.01).

Postflight Longevity and Fecundity. Both postflight
female fecundity within 24 h after the flight mill
activity (Fs_,g; = 16.6; P < 0.01) and longevities of
females and males (F5 455 = 10.9; P < 0.01) were
significantly different among the various treatments
(Table 5). The percentage of females producing
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Table 4. Effects of temperature regime, water provision, and
exposure duration (1-3 d) during preflight treatment on flight
performance of B. oleae

Treatment® E;E?isolge n Distancel Flight time Flight spleed
() flown (m)” (h)” (m/s)”

FW-W-35.0 1 48 1,152 =200a  0.966 = 0.171a  0.358 £ 0.012a

2 52 605+ 123b  0.492 + 0.109ab 0.341 = 0.011a

3 41 321 =73b 0.277 = 0.061b  0.324 + 0.015a

FW-W-37.8 1 34 1,305 *=247a  0.989 = 0.190a  0.370 = 0.018a

2 50 757 = 173ab 0.599 + 0.143ab 0.346 = 0.012a

3 31  453=117b 0.381 =0.101b  0.344 + 0.014a

FW-NFW-35.0 1 31  552*=129a 0.531 =0.135a 0.308 = 0.014a

2 25 338+ 104ab 0.302 + 0.078ab 0.306 = 0.022a

3 24 154 +52b 0138 +=0.047b 0.307 = 0.018a

FW-NFW-37.8 1 27  382*9la 0294 *+0.070a 0.344 * 0.018a

2 27 155 *67ab  0.137 = 0.058a  0.288 * 0.021a

3 27 202 * 62b 0.181 £ 0.058a  0.323 = 0.015a

“For treatment conditions, see Table 1.

» Data were compared within the same treatment, but different
exposure periods, and values (mean * SE) followed by different
letters within the column for the same treatment are significant
different (P < 0.05; Tukey’s HSD test). For treatment conditions, see
Table 1.

offspring was lower after flight compared with the
nonflight females (y* = 286.9, df = 5, P < 0.01)
(Table 5). Females that were never tested for flight
(i.e., control group) produced a mean of ~18.2
offspring within 24 h, whereas females that under-
went flight stress produced only a mean of 7.0 off-
spring. When the flies were held under 23.9°C with
food and water always provided, postflight longevity
was higher than all four treatments in which the flies
were exposed to two different temperature regimes
(18.3-35.0 or 18.3-37.8°C) with or without water.
There was no significant difference in postflight
longevity among flown flies in the four stressed
preflight treatments. Postflight fecundity of flown
flies were similar among flies that experienced dif-
ferent preflight treatments, except that the flies held
under normal conditions had higher postflight fe-
cundity than that of the flies held under 18.3-35.0°C
without water (Table 5).

Discussion

The preflight conditions used in this study, i.e., the
intensity of daily high temperature (=35°C) and du-
ration (1-3 d) are common in California’s Central
Valley in the summer (Johnson et al. 2006, Wang et al.
2009a). This study demonstrated that preflight heat
stress and deprivation of food and water resulted in the
death of a large (>40%) portion of the tested adult B.
oleae. Clearly, adult B. oleae need to find water and
food sources to survive, and this may require flight to
refuges outside the orchard where they find reduced
temperatures, food, water, or a combination. How-
ever, the preflight heat stress and deprivation of food
and water dramatically reduced flight ability of those
surviving B. oleae.

Stressed adult B. oleae flew short distances, whereas
healthy flies flew considerable distances during con-
tinuous flight in the flight mill tests. B. oleae has the
potential for long-distance dispersal in search host
fruit and food under normal environmental conditions
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Table 5. Postflight longevity and reproductive performance of B. oleae

% females produced

Offspring produced Postflight longevity

Treatment offspring 24 h postflight " 24 h postflight” " (dyr
CK* 85.0 20 18.2 = 2.6a 31 123.5 £ 9.8a
FW-FW-23.9 61.5 26 7.0 = 1.8b 41 88.6 * 8.5ab
FW-W-35.0 66.7 81 6.8 = 0.8b 132 49.2 = 48¢
FW-W-37.8 62.1 66 5.5+ 0.7bc 119 51.4 + 5.0¢c
FW-NFW-35.0 37.7 53 2.1 + 0.6¢ 73 66.3 * 6.4bc
FW-NFW-37.8 53.2 47 4.7+ 0.9bc 79 68.4 * 6.2bc

“For treatment conditions, see Table 1.

» Data from three different days of exposure were pooled (see Table 4), and values (mean + SE) followed by different letters with

the column are significantly different (P < 0.05; Tukey’s HSD test).

Flies were held under the same conditions as treatment (FW-FW-23.9) but were not tested for flight.

as shown in several previous field trapping studies in
Greece (Economopoulos et al. 1978, Fletcher and
Kapatos 1981, Katsoyannos 1983). Healthy, unstressed
adults of many tephritid species can disperse from
hundreds of meters to several kilometers (Shaw et al.
1967, Iwahashi 1972, Fletcher and Kapatos 1981,
Kovaleski et al. 1999, Zermefio 2005). In comparison
with other studies, the mean distance flown by well-
fed and watered B. oleae in our study (1,982 m) was
roughly similar to distances flown by Mexican fruit fly,
Anastrepha ludens (Loew) (2,400 m) (Chambers and
O’Connell 1969); Mediterranean fruit fly, Ceratitis
capitata (Wiedemann) (1,580 m); and walnut husk fly,
Rhagoletis completa Cresson (2,110 m) (Zermefio
2005). We observed that some flies could resume flight
after a break, so the flight distances we measured were
likely shorter than the maximum distances that fly
were capable of attaining if allowed flight until death.
Normal adult B. oleae females were observed to fly a
mean of 12,238 within 24 h if allowed (Remund et al.
1977).

Many studies have reported on the effects of gen-
der, nutrient conditions, or diets on flight performance
of tephritid fruit flies. It is not surprising that nutri-
tional status or diet would affect insect flight perfor-
mance, given that flight is a highly energy-intensive
activity (Mason et al. 1989, Candy et al. 1997). Car-
bohydrate deprivation often affects flight ability in
many insects (Sappington et al. 1995, Chen et al. 2006,
Shirai 2006). Using the identical flight mill apparatus
as we did, Zermefio (2005) showed that diets signif-
icantly affected the flight performance of C. capitata
and R. completa. Flight to exhaustion has been shown
to reduce fecundity and longevity in many insects
(e.g., Mason et al. 1989). Our results showed that the
preflight stress and flight per se reduced the fly’s 24-h
postflight fecundity. However, as soon as the flies were
returned to unstressful temperature conditions and
provided with water and food, the previously stressed
flies were able to recover from energetically costly
flight as demonstrated by the fact that they laid eggs
(Table 5) within 24 h postflight and survived consid-
erably long periods. A field study conducted during
midsummer in an orchard at the University of Cali-
fornia’s KAC showed that flies could resume repro-
ductive activities during the cooler periods of each day
during the photophase (Wang et al. 2009a).

The gender effect on insect flight performance is
not always predictable. Females are stronger fliers
than males in some species (Hughes and Dorn 2002,
Blackmer et al. 2004, Wu et al. 2006), whereas males
are better in other species (e.g., Moriya and Hiroyoshi
1998). However, for many species there is no differ-
ence in flight performance between sexes [e.g., the
weevil Listronotus bonariensis (Kuschel) (Goldson
1981); codling moth, Cydia pomonella L. (Schumacher
etal. 1997); walnut husk fly (Zermefio 2005); and plum
curculio, Conotrachelus nenuphar (Herbst) (Chen et
al. 2006) |. Remund et al. (1977) reported that 14-d-old
B. oleae females flew a longer distance than males, but
there was no significant difference between 2-d-old
males and females. In our preliminary analyses, we did
not find a significant difference in the distances flown
or the duration of unbroken flight between sexes of B.
oleae, despite females being slightly larger than males
(Wang et al. 2009b). High variances in both flight
distance and duration within the same treatment were
observed among individuals of both sexes, thereby
masking any statistical significance. Wild flies often
perform better than mass-reared flies (Remund et al.
1977, Zermefio 2005). In our studies, the olive fruit
flies were reared on olives under favorable tempera-
ture conditions and were not subjected to large tem-
perature variation during the day. It is possible that
wild B. oleae adults might be more capable of dealing
with heat stress and food deprivation and could dis-
perse greater distances under unfavorable conditions.

All flight mill experiments involved anesthetizing,
tethering, and stimulating the insects to fly. Test in-
sects were often anesthetized on ice or by exposing
them to low temperature as we did in this study. Any
preflight anesthetizing treatment may stress insects
and under-estimate flight performance. However, a
previous study showed no adverse effect of chilling B.
oleae for 6 h at 2°C on the fly’s flight performance
(Remund et al. 1977). In the current study, the flies
were chilled at 2°C for <2 min; it is thus unlikely that
our preflight chilling treatment would have caused
any significant effects on the fly’s performance. We
must point out that in flight mill studies, the insects are
tethered and do not carry their own weight when
allowed to fly in a circle of prescribed circumference.
It also must be remembered that insects do not typ-
ically fly in straight paths, and maximum estimated
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flight (via a flight mill) is frequently an overestimation
of the actual linear distance traveled between two
points. Thus, flight mill tests are not aimed to accu-
rately estimate the flight capacity of test insects, but
are most useful as a comparative tool to evaluate flight
potential within the species (Riley et al. 1997). It
allows estimation of flight capacity in relation to dif-
ferent preflight-flight conditions or different physio-
logical status of tested insects such as gender, age,
mating, size (Hughes and Dorn 2002). Positive cor-
relations between flight performance patterns in the
laboratory and the field have been demonstrated, and
flight data obtained from flight mill tests can provide
valuable indications on possible factors that would
influence an insect’s dispersal ability (e.g., Keil et al.
2001).

The ability of an insect to survive and disperse plays
an important role in determining its geographic dis-
tribution and abundance in nature. To our knowledge,
this was the first study testing the combined impacts
of heat stress and deprivation of food and water on
flight performance of tephritid fruit flies. Clearly, heat
stress and food and water deprivation can reduce B.
oleae flight ability and limit an adult’s ability to find
water, food, or seek arefuge during the hot valley days,
thereby increasing mortality risks. In conjunction with
previous reports regarding the impacts of daily high
temperature on the fly’s survival and reproduction
(Johnson et al. 2006, Wang et al. 2009a), this study
provides insight into forecasting the fly’s population
dynamics, geographic distribution, and dispersal abil-
ity based on field temperature conditions in the Cen-
tral valley of California, as well as other olive growing
regions that have similar climate conditions.

Acknowledgments

We thank Martha Gerik and Kate Reardon (University of
California, Riverside) for assistance and three anonymous
reviewers for useful comments on an early version of this
manuscript. Funds were provided by the California Specialty
Crop Block Grant, California Olive Committee, USDA-CS-
REES Special Grants Program: Pest Management Alterna-
tives, and Hatch Funds allocated to M.W.]. from University
of California, Riverside.

References Cited

Avidov, A. 1958. Phenology of the olive fruit fly (Dacus oleae
Gmel.) in the coastal plain of Israel. Agric. Res. Sta.
Rehovot. Ktavim. 8: 105-116.

Blackmer, J. C., S. E. Naranjo, and L. H. Williams. 2004.
Tethered and untethered flight by Lygus hesperus and
Lygus lineolaris (Heteroptera: Miridae). Environ. Ento-
mol. 33: 1389-1400.

Candy, D. J., A. Becker, and G. Webener. 1997. Coordina-
tion and integration of metabolism in insect flight. Comp.
Biochem. Physiol. 117B: 497-512.

Chambers, D. L., and T. B. O’Connell. 1969. A flight mill
for studies with the Mexican fruit fly. Ann. Entomol.
Soc. Am. 62: 917-920.

Chen, H., C. Kaufmann, and, H. Scherm. 2006. Laboratory
evaluation of flight performance of the plum curculio

WANG ET AL.: FLIGHT PERFORMANCE OF B. oleae 733

(Coleoptera: Curculionidae). J. Econ. Entomol. 99: 2065~
2071.

Collier, T., and R. van Steenwyk. 2003. Prospects for inte-
grated control of olive fruit fly are promising in California.
Calif. Agric. 57: 28-30.

Daane, K. M., and L. E. Caltagirone. 1989. Biological control
in olive orchards: cultural practices affect control of black
scale. Calif. Agric. 43: 9-11.

Drew, R.A.L, and B. Yuval. 2000. The evolution of fruit fly
feeding behavior, pp. 731-749. In M. Aluja and A. L.
Norrbom [eds. ]|, Fruit flies (Tephritidae): phylogeny and
evolution of behavior. CRC, Boca Raton, FL.

Economopoulos, A. P., G. E. Haniotakis, J. Mathioudis, N.
Missis, and P. Kinigakis. 1978. Long-distance flight of
wild and artificially-reared Dacus oleae (Gmelin) (Diptera:
Tephritidae). J. Appl. Entomol. 78: 101-108.

Fletcher, B. S., and E. Kapatos. 1981. Dispersal of the olive
fly, Dacus oleae, during the summer period on Corfu.
Entomol. Exp. Appl. 29: 1-8.

Fontellas, T. M., and F. S. Zucoloto. 2003. Effect of sucrose
ingestion on the performance of wild Anastrepha obliqua
(Macquart) females (Diptera: Tephritidae). Neotrop.
Entomol. 32: 209-216.

Goldson, S. L. 1981. Non-reproductive determination of
‘migratory’ flight in Argentine stem weevils, Listronotus
bonariensis. Physiol. Entomol. 6: 283-288.

Hendriches, J., and R. J. Prokopy. 1994. Food foraging be-
havior of frugivorous fruit flies, pp. 37-55. In C. O. Calkins,
W. Klassen, and P. Liedo [eds.|, Fruit flies and the sterile
insect technique. CRC, Boca Raton, FL.

Hughes, J., and S. Dorn. 2002. Sexual differences in the
flight performance of the oriental fruit moth, Cydia mo-
lesta. Entomol. Exp. Appl. 103: 171-182.

Iwahashi, O. 1972. Movement of the Oriental fruit fly adults
among islets of the Ogasawara Islands. Environ. Entomol.
1: 176-179.

Johnson, M. W., and K. M. Daane. 2006. Olive insects: ecol-
ogy and control, pp. 1-2. In Encyclopedia of pest man-
agement. Taylor & Francis, New York.

Johnson, M. W., H. Nadel, and K. M. Daane. 2006. Quanti-
fying abiotic mortality factors impacting olive fruit fly and
natural enemies in olive groves, pp. 28-38. In Olive fruit
fly IPM project, third annual report. California Depart-
ment of Food and Agriculture, Sacramento, CA.

Katsoyannos, B. J. 1983. Captures of Certatitis capitata and
Dacus oleae (Diptera: Tephritidae) by McPhail and Re-
bell color traps suspended on citrus, fig and olive trees on
Chios, Greece, pp. 451-456. In R. Cavalloro [ed.|, Fruit
flies of economic importance. Balkema, Rotterdam, The
Netherlands.

Keil, S., H. Gu, and S. Dorn. 2001. Response of Cydia
pomonella to selection on mobility: laboratory evaluation
and field verification. Ecol. Entomol. 26: 495-501.

Kovaleski, A., R. L. Sugayama, and A. Malavasi. 1999.
Movement of Anastrepha fraterculus from native breed-
ing sites into apple orchards in southern Brazil. Ento-
mol. Exp. Appl. 91: 457-463.

Mason, L. J., S. J. Johnson, and J. P. Woodring. 1989. Influ-
ence of carbohydrate deprivation and tethered flight on
stored lipid, fecundity, and survivorship of the soybean
looper (Lepidoptera: Noctuidae). Environ. Entomol. 18:
1090-1094.

Moriya, S., and S. Hiroyoshi. 1998. Flight and locomotion
activity of the sweet potato weevil (Coleoptera: Brenti-
dae) in relation to adult age, mating status, and starvation.
J. Econ. Entomol. 91: 439-443.

Nadel, H., M. W. Johnson, M. Gerik, and K. M. Daane. 2007.
Ingestion of spinosad bait GF-120 and resulting impact on

20 Iudy £z uo 1senB Aq 0908G/.2./7/Z0 1 /8101ME/eSaE W00 dNO dlWspeoe)/:SA]Y WOl) POPEOUMOQ



734 ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA

adult Chrysoperla carnea (Neuroptera: Chrysopidae).
Biocontrol Sci. Technol. 17: 995-1008.

Remund, U., E. F. Boller, A. P. Economopoulos, and J. A.
Tsitsipis. 1977. Flight performance of Dacus oleae reared
on olives and artificial diet. J. Appl. Entomol. 82: 330-339.

Rice, R., P. Phillips, J. Stewart-Leslie, and G. Sibbett. 2003.
Olive fruit fly populations measured in central and south-
ern California. Calif. Agric. 57: 122-127.

Riley, J. R., M.C.A. Downham, and R. J. Cooter. 1997.
Comparison of the performance of Cicadulina leathop-
pers on flight mills with that to be expected in free
flight. Entomol. Exp. Appl. 88: 317-322.

Sappington, T. W., H. W. Fescemyer, and W. B. Showers.
1995. Lipid and carbohydrate utilization during flight of
the migratory moth, Agrotis ipsilon (Lepidoptera: Noc-
tuidae). Arch. Insect Biochem. Physiol. 29: 397-414.

Schumacher, P., A. Weyenth, D. C. Weber, and S. Dorn.
1997. Long flight in Cydia pomonella L. (Lepidoptera:
Tortricidae) measured by a flight mill: influence of sex,
mated status and age. Physiol. Entomol. 22: 149-160.

Shaw, J. G., M. Sanchez-Riviello, L. M. Spishakoff, G. P.
Trujillo, and D. F. Lopez. 1967. Dispersal and migra-
tion of Tepa-sterilized Mexican fruit flies. J. Econ.
Entomol. 60: 992-994.

Shirai, Y. 2006. Flight activity, reproduction, and adult nu-
trition of the beet webworm, Spoladea recarvalis (Lepi-
doptera: Pyralidae). Appl. Entomol. Zool. 41: 405-414.

Tsiropoulos, G. J. 1992. Feeding and dietary requirements
of the tephritid fruit flies, pp. 93-118. In T. E. Anderson

Vol. 102, no. 4

and N. C. Leppla [eds.], Advances in insect rearing for
research and pest management. Westview Press, Boulder,
CO.

Tzanakakis, M. E. 2006. Insects and mites feeding on olive.
Brill, Boston, MA.

Wang, X. G., M. W. Johnson, K. M. Daane, and H. Nadel.
2009a. High summer temperatures impact survival and
reproduction of olive fruit fly (Diptera: Tephritidae).
Environ. Entomol. (in press).

Wang, X. G., H. Nadel, M. W. Johnson, K. M. Daane, K.
Hoelmer, V. M. Walton, C. P. Pickett, and K. R. Sime.
2009b. Crop domestication relaxes both bottom-up and
top-down effects on a specialist herbivore. Basic Appl.
Ecol. 10: 216-227.

Wu, H., K. Wu, D. Wang, and Y. Guo. 2006. Flight potential
of pink bollworm, Pectinophera gossypiella Saunders
(Lepidoptera: Gelechiidae). Environ. Entomol. 35: 887~
893.

Yokoyama, V. Y., G. T. Miller, J. Stewart-Leslie, R. E. Rice,
and P. A. Phillips. 2006. Olive fruit fly (Diptera: Te-
phritidae) populations in relation to region, trap type,
season, and availability of fruit. J. Econ. Entomol. 99:
2072-2079.

Zermeiio, J. L. 2005. Laboratory flight and survivorship of
two tephritid species. M.S. thesis, California State Uni-
versity, Hayward, CA.

Received 5 February 2009; accepted 6 May 2009.

20 Iudy £z uo 1senB Aq 0908G/.2./7/Z0 1 /8101ME/eSaE W00 dNO dlWspeoe)/:SA]Y WOl) POPEOUMOQ



