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Abstract

BACKGROUND: Thermal history may induce phenotypic plasticity in traits that affect performance
and fitness. One type of plastic response triggered by thermal history is acclimation. Because flight is
linked to movement in the landscape, trapping and detection rates, and underpins the success of pest
management tactics, it is particularly important to understand how thermal history may affect pest
insect flight performance. We investigated the tethered-flight performance of Ceratitis capitata,
Bactrocera dorsalis and Bactrocera zonata (Diptera: Tephritidae), acclimated for 48 hours at 20, 25
or 30°C and tested at 25°C. We recorded the total distance, average speed, number of flight events
and time spent flying during 2-hour tests. We also characterized morphometric traits (body mass,
wing shape and wing loading) that can affect flight performance.

RESULTS: The main factor affecting most flight traits was body mass. The heaviest species, B.
dorsalis, flew further, was faster and stopped less often in comparison with the two other species.
Bactrocera species exhibited faster and longer flight when compared with C. capitata, which may be
associated with the shape of their wings. Moreover, thermal acclimation had sex- and species-specific
effects on flight performance. Flies acclimated at 20°C stopped more often, spent less time flying and,
ultimately, covered shorter distances.

CONCLUSION: Flight performance of B. dorsalis is greater than that of B. zonata and C. capitata.
The effects of thermal acclimation are species-specific. Warmer acclimation temperatures may allow
pest fruit flies to disperse further and faster.
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1. Introduction

Thermal history may induce phenotypic plasticity so that a past thermal environment positively or
negatively affects fitness " 2. One type of phenotypic plasticity induced by a change in the thermal
environment is acclimation. Perhaps due to their importance in understanding the invasive potential of
pest insects in various environments, the first traits that are usually investigated in response to thermal
acclimation are cold and heat tolerance. However, understanding the flight performance of a pest
insect is also crucial, whether it is to improve success of methods used in pest management (e.g.,
sterile insect technique), or to predict movements (e.g., trapping and detection) and risk of invasion as
well as quarantine areas .

Several fruit fly species (Diptera: Tephritidae) are among the most destructive horticultural pests,
leading to large economic losses to fruit industries worldwide, and necessitating implementation of
pest management programmes. Some of these fruit flies are particularly problematic as they expanded
outside of their native range and became invasive in new regions of the world. Most species of major
economic importance are found in the genera Anastrepha (Americas), Bactrocera and Zeugodacus
(Asia, Africa), Ceratitis (Africa, Australia, Europe, Central and South America) and Rhagoletis
(Europe and North America) . In Africa and Europe, the most concerning species to food security
are Bactrocera dorsalis (Hendel), Bactrocera zonata (Saunders), and Ceratitis capitata (Wiedemann);
all three highly polyphagous and the latter notorious for its cosmopolitan distribution. These species
can cause significant economic losses depending on the country and the type of cultivated fruit,
estimated at between 1.9 and 116 million USD vyearly ® for B. dorsalis and C. capitata, and 190
million EUR for B. zonata '°. Furthermore, the economic impact of these pests might be even greater
in the near future, as suitable areas for C. capitata ', B. dorsalis '* '3 and B. zonata '* are predicted to
expand into higher latitudes with climate change. The literature documenting the biology of these
species is extensive, yet little is known about their dispersal ability in relation to thermal history and
how it could relate to their invasiveness.

Past thermal environment experienced by insects affects flight performance in various species * '>-18,

However, for tephritids this has so far only been investigated in C. capitata. Adult flight performance
of C. capitata in the laboratory was enhanced when pupae were acclimated to cold temperatures,
relative to those exposed to warmer temperatures '°. However, the opposite was not true, warm pupal
acclimation did not confer any benefit to adults when tested in a warm environment. Furthermore,
Steyn et al.*® found that C. capitata adults acclimated at 20°C dispersed better in the field than flies
acclimated at 25 or 30°C, especially in warmer environments. In B. dorsalis, although the impact of
thermal history on flight performance has not been investigated to our knowledge, its flight
performance as a function of sex, age, physiological status, environmental temperature and how far it
can disperse has been documented > !4, Despite B. zonata being listed as a strong flier °, and having
a maximum recorded dispersal range of about 40 km 2°, information on its flight ability is scarce.
Nevertheless, thermal history could affect flight performance in B. zonata, as acclimation at 30°C
leads to increased body mass and energy reserves *’.

To improve knowledge of the dispersal potential of three major tephritid pests, we investigated how
thermal history affects traits associated with flight performance. We established whether cold or warm
acclimation temperatures during the adult life-stage increases or decreases flight performance and if
the same pattern is observed across all three species. Due to their invasiveness and significant
geographic range expansion (that is predicted to expand further), we assessed if there are flight
performance traits shared between these three species that explain their rapid spread outside of their
native range. As the morphology of the wings may be linked to flight performance in tephritids '* 22,
we also investigated how morphological traits (body mass, wing shape and size) characterize strong
versus weak flying individuals. Based on observations from Steyn et al.?’, we predicted that cold
acclimated adult flies would exhibit better flight performance when tested at an intermediate flight
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temperature. Because Bactrocera species are widely regarded to be the most mobile tephritids of
economic significance », we anticipated that B. dorsalis and B. zonata would fly for longer periods of
time and further than C. capitata, and that this would relate to morphological characteristics.

2. Materials and Methods
2.1 FLY HUSBANDRY

Cultures of Bactrocera dorsalis (South Africa), Bactrocera zonata (La Réunion) and Ceratitis
capitata (Greece) were maintained in climate rooms in different countries under controlled laboratory
conditions at 25°C (see Supplementary Information for details).

2.2 ACCLIMATION

Flies were acclimated in incubators for 48 h at either 20, 25 or 30°C. Flies were only acclimated after
reaching sexual maturity (i.e., 14-16 days for B. dorsalis, 12-50 days for B. zonata, and 9-11 days for
C. capitata). Less than 48 h of thermal acclimation is sufficient to induce changes in physiological
traits in C. capitata®®.

2.3 TETHERED FLIGHT PROCEDURE

The flight mill assays were conducted in a temperature-controlled room at 25°C (see Supplementary
Information for details). We used flight mills connected to a multi-channel flight mill data acquisition
(DAQ) system controlled from a laptop computer. A maximum of 9 flies were tested per session (i.e.,
group of flies tested at the same time). The body mass of each fly was determined using analytical
balances before being placed on the flight mill (see Supplementary Information for details). Each
session included at least two flies from each temperature group. Each session started when the last fly
was attached to the flight mill and was recorded for exactly 2 hours. We ran the assays until having
between 14 and 24 flying individuals of each sex and temperature group. Individuals completing
fewer than one revolution (two data points) were considered as non-flying. To determine whether data
from different laboratories using different flight mills were comparable, B. dorsalis of both sexes
from La Réunion and acclimated at 25°C were tested (see Table S1 and Fig. S3).

2.4 WING MORPHOMETRY

For each species, from the 15 flying individuals of each sex and temperature group, we identified the
five flies that flew the longest and shortest distances (total = 60 per species). Both wings of each fly
were removed and imaged for measurements. For both wings (one if damaged), measurements were
taken for wing length, wing width and seven landmarks used to calculate wing area (Figures S1 and
S2). These measurements were used to calculate the aspect ratio (wing length? / wing area) and the
wing loading (body mass / wing area). A low aspect ratio indicates short and broad wings that might
be better for maneuverability, whereas a high aspect ratio indicates long and thin wings that might be
better for speed and long distance ¥. Low wing loading indicates large wings relative to the mass of
the individual (more lift), in contrast, high wing loading indicates small wings relative to the mass
(less lift).

2.5 STATISTICAL ANALYSES

All statistical analyses were performed in R software (v 4.2.1, The R Foundation for Statistical
Computing) (see Supplementary Information for detailed procedure).

Intraspecific comparisons of flight performance

Data were analyzed using generalized mixed effects models. Acclimation temperature, sex and their
interactions were entered as fixed effects, body mass as a covariate, and flight mill channel as a
random effect. Model reduction was performed by removing the interaction term if it was not
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significant, and models (full and reduced) were compared using Akaike information criterion (AIC) to
determine the best one based on the lowest AIC. If a significant main effect or interaction was
detected, post hoc pairwise comparison tests were performed. To assess if the characteristics of the
wings affect flight performance, we replaced body mass in the generalized linear models with either
the aspect ratio, wing loading or wing area as a covariate. No post-hoc analyses were performed after
running the generalized linear models using wing characteristics as we were only interested in the
effect of the covariate.

Interspecific comparisons of flight performance

For each flight performance trait, performance across species was compared using the models from
the intraspecific comparisons with the addition of species as a fixed factor. If a significant main effect
or interaction was detected, post hoc pairwise comparison tests were performed. Because of the size
difference between species, we first compared the species without including body mass as a covariate
in the models. We used the outputs of these models to interpret the differences in flight performance
between species. However, we also checked differences between species when body mass was added
to the models as a covariate.

Intraspecific comparison of wing and body morphometry

We used generalized linear models for all traits (aspect ratio, wing loading and wing area). Sex,
acclimation temperature and their interactions were added as fixed effects, and body mass as a
covariate (except for wing loading). No random effect was added as morphometric measurements are
independent of the flight mill apparatus used. If a significant main effect or interaction was detected,
post hoc pairwise comparison tests were performed.

Interspecific comparison of wing and body morphometry

We compared species to one another for all traits (aspect ratio, wing loading and wing area) using
generalized linear models. Sex, acclimation temperature and their interactions were added as fixed
effects, and body mass as a covariate (except for wing loading). If a significant main effect or
interaction was detected, post hoc pairwise comparison tests were performed.

3. Results
3.1 FLIGHT PERFORMANCE
Intraspecific comparisons of flight performance

Body mass was a strong predictor of flight performance as it affected almost all the traits within each
species (Table 1, Fig. S5) (see Supplementary Information for more details).

In C. capitata, the distance flown was only affected by body mass (Table 1). The distance increased
with body mass (coefficient = 0.14, p = 0.012). In B. dorsalis, heavier flies also covered more
distance (coefficient = 271.54, p < 0.001), but it was also affected by acclimation (Table 1).
Regardless of the sex, B. dorsalis acclimated at 20°C flew shorter distances than those acclimated at
25 or 30°C (respectively: estimate = -1142, p = 0.02; estimate = -1246, p = 0.01) and there was no
difference between 25 and 30°C (Fig.1 a). In B. zonata, acclimation and sex together affected flight
distance. When acclimated at 25°C females covered shorter distances than males (estimate = -1997, p
< 0.001), and in males, flies acclimated at 20°C flew shorter distances than those acclimated at 25°C
(estimate = -1240.8, p = 0.002).

In all species, average speed was positively correlated with body mass (Table 1) (C. capitata:
coefficient = 0.07, p = 0.002; B. dorsalis: coefficient = 0.02, p = 0.004; B. zonata: coefficient = 0.01,
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p = 0.007). The average speed for C. capitata, B. dorsalis and B. zonata were 0.39 £ 0.01, 0.63 £ 0.02
and 0.44 = 0.01 m/s respectively (Fig. 1b). Similarly, body mass was the only factor affecting
maximum speed in all species (Table 1). Maximum speed increased as fly body mass increased (C.
capitata: coefficient = 0.05, p < 0.001; B. dorsalis: coefficient = 0.04, p < 0.001; B. zonata:
coefficient = 0.01, p = 0.033). The average top speed recorded was 0.55 + 0.01 for C. capitata, 0.98 +
0.03 for B. dorsalis and 0.69 + 0.02 m/s for B. zonata (Fig. 1c¢).

The number of flight events was affected by body mass in all species (Table 1). Heavier flies stopped
less often than lighter ones (C. capitata: coefficient = -0.16, p = 0.005; B. dorsalis: coefficient = -
0.10, p < 0.001; B. zonata: coefficient = -0.15, p < 0.001). In all species, the number of flight events
was affected by the interaction between acclimation and sex (Fig. 1d). In female C. capitata, flies
stopped more when acclimated at 20 than 25°C (estimate = 0.60, p = 0.002), and less at 25 than 30°C
(estimate = -0.63, p = 0.001). In males, flies stopped more when acclimated at 20 than 30°C (estimate
= 0.45, p = 0.015). For groups acclimated at 30°C, only female and male C. capitata differed, with
females stopping more often than males (estimate = 0.74, p < 0.001). In B. dorsalis, differences
between acclimation groups only occurred in females, with both the 20 and 25°C groups resting more
often than the 30°C group (respectively, estimate = 1.51, p < 0.001; estimate = 1.08, p < 0.001). In
this species, females rested more often than males when acclimated at 20°C (estimate = 0.66, p <
0.001), but less often than those acclimated at 30°C (estimate = -0.97, p < 0.001). For B. zonata, flight
interruptions occurred more often as the acclimation temperature increased. Females from the 20°C
group stopped less often than those acclimated at 25 or 30°C (respectively, estimate = -0.42, p =
0.026; estimate = -1.32, p < 0.001), and females acclimated at 25°C rested less often than if they were
acclimated at 30°C (estimate = -0.89, p < 0.001). Males acclimated at 20 or 25°C had less
interruptions than those acclimated at 30°C (respectively, estimate = -1.05, p < 0.001; estimate = -
1.33, p < 0.001). Females stopped more often than males if acclimated at 25 or 30°C (respectively,
estimate = 0.85, p < 0.001; estimate = 0.42, p = 0.002).

The time spent flying was affected by body mass in C. capitata and B. dorsalis but not in B. zonata
(Table 1). The flight duration increased with body mass (C. capitata: coefficient = 693.3, p = 0.034;
B. dorsalis: coefficient = 0.05, p = 0.026). Furthermore, the total duration of the flight in B. dorsalis
was also affected by acclimation (Table 1). Flies acclimated at 20°C spent less time flying than those
acclimated at 30°C (estimate = -0.43, p = 0.016) (Fig. le). None of the tested parameters affected the
total flight duration in B. zonata.

Interspecific comparisons of flight performance

Body mass was affected by an interaction between species, acclimation and sex (Table S4). This is
because in B. zonata females acclimated at 20°C were lighter than the ones acclimated at 25°C
(estimate = -4.95, p < 0.001) or 30°C (estimate = -3.38, p < 0.001) (Fig. S5). Overall, C. capitata was
lighter than B. dorsalis (estimate =-10.91, p <0.001) and B. zonata (estimate = -1.79, p < 0.001), and
B. dorsalis was heavier than B. zonata (estimate = 9.12, p < 0.001).

Flight distance was affected by an interaction between species, acclimation and sex (Table S4) (Fig.
la). At 25°C, B. dorsalis females covered more distance than B. zonata females (estimate = 1860.42,
p < 0.001), and C. capitata males flew shorter distances than those of B. dorsalis (estimate = -
1713.54, p < 0.001) or B. zonata (estimate = -1383.90, p < 0.001). When acclimated at 30°C, C.
capitata females and males covered less distance than their B. dorsalis counterparts (Female: estimate
=-2337.33, p <0.001; Male: estimate = -1196.04, p = 0.034), and B. dorsalis females reached greater
distances than B. zonata ones (estimate = 2646.51, p < 0.001).

The average and maximum speed differed between species (Table S4) (Fig. 1b). Average speed was
lower in C. capitata than in B. dorsalis (estimate = -0.15, p < 0.001) or B. zonata (estimate = -0.04, p
= 0.043), and higher in B. dorsalis in comparison to B. zonata (estimate = 0.11, p < 0.001). The
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maximum speed of C. capitata was lower than that of B. dorsalis (estimate = -0.42, p < 0.001) and B.
zonata (estimate = -0.14, p < 0.001), and B. dorsalis was faster than B. zonata (estimate = 0.28, p <
0.001).

The number of flight events was affected by an interaction between species and acclimation (Table
S4) (Fig. 1c). At 20°C, B. dorsalis stopped less often than C. capitata (estimate = -0.59, p = 0.035). At
30°C, C. capitata (estimate = -0.73, p = 0.006) and B. dorsalis (estimate = -1.57, p < 0.001) stopped
less than B. zonata, and C. capitata stopped more regularly than B. dorsalis (estimate = 0.84, p =
0.006). There was no difference between species at 25°C.

No main effects or interactions were detected for the total flight duration (Table S4).
3.2 WING AND BODY MORPHOMETRY
Intraspecific comparison of wing and body morphometry

In C. capitata, wing aspect ratio was affected by sex and body mass (Table 2) (Fig. 2a). Aspect ratio
was lower in males than females (coefficient = -0.01, p = 0.006), and the aspect ratio slightly
increased with body mass (coefficient = 0.01, p = 0.001). In B. dorsalis and B. zonata, none of the
tested factors affected wing aspect ratio.

Wing loading in C. capitata was affected by sex, acclimation temperature and their interaction (Table
2) (Fig. 2b). This was because wing loading between acclimation groups differed in females only,
with females acclimated at 20°C having a lower wing loading than those acclimated at 25°C (estimate
= -0.12, p = 0.011) or 30°C (estimate = -0.11, p = 0.021). In B. dorsalis, wing loading was also
affected by the acclimation temperature and its interaction with sex (Table 2). Females had a higher
wing loading than males when acclimated at 25°C (estimate = 0.23, p = 0.039) but lower when
acclimated at 30°C (estimate = -0.38, p = 0.001). For B. zonata, wing loading was affected by sex,
acclimation temperature and their interaction (Table 2). Wing loading between acclimation groups
only differed in females, with females acclimated at 20°C having a higher wing loading than those
acclimated at 25°C (estimate = 0.29, p < 0.001) or 30°C (estimate = 0.27, p < 0.001).

Wing area in C. capitata was affected by sex and body mass (Table 2) (Fig. 2c). Wing area was
higher in males (coefficient = 0.22, p = 0.001) and the area increased as body mass increased
(coefficient = 0.07, p =0.004). None of the factors affected wing area in B. dorsalis. The wing area of
B. zonata was affected by an interaction between acclimation temperature and sex, as well as body
mass (Table 2). In males only, wing area was higher when flies were acclimated at 25°C instead of
30°C (estimate = 0.75, p < 0.001). Wing area in B. zonata increased as body mass increased
(coefficient = 0.17, p < 0.001).

Interspecific comparison of wing and body morphometry

Wing aspect ratio was affected by an interaction between species and sex and an interaction between
sex and acclimation (Table S6). Female B. dorsalis had a lower aspect ratio than females B. zonata
(estimate = -0.02, p = 0.006) but this was not the case in males (estimate = 0.01, p = 0.985) (Fig. 2a).
In females only, flies acclimated at 25°C had a lower aspect ratio than those acclimated at 30°C
(estimate = -0.02, p = 0.034). Overall C. capitata had a lower aspect ratio than B. dorsalis (estimate =
-0.53, p < 0.001) and B. zonata (estimate = -0.54, p < 0.001), and there was no difference between B.
dorsalis and B. zonata (estimate = -0.01, p = 0.092). This indicates that C. capitata had shorter and
wider wings than the two Bactrocera species. In all species, males had a lower aspect ratio than
females (coefficient = -0.12, p < 0.001).

There was an interaction effect of species, sex and acclimation on wing loading (Table S6). Wing
loading was overall the lowest in C. capitata in comparison with B. dorsalis (estimate = -0.24, p <
0.001) and B. zonata (estimate = -0.08, p < 0.001), and B. dorsalis had a higher wing loading than B.
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zonata (estimate = 0.16, p < 0.001), this was not the case at all temperatures and was sex dependent
(Fig. 2b). There was no difference between C. capitata and B. zonata in both sexes for flies
acclimated at 20°C. At 25°C, there was no difference between B. dorsalis and B. zonata females. In
males acclimated at 30°C, there was no difference between C. capitata and B. zonata. Wing loading
was lower in males than in females in all species (coefficient =-0.08, p = 0.011).

Wing area was affected by an interaction between species, sex and acclimation (Table S6). This was
due to differences between acclimation groups in B. zonata and because in some treatments and sex
there was no difference between C. capitata and B. zonata (Fig. 2¢). In B. zonata males, the wing area
was larger for flies acclimated at 20 or 25°C than 30°C (respectively, estimate = 0.08, p = 0.003;
estimate = 0.16, p < 0.001), and smaller in flies acclimated at 20 than 25°C (estimate = -0.08, p =
0.002). In comparison with B. dorsalis (estimate = -0.14, p < 0.001) and B. zonata (estimate = -0.02, p
< 0.001), C. capitata was the species with the smallest wing area, and B. dorsalis had a larger wing
area than B. zonata (estimate = 0.16, p < 0.001). Body mass significantly affected wing area (Table
2), which increased in heavier flies (coefficient = 0.02, p < 0.001).

4. Discussion

In this study, we investigated how adult acclimation at temperatures of 20, 25 or 30°C affects the
flight performance of three tephritid species at an intermediate flight temperature. We found that
acclimation at low temperature was deleterious, and the effect of thermal acclimation on flight
performance traits was species specific. In addition, we confirmed that Bactrocera species are
stronger flyers than C. capitata. This is because body mass was a main predictor of flight
performance, and Bactrocera species are also equipped with wings that are better adapted for speed
and long-distance flight.

Body mass was the main factor that defined the flight performance of individuals and species (with
some exceptions in B. zonata). Heavier flies flew further, faster, stopped less often, and spent more
time flying. This was also verified at the intraspecific level between populations of B. dorsalis of
different geographical origins (i.e., South Africa and La Réunion) (see Table S1 and Fig. S3). Flight
capacity is usually positively correlated with body mass in insects as it may translate into larger
thorax and flight muscles ** 3'. In Drosophila species, muscles’ efficiency increases in larger flies,
which contributes to decreasing energy expenditure *2. This suggests that populations originating from
environments that support the development of larger individuals may be better at dispersing. Our
finding that a B. dorsalis population with larger individuals exhibited better tethered-flight
performance aligns with the prediction that larger flies may disperse better. Consequently, because of
the size variation between populations, the flight performance of an invasive tephritid species should
be measured on a population that has already invaded locally (and reared from local host-plants), or
that is likely to invade due to its geographical proximity or available pathways of invasion facilitated
by human activities.

Flight performance traits of Bactrocera species appeared to be more sensitive to acclimation
temperature than C. capitata, in which only the number of flight events was affected. Overall, we
observed a deleterious effect of an acclimation at 20°C, which might be the result of behavioral rather
than physiological changes. Previous studies suggest no change in metabolic rate after thermal
acclimation in insects !> 33, and changes in the willingness to fly may rather explain differences in
flight performance in C. capitata ' 3*.Our result contrasts with the colder or hotter is better
hypotheses, which predict better performance at all test temperatures after warm or cold acclimation
16,35 Although our experimental procedure was not set up to test the various acclimation hypotheses
(i.e., with acclimated flies tested at various flight temperatures), our observations on flies acclimated
at the lowest temperature provide some support for the detrimental acclimation hypothesis *¢. The
findings of this study differ from what has been previously observed in C. capitata in the laboratory
19 and in the field %, where cold acclimation was beneficial in both studies under some environments.
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The difference in the outcome of cold acclimation between Esterhuizen ef al.'® and our study might be
explained by the type of assay used to measure flight performance and the life stage at which
individuals were acclimated. We measured traits of flight performance that directly relate to dispersal
(i.e., distance and speed), whereas the traits used by Esterhuizen et al.!® were an estimate of the ability
to initiate flight. More importantly, in Esterhuizen et al.'’, C. capitata was acclimated during the
pupal stage, whereas we acclimated adults. Although flight performance was not assessed directly,
Steyn et al.?® found a beneficial effect of acclimation at 20°C in C. capitata under field conditions.
Nevertheless, they also noted that the effect of the acclimation treatments differed between field and
semi-field conditions. Thus, if cold acclimation has a negative or no effect, as in our study when
tested in controlled laboratory conditions at 25°C, it might be that cold acclimation can be beneficial
in a fluctuating environment. Although field temperatures fluctuate, results by Hoskins and
colleagues®” suggest that at equal means, fluctuating and constant acclimation temperatures have
similar effects on the phenotype (i.e., thermal tolerance). Therefore, our results may help to predict
future dispersal based on the recent field temperatures.

In the species investigated here, there was little evidence for an effect of thermal history on wing
morphometry. This is probably because the variation in the thermal environment occurred during the
adult stage and for a short period of time, which is unlikely to trigger changes in wing shape. Previous
observations have reported very minor variation in wing length and width between B. dorsalis from
different age groups %%, meaning that the wings do not undergo significant changes in the days
following adult emergence. When comparing the wings between species, we observed that Bactrocera
species had a higher aspect ratio in comparison with C. capitata, indicating longer and narrower
wings, with less drag (i.e., also lower energy consumption) and better suited for distance and speed. In
contrast, the lower aspect ratio and wing loading of C. capitata provides better manoeuvrability.
These results align with a review on tephritid dispersal showing that Bactrocera species are more
mobile and disperse further than Ceratitis species in mark-release-recapture studies 2. Our results
suggest that this higher mobility of Bactrocera species may be aided by their wing morphology.

In conclusion, we showed that thermal history can affect traits related to flight performance in three
tephritid species of major economic importance. Overall, acclimation at the lowest temperature had
negative effects on flight performance. Nevertheless, under the specific acclimation conditions used in
this study, C. capitata was less affected by adult thermal history than the two Bactrocera species. We
suggest that this may relate to the evolutionary history of C. capitata, a species that evolved in
temperate environments with higher temperature fluctuations. In laboratory conditions at 25°C, we
observed that Bactrocera species are better flyers than C. capitata. This is because Bactrocera, and
especially B. dorsalis, are larger, which may allow for larger and more efficient flight muscles, and
that the morphology of their wings is more suitable for higher speed and long-distance flight.
Altogether, our results are also informative for pest management of those species, as they suggest that
the dispersal and spread of Bactrocera species are more likely to be affected by climate change, which
might be one of the factors explaining the recent detections of B. dorsalis in southern Europe 3*.
Furthermore, these observations may also be informative to determine the size of new quarantine
areas based on the thermal environment. Finally, the data presented may also be of interest for
biological control programmes (e.g., sterile insect technique) where insects are mass reared, and their
dispersal could potentially be manipulated through adult thermal acclimation. Further studies should
consider a larger number of species from these genera, as well as the effect of thermal history during
the developmental stage. There is also a need to investigate the effect of acclimation at different flight
temperatures and in fluctuating environments (i.e., field studies), as some acclimation hypotheses
predict that a given temperature may be detrimental or beneficial only in certain thermal
environments.
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Table 1. Within species effects of acclimation temperature (20, 25 and 30°C) and sex on the
flight performance at 25°C of three tephritid species.

X2 df p
Body mass
Acclimation 3.91 2 0.141
C. capitata Sex 28.15 1 <0.001
Acclimation x Sex 2.27 2 0.321
Acclimation 4.38 2 0.112
B. dorsalis Sex 25.55 1 < 0.001
Acclimation x Sex 3.24 2 0.198
Acclimation 57.38 2 <0.001
B. zonata Sex 14.24 1 <0.001
Acclimation x Sex  19.84 2 < 0.001
Distance
Acclimation 1.26 2 0.533
C. capitata Sex 0.33 1 0.563
Body mass 6.31 1 0.012
Acclimation x Sex 1.03 2 0.598
Acclimation 15.19 2 <0.001
B. dorsalis Sex 3.63 1 0.056
Body mass 16.38 1 <0.001
Acclimation x Sex 5.35 2 0.069
Acclimation 2.03 2 0.362
Sex 0.86 1 0.353
B. zonata
Body mass 1.88 1 0.169
Acclimation x Sex 13.2 2 0.001
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Average speed

Acclimation 0.19 2 0.908
. Sex 0.81 1 0.367
C. capitata
Body mass 9.07 1 0.002
Acclimation x Sex 0.07 2 0.966
Acclimation 0.37 2 0.831
B. dorsalis Sex 0.49 1 0.481
Body mass 8.38 1 0.004
Acclimation x Sex 1 2 0.606
Acclimation 3.75 2 0.153
Sex 0.02 1 0.873
B. zonata
Body mass 7.26 1 0.007
Acclimation x Sex 0.74 2 0.691
Maximum speed
Acclimation 0.56 2 0.753
) Sex 0.27 1 0.598
C. capitata
Body mass 12.94 1 <0.001
Acclimation x Sex 1.25 2 0.535
Acclimation 0.86 2 0.648
B. dorsalis Sex 0.28 1 0.595
Body mass 12.24 1 <0.001
Acclimation x Sex 0.41 2 0.812
Acclimation 4.85 2 0.088
Sex 3.73 1 0.053
B. zonata
Body mass 4.52 1 0.033
Acclimation x Sex 3.16 2 0.206
Flight events
Acclimation 15.08 2 < 0.001
. Sex 2.54 1 0.111
C. capitata
Body mass 7.61 1 0.006
Acclimation x Sex  15.63 2 < 0.001
Acclimation 35.95 2 < 0.001
B. dorsalis Sex 9.61 1 0.002
Body mass 17.77 1 <0.001
Acclimation x Sex  30.55 2 < 0.001
Acclimation 124.28 2 < 0.001
Sex 1.54 1 0.214
B. zonata
Body mass 89.41 1 < 0.001
Acclimation x Sex  10.51 2 0.005
Flight duration
Acclimation 1.54 2 0.462
. Sex 1.07 1 0.299
C. capitata
Body mass 4.65 1 0.031
Acclimation x Sex 1.1 2 0.575
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Acclimation 14.08 2 < 0.001

B. dorsalis Sex 2.09 1 0.148
Body mass 5.16 1 0.023

Acclimation x Sex 457 2 0.101

Acclimation 3.99 2 0.136

Sex 2.04 1 0.153

B. zonata

Body mass 1.67 1 0.196

Acclimation x Sex 5.99 2 0.051

Table 2. Within species effects of acclimation temperature (20, 25 and 30°C) and sex on the
morphometry of three tephritid species.

X2 df p
Aspect ratio
. Sex 8.32 1 0.003
C. capitata
Body mass 11.79 1 < 0.001
B. dorsalis Sex 2.76 1 0.096
Acclimation 2.69 2 0.259
Sex 1.52 1 0.218
B. zonata Body mass 0.67 1 0.413
Acclimation x
Sex 2.57 2 0.277
Wing loading
Acclimation 10.94 2 0.004
C. capitata Sex 9.07 1 0.002
Acclimation x
Sex 8.15 2 0.017
Acclimation 11.3 2 0.003
B. dorsalis Sex 3.23 1 0.072
Acclimation x
Sex 19.39 2 < 0.001
Acclimation 21.99 2 <0.001
B. zonata Sex 417 1 0.041
Acclimation x
Sex 9.27 2 0.009
Wing area
. Sex 10.33 1 0.001
C. capitata
Body mass 8.75 1 0.003
B. dorsalis Sex 3.52 1 0.061
Acclimation 1.05 2 0.592
Sex 1.96 1 0.161
B. zonata Body mass 47.53 1 <0.001
Acclimation x
Sex 14.83 2 < 0.001
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Figure 1. Flight performance traits of females and males from three tephritid species acclimated
at either 20, 25 or 30°C and tested at 25°C. Total distance flown (a), average speed (b), maximum
speed (c), number of flight events (d) and the total time spent flying (e). Each circle represents the
means from 14 to 24 individuals and error bars represent the standard error of the mean.

Figure 2. Wing morphometry of females and males from three tephritid speciess acclimated at
either 20, 25 or 30°C. Aspect ratio (a), wing loading (b) and wing area (c). Each circle represents the
means from 7 to 10 individuals and error bars represent the standard error of the mean.
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Tethered-flight performance of three tephritid species of major economic importance. Bactrocera species
are stronger flyers in comparison with Ceratitis capitata. Overall, thermal acclimation at the lowest
temperature decreased flight performance and the two Bactrocera species were more affected.
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