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Insects tend to live within well-defined habitats, and at smaller scales can have distinct microhabitat
preferences. These preferences are important, but often overlooked, in applications of the sterile
insect technique. Different microhabitat preferences of sterile and wild insects may reflect differences
in environmental tolerance and may lead to spatial separation in the field, both of which may reduce
the control program efficiency. In this study, we compared the diurnal microhabitat distributions of
mass-reared (fertile and sterile) and wild Queensland fruit flies, Bactrocera tryoni (Froggatt) (Diptera:
Tephritidae). Flies were individually tagged and released into field cages containing citrus trees. We
recorded their locations in the canopies (height from ground, distance from canopy center), behavior
(resting, grooming, walking, feeding), and the abiotic conditions on occupied leaves (temperature,
humidity, light intensity) throughout the day. Flies from all groups moved lower in the canopy when
temperature and light intensity were high, and humidity was low; lower canopy regions provided
shelter from these conditions. Fertile and sterile mass-reared flies of both sexes were generally lower
in the canopies than wild flies. Flies generally fed from the top sides of leaves that were lower in the
canopy, suggesting food sources in these locations. Our observations suggest that mass-reared and
wild B. tryoni occupy different locations in tree canopies, which could indicate different tolerances to
environmental extremes and may result in spatial separation of sterile and wild flies when assessed at
a landscape scale.

In nature, abiotic conditions fluctuate significantly through the day, and seasonally through the year. These
fluctuations often present unfavorably high and/or low temperatures to animals, and may reduce their abilities
to survive and reproduce?. Insects in particular, due to their small size, adopt a range of strategies to tolerate
and limit water loss®. For example, insects often rely on shelter-seeking behaviors to avoid prolonged exposure
to harmful conditions*°. For insects inhabiting plant foliage, arboreal canopies are complex three-dimensional
structures that affect physical environmental variables such as shading from solar radiation and leaf temperature
while also being modified by biological processes”®. Herbivorous insects may affect leaf microclimates through
their feeding®!? and shape canopy structures'! to improve their surrounding conditions. Cell, phloem and xylem
feeders are in direct contact with a source of water that can improve their tolerance of thermal extremes'*". Even
among insects not feeding on plant tissues, stomatal opening, which is influenced by season, regional climate,
local topography, canopy and plant structure, increases transpiration and acts to reduce leaf temperature though
evaporative cooling’.

The microhabitats occupied by insects are an important consideration for pest management strategies that
rely on releases of live insects'®. The sterile insect technique (SIT) is one such strategy, which involves the mass
rearing, reproductive sterilization, and release of large numbers of adult insects into nature'>. Mating between
sterile males and wild females results in sterile egg production, and therefore a generational decline in the wild
population due to infertility. This pest management strategy is used frequently, and increasingly, to manage
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pestiferous fruit fly (Diptera: Tephritidae) populations across the world!®-!8. Released sterile flies must survive,
disperse, and mature, and then encounter and mate with wild flies to reduce fertility in the wild population'>**2,
While a suite of standardized quality control assays are routinely performed in fruit fly SIT programs to monitor
production standards, and numerous studies have identified factors influencing sexual competence?' -, less is
known about the ecological competence of sterile fruit flies or about how the behavior and microhabitat prefer-
ences of sterile flies align with that of their wild counterparts in the field.

Sterile fruit flies have sometimes been found to be less adept at dispersing over large distances compared
to wild conspecifics”, and their distribution in the field may be particularly affected by water and nutrient
availability?®?. At a finer scale, though, the locations of sterile and wild fruit flies within tree canopies have sel-
domly been considered. Through the day, flies forage for nutrition while also avoiding threats to their survival,
such as from predators and hazardous abiotic conditions. Bactrocera cacuminata® and Ceratitis capitata®>** prefer
dense foliage in the middle of the day, possibly to avoid high temperatures on sun-exposed leaves. Anastrepha
obliqua® and A. striata®* are less active during the middle of the day when temperatures are highest and feed
(from leaf surfaces) more frequently in the morning and late afternoon when temperatures are cooler. However,
there is a paucity of comparisons between sterile and wild flies with regard to their diurnal behaviors®, tree-
canopy distributions and microhabitat preferences.

The present study considers the microhabitat locations and preferences of the Queensland fruit fly, Bac-
trocera tryoni (Froggatt) (Diptera: Tephritidae). This pest fruit fly is native to eastern Australia but has invaded
southern and western regions of Australia®, New Zealand®”, the United States®, and numerous islands in the
Pacific*. Bactrocera tryoni is a formidable agricultural pest owing to its wide host range, relatively high mobility,
rapid population growth, and long lifespan (reviewed by Clarke et al.*!, Dominiak*). In regions where B. tryoni
occurs, most commercially grown fruits are threatened*’. Consequently, B. tryoni is recognized globally as a
high-level quarantine pest and regions with these flies are subject to trade restrictions and strict phytosanitary
requirements®***-%. In an effort to manage pest populations of B. tryoni, and prevent it from establishing a more
extensive south-eastern range, applications of the sterile insect technique (SIT) are being increasingly relied upon
in Australia?’. Laboratory studies have suggested that domesticated or mass-reared B. tryoni, such as are used in
SIT programs, differ from wild flies in their environmental preferences*® and tolerances*. However, the impacts
of such behavioral and physiological differences on distribution of B. tryoni in the field has not been studied.

We here assess effects of mass rearing and irradiation on daytime canopy distributions, behaviors, and micro-
climate preferences of B. tryoni in field cages, comparing (1) fertile mass-reared, (2) sterile mass-reared, and (3)
wild flies. We expected all flies to avoid microhabitats with adverse abiotic conditions such as high temperature
and light intensity, and low humidity. Amongst the tested groups, we predicted a greater degree of avoidance
of unfavorable microhabitat conditions in mass-reared versus wild B. tryoni, due to the mild and stable abiotic
conditions that mass-reared flies are produced under and appear to be adapted to***. Finally, we included
measurements of the spatial locations (height from ground, distance from canopy center, and upper or lower
leaf surface) of daytime behaviors.

Materials and methods

Fly types. Mass-reared flies were sourced from cultures maintained at two locations - the Elizabeth Mac-
arthur Agricultural Institute and Macquarie University — that were held in 40x40x 110 cm wire mesh cages
containing ca. 7,500 flies and fed larval diets based on lucerne chaff*® and agar gel®', respectively. Both fertile
and sterile mass-reared fly types were from both locations. Sterilization was induced by exposing mass-reared
pupae to 70 Gy of gamma radiation, under hypoxia, using cobalt-60 sources located at either the Australian
Nuclear Science and Technology Organization or Macquarie University. Wild flies were sourced from loquats
(Eriobotrya japonica [Thunb.] Lindl.) collected from trees in Auburn, NSW, Australia. Climactic conditions at
the field site are provided in Supplementary Materials (Table S1). Loquats collected in the field were naturally
infested with wild B. tryoni eggs and/or larvae. Containers of artificial diet (for fertile and sterile mass-reared
flies) and infested fruits (for wild flies) were placed in wooden trays with plastic mesh bases that were suspended
over a 20 mm deep bed of vermiculite (Grade 1, Ausperl, Orica Australia Pty. Ltd., Banksmeadow, NSW, Aus-
tralia) in plastic bins. The vermiculite was sieved gently at weekly intervals to collect pupae. All life stages of flies
from mass-reared and wild (including loquat fruits which contained wild eggs and larvae) cultures were held at
25+0.5° C, 65+ 5% RH, and with a 1:11:1:11 dawn:day:dusk:night photoperiod.

From eclosion, all flies were provided unrestricted access to white granulated sugar (CSR White Sugar) and
yeast hydrolysate (MP Biomedicals #02,103,304) (3:1 vol:vol) as food, and sponges soaked in water. Flies were
sexed and separated 2-4 days after eclosion, before they reached sexual maturity®>>’. Adults were held under the
same conditions as pupae prior to release into field cages (see below).

Fly marking and release. Following a tagging method similar to McInnis et al.*%, 50 male and 50 female
adults of each fly type (fertile mass-reared, sterile mass-reared, and wild) were individually marked with labels
of colored paper (1.5 mm x 1.5 mm, 3 pt Arial font) when 2-4-days old. Label colors denoted fly type and label
numbers (1-50 for each fly type and sex) were unique for each individual. Label colors were rotated between the
fly types for each replicate. To attach the label, each fly was first immobilized by placing it into a vial and chill-
ing the vial on crushed ice for 60 s. Then, a small drop of white non-toxic enamel paint (Tamiya Inc., Shizuoka,
Japan) was applied to the middle of the thorax using a bristle from a broom. Finally, the label was carefully
pressed onto the paint using a pair of fine forceps. After applying labels, flies quickly resumed normal activity
after exposure to ambient temperatures.
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Field cages. When adults were 6 days old, the tagged 50 males and 50 females of each of the three fly types
(300 flies in total) were released into field cages (10 replicates). Field cages (3 m diameter x 2.2 m high cylindri-
cal-shaped [Synthetic Industries, Dalton, GA, USA]) were large enough for a single observer to walk inside and
record behaviors. In the center of each field cage, three potted plants (Citrus aurantium L. and/or C. meyeri Yu.
Tanaka) were arranged to create a single continuous canopy. Two food stations (10 g of a 3:1 [vol:vol] mixture
of white granulated sugar and yeast hydrolysate placed on a 9 cm plastic Petri dish) and two water stations (1
L plastic container containing water and an exposed sponge) were suspended in the middle of each canopy.
Measurements of flies observed at food or water stations were not taken, but all three fly types were observed
utilizing the stations. A vertical wooden pole was erected in the center of the canopy from which measurements
of fly distance from canopy center were taken (see below). Field cages were placed in full sun under a transparent
6 x 6 m square-shaped clear polycarbonate roof for rain protection.

Data collection. Observations on spatial distributions, abiotic conditions, and behaviors (described below)
were carried out 9:00-10:00 (‘morning’), 11:30-12:30 (‘midday’), 14:00-15:00 (‘early afternoon’), and 16:30-
17:30 (‘late afternoon’). Observations were carried out when flies were 8, 12, 16, and 20 days old. Fly identity
(based on sex, label color and label number) was recorded for each observation. We also recorded the behavior
and location of individual flies, and the abiotic conditions of the leaf surfaces that they occupied (see below).
After recording data for one sampled fly, a single observer moved in a circle around the tree and recorded data
for the next fly to be seen. When recording flies, the observer alternated between scanning from the canopy
center toward the periphery and vice versa. Also, the observer alternated between scanning from the canopy top
to bottom and vice versa. All flies encountered by the observers were recorded, but the tree canopies were large
enough that sometimes several steps around the tree were taken before a new fly was found to measure. From all
data recorded (see below), observations of each fly took on average 9.0+ 0.28 (SE) min. Observations were car-
ried out mid- to late-summer; April 28—May 10 in 2008, February 28—March 14 in 2009, and January 9—April
10 in 2017.

Observations of behaviors were recorded in detail, but only four behaviors were common, (1) resting, (2)
grooming, (3) walking, and (4) feeding. Flies were considered ‘resting’ when they showed no signs of movement,
and their mouthparts were not pressed against a surface. They were considered ‘grooming’ when they rubbed
their legs together or moved their two forelegs over their eyes, bodies, or wings. They were considered ‘feeding’
when they were stationary with mouthparts pressed against a surface or when taking a few steps before pausing
for any duration of time to again press their mouthparts to a surface. Finally, they were considered ‘walking’
when they were moving on or between leaf surfaces while exhibiting no indications of feeding.

Spatial locations of flies were recorded by measuring the distance from the fly to the ground (‘height’), and
the distance from the fly to the pole marking the center of the canopy (‘radius’), using a laser distance meter
(Zamo, Bosch, Stuttgart, Germany). The leaf surface (upper [adaxial] or lower [abaxial]) on which the fly was
located was also recorded.

Abiotic conditions (temperature, humidity, and light intensity) were measured above and below the leaf on
which the fly was observed. Conditions were measured using the HM40 handheld temperature and humidity
probe (Vaisala, Helsinki, Finland), which had a precision of 0.2 °C and + 1.5% RH. The probe was placed ~1 cm
above or below the leaf surface, which represented the air volume in which flies were located when perched on
the leaf (=leaf boundary). Light intensity was measured using a handheld light intensity meter (LX-107HA,
Lutron, Taipei, Taiwan) that was placed 2 cm above or below the measured leaf surfaces.

Model selection and data analysis. Correlates of the spatial locations of flies, as indexed by height and
radius, were assessed using R statistical software® by fitting linear mixed-effects models using version 1.1-21 of
the R package Ime4°%. When multiple measurements of the same fly (identified by unique combinations of sex,
label color and label number) were present in the data, one measurement was randomly selected and kept, and
the other measurements removed, to avoid pseudoreplication. We adopted this approach rather than incorpo-
rating fly ID as an additional random effect because the vast majority of flies were measured only once. Con-
sequently, only 29.8% of all observations were removed using this procedure, leaving 1,001 observations for
analysis. Preliminary analyses showed that flies used in replicates in 2008, 2009, and 2017 did not differ in their
spatial locations (Supplementary Materials, Table S2 & Figures S1-S2), so replicate and year were excluded from
the final models (see below).

The two response variables, height and radius, were analyzed separately considering the same two sets of
candidate predictor variables. First, to assess diurnal trends in the spatial distributions of flies, and the extent
to which these trends differed with fly attributes, we fit a series of models that included one or more of the fol-
lowing variables (and their two-way interactions) as candidate fixed factors: ‘time of day, ‘fly type, ‘sex; and ‘age’.
Second, to assess the extent to which diurnal trends were driven by proximate environmental factors, we fit a
different set of models that included one or more of the following variables (and their two-way interactions) as
fixed factors: ‘temperature, ‘relative humidity;, ‘light intensity;, ‘fly type; ‘sex; and ‘age’ Measurements of ‘tempera-
ture), ‘relative humidity} and ‘light intensity’ used in this analysis were from the air boundaries (~ 1 cm) above or
below leaf surfaces where measured flies had alighted (e.g., abiotic conditions of the lower leaf boundary were
used if the fly was on the lower leaf surface during observation). The variable ‘day’ was included as a random
factor in all of the fitted models to account for potential effects of other unmeasured variables that varied from
day to day. For each set of candidate predictors, all model permutations were fitted using the ‘dredge’ function
in the MuMIn package®’. Fitted models were then compared using the corrected Akaike Information Criterion
(AICc)™, which balances model fit and complexity based on information theoretic arguments. The model with
the lowest AICc score, AICc,,, is judged to be ‘best’ according to this criterion, and models within 4 AICc
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units of this best model are often judged to have substantial support®. To aid in model selection, a weight was
calculated for each model i as

w; = exp((AICcmin — AIC;)/2)/ Y exp((AICcmin — AICC;)/2)

i=1

based on the n models within 4 AICc units of AICc;n. Then, to assess the relative contribution of each variable
to model parsimony, a variable weight was calculated as the sum of the weights for all the models that incorpo-
rated that variable®. This AICc sum helps determine a variable’s contribution to model parsimony®, but not its
effect size. Categorical variables judged to be significant (a < 0.05) based on calculated Type III F statistics were
subjected to Tukey post-hoc tests using the package emmeans®'.

We also investigated how the average heights and radii of flies varied in relation to the fixed factors ‘behavior,
fly type, and their interaction, using a linear mixed model and treating ‘day’ as a random factor. Categorical
variables judged to be significant (a < 0.05) based on calculated Type III F statistics were subjected to Tukey post
hoc tests using the package emmeans®.

To assess differences in abiotic conditions by leaf surface (i.e., upper or lower), three linear model ANOVAs
were performed with temperature, relative humidity, and light intensity as the response variables and leaf surface,
time of day (i.e., morning, midday, early afternoon, and late afternoon) and their interactions as fixed factors.
To assess the occurrence of behaviors by leaf surface (i.e., upper or lower), we compared the factors ‘behavior’
and ‘fly type’ by leaf surface using binomial tests in the base package of R**. P values in binomial tests were cal-
culated based on the null hypothesis of behaviors occurring on either the upper or lower surfaces of leaves with
equal probability (P=0.5). Descriptive statistics in the texts of the Result section are given as mean values + SE.

Ethical approval. All applicable international, national, and/or institutional guidelines for the care and use
of animals were followed.

Results
Model selection. For the height data, the best model (AICc,,;,) that included abiotic variables (temperature,
humidity, and light intensity) was 52.4 AICc units lower than the best model that included ‘time of day’ (levels:
morning, midday, early afternoon, late afternoon) (Supplementary Materials, Tables S3, S4). Thus, including
abiotic variables substantially improved predictive power. Given that the weights of all three of these abiotic vari-
ables, along with two interactions, were all equal to 1, with highly significant P values for the AICc,,;, model, all
three abiotic variables appeared to be important drivers of height (Table 1). For the radius data, the AICc scores
were also generally lower when abiotic variables were included rather than ‘time of day’ (4.3 AICc unit difference
for the two best models, Supplementary Materials, Tables S5, S6), but their effects on radius were relatively weak,
as compared to height, judging by the lower weights of the abiotic variables in the AICc,,;, model (Table 2).
Therefore, the final models for height and radius included abiotic conditions but not time of day (Tables 1, 2).
However, descriptive and graphical results of time of day are provided as an alternative interpretation (Figs. 3, 4).
Residuals of the height model were assumed to be normally distributed for fitting despite appearing slightly
left-skewed (Supplementary Materials, Figure S3). This was due to a slight left-skew in the distribution of wild
fly residuals (Supplementary Materials, Figure S4), which in turn was likely due to wild flies frequently alight-
ing on the highest leaves in the canopies with no higher locations available. A Levene’s test for homogeneity
of variance found no significant differences in the distributions of residuals between fly types in the height
model (F, 954 =2.40, p=0.091). Radius model residuals appeared normally distributed (Supplementary Materi-
als, Figure S5).

Canopy distribution by fly type. Fly types differed significantly by height (P<0.001) (Table 1 & Fig. 1).
Wild flies were higher in the canopies than fertile and sterile flies (both P<0.001), respectively. Fertile and sterile
flies exhibited no difference in height (P=0.705). Females and males did not differ by height (P =0.059). Fly type
was not a significant factor affecting distance from canopy center (excluded from final model) (Table 2 & Fig. 1).

Canopy distribution by abiotic condition. Lower canopy locations had lower temperature (P<0.001),
lower light intensity (P<0.001), and higher humidity (P<0.001) (Table 1 & Fig. 1). Compared with leaves fur-
ther from the canopy center, leaves closer to the canopy center had lower light intensity (P=0.003), but did not
differ in temperature or humidity (both excluded from the final model) (Table 2 & Fig. 1). Temperature was cor-
related negatively with relative humidity and positively with light intensity (Tables 1 & Fig. 2).

Canopy distribution by behavior. Behaviors differed significantly by height and radius (Table 3). Across
all fly treatments, feeding occurred lower in the canopy than resting (P <0.001), grooming (P<0.001), and walk-
ing (P=0.011), while resting, grooming, and walking occurred at the same height (all p>0.05) (Fig. 3). There was
a suggestive interaction between fly type and behavior (P=0.052). This was because wild flies were resting higher
than fertile (P <0.001) and sterile flies (P<0.001), but resting height between fertile and sterile flies did not differ
(P=0.712). Also, wild flies were walking at higher heights than fertile flies (P=0.012), but there was no difference
between fertile and sterile flies or between wild and sterile flies (both p >0.05). For feeding and grooming, there
was no difference in height by fly type (all p>0.05). Behavior differed significantly by radius (P=0.003) (Fig. 4).
This was because, for all fly types, resting was observed closer to the canopy center than feeding (P=0.001) or
walking (P=0.008) but not grooming (P=0.154).
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Factor Type | Factor/Level AICcW | Nmodels | Estimate | SE Statistic | DF P value
Intercept - - 3317.27 412.85 - - -
Fly type 1.00 74 19.78 2,943.30 |2.4x107°
Wild (reference) - -
Fertile -122.74 19.71
Sterile -105.33 21.06
Sex (Female) 0.90 66 31.61 16.65 2.60 1,938.70 | 0.06
Age (Days) 0.02 3 - - - - -
Temperature (°C) 1.00 74 -79.98 17.37 21.54 1,923.70 | 4.7x10°°
Humidity (%) 1.00 74 —-14.64 3.91 11.32 1,858.71 | 1.9x10™*
Light (Log,, lux) 1.00 74 -90.69 28.73 12.43 1,90591 |1.6x107
Fly type:Sex 0.08 9 - - - - -
Fly type:Age - 0 - - - - -
Fixed Fly type:Temperature 0.15 14 - - - - -
Fly type:Humidity 0.23 19 - - - - -
Fly type:Light 0.24 21 - - - - -
Sex:Age - 0 - - - - -
Sex:Temperature 0.31 25 - - - - -
Sex:Humidity 0.25 21 - - - - -
Sex:Light 0.19 19 - - - - -
Age:Temperature - 0 - - - - -
Age:Humidity - 0 - - - - -
Age:Light - 0 - - - - -
Temperature:Humidity 1.00 74 0.77 0.16 20.28 1,760.26 |1.8x107¢
Temperature:Light 1.00 74 3.84 1.32 11.63 1,927.30 |3.7x107
Humidity:Light 0.45 33 - - - - -
Random Day (Variance) - - 7318 85.55 | 44.04 1 3.2x107!

Table 1. Mixed-model results for the best model (AICc,,;,; bolded) with height (mm) as response variable.
The sum of weights for the corrected Akaike Information Criterion (AICcW) and N models (total =74) with
AICcA <4 for each factor are summarized here. Intercept has reference level Wild Male. The significance of
fixed factors was assessed using F-statistic in a type III ANOVA with Satterthwaite’s method. The random
factor was assessed using log-likelihood ratio with significance analyzed using a chi-square distribution.

Leaf surface by abiotic condition and time of day. Abiotic conditions changed significantly through
the day, and light intensity (but not temperature or humidity) was strongly associated with either upper or lower
leaf boundaries (Fig. 5). Temperatures changed through the day (P<0.001), with temperatures in the morn-
ing lower than at midday and early afternoon, but higher than in late afternoon. Temperatures at midday and
early afternoon were not different (P=0.771). Relative humidity also changed through the day (P<0.001), with
humidity in the morning higher than at midday and early afternoon, but lower than in late afternoon. A non-
significant trend suggested humidity at midday was higher than at early afternoon (P=0.0572). Light intensity
was greater on the upper side of leaves compared to the lower side of leaves (P <0.001). Light intensity changed
through the day (P <0.001), with light intensity in the morning lower than at midday and early afternoon, but
higher than in late afternoon. Light intensity at midday and early afternoon were not different (P=0.463). A
significant interaction between light intensity and time of day revealed that the difference in light intensity
between upper and lower leaf surfaces was greater in the morning, midday, and early afternoon compared to the
late afternoon (P<0.001).

Flies were observed more often on the lower (abaxial) compared to the upper (adaxial) leaf surfaces during
the morning (256/328 =78.0%, p <0.001), midday (268/327 = 82.0%, p <0.001), early afternoon (296/362=81.8%,
P <0.001) and late afternoon (313/359 =87.2%, p <0.001) sessions across all fly types.

Leaf surface by behavior. Leaf surface varied significantly by behavior across all fly types, with the upper
(adaxial) leaf surface utilized more often for feeding (P <0.001) and the lower (abaxial) leaf surface utilized more
often for resting (P<0.001), grooming (P<0.001), and walking (P<0.001) (Table 4).

Discussion

The canopy locations occupied by Bactrocera tryoni adults changed systematically through the day and changes
in location were correlated with changes in abiotic conditions. Leaves lower in the tree canopy had lower tem-
perature and light intensity and higher relative humidity, and these locations were more frequently occupied by
B. tryoni when overall ambient conditions were hotter, drier, and brighter. The flies did not modulate their canopy
locations horizontally based on distance from the canopy centers, and there was only a weak association between
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Factor Type | Factor/Level AICcW | Nmodels | Estimate | SE Statistic | DF P value
458.31 36.27 - - -

Intercept -
Fly type 0.05
Sex (Male/Female) 0.22
Age (Days) -
Temperature (°C) 0.40
Humidity (%) 0.28
Light (Log,, lux) 1.00
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Table 2. Mixed-model ANOVA results for the best model (AICc,y;,,; bolded) with radius (mm) as response
variable. The sum of weights for the corrected Akaike Information Criterion (AICcW) and N models

(total = 12) with AICcA <4 for each factor are summarized here. The significance of fixed factors was assessed
using F-statistic in a type IIl ANOVA with Satterthwaite’s method. The random factor was assessed using log-
likelihood ratio with significance analyzed using a chi-square distribution.

temperature, humidity, and light intensity and distance from the center of the canopies. While abiotic factors were
stronger predictors of fly distribution than time of day, substituting time of day produced similar recommended
models. The morning and late afternoon times were characterized by low temperature and light intensity, and
high humidity, whereas the inverse was associated with a high sun angle during midday and early afternoon.
Taken together, our findings suggest that flies moved through the canopy to avoid hydric and/or thermal stress
from exposure to high temperature, high light intensity, and low humidity conditions. All fly types responded
similarly, although wild flies tended to be found higher in the canopies than either fertile or sterile mass-reared
flies, which is consistent with a greater tolerance of hotter, drier and brighter conditions.

The movement of flies to lower canopy regions suggests that they were seeking cooler, more humid and less
bright conditions. The temperatures observed in our field cages were frequently higher than the range of 28°C
to 31°C that B. tryoni prefers®®, and flies may therefore have been under sustained hydric and/or thermal stress.
Canopy regions with high light intensities may be avoided as the body temperatures of fruit flies can increase
quickly when in direct sunlight, as has been noted for R. pomonella®>. In our study, all fly types were most often
observed on the underside of leaf surfaces, which was likely to avoid direct sunlight which may increase body
temperatures, increase metabolic rate (thereby depleting nutrient reserves), and accelerate water loss. Observa-
tions from other fruit fly species suggest similar behavior, as dense foliage with less penetrating light is preferred
by Zeugodacus cucurbitae®, Bactrocera cacuminata®, R. pomonella®, and C. capitata®. Adult C. capitata have
been observed to locate higher in canopies when temperatures are low and lower in canopies when temperatures
are high®"*%7, which resembles the trend we observed in B. tryoni.

While B. tryoni avoided direct sunlight during the hottest times of the day, they were located higher in the
canopy in the morning and late afternoon. The morning follows a long period of cooler temperatures at night and
flies may benefit from increased metabolism, induced by exposure to higher temperatures in higher regions of
the canopies, so they can become active sooner®®®. Flies may also benefit from increased metabolism in the late
afternoon when preparing for mating activity which commences close to dusk in B. tryoni” and is energetically
demanding’'”2. In C. capitata, which mates diurnally, males may occupy leaf surfaces in direct sunlight when
calling for females to raise their activity levels in order to more effectively attract prospective mates’>. A similar
strategy of increased exposure to metabolism-accelerating conditions to increase sexual performance could be
employed by B. tryoni males.

While B. tryoni were usually found on the undersides of leaves, we observed flies feeding predominantly on
the top sides of leaves. Similar observations have been reported for R. pomonella, which have been suggested
to reflect foraging on carbohydrates leached from leaf tissues that precipitate onto the top sides of leaves lower
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Figure 1. Distance from the ground (height) and distance from the canopy center (radius) of fertile mass-
reared, sterile mass-reared and wild flies observed in Citrus tree canopies. Temperature, relative humidity, and
light intensity were recorded from leaf surfaces where flies were located. Fitted lines represent mean heights or
radii of the three fly types.

in canopies’. Other sources of nutrients (e.g., bird droppings, honeydew, leaf exudates’®) may also fall from
higher regions of the canopy and accumulate on the top sides of leaves. Bacteria and fungi on leaf surfaces have
been suggested as a source of protein for adult fruit flies”®-’%. Bacterial and fungal colonies typically proliferate
in microclimates with higher humidity, moderate temperature, and limited solar radiation”-*!. These conditions
were typical of locations lower in the tree canopies that we measured, and therefore may have contained bacteria
and fungi that are typically consumed by B. tryoni®*-%¢. It is possible that beneficial bacteria and fungi are found
predominantly on the top surfaces of leaves, although no studies have described the microbial foods of fruit
flies with regards to leaf surface or canopy location. Flies of all types in this study moved lowest in the canopy
when feeding from leaf surfaces, which allowed them to remain in the shade while feeding on the top of leaves.
While light intensity differed between the tops and bottoms of leaves, we found no differences in temperature
or relative humidity between top or bottom leaf boundaries. It is possible that more sensitive measuring devices
(e.g., thermocouples, thermistors), which are designed to measure the conditions on actual leaf surfaces and not
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Figure 2. The relationships of relative humidity and light intensity to temperature for randomly measured
leaves throughout the canopy.

Response Factor Fvalue DF P value
Fly type 12.46 2,945.01 4.6x10°°

Height Behavior 10.15 3,952.48 1.4x10°¢
Fly type: Behavior 2.09 6,939.42 0.052
Fly type 024 2,952.03 0.788

Radius Behavior 7.26 3,957.64 8.1x10°°
Fly type: Behavior 0.59 6, 945.37 0.739

Table 3. Differences in height and radius with respect to fly type (fertile mass-reared, sterile mass-reared, and
wild), behavior (resting, grooming, walking, and feeding), and the interaction between these two variables.
Significance of these fixed factors was assessed using linear mixed modeling, with both models including day
as a random factor. F-statistics were calculated using type III ANOVA with Satterthwaite’s method.

just the air boundary, would uncover significant differences in conditions between the top and bottom surfaces
of leaves”*!°. Future studies may investigate this further to understand the preference of B. tryoni for top or
bottom leaf surfaces.

The present study highlights differences in the responses to abiotic conditions by mass-reared and wild B.
tryoni that may affect the outcomes of SIT applications. Compared with the resident wild populations, sterile B.
tryoni released into arid regions could suffer high mortality from hydric and/or thermal stress if suitable micro-
climates are scarce. Wild B. tryoni have previously been found to survive longer than mass-reared B. tryoni under
desiccation stress*, and this is consistent with the differences in microhabitat preferences observed in the present
study. Broader dispersal and survival of wild B. tryoni over large areas can be strongly influenced by temperature,
rainfall, and relative humidity®’-*!. Also, Dominiak et al.>> notes that wild B. tryoni survive best in tropical and
urban habitats due to greater availability of water and humid microclimates. Further studies comparing wild and
sterile B. tryoni dispersal in nature would be insightful in light of our findings. In our study, irradiating pupae
to induce sterility did not appear to affect the diurnal behaviors of B. tryoni as differences between sterile and
fertile mass-reared flies were not detected. The behavioral discrepancies we observed between fly types appear
to result from adaption to mass-rearing conditions. Furthermore, wild flies in this study were held in laboratory
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Figure 3. Average (+SE) height (mm) of flies in Citrus tree canopies by time of day and behavior.
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Figure 4. Average (+SE) radius (mm) of flies in Citrus tree canopies by behavior.

conditions along with mass-reared flies until they were released into field cages as 6-day-old adults, which may
have affected their thermal preference in the field. Wild C. capitata are known to acclimate quickly to new ther-
mal conditions and diurnal fluctuations®>°%, but the plasticity of thermal tolerance in mass-reared and wild B.
tryoni warrants further inquiry.

Improving the tolerance of mass-reared B. tryoni to thermal extremes would likely have substantial value to
SIT programs. In some of the earliest studies of thermal conditioning in insects, Meats®>% observed that adult
B. tryoni kept in cooler laboratory conditions became tolerant to cold temperatures over time. Later, Fay and
Meats®”?® compared the survival of B. tryoni adults (fertile and sterile mass-reared, and wild) derived from pupae
held at either low or moderate temperatures. In both studies they observed an improvement in the survival
of cold-conditioned B. tryoni outdoors when daily minimum temperatures were low. These studies show that
thermal conditioning may be a useful tool for SIT management of B. tryoni when cold-weather conditioning
is necessary, but additional studies are needed to test conditioning for high-heat and low-humidity'®. A more
developed understanding of high-heat conditioning is available in Drosophila melanogaster, in which adults con-
ditioned for high-heat tolerance have greater survival under both hot and cold conditions®. The environmental
conditions in SIT rearing facilities are set to maximize production, and so avoid stressful extremes and have low
variability, and this appears to influence microclimate preferences of B. tryoni under natural conditions. When
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Figure 5. Average (£ SE) abiotic conditions (temperature, relative humidity, and light intensity) above (adaxial)
and below (abaxial) leaf surfaces where flies were observed throughout the day.

SIT is to be used in climatically severe regions, modification of rearing conditions to include high temperatures
and low humidity may yield more effective results despite expected trade-offs with productivity of mass rearing'®.

Building on the present investigation of systematic movements of B. tryoni in tree canopies through the day,
there is a need for greater understanding of movements of wild and mass-reared B. tryoni on a landscape scale
in orchards and non-host vegetation. Releasing sterile B. tryoni into habitats suitable for their survival, while
applying alternative pest management options in habitats where sterile flies are unlikely to survive, might lead to
better management of pest populations and better allocation of resources. Furthermore, proactively manipulating
habitats near cropping areas to improve sterile B. tryoni survival may be beneficial. Previous studies on the resting
sites of Z. cucurbitae have greatly enhanced the management of this species, enabling treatment of resting sites
preferred by wild flies with baits or insecticides®>!1%, Following similar methodologies, plant species that offer
the best microhabitat shelters for sterile B. tryoni may be identified and grown as border crops in areas where
the management of B. tryoni by SIT is desired.
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Behavior Fly type | Nupper | Nlower | %lower | Dominant Leaf surface | P value
Fertile 10 208 95.4 Lower <22x107'¢
Resting Sterile 14 179 92.7 Lower <2.2x107°
wild 7 326 97.9 Lower <2.2x107'
Fertile 9 91 91.0 Lower <22x1071¢
Grooming | Sterile 8 69 89.6 Lower 3.14x107"
wild 14 108 88.5 Lower <2.2x107°
Fertile 18 43 70.5 Lower 0.0019
Walking Sterile 16 35 68.6 Lower 0.0110
Wwild 27 31 53.4 - 0.6940
Fertile 31 12 27.9 Upper 0.0054
Feeding Sterile 21 4 19.0 Upper 0.0009
wild 68 27 28.4 Upper 3.11x10°°

Table 4. Binomial test results of leaf surface (upper =adaxial and lower = abaxial) by fly type and common
behaviors. P values were calculated based on the null hypothesis of equal probability (P=0.5) that flies
occurred on either upper or lower leaf surfaces.

Received: 5 October 2020; Accepted: 25 May 2021
Published online: 21 June 2021

References

1.
2.

3.

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Sinervo, B. et al. Erosion of lizard diversity by climate change and altered thermal niches. Science (80-) 328, 894-899 (2010).
Benton, M. J. The red queen and the court jester: Species diversity and the role of biotic and abiotic factors through time. Science
(80-) 323, 728-732 (2009).

Addo-Bediako, A., Chown, S. L. & Gaston, K. J. Revisiting water loss in insects: a large scale view. J. Insect Physiol. 47, 1377-1388
(2001).

Abram, P, Boivin, G., Moiroux, J. & Brodeur, J. Behavioural effects of temperature on ectothermic animals: unifying thermal
physiology and behavioural plasticity. Biol. Rev. Camb. Philos. Soc. 92, 1859-1876 (2016).

Woods, H. A., Dillon, M. E. & Pincebourde, S. The roles of microclimatic diversity and of behavior in mediating the responses
of ectotherms to climate change. J. Therm. Biol. 54, 86-97 (2015).

Duffy, G. A., Coetzee, B. W,, Janion-Scheepers, C. & Chown, S. L. Microclimate-based macrophysiology: implications for insects
in a warming world. Curr. Opin. Insect Sci. 11, 84-89 (2015).

Pincebourde, S., Sinoquet, H., Combes, D. & Casas, J. Regional climate modulates the canopy mosaic of favourable and risky
microclimates for insects. J. Anim. Ecol. 76, 424-438 (2007).

Sinoquet, H. et al. 3-D maps of tree canopy geometries at leaf scale. Ecology 90, 283 (2009).

Pincebourde, S. & Woods, H. A. Climate uncertainty on leaf surfaces: The biophysics of leaf microclimates and their consequences
for leaf-dwelling organisms. Funct. Ecol. 26, 844-853 (2012).

Pincebourde, S. & Casas, J. Narrow safety margin in the phyllosphere during thermal extremes. Proc. Natl. Acad. Sci. 116,
5588-5596 (2019).

Classen, A. T, Hart, S. C., Whitman, T. G., Cobb, N. S. & Koch, G. W. Insect infestations linked to shifts in microclimate:
important climate change implications. Soil Sci. Soc. Am. J. 69, 2049-2057 (2005).

Beetge, L. & Kriiger, K. Drought and heat waves associated with climate change affect performance of the potato aphid Macro-
siphum euphorbiae. Sci. Rep. 9, 3645 (2019).

Dale, A. G. & Frank, S. D. Warming and drought combine to increase pest insect fitness on urban trees. PLoS One 12, €0173844
(2017).

Serensen, J. G., Addison, M. F. & Terblanche, J. S. Mass-rearing of insects for pest management: challenges, synergies and
advances from evolutionary physiology. Crop Prot. 38, 87-94 (2012).

Klassen, W. & Curtis, C. F. History of the sterile insect technique. in Sterile Insect Technique: Principles and Practice in Area-Wide
Integrated Pest Management (eds. Dyck, V. A., Hendrichs, J. & Robinson, A. S.) 3-36 (Springer, 2005).

Orozco-Davila, D. et al. Mass rearing and sterile insect releases for the control of Anastrepha spp. pests in Mexico-a review.
Entomol. Exp. Appl. 164, 176-187 (2017).

Vreysen, M. J. B., Hendrichs, J. & Enkerlin, W. R. The sterile insect technique as a component of sustainable area-wide integrated
pest management of selected horticultural insect pests. J. Fruit Ornam. Plant Res. 14, 107-130 (2006).

Enkerlin, W. R. Impact of fruit fly control programmes using the sterile insect technique. in Sterile Insect Technique: Principles
and Practice in Area-Wide Integrated Pest Management (eds. Dyck, V. A., Hendrichs, J. & Robinson, A. S.) 652-676 (Springer,
2005).

Dunn, D. W. & Follett, P. A. The sterile insect technique (SIT)-an introduction. Entomol. Exp. Appl. 164, 151-154 (2017).
Vargas, R. I. Mass production of tephritid fruit flies. in Fruit Flies: Their Biology, Natural Enemies, and Control (eds. Robinson,
A.S. & Hooper, G.) 141-152 (Elsevier, 1989).

Perez-Staples, D., Shelly, T. E. & Yuval, B. Female mating failure and the failure of ‘mating’ in sterile insect programs. Entomol.
Exp. Appl. 146, 66-78 (2013).

Koyama, J., Kakinohana, H. & Miyatake, T. Eradication of the melon fly, Bactrocera cucurbitae, in Japan: importance of behavior,
ecology, genetics, and evolution. Annu. Rev. Entomol. 49, 331-349 (2004).

Cayol, J. P. Changes in sexual behavior and life history traits of tephritid species caused by mass-rearing processes. in Fruit flies
(Tephritidae): Phylogeny and Evolution of Behavior (eds. Aluja, M. & Norrbom, A. L.) 843-860 (CRC Press, 2000).
Meza-Hernandez, J. S. & Diaz-Fleischer, F. Comparison of sexual compatibility between laboratory and wild Mexican fruit flies
under laboratory and field conditions. J. Econ. Entomol. 99, 1979-1986 (2006).

Moreno, D. S., Sanchez, M., Robacker, D. C. & Worley, . Mating competitiveness of irradiated mexican fruit fly (Diptera: Teph-
ritidae). J. Econ. Entomol. 84, 1227-1234 (1991).

Scientific Reports |

(2021) 11:13010 |

https://doi.org/10.1038/s41598-021-92218-8 nature portfolio



www.nature.com/scientificreports/

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

59.

60.

61.
62.

63.

64.
65.

66.

67.

Orozco-Dévila, D., Hernédndez, R., Meza, S. & Dominguez, J. Sexual competitiveness and compatibility between mass-reared
sterile flies and wild populations of Anastrepha ludens (Diptera: Tephritidae) from different regions in Mexico. Florida Entomol.
90, 19-26 (2007).

Weldon, C. W,, Schutze, M. K. & Karsten, M. Trapping to monitor tephritid movement: results, best practice, and assessment
of alternatives. in Trapping Tephritid Fruit Flies: Lures, Area-Wide Programs, and Trade Implications (eds. Shelly, T., Epsky, N.,
Jang, E. B., Reyes-Flores, J. & Vargas, R.) 175-217 (Springer, 2014).

Dominiak, B. C., Worsley, P. M. & Nicol, H. Release from a point source and dispersal of sterile Queensland fruit fly (Bactrocera
tryoni (froggatt)) (Diptera: Tephritidae) at Wagga Wagga. Plant Prot. Q. 28, 120-125 (2013).

Dimou, I., Koutsikopoulos, C., Economopoulos, A. P. & Lykakis, J. The distribution of olive fruit fly captures with McPhail traps
within an olive orchard. Phytoparasitica 31, 124-131 (2003).

Raghu, S., Drew, R. A. I. & Clarke, A. R. Influence of host plant structure and microclimate on the abundance and behavior of
a tephritid fly. J. Insect. Behav. 17, 179-190 (2004).

Kaspi, R. & Yuval, B. Mediterranean Fruit Fly leks: factors affecting male location. Funct. Ecol. 13, 539-545 (1999).

Baker, P. S. & van der Valk, H. Distribution and behaviour of sterile Mediterranean fruit flies in a host tree. J. Appl. Entomol.
114, 67-76 (1992).

Aluja, M. & Birke, A. Habitat use by adults of Anastrepha obliqua (Diptera: Tephritidae) in a mixed mango and tropical plum
orchard. Ann. Entomol. Soc. Am. 86, 799-812 (1993).

Aluja, M., Jacome, I, Birke, A., Lozada, N. & Quintero, G. Basic patterns of behavior in wild Anastrepha striata (Diptera: Teph-
ritidae) flies under field-cage conditions. Ann. Entomol. Soc. Am. 86, 776-793 (1993).

Huettel, M. D. Monitoring the quality of laboratory-reared insects: A biological and behavioral perspective. Environ. Entomol.
5,807-814 (1976).

Dominiak, B. C. & Daniels, D. Review of the past and present distribution of Mediterranean fruit fly (Ceratitis capitata Wiede-
mann) and Queensland fruit fly (Bactrocera tryoni Froggatt) in Australia. Aust. J. Entomol. 51, 104-115 (2012).

MacLellan, R. & King, K. National fruit fly surveillance programme 2017-2018. Surveillance 45, 68-71 (2018).

Aguilar, G., Blanchon, D., Foot, H., Pollonais, C. & Mosee, A. Queensland fruit fly invasion of New Zealand: Predicting area
suitability under future climate change scenarios. Unitec ePress Perspectives in Biosecurity Research Series (2015).

Vargas, R. L, Leblanc, L., Pifiero, J. C. & Hoffman, K. Male annihilation, past, present, and future. in Trapping Tephritid Fruit
Flies: Lures, Area-Wide Programs, and Trade Implications (eds. Shelly, T., Epsky, N, Jang, E. B., Reyes-Flores, ]. & Vargas, R.)
493-511 (Springer, 2014).

Vargas, R, Pifiero, J. & Leblanc, L. An overview of pest species of Bactrocera fruit flies (Diptera: Tephritidae) and the integration
of biopesticides with other biological approaches for their management with a focus on the Pacific region. Insects 6, 297-318
(2015).

Clarke, A. R., Powell, K. S., Weldon, C. W. & Taylor, P. W. The ecology of Bactrocera tryoni (Diptera: Tephritidae): What do we
know to assist pest management?. Ann. Appl. Biol. 158, 26-54 (2011).

Dominiak, B. C. Review of dispersal, survival, and establishment of Bactrocera tryoni (Diptera: Tephritidae) for quarantine
purposes. Ann. Entomol. Soc. Am. 105, 434-446 (2012).

Hancock, D. L., Hamacek, E. L., Lloyd, A. C. & Elson-Harris, M. M. The distribution and host plants of fruit flies (Diptera:
Tephritidae) in Australia. Queensland Department of Primary Industries (2000).

PHA. The National Plant Health Status Report (08/09). Plant Health Australia, Canberra, ACT (2009).

Ha, A, Larson, K., Harvey, S., Fisher, W. & Malcolm, L. Benefit-cost analysis of options for managing Queensland fruit fly in
Victoria. Victoria Department of Primary Industries (2010).

Dominiak, B. C. Components of a systems approach for the management of Queensland fruit fly Bactrocera tryoni (Froggatt)
in a post dimethoate fenthion era. Crop Prot. 116, 56-67 (2019).

Stringer, L. D., Kean, J. M., Beggs, J. R. & Suckling, D. M. Management and eradication options for Queensland fruit fly. Popul.
Ecol. 59, 259-273 (2017).

Lynch, K. E., White, T. E. & Kemp, D. J. The effect of captive breeding upon adult thermal preference in the Queensland fruit
fly (Bactrocera tryoni). J. Therm. Biol. 78, 290-297 (2018).

Weldon, C. W, Yap, S. & Taylor, P. W. Desiccation resistance of wild and mass-reared Bactrocera tryoni (Diptera: Tephritidae).
Bull. Entomol. Res. 103, 690-699 (2013).

Fanson, B. G., Sundaralingam, S., Jiang, L., Dominiak, B. C. & D’Arcy, G. A review of 16 years of quality control parameters at
a mass-rearing facility producing Queensland fruit fly, Bactrocera tryoni. Entomol. Exp. Appl. 151, 152-159 (2014).

Moadeli, T., Taylor, P. W. & Ponton, F. High productivity gel diets for rearing of Queensland fruit fly, Bactrocera tryoni. J. Pest
Sci. 2004(90), 507-520 (2017).

Pérez-Staples, D., Weldon, C. W. & Taylor, P. W. Sex differences in developmental response to yeast hydrolysate supplements in
adult Queensland fruit fly. Entomol. Exp. Appl. 141, 103-113 (2011).

Perez-Staples, D., Prabhu, V. & Taylor, P. W. Post-teneral protein feeding enhances sexual performance of Queensland fruit flies.
Physiol. Entomol. 32, 225-232 (2007).

McInnis, D. O., Rendon, P. & Komatsu, J. Mating and remating of medflies (Diptera: Tephritidae) in Guatemala: Individual fly
marking in field cages. Florida Entomol. 85, 126-137 (2002).

R Core Team. R: a language and environment for statistical computing version 1.1.419. R Foundation for Statistical Computing
(2019).

Bates, D., Michler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67, 1-48 (2015).
Barton, K. MuMIn: Multi-Model Inference. R Package version 1.43.6 (2019).

Akaike, H. A new look at the statistical model identification. IEEE Trans. Automat. Control 19, 716-723 (1974).

Burnham, K. P, Anderson, D. R. & Huyvaert, K. P. AIC model selection and multimodel inference in behavioral ecology: Some
background, observations, and comparisons. Behav. Ecol. Sociobiol. 65, 23-35 (2011).

Symonds, M. R. E. & Moussalli, A. A brief guide to model selection, multimodel inference and model averaging in behavioural
ecology using Akaike’s information criterion. Behav. Ecol. Sociobiol. 65, 13-21 (2011).

Lenth, R. emmeans: estimated marginal means, aka least-squares means. R Package version 1.3.3 (2019).

Prokopy, R. J., Bennett, E. W. & Bush, G. L. Mating behavior in Rhagoletis pomonella (Diptera: Tephritidae) II. Temportal
organization. Can. Entomol. 104, 97-104 (1972).

McQuate, G. T. & Vargas, R. I. Assessment of attractiveness of plants as roosting sites for the melon fly, Bactrocera cucurbitae,
and the oriental fruit fly, B. dorsalis. J. Insect Sci. 7, 13 (2007).

Casas, J. & Aluja, M. The geometry of search movements of insects in plant canopies. Behav. Ecol. 8, 37-45 (1997).

Shelly, T. E. & Kennelly, S. S. Settlement patterns of Mediterranean fruit flies in the tree canopy: an experimental analysis. /.
Insect Behav. 20, 453-472 (2007).

Warburg, M. S. & Yuval, B. Circadian patterns of feeding and reproductive activities of Mediterranean fruit flies (Diptera:
Tephritidae) on various hosts in Israel. Ann. Entomol. Soc. Am. 90, 487-495 (1997).

Hendrichs, J. & Hendrichs, M. A. Mediterranean fruit fly (Diptera: Tephritidae) in nature: Location and diel pattern of feeding
and other activities on fruiting and nonfruiting hosts and nonhosts. Ann. Entomol. Soc. Am. 83, 632-641 (1990).

Scientific Reports |

(2021) 11:13010 |

https://doi.org/10.1038/s41598-021-92218-8 nature portfolio



www.nature.com/scientificreports/

68. Morgan, K. R, Shelly, T. E. & Kimsey, L. S. Body temperature regulation, energy metabolism, and foraging in light-seeking and
shade-seeking robber flies. J. Comp. Physiol. B Biochem. Syst. Environ. Physiol. 155, 561-570 (1985).

69. Whitman, D. Function and evolution of thermoregulation in the desert grasshopper Taeniopoda eques. J. Anim. Ecol. 57, 369-383
(1988).

70. Tychsen, P. H. & Fletcher, B. S. Studies on the rhythm of mating in the Queensland fruit fly, Dacus tryoni. J. Insect Physiol. 17,
2139-2156 (1971).

71. Cheng, D, Chen, L., Yi, C,, Liang, G. & Xu, Y. Association between changes in reproductive activity and D-glucose metabolism
in the tephritid fruit fly, Bactrocera dorsalis (Hendel). Sci. Rep. 4, 7489 (2014).

72. Warburg, M. S. & Yuval, B. Effects of energetic reserves on behavioral patterns of Mediterranean fruit flies (Diptera: Tephritidae).
Oecologia 112, 314-319 (1997).

73. Arita, L. & Kaneshiro, K. Sexual selection and lek behavior in the Mediterranean fruit fly, Ceratitis capitata (Diptera: Tephritidae).
Pacific Sci. 43, 135-143 (1989).

74. Hendrichs, J., Lauzon, C. R., Cooley, S. S. & Prokopy, R. J. Contribution of natural food sources to adult longevity and fecundity
of Rhagoletis pomonella (Diptera: Tephritidae). Ann. Entomol. Soc. Am. 86, 250-264 (1993).

75. Urbaneja-Bernat, P, Tena, A., Gonzélez-Cabrera, J. & Rodriguez-Saona, C. Plant guttation provides nutrient-rich food for
insects. Proc. R. Soc. B Biol. Sci. 287, 20201080 (2020).

76. Drew, R., Courtice, A. & Teakle, D. Bacteria as a natural source of food for adult fruit flies (Diptera: Tephritidae). Oecologia 60,
279-284 (1983).

77. Prokopy, R.]., Drew, R. A. I, Sabine, B. N. E., Lloyd, A. C. & Hamacek, E. Effects of physiological and experiential state of
Bactrocera tryoni flies on intra-tree foraging behavior for food (Bacteria) and host fruit. Oecologia 87, 394-400 (1991).

78. Scarpati, M. L., Scalzo, R. L., Vita, G. & Gambacorta, A. Chemiotropic behavior of female olive fly (Bactrocera oleae GMEL.)
on Olea Europeae L. J. Chem. Ecol. 22, 1027-1036 (1996).

79. Truu, M. et al. Elevated air humidity changes soil bacterial community structure in the silver birch stand. Front. Microbiol. 8,
557 (2017).

80. Hockberger, P. E. The discovery of the damaging effect of sunlight on bacteria. J. Photochem. Photobiol. B Biol. 58, 185-191
(2000).

81. Jones, J., Raju, B. & Engelhard, A. Effects of temperature and leaf wetness on development of bacterial spot of geraniums and
chrysanthemums incited by Pseudomonas cichorii. Plant Dis. 68, 248-251 (1984).

82. Majumder, R., Sutcliffe, B., Taylor, P. W. & Chapman, T. A. Microbiome of the Queensland fruit fly through metamorphosis.
Microorganisms 8, 795 (2020).

83. Majumder, R., Sutcliffe, B., Taylor, P. W. & Chapman, T. A. Next-generation sequencing reveals relationship between the larval
microbiome and food substrate in the polyphagous Queensland fruit fly. Sci. Rep. 9, 14292 (2019).

84. Deutscher, A. T. et al. Near full-length 16S rRNA gene next-generation sequencing revealed Asaia as a common midgut bacterium
of wild and domesticated Queensland fruit fly larvae. Microbiome 6, 85 (2018).

85. Morrow, J., Frommer, M., Shearman, D. & Riegler, M. The microbiome of field-caught and laboratory-adapted Australian
tephritid fruit fly species with different host plant use and specialisation. Microb. Ecol. 70, 498-508 (2015).

86. Thaochan, N., Drew, R. A. I, Hughes, ]. M., Vijaysegaran, S. & Chinajariyawong, A. Alimentary tract bacteria isolated and
identified with API-20E and molecular cloning techniques from Australian tropical fruit flies, Bactrocera cacuminata and B.
tryoni. J. Insect Sci. 10, 131 (2010).

87. Sultana, S., Baumgartner, J. B., Dominiak, B. C., Royer, J. E. & Beaumont, L. J. Potential impacts of climate change on habitat
suitability for the Queensland fruit fly. Sci. Rep. 7, 1-10 (2017).

88. Meats, A. The bioclimatic potential of the Queensland fruit fly, Dacus tryoni, Australia. Proc. Ecol. Soc. Aust. 11, 151-161 (1981).

89. Fletcher, B. The ecology of a natural population of the Queensland Fruit Fly, Dacus tryoni. IV. The immigration and emigration
of adults. Aust. J. Zool. 21, 541 (1973).

90. Bateman, M. A. The ecology of fruit flies. Annu. Rev. Entomol. 17, 493-518 (1972).

91. O’Loughlin, G. T,, East, R. A. & Meats, A. Survival, development rates and generation times of the Queensland fruit fly, Dacus
tryoni, in a marginally favourable climate: experiments in Victoria. Aust. J. Zool. 32, 353-361 (1984).

92. Dominiak, B. C., Mavi, H. S. & Nicol, H. I. Effect of town microclimate on the Queensland fruit fly Bactrocera tryoni. Aust. J.
Exp. Agric. 46, 1239-1249 (2006).

93. Weldon, C. W,, Terblanche, J. S. & Chown, S. L. Time-course for attainment and reversal of acclimation to constant temperature
in two Ceratitis species. J. Therm. Biol. 36, 479-485 (2011).

94. Nyamukondiwa, C., Weldon, C. W., Chown, S. L., le Roux, P. C. & Terblanche, J. S. Thermal biology, population fluctuations and
implications of temperature extremes for the management of two globally significant insect pests. J. Insect Physiol. 59, 1199-1211
(2013).

95. Meats, A. Rapid acclimatization to low temperature in the Queensland fruit fly, Dacus tryoni. J. Insect Physiol. 19, 1903-1911
(1973).

96. Meats, A. Developmental and long-term acclimation to cold by the Queensland fruit-fly (Dacus tryoni) at constant and fluctuat-
ing temperatures. J. Insect Physiol. 22, 1013-1019 (1976).

97. Fay, H. A. C. & Meats, A. Survival rates of the queensland fruit fly, dacus tryoni, in early spring: Field-cage studies with cold-
acclimated wild flies and irradiated, warm- or cold-acclimated, laboratory flies. Aust. J. Zool. 35, 187-195 (1987).

98. Fay, H. A. C. & Meats, A. The sterile insect release method and the importance of thermal conditioning before release: field-cage
experiments with dacus tryoni in spring weather. Aust. J. Zool. 35, 197-204 (1987).

99. Bubliy, O. A. & Loeschcke, V. Correlated responses to selection for stress resistance and longevity in a laboratory population of
Drosophila melanogaster. J. Evol. Biol. 18, 789-803 (2005).

100. Weldon, C., Diaz-Fleischer, F. & Perez-Staples, D. Desiccation resistance of tephritid flies: Recent research results and future
directions. in Area-Wide Management of Fruit Fly Pests (eds. Pérez-Staples, D., Diaz-Fleischer, F, Montoya, P. & Vera, T.) 3-36
(CRC Press, 2019).

101. Nishida, T. Food system of tephritid fruit flies in Hawaii. Proc. Hawaiian Entomol. Soc. 23, 245-254 (1980).

102. Nishida, T. & Bess, H. A. Studies on the ecology and control of the melon fly Dacus (Strumeta) Cucurbitae Coquillett (Diptera:
Tephritidae). Hawaii Agric. Exp. Stn. Tech. Bull. 1-44 (1957).

Acknowledgements

We thank Bishwo Mainali for his helpful comments on an earlier draft. We also thank Théotime Colin and Domi-
nic Cross for helping to correct R code and organize data, and we thank Saleh Adnan and Rajib Majumder for
helping to set up the field cages used in this study. This research was conducted as part of the SITplus collabora-
tive fruit fly program. Project Raising Q-fly Sterile Insect Technique to World Standard (HG14033) is funded by
the Hort Frontiers Fruit Fly Fund, part of the Hort Frontiers strategic partnership initiative developed by Hort
Innovation, with co-investment from Macquarie University and contributions from the Australian Government.

Scientific Reports |

(2021) 11:13010 |

https://doi.org/10.1038/s41598-021-92218-8 nature portfolio



www.nature.com/scientificreports/

This research also received support from the Australian Research Council Industrial Transformation Training
Centre (ITTC) for Fruit Fly Biosecurity Innovation (Project IC50100026), funded by the Australian Government.

Author contributions

J.R.I. (JRI) conducted experiments, analyzed data, and wrote the manuscript. A.P.A. (APA) analyzed data and
wrote the manuscript. PW.T. (PWT) conceived and designed the work, conducted experiments, and wrote the
manuscript. PR. (PR) wrote the manuscript. CW.W. (CWW) conceived and designed the work, conducted
experiments, transcribed data, and wrote the manuscript. All authors have read and approved this manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-92218-8.

Correspondence and requests for materials should be addressed to J.R.I.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:13010 | https://doi.org/10.1038/s41598-021-92218-8 nature portfolio


https://doi.org/10.1038/s41598-021-92218-8
https://doi.org/10.1038/s41598-021-92218-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Canopy distribution and microclimate preferences of sterile and wild Queensland fruit flies
	Materials and methods
	Fly types. 
	Fly marking and release. 
	Field cages. 
	Data collection. 
	Model selection and data analysis. 
	Ethical approval. 

	Results
	Model selection. 
	Canopy distribution by fly type. 
	Canopy distribution by abiotic condition. 
	Canopy distribution by behavior. 
	Leaf surface by abiotic condition and time of day. 
	Leaf surface by behavior. 

	Discussion
	References
	Acknowledgements


