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temperature on adult behavior
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ABSTRACT
Measuring thermal behavior in smaller insects is particularly challenging. In this study, we describe a
new horizontal thermal gradient apparatus designed to study adult thermal behavior in small
insects and apply it using D. melanogaster as a model and case study. Specifically, we used this
apparatus and associated methodology to examine the effects of sex, geographic origin, and
developmental rearing temperature on temperature preferences exhibited by adults in a controlled
laboratory environment. The thermal gradient established by the apparatus was stable over diurnal
and calendar time. Furthermore, the distribution of adult flies across thermal habitats within the
apparatus remained stable following the period of acclimation, as evidenced by the high degree of
repeatability across both biological and technical replicates. Our data demonstrate significant and
predictable variation in temperature preference for all 3 assayed variables. Behaviorally, females
were more sensitive than males to higher temperatures. Flies originating from high latitude,
temperate populations exhibited a greater preference for cooler temperatures; conversely, flies
originating from low latitude, tropical habitats demonstrated a relative preference for higher
temperatures. Similarly, larval rearing temperature was positively associated with adult thermal
behavior: low culture temperatures increased the relative adult preference for cooler temperatures,
and this response was distinct between the sexes and for flies from the temperate and subtropical
geographic regions. Together, these results demonstrate that the temperature chamber apparatus
elicits robust, predictable, and quantifiable thermal preference behavior that could readily be
applied to other taxa to examine the role of temperature-mediated behavior in a variety of contexts.
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Introduction

Organisms routinely face a variety of environmental
stresses in their natural habitats. The levels of these
stresses are often correlated with a variety of factors,
including latitude and altitude.1,2 Variation in fitness
traits across these scales (clines) are often correlated with
covarying environmental factors.3-16 Many of these clines
reflect evolutionary adaptive differentiation in response
to different climates, while others reflect simple to com-
plex aspects of demography. 17-22 The mechanistic basis
of many clines remains elusive, and a major emphasis in
the dissection of clines has been to understand how the
observed variation in fitness-associated traits reflects the
adaptive response to specific environmental condi-
tions.23,24 A key component in the potential adaptation
to climatic variation is the behavioral response to

temperature and temperature variation experienced in
natural habitats, which may have pronounced effects on
organismal performance and fitness.25 Thermal behavior
has been incorporated in numerous studies of climatic
adaptation, albeit in larger animals.29 However, the analy-
sis of variation in thermal-mediated behavior in droso-
philids and other smaller insects has not been widely
incorporated in studies of climatic adaptation, potentially
due to the lack of adequate methods to quantify behav-
ioral responses in smaller insects. 26-28

Ectotherms exploit a range of natural habitats that
vary greatly with respect to a number of environmen-
tal parameters. Temperature is a ubiquitous environ-
mental cue that has widespread effects on physiology,
performance, and fitness. 29 To find favorable thermal
habitats, insects exhibit a variety of behaviors. An
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insect’s ability to avoid lethal temperatures, as well as
sub-optimal temperatures that affect performance,
can have observable effects on its physiology and fit-
ness.30,31 This raised a concern among physiologists to
measure the preferred temperatures of organisms in
relation to body temperatures experienced in the
field.29,32 Measurements of thermal preference for
small insects are important because many serve as
model organisms (e.g., fruit flies, mosquitoes, wasps,
etc.) in a variety of biological disciplines. Many of
these model organisms are used to study molecular
and neuronal aspects of thermal sensation and ther-
mal behavior. 33-41 In addition, these model organisms
can facilitate the evaluation of the effects of climate
and climate change at the phenotypic, molecular and
species distribution levels. 42,43

The existence of parallel latitudinal clines across
multiple continents has been interpreted as adapta-
tion to local climatic conditions.17,26,44,45 For exam-
ple, on the Indian subcontinent several Drosophila
species show parallel opposing clines for desiccation
tolerance and starvation resistance.17,46,47 Further-
more, temperature shifts associated with recent cli-
mate change have affected the shape or slope of
latitudinal clines.43,48,49 Despite the emphasis on
temperature as a selective agent resulting in local
adaptation.24,26,42,47,49,50 The potential role of ther-
mal behavior in local adaptation has not been
explored. Here, we develop an apparatus designed
to examine thermal preference exhibited by flies
collected from natural populations. We demonstrate
that there is significant variation within and among
populations in thermal preference, and that this
varies predictably with geography: flies from high

latitude, temperate origins avoid high temperatures
and prefer cool temperatures, whereas flies from
low latitude, subtropical populations avoid cold
temperatures and exhibit greater relative preference
for higher temperatures. In addition, our apparatus
and methodology elucidate clear and predictable
differences between sexes, and demonstrate pro-
nounced effects of larval rearing temperature on the
thermal behavior exhibited by adults. Our method
and data focus on the thermally-mediated behavior
of adults, which has greater relevance to under-
standing plastic and genetic responses to tempera-
ture variation.18,51

We suggest that the incorporation of thermal behav-
ioral response traits is essential to a comprehensive
evaluation of fitness and performance along environ-
mental gradients. The interactions between stress,
behavior and fitness could be assessed using the meth-
ods we describe here. It should be explored whether
thermal preference exhibits variation among individu-
als within populations, among populations within a
species, and among taxa. Such information may be of
great utility in understanding the process of adaptation
under various scenarios of climate change.24,52 Our
results suggest that thermal behavior/preference is
shaped by natural selection and is one component in a
suite of traits that represent local adaptation to climate.

Material and methods

Thermal gradient apparatus design

A closed horizontal thermal gradient was con-
structed to examine aspects of thermal behavior in
Drosophila (Fig. 1; see also Supporting file 1). The

Figure 1. Artistic rendition of the thermal gradient design. At either end of the aluminum rod, peltier devices were connected and
mounted over heat sinks, which were then submerged in circulating water baths. The aluminum rod was encased in a polycarbonate
tube and sealed using docking adapters. The desired thermal gradient was created by adjusting the power input to the peltier devices.
ADheat sink; B D peltier device; C D polycarbonate tube adapter-connector; D D aluminum rod; E D fly loading aperture; F D plexiglas
tube around aluminum rod; G D supporting aluminum adapter block over the peltier device; H D peltier device power cables. For
details see methods section. Temperature probes were inserted at following locations- 2.6, 11.7, 20.4, 29.2, 38, 46.7, and 55.8 cm. The
diameter of the polycarbonate tube was 6.5 cm. Actual image of apparatus is provided as supplementary file (Supporting file 1).
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apparatus was built by mounting an aluminum rod
(74.93 cm length; 3 cm in diameter), on thermo-
electric peltier devices (TEC 127 cpl, 12 amp; Cus-
tom Thermoelectric, Bishopville, MD, USA) to
generate heat or cold (depending on the direction
of current) on either end. In order to create a ther-
mal gradient along the aluminum rod, one end was
heated and the other was cooled using specific cur-
rent settings. The peltier devices were connected to
a DC voltage supply (0–12 Volt; WEP DC. Power
Supply PS 305-D). The entire thermal gradient
assay region was encapsulated using a polycarbon-
ate tube (58.42 cm in length; 6.35 cm in diameter)
and no exchange of air was allowed. Peltier devices
were mounted over a heat sink (HSB6; Custom
Thermoelectric, Bishopville, MD, USA) for temper-
ature dispersion. In addition, both ends of the
setup were placed in a circulating water bath in
which the water level was kept to half the height of
the heat sink. To create the hot (32�C) and cold
ends (12�C) of the apparatus, 1.5 and 3 amps of
current were allowed to pass through the peltier
devices at the hot and cold ends, respectively. We

then calibrated the setup for temperature stability
along the gradient.

Calibration and temperature along the thermal
gradient

A total of 7 thermal probes (Fine Gauge Wire Probe;
Wire Dia 0.0100, 0.02400 with insulation; Thermo-
Works, Utah, USA) were inserted along the thermal
gradient tube (C3, C2, & C1, Mid-Point, H1, H2, H3)
where C3 is the cold end and H3 is the hot end of the
tube (see Fig. 2). Once the temperature gradient is
established in the apparatus (approximately
30 minutes for a thermal range of 12–32�C), it is con-
stant over >50 min. Supporting file 2 and Supporting
file 3 describe data on temperature stability and
repeatability along the thermal gradient (Fig. 3). Sup-
porting file 2 contains data on aluminum rod temper-
atures whereas Supporting File 3 gives data on mid-air
temperatures, under the aluminum rod temperatures,
and polycarbonate tube inner surface temperatures.
The various analyses presented in this paper are based
on the temperature range shown in Supporting file 2.

Figure 2. The thermal gradient temperature calibration over the duration of the behavioral assays. Temperature probe locations are
indicated as C3, C2, C1, Midpoint, H1, H2, H3 (ordered from lower to higher temperature; temperature range for the assays was 12�C –
32�C). The solid black line indicates temperature in the assay chamber when power is off and the thermal gradient is absent. Once
power is turned on, establishment of the temperature gradient takes 30 minutes. The thin and dashed lines indicate subsequent tem-
perature across the apparatus during next 20 minutes in 5 minute intervals (30 mC5 m, 30 mC10 m, 30C15 m and 30 mC20 m). A
Lowess fit was performed to smooth the curves. This method uses locally weighted linear regression to smooth data.
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Temperature measurements were recorded for every
second using an 8 channel thermocouple temperature
recorder (OctTemp2000; ThermoWorks, Utah, USA).

Our experimental assays were conducted over a period
of 20 min following establishment of the thermal
gradient.

Stocks and husbandry

In this study we used 3 natural populations collected
from orchards located along the latitudinal gradient of
the east coast of the USA (Homestead, Florida 25.46 N,
80.45 W; Media, Pennsylvania 40.04 N, 76.30 W; Bow-
doin, Maine 44.03 N, 73.20 W; Fig. 4). We collected
gravid females from the above listed locations in Septem-
ber 2012 by direct aspiration onwind fallen fruit. Individ-
ual isofemale lines were established in the field on
standard cornmeal-molasses medium; species identity
was confirmed by examining resulting male progeny (as
described earlier).53 Isofemale lines were maintained in
narrow Drosophila culture vials on a regular corn-agar-
molasses media at room temperature. All the collections
described above were maintained under common garden
conditions for several generations before using them for
various experimental purposes.

Establishment of population cages

To establish natural population cages we pooled 25–30
isofemale lines in 12 £ 12 £ 12 inch insect enclosures
(Live Monarch Foundation, Boca Raton, Florida, USA).
We created 2 cages for each of the geographical locations
(Florida, Pennsylvania, and Maine). Each cage was cre-
ated using independent sets of isofemale lines, thus estab-
lishing biological replicates for each population. Ten
mated females from each line were collected and pooled
in above specified cages, and females were subsequently
allowed to oviposit in regular Drosophila culture bottles
to establish the next generation. Flies were allowed to
eclose over a period of one week and then provided with
fresh media bottles; after a period of 3 d for oviposition,
culture bottles were capped, progeny allowed to develop
and eclose, and adults from the preceding generation dis-
carded. Each cage was maintained for 5 generations to
allow outcrossing among lines, after which time experi-
mental samples were collected for the various assays
(described below).

Experiments

We performed 3 separate experiments in this study to
evaluate thermal behavior: the first examined the
effects of sex, the second the effects of geographic

Figure 3. Measure of temperature repeatability along the ther-
mal gradient. Temperature probe locations are indicated as C3,
C2, C1, Mid, H1, H2, H3 (ordered from lower to higher tempera-
ture; see Fig. 2 also). Temperature along the thermal gradient
was collected for 3 different days in the morning (A), in the after-
noon (B) and in the evening (C). Different colors correspond to
different probes.
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origin of the source populations, and the third the
effects of developmental temperature. We used the
mid-latitudinal Pennsylvania population to examine
sex-related differences for thermal preference, and the
Florida and Maine populations to examine geographi-
cal differences and thermal plasticity.

To study sex related differences in thermal behavior
we exposed a mid-latitude Pennsylvania population to

the thermal gradient. For this experiment we placed
20 regular narrow size Drosophila culture vials in the
replicate Pennsylvania population cages for a period
of 4 hours. After 4 hr vials with eggs were removed
and controlled for density (30–40 eggs per vial). Vials
were immediately transferred to a 25�C incubator
under a 12L:12D photoperiod regime. On emergence
virgin males and females were collected using mild

Figure 4. Temperature map of the east coast of the USA. The three collection sites for natural D. melanogaster populations are denoted
by circles (Jacksonville, FL 30.33 �N, 81.66 �W; Media, PA 40.04 �N, 76.30 �W; Bowdoin, ME 44.03 �N, 73.20 �W). To study sex differences
in thermal preference the Media, PA populations were used. Thermal plasticity experiments were performed on Jacksonville, FL and
Bowdoin, ME populations only.
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CO2 anesthesia and aged for 4–5 days before subject-
ing them to the thermal gradient tube to study thermal
preference. All the assays were run in the morning
hours (9 am – 12 noon). Sexes were run separately.
This eliminated any reproductive interactions between
males and females (e.g. time spent in courtship, phero-
monal mediation of behavior). In order to remove
pheromonal artifacts, after each replicate run we thor-
oughly cleaned the thermal gradient apparatus com-
ponents (aluminum rod, adapters, and polycarbonate
tube) that directly came in contact with flies. A total
of 3 experimental assays were performed for each rep-
licate cage (N D 6 trials per sex).

Geographical variation in thermal behavior was
examined using the populations derived from Maine
and Florida, which represent the climatic extremes on
the US east coast. The experimental procedures con-
ducted were as described above. In this experiment
flies from the 2 geographic populations (ME and FL)
were released together and a total of 3 experimental
runs were conducted for each replicate cage. We used
different color fluorescent dust to mark flies (BioQuip
Products, Inc. Gardena, California, USA), and dust
colors were randomized among technical replicate
runs.

In order to examine effects of developmental tem-
perature on thermal behavior we cultured flies at 2 dif-
ferent temperatures (18�C and 25�C). On emergence,
virgin males and females were collected and kept at
the respective temperature until they attained 4–
5 days age. The experimental procedures were the
same as described in the preceding 2 paragraphs.

Sample loading

No anesthesia (CO2 gas) was used during preparations
of samples and/or while releasing flies in the thermal
gradient tube. For each run 150 males and females
were released through the sample loading aperture
using a 2 channel wide opening syringe (Lab crafted).
All the behavioral assays were performed under dark
conditions; the thermal gradient apparatus was kept
inside a photo dark room. A camera (16 MP and 8x
Optical Zoom; Canon) and a UV lamp (Model UV-
5NF; 365/254 nm; Spectroline.com) were placed over
the tube to take pictures under UV light. Experimental
flies were released once a stable thermal gradient was
achieved inside the polycarbonate tube. Flies were
released in the center of the tube through a 1=4 cm

diameter opening, which was sealed using thermosta-
ble tape. We used fluorescent dust to mark flies (Bio-
Quip Products, Inc. Gardena, California, USA). Just
before the release, groups of 150 flies were transferred
into a regular plastic Drosophila culture bottle with
0.0020 (§0.0005) g of fluorescent micronized dust
and lightly shaken. Dust colors were randomly
assigned, and assignments were changed between
releases. No anesthesia was used over the last 3 days
prior to experiments or during any of the subsequent
transfers.

Data collection and statistics

Temperature along the gradient was linear. This
allowed us to determine the temperature perceived by
the fly on the gradient and thus create a thermal distri-
bution. To facilitate data collection and analysis, we
initially grouped the entire thermal gradient (C3, C2,
C1, Mid-Point, H1, H2, H3) into 3 major habitat
regions: 1) cold (C3 & C2), 2) medium (C1, Mid-
point, & H1), and 3) hot (H2 & H3). This represents
the coarsest level of resolution for thermally mediated
behavior that could be generated using the apparatus.

Data for each replicate assay were collected in the
form of digital pictures. Pilots were done taking pic-
tures at multiple time points to ensure that thermal
distributions of flies were stable (15, 20, 25, 30 min).
We observed significantly stable dispersion across the
measurement interval in all pilot assays as well as the
replicate trials analyzed. For the experiments con-
ducted in this study, pictures were taken 20 minutes
after releasing the flies in the tube. Pictures of the
entire thermal gradient were taken from top, lateral
and bottom views in the presence of UV light without
using a camera flash, so that only the fluorescent sig-
nature was captured. The UV lamp was turned on just
for the time required for image acquisition. Images
were viewed in WINDOWS image viewer application
and flies were counted in each thermal region based
on their dust color signatures.

For the statistical analyses, the thermal gradient was
converted to 3 major temperature bins or thermal
habitats (cold, medium, and hot). Categorical logistic
regression was used to examine the effects of predictor
variables (thermal habitat, developmental tempera-
ture, biological replicate, experimental replicate) on
the log odds of sampling different categories of the
response variable (sex, geographic origin). To examine
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the effects of temperature on difference in preferences
between the sexes, we used thermal habitat as the pre-
dictor, modeling the log odds for females relative to
males. To examine the effects of geographic origin,
developmental temperature, and their interaction on
thermal preference, we used these factors as predictors
and modeled the log odds for flies from the temperate
relative to the subtropical populations. Separate mod-
els were constructed for females and males. Categori-
cal logistic regressions were implemented in JMP v.11
(SAS Institute, Cary, NC).

Results

In this work we describe a new horizontal design to
measure thermal preference in smaller insects (Fig. 1).
We evaluate the efficacy of this design using a case
study in D. melanogaster. We collected data on sex dif-
ferences, geographical variation and developmental
plasticity-induced changes for thermal preferences in
adults. We observed repeatable, quantifiable, and sig-
nificant differences in thermal behavior at all 3 levels.

Calibration and repeatability

The stability of the temperature gradient along the tube,
as well as the repeatability of the organismal distribution
along the gradient, are crucial to this technique. The

stability of the thermal gradient was examined using tem-
perature-sensing probes inserted at different locations
along the tube. Figure 2 depicts data on temperature
along the thermal gradient for the 7 described probe loca-
tions. A highly significant correlation was observed
between different probe locations (C3, C2, C1, Mid-
Point, H1, H2, & H3) and observed temperature over the
duration of 30 minutes (rD0.98; Fig. 2). This demon-
strated that temperature along the thermal gradient was
stable throughout the duration of the assay. To test the
repeatability of thermal gradient temperature over diur-
nal and calendar time, we collected temperature data
along the gradient on 3 different days; on each day, data
were collected at different time points (morning, after-
noon, and evening; Supporting File 2).

To test the stability and repeatability of fly distribu-
tions across the gradient, we examined thermal distribu-
tions across independent trials for both males and
females; 3 assays were conducted per replicate cage for
each sex, and were done at different times and on differ-
ent days. For this experiment we used flies from a mid-
latitude population (Fig. 4). Figure 5 shows the distribu-
tion of males and females in each of the 6 replicate trials
across the 7 thermal zones. One -way ANOVAs were
used to measure variation within and between groups,
and demonstrated high repeatability in distribution of
flies along the gradient (Supporting file 4)

Figure 5. Measure of fly distribution repeatability along the gradient. Six independent runs were performed for males (A) and females
(B) separately over the experimental period of 3 days. Different colors correspond to different runs. Unidirectional and overlapping
regression lines for 6 independent runs clearly demonstrated high repeatability in fly distribution along the thermal gradient.
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Sex-specific differences in temperature sensing

Figure 6 depicts distribution ofmales and females in the 3
different thermal zones. Both males and females tended
to stay in the portion of the apparatus that was character-
ized by intermediate temperatures (20–24�C). However,
thermal habitat had a significant effect on the relative dis-
tribution of females and males in the thermal assay
(Table 1). Relative to males, females were more likely to
be found in the cold habitats and less likely to be observed
in the hot thermal habitats (Table 2). No significant
effects were observed for biological replicate cages or
technical replicate assays, again demonstrating the con-
sistency and stability of organismal distributions across
the thermal gradient.

Geographic and developmental variation in thermal
behavior

For both females and males, thermal habitat had a sig-
nificant effect on the relative dispersion of flies from
the temperate relative to the subtropical populations
(Table 3). Flies from the northern, temperate popula-
tion were more likely to be observed in the cold ther-
mal habitat relative to flies from the southern,
subtropical population; similarly, the log odds of

sampling a fly from the temperate relative to the sub-
tropical population were significantly lower in the hot
thermal habitat (Table 4). Developmental rearing tem-
perature did not have a significant main effect for
either male or female thermal preferences, but the
interaction between culture temperature and geo-
graphic origin was significant for both sexes. These
relative preferences are plotted in Figure 7, which
depicts relative abundance in the hot and cold thermal
habitats. For both males and females, geographic dif-
ferences in relative thermal preference were exacer-
bated when flies were cultured at 18�C, and
differences reduced when cultured at 25�C.

As with the analysis of sex, the geographical pat-
terns of response to thermal variation were robust
across both technical and biological replicates; this is
evident from the statistical analysis, which includes
both levels of replication as predictors (Tables 3, 4).
The two levels of replication address repeatability of
the assays and stability of the fly distributions over
time. Furthermore, the patterns of thermal preference
observed at all 3 levels (gender, geography, rearing
temperature) are fully consistent with a priori predic-
tions based on the extensive information available for
D. melanogaster; the method is therefore also robust
with respect to biological interpretation in this eco-
logical, evolutionary, and plasticity context. Our con-
text-based validation clearly demonstrates the
effectiveness of the apparatus and method.

Discussion

Ectotherm body temperature changes rapidly in
response to environmental temperature. It makes
thermoregulation challenging for them particularly in
smaller size insects like D. melanogaster. Several
efforts have been made to understand this complex
regulatory mechanism.33-41,54

With our method and thermal gradient apparatus,
we demonstrated that there is significant variation
within and among populations in thermal preference,

Figure 6. Dispersion of male (filled) and female (open) D. mela-
nogaster along the thermal gradient (T range: 12–32�C). Relative
to males, females were more behaviorally sensitive to higher
temperatures. Data were presented as means.

Table 1. Effect likelihood ratio tests from the nominal logistic
regression of the effects of thermal habitat, biological replicate,
and technical replicates on the log odds of females/males. Signifi-
cant at p�0.05.
Source Parameters d.f. ChiSquare Prob>ChiSq

Habitat 2 2 71.4870162 <0.0001�

Biol. Repl. 1 1 0.00272406 0.9584
Replicate [Biol. Rep.] 4 4 4.45921506 0.3474

Table 2. Odd Ratios for odds of sampling females relative to
males, comparing level 1 to level 2. Significant at p�0.05.
Level 1 /Level 2 Odds Ratio Prob>Chisq

hot cold 0.172 <.0001�

hot medium 0.174 <.0001�

medium cold 0.984 <.910
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and that this varies predictably with geography: flies
from high latitude, temperate origins avoided high
temperatures and preferred cool temperatures,
whereas flies from low latitude, subtropical popula-
tions avoided cold temperatures and exhibited greater

relative preference for higher temperatures. Given the
biological and technical validation, we propose that
this new method and thermal-gradient apparatus can
be used to examine thermal preferences in natural
populations of Drosophila and other insect taxa of
similar size with free living adult stages (mosquitos,
wasps etc.). This method could also be used in screen-
ing of mutants and naturally occurring allelic variants
at candidate genes in a variety of organisms, as well as
the identification of genes underlying fundamental
aspects of thermal behavior.

Thermal dependence of motion has largely been
ignored in analyses of thermal behavior of small ecto-
therms. 55 It is key to assess thermal behavior along a

Table 4. Odd Ratios for odds of sampling temperate relative to
subtropical populations, comparing level 1 to level 2. Significant
at p�0.05.
Sex Level1 /Level2 Odds Ratio Prob>Chisq

Male hot cold 0.30 <.0001�

medium cold 0.72 0.0064�

medium hot 2.38 <.0001�

Female hot cold 0.13 <0001�

medium cold 0.55 <.0001�

medium hot 4.19 <0001�

Table 3. Effect likelihood ratio tests from the nominal logistic regression of the effects of the predictors on the log odds of temperate vs.
subtropical populations. Sexes were analyzed separately. Significant at p�0.05.

Males Females

Source Parameters d.f. ChiSquare Prob>ChiSq ChiSquare Prob>ChiSq

Habitat 2 2 39.7270409 <0.0001� 10.038799 0.0398�

Dev. Temp. 1 1 0.50744842 0.4762 0.0074357 0.9313
Dev. Temp. x Habitat 2 2 56.1973429 <0.0001� 8.52534512 0.0141�

Biol. Repl. 1 1 0.29482696 0.5871 3.36242047 0.0667
Replicate [Biol. Repl.] 4 4 0.88699223 0.9264 65.7359944 <0.0001

Figure 7. The plots depict the proportion of flies in the cold habitat (panels A, B) and the hot habitat (C, D) of the thermal gradient when
reared under culture temperatures of 18�C and 25�C. Females are shown in panels A and C, males in panels B and D. The blue lines/rec-
tangles depict the temperate (ME) populations and the red lines/circles denote the subtropical (FL) populations. Plotted are means.
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temperature gradient. Neglecting this could lead to
misinterpretations to thermal preference data.29,56-59

Therefore, actual distribution of animals along a ther-
mal gradient can only be evaluated with the combina-
tion of thermal preference and thermal dependence of
motion. The design of the apparatus and methodology
presented here allows a 3 dimensional space for move-
ment and clearly avoids even 2-dimensional patch
model constraints (Fig. 1). 60,61 Our design satisfies all
requirements for a new method including thermal sta-
bility along the gradient, stability of the thermal gradi-
ent across diurnal and calendar time, and repeatability
of distribution of flies across thermal habitats (see
Figs. 2, 3, and 5) This design also satisfies the recom-
mendations of Dillon et al.,56 which explicitly incorpo-
rates the effects of the thermal dependence of motion
on estimates of thermal preference.

Males and females exhibited significant differences in
thermal preference in natural populations of D. mela-
nogaster (Fig. 6; Table 1). Differences between the sexes
were most pronounced in the hot zone of the thermal
gradient rather than the cold zone, suggesting that males
are more stable with respect to thermal behavior across a
wider thermal range than expected (Table 2). However,
males go sterile at temperatures greater than 32�C. 62

One possible explanation for female avoidance of high
temperature regions may be the selection of suitable ovi-
position substrates based on temperature: high tempera-
ture habitats/substrates could compromise subsequent
larval performance and survivorship, and thus thermally
mediated behavior could have a direct effect on individ-
ual fitness. This hypothesis is supported by earlier work.
Feder 63 reported that a full size decomposing apple
under direct sun light can reach temperatures as high as
48�C. Further, his work suggested that females clearly
avoided decomposing fruit characterized by elevated
temperature. Females can detect and avoid oviposition
sites that are warm at the time of oviposition.63-65 This
indicates that temperature can be a significant stress for
the resultant offspring and can result in the evolution of
stress tolerance.63

Temperate D. melanogaster populations tended to
avoid the hot end of the thermal gradient whereas sub-
tropical populations tended to avoid the cold end (Fig. 7;
Table 3 and 4). These differences were comparatively
more significant in populations grown at lower tempera-
tures (18�C) than higher temperatures (25�C). Merging
both the trends clearly indicated the presence of genetic
variation and plasticity for this trait in natural

populations. Furthermore, the behavioral response of the
temperate and subtropical populations matches the tem-
perature profiles experienced in their natural habitats
(Fig. 8). It remains to be tested whether the phenotypic
variation observed here may be driven, in part, by natu-
rally occurring allelic variation segregating at candidate
genes such as those encoding trp channels. It would be of
particular interest to extend the methodology described
here to experimental manipulation of specific genes and
molecular variants inDrosophila and other taxa.

In geographical populations of variousDrosophila spe-
cies, studies have been done to assess latitudinal and alti-
tudinal variation in traits directly related to temperature
stress, such as heat knockdown and chill-coma recovery.
For example, in Australia and India, D. melanogaster
populations living at higher latitudes recover more
quickly from chill-coma than populations living in lower
latitudes whereas the opposite was observed for heat-
knockdown. 26 In India, similar patterns were observed
in heat knockdown and chill-coma recovery in D. ana-
nassae. 66Drosophila species show clear physiological cli-
matic limits and exploit a range of habitats that vary in
temperature and associated conditions. 24 Our study sup-
ports the hypothesis that stress and behavioral responses
are physiologically linked. Our data and analyses suggest
that behavior is another component of the adaptive
response to temperature/climate and should be quanti-
fied and examined in a variety of contexts. Such analysis
of thermal behavior may also be essential in the

Figure 8. Twelve-month average temperature patterns for the
sites of origin for the assayed populations. Jacksonville (30.33 N),
and Bowdoin (44.03 N) station Tave is shown in solid (with rectan-
gles), and dotted (with circles) lines respectively. Projections dis-
played here are the averages of 30 years (1980–2010). Climatic
data was obtained from National Oceanic & Atmospheric Admin-
istration (NOAA; www.ncdc.noaa.gov).
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assessment of performance and fitness connections
among different types of traits. We suggest that incorpo-
rating behavioral aspects of fitness could facilitate the
comprehensive evaluation of the adaptive response to cli-
mate and climate change in ectotherms.

Conclusions

The method described here in this study is highly consis-
tent across both technical and biological replication, and
is effective at discerning predicted behavioral differences
in thermal preference associated with sex, geographic ori-
gin, and developmental rearing temperature. Although
the molecular genetic basis of geographical variation for
complex phenotypes is poorly understood, genome
sequencing of natural populations may identify variants
and regions of the genome that respond non-randomly
to environmental gradients; such studies may identify
candidate genes that underlie variation in temperature
sensation/behavior in natural populations.67,68 A simple
and standardizedmethodology for the evaluation of ther-
mal sensation and behavior, such as the one presented
here, would be invaluable in assessing the functional sig-
nificance of identified genes and variants on thermal
behavior in natural populations.
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