
 
 

   

General Rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights. 

 • Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
 • You may not further distribute the material or use it for any profit-making activity or commercial gain  
• You may freely distribute the URL identifying the publication in the public portal 

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and 
investigate your claim. 
 
If the document is published under a Creative Commons license, this applies instead of the general rights. 

This coversheet template is made available by AU Library 
Version 2.0, December 2017 

 

Coversheet 

 
This is the accepted manuscript (post-print version) of the article. 
Contentwise, the accepted manuscript version is identical to the final published version, but there may 
be differences in typography and layout.  
 
How to cite this publication 
Please cite the final published version: 
 
MacLean, H. J., Kristensen, T. N., Overgaard, J. , Sørensen, J. G. and Bahrndorff, S. (2017), Acclimation 
responses to short‐term temperature treatments during early life stages causes long lasting changes in 
spontaneous activity of adult Drosophila melanogaster. Physiol. Entomol, 42: 404-411. 
doi:10.1111/phen.12212 

Publication metadata 
 
Title: Acclimation responses to short‐term temperature treatments during early 

life stages causes long lasting changes in spontaneous activity of adult 
Drosophila melanogaster 

Author(s): MacLean, H. J., Kristensen, T. N., Overgaard, J. , Sørensen, J. G. and 
Bahrndorff, S. 

Journal: Physiological Entomology 

DOI/Link: 10.1111/phen.12212 

Document version: 

 

Accepted manuscript (post-print) 

This is the peer reviewed version of the following article: [MacLean, H. J., Kristensen, T. N., Overgaard, 

J. , Sørensen, J. G. and Bahrndorff, S. (2017), Acclimation responses to short‐term temperature 

treatments during early life stages causes long lasting changes in spontaneous activity of adult 

Drosophila melanogaster. Physiol. Entomol, 42: 404-411. doi:10.1111/phen.12212], which has been 

published in final form at [https://doi.org/10.1111/phen.12212]. This article may be used for non-

commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived Versions. 

https://doi.org/10.1111/phen.12212
https://doi.org/10.1111/phen.12212
https://doi.org/10.1111/phen.12212
https://doi.org/10.1111/phen.12212


 1 

Acclimation responses to short-term temperature treatments during early life stages causes 1 

long lasting changes in spontaneous activity of adult Drosophila melanogaster 2 

 3 

 4 

 5 

Heidi J. MacLean1*, Torsten N. Kristensen2, Johannes Overgaard1, Jesper G. Sørensen1, Simon 6 

Bahrndorff2 7 

 8 

1 Department of Bioscience, Aarhus University, 8000 Aarhus C, Denmark  9 

2 Department of Chemistry and Bioscience, Aalborg University, 9220 Aalborg, Denmark 10 

 11 

 12 

 13 

Corresponding author: hmaclean@bios.au.dk 14 

  15 



 2 

Abstract 16 

Ecotherms adjust their physiology to environmental temperatures. Long-term exposures to 17 

heat or cold typically induce acclimation responses that generate directional, but reversible 18 

shifts in thermal tolerance and performance. However, less is known about how short 19 

exposure in different life stages will affect the adult phenotype. Here we compared the 20 

effects of long-term temperature exposure to 15, 19 and 31°C to that of brief (16 hour) 21 

exposure periods at the same temperatures in Drosophila melanogaster eggs, larvae, pupae, 22 

or adults, respectively. The acclimation responses were evaluated using activity 23 

measurements at 11, 15, 19, 27, 31, 33°C and measuring upper and lower thermal limits 24 

(CTmax and CTmin) in five-day-old adult males. As expected, long-term cold exposure 25 

reduced relative CTmin while long-term heat exposure increased relative CTmax. In contrast, 26 

we found little effect on thermal limits when using short-term exposures at different life 27 

stages. Long-term exposures to 31°C and 15°C both suppressed activity relative to the 19°C 28 

control suggesting that development at high and low temperatures may lead to reduced 29 

activity later in life. Short-term cold exposure early in development reduced activity in the 30 

adult stage while effects of short-term heat exposure on behaviour was dependent on life 31 

stage and test temperature. Together, our results highlight how the thermal sensitivity of the 32 

trait measured determines the ability to detect acclimation responses. 33 

 34 

  35 
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Introduction:  36 

Temperature fluctuations pose a challenge for insects, that have limited ability to regulate 37 

their body temperature above and below environmental temperatures. Nevertheless, many insect 38 

species thrive in thermally heterogeneous environments where they use physiological and 39 

behavioural means to cope with changes in temperature (Cossins and Bowler, 1987; Hoffmann 40 

and Parsons, 1991). Such responses are often refered to as acclimation responses or phenotypic 41 

plasticity. 42 

For insects with complex life-cycles, the length and ontogenetic timing of exposure to 43 

different temperatures may determine the potential cost and benefit of an induced plastic 44 

response (Hoffmann, Sørensen and Loeschcke, 2003; Bowler and Terblanche, 2008). For 45 

example, developmental (long-term) exposure to cold or hot temperatures has been shown to 46 

directionally affect survival under stressful thermal conditions later in life (Kristensen et al., 47 

2008; Colinet and Hoffmann, 2012). Studies have shown that ectotherms react to both long- and 48 

short-term exposure to cold (Kelty and Lee, 2001; Teets and Denlinger, 2013) and hot 49 

temperatures via acclimation within a specific life stage (Kingsolver et al., 2011). Thus exposing 50 

e.g. young adults to low or high temperatures typically increases cold and heat resistance when 51 

assessed later in life. Moreover, individual life stages have different capacities for thermal 52 

acclimation (Loeschcke and Krebs, 1996; Slabber and Chown, 2005; Lee et al., 2006; Powell 53 

and Bale, 2006; Jensen, Overgaard and Sørensen, 2007; Marais, Terblanche and Chown, 2009) 54 

and these differences can be linked to ecological (i.e. the specific microclimate experienced by 55 

that life stage) or behavioural factors (i.e. the ability for that life stage to behaviourally 56 

thermoregulate) (Mitchell et al., 2013; Potter et al., 2011, Loeschcke and Krebs 1996; 57 

Pincebourde and Casas 2015, Terblanche et al 2007).  58 
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Within life stages the cost and benefit of acclimation responses changes on a temporal 59 

scale, it is highly trait specific and depends on the duration and intensity of the temperature 60 

exposure. However, less is known about how, or if, cost and benefit of acclimation responses at 61 

different life stages affect the performance and behaviour of adults. The reversibility of 62 

acclimation responses has been shown to depend on a number of factors including the 63 

temperature and length of exposure (Davison, 1971; Geister and Fischer, 2007; Weldon, 64 

Terblanche and Chown, 2011; Allen, Clusella-Trullas and Chown, 2012). For example, in 65 

Drosophila melanogaster, increased cold tolerance induced by long-term cold acclimation lasts 66 

less than 24 hours when returned to standard rearing temperatures (25°C) whereas long-term heat 67 

acclimation increases heat resistance for several days, even when transferred to lower 68 

temperatures (15°C) suggesting that cold-acclimation is more labile (Slotsbo et al. 2016). 69 

However, evidence from the hawkmoth, Manduca sexta, suggests the length of exposure and, 70 

potentially, life stage during exposure to high temperature may also determine reversibly; 71 

specifically, short-term exposure to high temperatures during the egg stage had little to no effect 72 

on size or developmental rate in later life stages (Potter et al. 2011). Taken together, these data 73 

demonstrate that acclimation to high and low temperatures have different consequences, 74 

reversibility, and that the life stage during exposure may determine the degree of plastic 75 

response.  76 

Additionally, the ability to detect acclimation may depend on the traits and methods used 77 

to assess both the immediate plastic response and the rate of its reversibility. For example, 78 

behavioural traits, such as locomotor activity, flight or mating, exhibit greater thermal sensitivity 79 

than critical thermal performance endpoints, including survival and small changes in temperature 80 

can result in large differences in behaviour particularly when approaching the organism’s 81 
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thermal limits (Patton and Krebs, 2001; Krebs and Thompson, 2006; Kjærsgaard et al., 2015). 82 

As a result, spontaneous or voluntary locomotion has been used to detect potential benefits of 83 

long-term thermal acclimation in crickets (Lachenicht et al., 2010) and fruit flies (Loeschcke and 84 

Hoffmann, 2007), as well as short-term heat acclimation in ants (Clusella-Trullas, Terblanche 85 

and Chown, 2010). These differences in behaviour can have direct fitness consequences, and are 86 

important when considering population dynamics generally (e.g. Berrigan and Partridge 1997).  87 

In the present study, we used the model holometabolous insect D. melanogaster to 88 

investigate how short and long-term exposure to different temperature treatments during 89 

different life stages might alter adult thermal tolerance and performance. Specifically, we ask 1) 90 

can we induce any of the benefits of long-term acclimation on thermal tolerance with short-term 91 

acclimation during different life stages? and 2) can we draw similar conclusions about short- and 92 

long-term temperature exposures using thermal tolerance traits and thermal performance of 93 

spontaneous activity? To do this, we exposed flies to high, low or intermediate temperatures 94 

either through a long-term exposure for their whole life or through a short-term exposure 95 

consisting of 16 hour (h) at either the egg, larval, pupal, or adult life stage. With this design, we 96 

investigated how both short- and long-term acclimation affected the critical thermal limits 97 

(CTmax and CTmin) and the spontaneous activity (tested across six test temperatures: 11, 15, 19, 98 

27, 31, and 33°C). 99 

 100 

Material and Methods 101 

Experimental design: We used a mass-bred population of D. melanogaster established from 25 102 

isofemale lines collected from the Danish peninsula of Jutland in 2013. Prior to the experiment 103 

flies had been maintained at 19°C at a 12/12 light dark cycle on a standard Drosophila media 104 
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(agar, oatmeal, yeast, sugar) for approximately 70 generation. Experimental animals were 105 

prepared by allowing parental flies to oviposit on food media. Eggs were picked within 12h of 106 

being laid and were then transferred to 7mL vials at a density of approximately 40 eggs per vial. 107 

Both the long-term and short-term temperature regimes are summarized in Figure 1. For the 108 

long-term temperature treatment, vials were placed at 15, 19, or 31°C throughout development 109 

such that the vials were kept at these constant temperature regimes until 1h before the flies were 110 

tested. For experiments using short-term temperature exposure the flies were generally 111 

maintained at 19°C but then transferred briefly (16h) to either 15 or 31°C. Short-term exposure 112 

occurred at one of the following four stages, egg, 2nd instar larvae, 24-hour-old pupae, or 3-day-113 

old adults. Upon emergence, two-day old adults were sexed briefly (less than 5 min) under CO2 114 

anaesthesia and then returned to 19°C for 3 days before tests of thermal tolerance (CTmin and 115 

CTmax) or measurements of activity. To avoid complications from mating status and maturity, 116 

only males were used for subsequent experiments.  117 

 118 

Thermal limits: 20 adult males from each treatment were placed in individual 5 mL glass vials 119 

and placed in a circulating water/glycol bath at 19°C, after which they were exposed to a slow 120 

ramp down or up (rate of 0.1°C per minute) for assessment of critical thermal minimum (CTmin) 121 

or maximum (CTmax) respectively. The temperature at which all movement ceased was recorded 122 

as the thermal limit for that individual.  123 

 124 

Activity: Locomotor activity of flies was scored using a Drosophila Activity Monitor (DAM; 125 

Trikinetics, Waltham, MA, USA). Single male flies were transferred to vials that were positioned 126 

horizontally in the DAM. Each vial was 50 mm long and 0.5 mm wide and was centred 127 
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according to the light beam in the DAM. Vials were filled with fly medium at one end to provide 128 

food and were subsequently sealed with Parafilm. The other end of the vials was sealed with a 129 

0.5-cm-long piece of pipe cleaner, soaked in water, to provide moisture. Each monitor was 130 

placed inside a temperature cabinet (Binder, Tuttlingen, Germany) set to one of six temperatures 131 

(11, 15, 19, 27, 31, or 33°C). Monitors were placed at ~10am and removed at ~8am the 132 

following day. Twenty-one flies were assessed for each short- and long-term acclimation 133 

treatment (in total eleven treatments) and at each of the six test temperatures. Total activity was 134 

tallied for the 12h period excluding the first 5 minutes of recording.  135 

 136 

Statistical analyses: All statistical analyses were conducted in R (version 2.15.2).  137 

For all measures of performance, we analysed short-term heat exposure, short-term cold 138 

exposure, and long-term exposure separately. For the thermal limits experiments, critical 139 

temperature was analysed in a linear model framework, with life stage at the time of exposure as 140 

the main effect in the model.  For activity, we modelled the sum total of 12h of movement as a 141 

function of life stage at exposure and assay temperature. Since the relationship between activity 142 

and temperature is non-linear, we fit this model using a third order polynomial. For long-term 143 

exposure (development at 15,19, or 31°C), all three temperatures were analysed together.  144 

 145 

Results:  146 

Thermal Limits:  147 

Long-term acclimation resulted in directional shift of CTmin (slope = 0.36 °C°C-1, change 148 

in CTmin in degree Celsius per change in exposure temperature in degree Celsius, P < 0.01, 149 

Figure 2A) such that CTmin was reduced 0.36 °C per degree lowering of temperature exposure. 150 
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Acclimation also induced a shift in CTmax but this effect was less dramatic (slope = 0.05 °C°C-1, 151 

P < 0.01, Figure 2C).  152 

For short-term temperature exposure, life stage was ordered as a predictor variable and as 153 

such, a positive slope would indicate that short-term exposure closer to the focal life stage 154 

conferred a greater benefit. We see this in the short-term heat exposure where exposure to 31°C 155 

during the adult stage significantly increase CTmin, (slope= 0.04, P < 0.01, light grey squares in 156 

Figure 2B). A similar but not significant response was seen with respect to CTmax (slope = 0.024, 157 

P = 0.06, light grey squares in Figure 2D). For short-term cold exposure, we see no significant 158 

change in slope indicating that short-term exposure to 15°C did not change CTmin or CTmax 159 

regardless of which life stage the treatment was given (CTmin slope= 0.01, P = 0.49 or CTmax 160 

slope= -0.003, P = 0.75, dark circles in Figure 2B&D). 161 

 162 

Activity:  163 

Long-term temperature exposure at each of three different constant temperatures 164 

significantly influences activity (Table 1, Figure 3). While all three treatments are significantly 165 

different from each other, long-term exposure to both 15°C and 31°C decreased overall activity 166 

relative to the 19°C control. Here we found that flies exposed to 31°C throughout development 167 

and at the adult life stage show the lowest activity, even at the highest temperatures.  168 

The effects of short-term temperature exposure during development on adult activity 169 

depended on the temperature to which they were exposed. Short-term exposure to 15°C 170 

suppressed activity relative to activity of flies reared at 19°C throughout life (P < 0.01, Figure 4), 171 

particularly when exposed during the egg stage (slope = -0.95, P < 0.01, Figure 4A, Table 1). 172 

The effect of short-term exposure to 31°C had no significant effect on adult activity (P = 0.17, 173 
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Figure 4). However, the analyses revealed an interaction between life stage and assay 174 

temperature, such that short-term heat exposure at the egg, pupal and larval life stages increased 175 

relative activity at low temperatures and decreases it at high temperatures (P < 0.05, Table 1, 176 

Figure 4D). 177 

 178 

Discussion:  179 

 In this study, we compared the effects of long-term and short-term temperature exposure 180 

on critical thermal limits and locomotor activity. While much attention has been paid to long-181 

term developmental acclimation and to short-term acclimation processes during the adult life 182 

stage, the main focus of our study is on behaviour and thermal resistance in flies experiencing 183 

short-term exposures to hot or cold temperatures at different life stages. Unsurprisingly, long-184 

term exposure to hot or cold temperatures directionally shifted critical thermal limits in-line with 185 

what has previously been reported in Drosophila (Hoffmann, Sørensen and Loeschcke, 2003; 186 

Sørensen, Kristensen and Overgaard, 2016). This is typically used as evidence for beneficial 187 

acclimation, particularly for organisms who live in seasonal environments (Levins, 1969; 188 

Prosser, 1986). However critical thermal maxima of the flies did not increase linearly across 189 

exposure temperatures, which could indicate that exposure to 31°C, is stressfully high. This is 190 

supported by Schou et al. (2017) who assessed thermal tolerances of D. melanogaster developed 191 

at temperatures spanning the full range that allowed successful development. They showed that 192 

flies that developed at very high or very low temperatures did not follow the linear expectation, 193 

i.e. they had lower CTmax and higher CTmin than expected based on linear predictions. However, 194 

since the thermal environment can change with the ecology and mobility of a given life stage it is 195 

important also to investigate short-term acclimation responses throughout ontogeny. Here we 196 
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found that short-term exposure to heat or cold, even in the adult stage, does not shift thermal 197 

tolerance limits. Only adult short-term heat exposure seems to have a small negative effect on 198 

adult CTmin suggesting a cost of acclimation rather than a benefit (Figure 2). However, the lack 199 

of benefit may be due to the 48 hours of recovery between the exposure and scoring of adult 200 

thermal performance, as others have shown that brief (hardening) exposures immediately prior to 201 

experimentation can have significantly positive effects (Loeschcke and Hoffmann, 2007; Arias et 202 

al., 2012; Slotsbo et al., 2016). 203 

Functionally, the reversibility of short-term acclimation responses may account for the 204 

lack of an effect of short term exposures on adult thermal tolerance to heat or cold. Previous 205 

studies have indicated that long-term cold acclimation is more reversible (>24h) than long-term 206 

heat acclimation (ca. 5days) (Slotsbo et al., 2016), suggesting that cold-acclimation is more 207 

rapidly reversed. In our study, short-term exposure of the adult life stage was given 2-3 days 208 

post-eclosion and assays were conducted following 48h of recovery so it is possible that any 209 

benefit of the cold treatment had been reversed in that time frame. Thus, we conclude that short-210 

term exposures, regardless of life stage, does not confer lasting beneficial shift in thermal 211 

tolerance. Based on these results, our study suggests that short-term exposure to heat or cold 212 

during development has little effect on the adult life stage. However, behaviour can demonstrate 213 

greater thermal sensitivity than thermal limits (Kjærsgaard et al., 2015), and therefore we also 214 

measured the thermal performance of a behavioural trait in the form of spontaneous movement.  215 

Activity, as measured by number of spontaneous crossings in the activity monitor, revealed 216 

an effect of both long- and short-term exposures to hot or cold temperatures. While the effect of 217 

long-term exposure on critical thermal limits can be seen as evidence for beneficial acclimation, 218 

the effect on activity measurements show a more complicated story. In measurements of 219 
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stimulated locomotion, there is typically a positive linear relationship between temperature and 220 

activity (Angilletta, 2009). Here we saw a similar increase at low temperatures but also a 221 

reduction in activity between 27-31°C before we observed a sharp increase in spontaneous 222 

activity between 31-33°C. We hypothesize that the behavioural response between 27 and 31°C is 223 

indicative of an energetic conservation strategy and we speculate that temperatures above 31°C 224 

then elicit a form of escape behaviour. With long-term exposures, we expected to see horizontal 225 

shifts in thermal performance such that heat acclimated flies would be more active at high 226 

temperatures (right-shifted) and cold acclimated flies would perform better at low temperatures 227 

(left-shifted) as is typically seen in measurements of stimulated movement in other taxa (Huey 228 

and Kingsolver, 1989; Angilletta, 2009).We did see a shift in activity with long-term exposure, 229 

but this shift was in the vertical position of the performance curve such that long-term exposure 230 

to both heat and cold resulted in reduced activity across all six temperatures. While this was 231 

somewhat unexpected for stimulated movement, it is in accordance with other studies looking at 232 

spontaneous movement using DAMs, where flies that develop at intermediate temperatures 233 

showed higher behavioural activity across test temperatures (Zamudio, Huey and Crill, 1995; 234 

Gilbert, 2001; Kjærsgaard et al., 2015; Bahrndorff et al., 2016). One possible explanation for the 235 

lower activity could be that we measured locomotor activity as spontaneous movement and 236 

animals developed at temperatures above or below optimum may be more likely to conserve 237 

their energy.  238 

We find that activity following short-term heat exposure was dependent on life stage and test 239 

temperature as evident from the significant interaction observed between assay temperature and 240 

life stage. Short-term cold acclimation in early life stages reduced the spontaneous activity of the 241 

emerging adults. Specifically, we see that short-term cold exposure in early life stages (egg and 242 
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larva) significantly lowered adult activity at all test temperatures relative to the 19°C control. 243 

Here we find evidence that there may be critical developmental windows where cold 244 

temperatures can change an aspect of the adult phenotype. These data might explain why the 245 

conclusions of field recapture studies can deviate from conclusions of laboratory activity studies 246 

(see e.g. Kristensen et al. 2008; Bahrndorff et al. 2016). Moreover, this study highlights the 247 

importance of measuring traits with different thermal sensitivities. While spontaneous movement 248 

in the lab can be difficult to interpret in a traditional context, these data provide clear evidence 249 

that by looking at both traditional measures of thermal acclimation, and highly sensitive traits, 250 

like spontaneous activity, researchers will gain more information about the effects of temperature 251 

on adult fitness components.   252 

In conclusion, we find evidence that long-term cold and heat exposure respectively reduced 253 

CTmin and slightly increased CTmax. In contrast, short-term exposures to cold or hot temperatures 254 

at one life stages had little effect on thermal limits at a different life stage. However long-term 255 

exposures to heat and cold both suppressed activity suggesting that development above or below 256 

an optimal temperature might have long-lasting behavioural consequences. Short-term cold 257 

exposure at one life stages led to reduced activity in the emerging adults. Thus, benefits of 258 

acclimation are dependent on the life stage and duration of exposure and interestingly 259 

behavioural assays might be more sensitive in detecting responses to short term thermal changes 260 

than traditionally used measures of thermal tolerances (summarized in graphical abstract) . These 261 

results are interesting in relation to thermal acclimation currently being investigated in applied 262 

insect biology. For example, acclimation to low or high temperatures may impact the efficiency 263 

of biological control agents used in integrated pest management (Sørensen, Toft and Kristensen, 264 

2013). While long-term exposure to high or low temperatures may facilitate beneficial 265 
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acclimation when insects are released in greenhouses or on open land, this could be a time-266 

intensive and costly change to apply to mass-rearing. If short-term acclimation at adult or 267 

juvenile stages could furnish similar benefits, such treatments might be a useful and more 268 

feasible tool in rearing of insects for pest management. Here we see no benefit of short-term 269 

acclimation on thermal limits but reveal a critical developmental window for thermally sensitive 270 

traits, in this case activity, for cold treatments. Further research is needed to investigate potential 271 

mechanisms and applications.  272 
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Table 1: For cumulative activity over 12h, we analysed short-term heat exposure, short-term 393 

cold exposure, and long-term exposure separately.  Using a linear model, we tested the total of 394 

movement as a function of life stage at exposure and assay temperature. Since the relationship 395 

between activity and temperature is non-linear, we fit this model using a third order polynomial. 396 

For long-term exposure (development at 15,19, or 31°C), all three temperatures were analysed 397 

together.  398 

Table 1:  399 

  Short-term cold exposure (15°C) Short-term heat exposure (31°C ) 

 DF F-value P-value F-value P-value 
Stage of exposure 4 4.972 < 0.001 1.623 0.167 
Assay Temperature 1 106.398 < 0.001 70.419 < 0.001 
Assay Temperature ^2 1 0.271 0.603 2.222 0.136 
Assay Temperature ^3 1 59.454 < 0.001 128.780 < 0.001 
Stage:Assay Temperature 4 2.349 0.053 2.408 0.048 

      

 Long-term exposure   

 DF F-value P-value   
Exposure Temperature 1 16.487 < 0.001   
Assay Temperature 1 25.264 < 0.001   
Assay Temperature ^2 1 0.197 0.657   
Assay Temperature ^3 1 12.581 < 0.001   
Exposure Temp:Assay Temp 1 2.674 0.103   

 400 
  401 
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Figure 1: Experimental design for long-term and short-term exposure. Long-term exposure flies 402 

were reared from egg to adult at their exposure temperature. Short-term exposure flies were 403 

taken from 19°C at a designated life stage and exposed to 16h at 15 or 31°C and then returned to 404 

19C for the rest of development. Experiments were performed on 5-6 day old adults. 405 

 406 

Figure 2: Mean (±SE) critical thermal minimum, CTmin (A and B) and maximum, CTmax (C 407 

and D) for 5-days-old adult male flies of Drosophila melanogaster fitted with a linear regression 408 

line. On the x-axes, long-term exposure temperatures are presented in A and C and age at the 409 

time of short-term exposure are presented in B and D with the mean of the 19°C control flies 410 

represented as a dashed grey line.  411 

 412 

Figure 3: Effect of long-term exposure on the mean (±SE) number of crossings in Drosophila 413 

activity monitors (DAM) over 12h for 5-day old adult male Drosophila melanogaster. Shown 414 

here, flies given long-term heat exposure (31°C, light grey squares), long-term cold exposure 415 

(15°C, dark grey circles) and the 19°C control (black triangle). 416 

 417 

Figure 4: Effect of short-term exposure on the proportional difference in mean (±SE) number of 418 

crossings in DAM over 12h for 5-day old adult male Drosophila melanogaster compared to the 419 

19°C control (dashed grey line). Short-term cold exposure (15°C, dark grey circles) and short-420 

term heat exposure (31°C, light grey squares) are plotted by life stage during exposure; egg (A), 421 

larva (B), pupa (C), and adult (D). 422 

 423 

Figure S1: Effect of short-term exposure on the mean (±SE) number of crossings in Drosophila 424 

activity monitors (DAM) over 12h for 5-day old adult male Drosophila melanogaster. Dark blue 425 

and red represent the activity of flies given short-term cold or heat exposures respectively. These 426 

are compared with in each plot to flies given long-term cold (15°C, light blue line), long-term 427 

heat exposure (31°C, pink line) and the 19°C control (grey line).  428 

 429 
430 
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