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Abstract:  1 

The thermal biology of ectotherms is often used to infer species’ responses to changes in 2 

temperature. It is often proposed that temperate species are more cold-tolerant, less heat-tolerant, 3 

more plastic, have broader thermal performance curves (TPCs), and lower optimal temperatures, 4 

when compared to tropical species; however, relatively little empirical work has investigated 5 

these expectations. Here we measure thermal tolerance limits and thermal performance of the 6 

fitness components viability, developmental speed, and fecundity at seven temperatures in 22 7 

species of Drosophila reared at a common temperature. For 10 of these species, we also 8 

measured thermal tolerance and thermal performance following developmental acclimation to 9 

three additional temperatures. Using these data, we test several fundamental hypotheses about 10 

the evolution and plasticity of heat and cold resistance and thermal performance. We find that 11 

cold (and to a lesser degree heat) tolerance varied between the species in a predictable pattern. 12 

This confirms the marked effect of evolutionary adaptation and acclimation on thermal tolerance. 13 

However, contrary to expectation, find that the breadth of thermal performance in fitness traits 14 

were similar in temperate, widespread and tropical species and we also find that the plasticity of 15 

TPCs is constrained. These data support the idea that thermal tolerance limits have evolved in 16 

response to extreme environmental conditions that limits species persistence whereas the 17 

temperature range for optimal thermal performance is likely under selection by the temperatures 18 

that prevail during the more benign seasons. Further, it calls to question the utility of TPCs in 19 

inferring ecological adaptation. We conclude that the thermal performance of fitness traits in 20 

Drosophila species are temporally and spatially stable and that thermal tolerance varies 21 

considerably across latitudes.  22 

 23 

Key words: Thermal performance curve, reaction norm, plasticity, Drosophila, life-history, 24 

fitness, thermal limits   25 



Introduction:  26 

Temperature directly effects many biological processes from enzymatic reactions to population 27 

growth (Cossins & Bowler, 1987; Frazier et al., 2006; Schulte et al., 2011) making 28 

environmental temperature an important abiotic determinants of fitness for most organisms 29 

(Angilletta, 2009). The thermal biology of animals is often characterized from either thermal 30 

tolerance (the ability to survive short-term exposure to extreme temperatures) or thermal 31 

performance (quantified by measuring fitness-related traits over a range of temperatures) (Huey 32 

& Kingsolver, 1989; Angilletta, 2009; Sinclair et al., 2016). Thermal performance and thermal 33 

tolerance have both been used to predict patterns of species distribution and responses to 34 

environmental change (Addo-Bediako et al., 2000; Deutsch et al., 2008; Buckley & Kingsolver, 35 

2012; Sunday et al., 2012; Overgaard et al., 2014).  However, the usefulness of these measures 36 

requires an understanding of the evolution and plasticity of these traits as well as a critical 37 

evaluation of how these traits vary among and within species. 38 

It is often assumed that thermal tolerance and performance will vary predictably with the 39 

environment of terrestrial ectotherms (Huey & Kingsolver, 1989; Angilletta, 2009; Lande, 2009). 40 

As illustrated in Fig. 1A, temperate species that experience a greater range of temperatures 41 

throughout the year, are predicted to tolerate colder temperatures, have a lower optimal 42 

temperature (Topt) and to maintain performance across a wider range of temperatures (a broader 43 

performance breadth, Tbreadth), compared to tropical species (Gilchrist, 1995; Angilletta, 2009; 44 

Payne & Smith, 2017). Empirical evidence for these predictions come mainly from studies on 45 

tolerance of acute exposure to heat and cold stress (Addo-Bediako et al., 2000; Sunday et al., 46 

2011) where temperature tolerance is measured by observing cessation of neuromuscular control 47 

and/or the onset of death (Lutterschmidt & Hutchison, 1997). These approaches have facilitated 48 

direct comparison across taxa and geographic ranges and large comparative studies and meta-49 

analyses show that species tend to increase cold tolerance with distance from the equator (Addo-50 

Bediako et al., 2000; Kimura, 2004; Kellermann et al., 2012a). Interestingly, upper thermal 51 

limits vary less across latitudes which is consistent with less latitudinal variability in maximal 52 

environmental temperature (Sunday et al., 2011; Hoffmann et al., 2012a; Kellermann et al., 53 

2012b) (Fig. 1B). Additionally, studies on ectotherms have found that tolerance of and 54 

performance at high temperatures is evolutionary constrained in many species (Hoffmann et al., 55 



2012b; Kellermann et al., 2012b; Araújo et al., 2013; Kristensen et al., 2015b; García-Robledo et 56 

al., 2016).  57 

Thermal performance is a broad term that can be measured on many traits including 58 

metabolism, locomotion, growth rate and fecundity (Buckley et al., 2010; Diamond et al., 2011; 59 

Hertz et al., 1983; Kingsolver & Huey, 2008; Schulte, 2015; Sinclair et al., 2016). Because of 60 

the variety of traits and methods used to assess thermal performance, there are few directly 61 

comparable studies that can be used to investigate broad-scale patterns of adaptation in thermal 62 

performance in terms of either thermal optima (Topt) or thermal breath (Tbreath) (Sinclair et al., 63 

2016; Sørensen et al., 2018). Moreover, it is often time and resource consuming to generate the 64 

data across many experimental temperatures needed to generate high quality thermal 65 

performance estimates - especially if more than one trait or one species is considered. The dearth 66 

of comparable of studies may reflect the practical challenges related to the generation of robust 67 

thermal performance curve data. Despite little empirical evidence, it is generally assumed that 68 

Topt and Tbreadth will follow theoretically adaptive patterns across latitudinal and environmental 69 

gradients (Fig. 1).     70 

 It is also often suggested that species from highly fluctuating thermal environments 71 

exhibit greater plasticity than species from stable environments (Janzen, 1967; Van Tienderen, 72 

1991; Angilletta, 2009; Lande, 2009). Species from temperate environments are therefore 73 

assumed to have larger acclimation responses which should also be reflected in more plastic 74 

thermal performance curves (Fig. 1). Tests of this hypothesis are however mostly limited to 75 

tolerance traits (CTmin/CTmax) and comparative studies often fail to find marked evolutionary 76 

differences in plasticity across latitudinal gradients (Figure 1B, Willis et al., 2008; Labra et al., 77 

2009; Overgaard et al., 2011; Gunderson & Stillman, 2015; Seebacher et al., 2015; Sørensen et 78 

al., 2016 but see Naya et al., 2011; Markle & Kozak, 2018). Despite the lack of comparative data 79 

on thermal performance curves of ectotherms, textbook examples often depict temperate species 80 

as having greater plasticity in addition to broad TPCs and lower optimal temperatures (Moreteau 81 

et al., 1997; Morin et al., 1999; Angilletta, 2009) (Fig. 1). These patterns are based largely on 82 

theoretical work predicting that environmental variation will drive the evolution of thermal 83 

acclimation to seasonal environments (Levins, 1969; Gilchrist, 1995; Sultan & Spencer, 2002; 84 

Angilletta, 2009; Lande, 2009). On the other hand, there are many traits linked to fitness and 85 

population growth (such as reproduction, growth and development success) that are only relevant 86 



for parts of the yearly cycle in particularly in temperate species. Since summer maximal 87 

temperatures vary less across latitude it is possible that such performance traits vary less along 88 

the temperate to tropical axis (Chown et al., 2004).   89 

In the present study, we address these questions by measuring thermal tolerance limits and 90 

thermal performance of several fitness components (developmental viability, development speed, 91 

and adult fecundity) at seven test temperatures in 22 species of Drosophila reared at a common 92 

temperature. For 10 of these species, we also measure thermal limits and thermal performance 93 

following developmental acclimation to three additional developmental temperatures. Using the 94 

interspecific data, we are able to test the a priori assumptions that tropical species from stable 95 

warm climates i) are less cold tolerant and more heat tolerant, ii) have a higher Topt and iii) lower 96 

Tbreadth compared to temperate species originating from more cold and variable thermal 97 

environments (compare patterns in Fig. 1A and B). Furthermore, by examining intraspecific 98 

patterns of plasticity within species reared at different temperatures we examine the plasticity of 99 

TPC’s and test if temperate species from variable environments are more plastic in thermal 100 

tolerance or thermal performance traits (gray shaded area in Fig 1B). 101 

  102 

 103 
Materials and Methods:  104 

Experimental protocol: 105 

Thermal traits were measured in 22 species of Drosophila through assessment of thermal 106 

tolerance (CTmin and CTmax) as well as thermal performance in life history traits (using data of 107 

three fitness traits: egg laying capacity, egg to adult viability, and developmental speed).  The 22 108 

species span the Drosophila phylogeny and include tropical, temperate, widespread, cold adapted 109 

and xeric species (Table S1). Flies used in this experiment originated from several laboratory 110 

stocks (Table S1) but we have recently shown that there are no significant or systematic 111 

difference in traits investigated in flies recently collected in the field and laboratory stocks, 112 

respectively (MacLean et al., 2018). To obtain data we reared fifteen species under common 113 

garden conditions: density-controlled, 19°C, 12/12 L/D, on standard fly media (Kristensen et al., 114 

2015a). Data for additional 10 species was extracted from a previous study (Overgaard et al., 115 

2014) with almost identical rearing conditions (See Table S1). Three of the species were 116 

included in both the new dataset and the dataset from Overgaard et al. (2014). Collectively these 117 



data allowed us to explore evolutionary and ecological patterns in thermal tolerance and in 118 

thermal performance optima and breadth. 119 

To investigate if/how thermal acclimation affects thermal tolerance and thermal 120 

performance we explored the role of developmental thermal acclimation for 10 of the species 121 

(Drosophila birchii, D. immigrans, D. lutescens, D. melanogaster, D. mercatorum, D. montana, 122 

D. mojavensis, D. simulans, D. subobscura, and, D. yakuba, highlighted in Table S1). Each of 123 

these species were reared at 15, 19, 23 and 27°C prior to assessments of thermal performance 124 

(egg laying capacity, viability, and developmental speed) or thermal tolerance (CTmin and CTmax). 125 

Because D. subobscura and D. montana originate from cooler climates, they were acclimated to 126 

15, 19, 23°C and 11, 15, 19, 23 °C, respectively. 127 

 128 

Rearing of experimental animals: 129 

To produce experimental flies, we allowed parental flies to oviposit on media and subsequently 130 

placed the eggs in vials with 7 mL standard fly media at density of 40 egg/vial (typically we set 131 

up 15 vials (600 eggs), per species/acclimation group). Upon emergence, the adult flies were 132 

transferred to fresh food bottles and tipped every third day until eggs and 1st instar larvae were 133 

observed in the bottle. The adults were then deemed to be reproductively mature and 134 

subsequently used for experimentation to estimate critical thermal limits (CTmin or CTmax) or to 135 

test developmental speed, viability, and fecundity.  136 

 137 

Thermal performance (fitness traits): 138 

Viability and developmental speed were measured by transferring eggs laid by each 139 

species/acclimation combination to vials with 7 mL standard fly food (20 eggs per vial) and then 140 

placing the vials at one of the seven test temperatures (11, 15, 19, 23, 27, 31, 33°C; Fig. 2). A 141 

minimum of five replicates per species/acclimation combination were placed at each of the test 142 

temperatures. The vials were scored daily for number of adults that emerged to assess 143 

developmental speed (calculated as the reciprocal of developmental time). The proportion of 144 

adults that emerged was used to determine egg to adult viability at each temperature (Fig. 2). 145 

Fecundity was measured by placing a single mated pair of adult flies (sorted with less 146 

than 5 minutes of CO2, 48 hours prior to experimentation) into empty 35 mL plastic vials 147 

containing a small spoon filled with 1 mL of standard fly media. For each of the test 148 



temperatures we used a minimum of seven and a maximum of 15 replicates per 149 

species/acclimation combination. Flies were allowed to lay eggs for 48 hours. After 24 hours, 150 

spoons were replaced to prevent the media from drying out at high temperatures and flies were 151 

assessed for survival daily. In cases where one member of the pair was dead, the replicate was 152 

removed from the final analysis. 153 

 154 

Thermal tolerance (CTmin/CTmax):  155 

20 mated females from each species/acclimation combination were placed in individual 5 mL 156 

glass vials with lids. The vials were then submerged in a circulating water/glycol bath at 20°C 157 

and exposed to a slow temperature-ramp down or up (rate of 0.1°C per minute) for assessment of 158 

critical thermal minimum and maximum, respectively. The temperature at which all movement 159 

ceased was recorded as the tolerance limit (CTmin or CTmax) for that individual.  160 

 161 

Environmental Data:  162 

We used published environmental values calculated from the mean environmental conditions 163 

experienced across the distribution range of a given species (See Table S1 and Kellermann et al., 164 

2012a for details). For the analysis, we considered the following environmental traits; latitude, 165 

mean annual temperature, the temperature of the warmest quarter, the temperature of the coldest 166 

quarter, precipitation in the wettest quarter, and precipitation in the driest quarter.  167 

 168 

Data Analysis:  169 

Egg to adult viability, developmental speed and fecundity were measured at each of seven test 170 

temperatures (11, 15, 19, 23, 27, 31, and 33 °C) after which, each fitness component was 171 

standardized to the mean maximal value possible within a given species/acclimation temperature 172 

combination (i.e. if the highest mean viability across the seven test temperatures was 80%, then 173 

viability of the six other test temperatures was normalized to this value). In this way all traits 174 

values were between 0 and 1 for each of the three traits and using these normalized values we 175 

computed a composite fitness measure by taking the product of the normalized values from the 176 

three traits (See Fig. 2 and Overgaard et al., 2014 for details). Using this estimate of composite 177 

fitness, we fit the data to quantify the optimal temperature (Topt) and the breath of thermal 178 



performance (Tbreadth) which represents the temperature interval in which composite fitness is > 179 

than 80% of Topt (See Fig. 1 and 2 and supplementary methods for further details).  180 

For our estimate of Topt and Tbreadth, we took the normalized trait values for each of the 181 

test temperatures and upsampled the data to a 0.1°C spacing, using simple linear interpolation. 182 

We then smoothed the result with a zero-phase Low Pass finite impulse response (FIR) filter 183 

(implemented in MATLAB 2016a, The MathWorks, Inc., Mas, USA). The result was a smooth 184 

estimate of the data as they would have looked, sampled at 4°C intervals and then optimally up-185 

sampled to yield a frequency resolution of 0.1°C. This Low Pass fit entailed no a priori 186 

assumptions on the underlying shape of the data and comparisons to Gaussian and polynomial 187 

fits were qualitatively similar (see supplementary methods, Figure S1and S2). In order to obtain 188 

an estimate of variance in our estimates of Topt and Tbreadth and to mitigate effects of spurious data 189 

within and between species/acclimation temperature treatments, we performed this analysis 190 

repeatedly by subsampling the data 50 times. Specifically, we made each of the 50 estimates by 191 

randomly sampling half (rounded up- i.e. five replicates would be sampled 3 times) of the 192 

available replicates per trait per test temperature (Fig. 2). 193 

 194 

Adaptation in thermal performance and thermal tolerance:  195 

With 22 species distributed across the Drosophila phylogeny and a range of ecotypes, we were 196 

able to investigate the relationship between thermal tolerance/performance and the 197 

environmental conditions experienced by different species in nature. To test for adaptive 198 

differences, we analyzed the data from animals reared at a common temperature (19°C) using a 199 

generalized linear mixed model approach with either CTmin, CTmax, Topt or Tbreadth as the response 200 

variable. We then performed formal model selection using all of the environmental variables 201 

(Table S3) as predictor variables. We treated species as a random effect. For thermal 202 

performance, we nested species within resampling iteration to account for pseudo-replication 203 

generated by resampling the data. These analyses were performed in R (v3.3.3) using the nlme 204 

package (R CoreTeam et al., 2014). We failed to find a significant phylogenetic signal in our 205 

data (see supplementary methods) and thus, did not include phylogenetic corrections in our 206 

analysis. 207 

The composite fitness measure reported here is based on measurements where the 208 

egg/larvae are exposed chronically to the test temperature in the assessment of egg to adult 209 



viability and developmental speed. Such chronic treatments do, in themselves, represent an 210 

acclimation treatment. We therefore performed a similar analysis of Topt using only the data of 211 

egg laying capacity, which represents a more acute measure of thermal performance.  This 212 

analysis resulted in qualitative similar patterns as the analysis based on composite fitness 213 

(compare Table S3 and S4 and compare Fig. 3 and Fig S5). 214 

 215 

Acclimation of thermal performance and thermal tolerance:  216 

For 10 species, we investigated if/how developmental acclimation affected CTmin, CTmax, Topt 217 

and Tbreadth. For this analysis, we used a generalized linear mixed model approach with either 218 

CTmin, CTmax, Topt or Tbreadth as the response variable with species as a random effect. We nested 219 

species and acclimation within bootstrap iteration to account for pseudo-replication generated by 220 

resampling the data. We then performed formal model selection using acclimation and all of the 221 

relevant environmental variables (Table S3) as predictor variables. Additionally, we performed a 222 

similar analysis of Topt using only the data of egg laying capacity which revealed more short-223 

term effects of developmental acclimation temperature (see Table S4 and Fig S6). 224 

 225 

Results:  226 

Adaptation in thermal performance and thermal tolerance:  227 

Thermal performance was quantified as both the temperature where the highest performance was 228 

obtained (Topt; Fig. 3A) and as the temperature range where high performance (> 80% of Topt) 229 

was maintained (Tbreadth; Fig. 3B). Topt was not significantly explained by any of the climatic 230 

variables (Table S5) but model selection suggested that mean temperature of the warmest quarter 231 

explained the highest amount of observed variance (F1,1690 = 0.034, p = 0.17). Tbreadth exhibited 232 

more variation within species than Topt, and similar to Topt, we failed to find any significant 233 

relation with any of the climatic variables. The environmental variable that explained the highest 234 

amount of variance in Tbreadth was precipitation in the driest quarter (F1,1690 = 1.77, p = 0.09).  235 

For thermal tolerance, model selection showed that CTmin increased significantly with 236 

mean temperature of the coldest quarter (F1,296 = 32.97, p = 0.0007) and the explanatory power of 237 

the model was not improved by inclusion of any of the other climatic variable (Table S3). CTmax 238 

showed no relationship to any of the climatic variables. The best model explaining variance in 239 

CTmax included mean temperature of the warmest quarter as the sole predictor variable, but this 240 



was not significant (F1,313 = 0.03, p = 0.86). For all traits, we found that annual mean temperature 241 

represented the second-best model (which is why we have chosen to plot all the traits against this 242 

variable in Fig. 3).  243 

 244 

Acclimation of thermal performance and thermal tolerance:  245 

We considered developmental acclimation in 10 of the investigated species and did not find Topt 246 

to be correlated to acclimation temperature (F1,1690  = 0.47, p = 0.49, Fig 4A). There was, 247 

however, a positive association between Topt and mean temperature of the warmest quarter in this 248 

smaller subset of species (F1,1690 = 10.21, p = 0.01, Table 1). Tbreadth decreased significantly with 249 

acclimation temperature suggesting that exposure to higher temperatures serves to decrease 250 

thermal breadth (F1,1690 = 23.97, p < 0.001, Fig 4B). However, this pattern in Tbreadth was not clear 251 

at the single species level as none of the 10 species showed a significant directional response in 252 

Tbreadth (Fig 4B). 253 

With respect to thermal tolerance traits we found that CTmin increased with both 254 

acclimation temperature (F1,824 = 1326.54, p < 0.001) and mean temperature of the coldest 255 

quarter (F1,824 =8.51, p = 0.019). The effect of acclimation temperature on CTmax was more 256 

modest but still significant (F1,872 = 347.56, p < 0.001). Additionally, we analyzed if there were 257 

any relation between environmental variables and acclimation potential for any of the four traits 258 

(Topt, Tbreadth, CTmin or CTmax). Acclimation potential was calculated from the slope of the linear 259 

fits of trait values against acclimation temperature where steep slopes indicate high plasticity. 260 

When acclimation potentials were analyzed across species we found no relationship with the 261 

environmental origin, i.e. species from cold (temperate) climates did not have higher plasticity 262 

than those originating from warm (tropical) climates (Figure S4).  263 

 264 

Discussion: 265 

How organisms cope with thermal variation and extreme temperature exposure is a central 266 

research topic in ecophysiology and evolutionary biology of animals. Insects such as Drosophila 267 

spp. are often used as models in this type of research and different measures of performance at 268 

different temperatures are used to explore adaptation, explain patterns of distribution, and predict 269 

responses to climate change (Addo-Bediako et al., 2000; Parmesan, 2006; Deutsch et al., 2008; 270 

Kellermann et al., 2012b; Overgaard et al., 2014). Measures obtained from such studies on 271 



thermal tolerance and performance include the ability to survive extreme temperatures (CTmin or 272 

CTmax) as well as physiological and behavioral measures of different life history traits 273 

(characterized by Topt and T breadth). Numerous comparative studies have tested for associations 274 

between cold and heat tolerance and  species distribution patterns typically providing support for 275 

the importance of especially cold tolerance species distributions (Addo-Bediako et al., 2000; 276 

Kimura, 2004; Sunday et al., 2011; Kellermann et al., 2012b; a). The relationship between 277 

thermal performance measures (Topt and Tbreadth) and species distribution is less apparent. This is 278 

partially due to the lack of large comparative datasets where thermal performance of different 279 

species is examined under comparable conditions. Nevertheless, theory predicts that thermal 280 

performance curves should differ considerably between tropical and temperate species as 281 

outlined in Fig. 1 (Huey & Kingsolver, 1989; Gilchrist, 1995; Angilletta, 2009; Lande, 2009). To 282 

test these predictions, the present study examined patterns of thermal performance and tolerance 283 

in 22 Drosophila species that were all tested and reared under similar conditions. Specifically, 284 

we tested the hypotheses that Topt, CTmin and CTmax are lower in species inhabiting cooler 285 

climates while thermal tolerance curves are broader (increased Tbreadth) in cold adapted species. 286 

Further, we tested the hypothesis that developmental thermal acclimation can shift Topt, Tbreadth, 287 

CTmin, and CTmax and that high latitude species from cooler climates are characterized by larger 288 

plasticity of these traits as these species have adapted to greater variability in environmental 289 

temperatures. 290 

 We find, in accordance with several earlier studies of ectotherms, that upper thermal 291 

limits (CTmax) are unrelated to the average environmental temperature of the species origin, but 292 

that cold tolerance (CTmin) is strongly correlated with the environmental temperatures that 293 

characterize the species’ geographic ranges (Kimura, 2004; Kellermann et al., 2009, 2012b; 294 

Sunday et al., 2011). Earlier studies including almost 100 species of Drosophila also failed to 295 

find clear and simple relation between heat tolerance and annual mean temperature (Kellermann 296 

et al., 2012b), but the previous studies, including Kellermann et al (2012b), do reveal a 297 

relationship between tolerance and the warmest environmental temperatures in Drosophila living 298 

in dry habitats. It is therefore possible that inclusion of more xeric species in the present study 299 

would have resulted in a similar finding (Stratman & Markow, 1998; Gibbs, 2002; Kellermann et 300 

al., 2012b). We observed considerably larger variation in CTmin between species and CTmin was 301 

strongly correlated to temperature (Table 1, Figure 2A). This result is consistent with several 302 



earlier studies of insects in general, and Drosophila specifically, which all find a strong relation 303 

between species cold tolerance and species distribution range (Addo-Bediako et al., 2000; 304 

Kimura, 2004; Sunday et al., 2011; Andersen et al., 2015). Thus, tropical species from relatively 305 

stable and warm thermal environments are considerably less cold tolerant than their temperate 306 

congeners.  307 

 Thermal performance is inherently more complex to measure and analyze than thermal 308 

limits as there are no clear guidelines outlining which traits are the most appropriate to explore 309 

the relation between temperature and fitness (or population growth potential) (reviewed in 310 

Sinclair et al., 2016). Empirical studies of TPC’s are relatively limited because of their time-311 

consuming nature, but directly comparable datasets are necessary in order to test theoretical 312 

expectations of thermal performance. The present study is, to our knowledge, the largest 313 

common garden examination of intraspecific patterns in Topt or Tbreadth in insects. We chose to 314 

measure and combine three aspects of fitness; rate of eggs production, egg to adult viability and 315 

developmental speed. Each of these traits can be argued to capture major aspects of fitness 316 

(population growth potential) and by using the product of the three traits we aimed to provide a 317 

composite trait related to species fitness (see Overgaard et al., 2014). Surprisingly, we failed to 318 

find any latitudinal, climatic, or phylogenetic pattern in Topt or Tbreadth. There was variation 319 

among species in both Topt and Tbreadth suggesting that these trait parameters can evolve, however 320 

this variation was not correlated to any of the climatic variables investigated (Table 1, Fig. 3A, 321 

Table S2). Importantly, we do not find that temperate species have a lower Topt than tropical 322 

species, and we do not observe increased Tbreadth in temperate or widespread species as compared 323 

to tropical or restricted species which has been repeatedly suggested to be the general pattern 324 

among ectotherms (Fig 1, Gilchrist, 1995; Angilletta, 2009; Payne & Smith, 2017). The lack of 325 

empirical evidence for these theoretical predictions in TPCs raises the question if these expected 326 

patterns are valid representations of TPC’s from species with marked differences in 327 

environmental origin. This was also questioned in two recent meta-analyses by Sørensen et al., 328 

(2018) and Tüzün and Stoks (2018) who explored inter and intraspecific patterns of thermal 329 

performance among insects and other ectothermic animals. Between these two meta-analyses no 330 

clear shifts in Topt related to the environment of origin of the species/populations nor consistent 331 

shifts in Tbreadth associated with latitudinal gradients were found (See also discussion below).  332 



 The importance of phenotypic plasticity and its role in response to environmental change 333 

is frequently discussed in the literature (i.e. Parmesan, 2006; Chown et al., 2007; Merilä & 334 

Hendry, 2014; Murren et al., 2014; Sørensen et al., 2016). To investigate if patterns in TPCs 335 

were related to the rearing temperature, we examined the plasticity of TPCs in 10 of the 22 336 

species with the hypothesis that cold acclimation would shift the TPC (Topt and Tbreadth) to lower 337 

temperatures and with the additional expectation that temperate species are more plastic than 338 

tropical species from stable thermal environments. We found no support for either of these 339 

hypotheses. Developmental temperature had the expected effects on thermal tolerance limits 340 

(CTmin and CTmax) similar to those reported in previous studies of Drosophila (Overgaard et al., 341 

2011; Sørensen et al., 2016; Schou et al., 2017). Thus, cold tolerance limits respond strongly to 342 

thermal acclimation with shifts in CTmin of approximately 0.4 °C per °C of acclimation whereas 343 

CTmax typically shifts by approximately 0.1 °C per °C of change in acclimation temperature (in 344 

Drosophila spp.). In contrast to the thermal tolerance limits we observed no clear change in Topt 345 

(Table 1). There was seemingly an overall decrease in Tbreadth with increasing acclimation 346 

temperature, but this was not significant for any of the 10 species when analyzed individually. 347 

Furthermore, there was no relationship between the degree of plasticity in either tolerance or 348 

performance traits when the species were ranked according to the environmental variation they 349 

experience (Fig 4A and Fig S4). This lack of pattern in plasticity is consistent both when 350 

analysing our measure of composite fitness (that includes long-term exposure to the test 351 

temperatures) and when using egg-laying capacity alone (Fig S5). The similarity in plasticity 352 

among species from temperate and tropical origin is also consistent with earlier reports from 353 

Drosophila (Topt or Tbreadth) (Overgaard et al., 2011; Sørensen et al., 2016; Schou et al., 2017; 354 

Kellermann & Sgrò, 2018) and seems to be a general pattern in ectothermic animals (Gunderson 355 

& Stillman, 2015), although Seebacher et al. (2015) found a weak but positive association 356 

between plasticity and latitude. Thus we conclude that empirical  findings offers no support for 357 

the idea that distance from the equator, degree of seasonality, or thermal safety margin 358 

(calculated as the difference between upper thermal limit and maximum environmental 359 

temperature) correlates with the degree of plasticity as has been suggested elsewhere (Gilchrist, 360 

1995; Ghalambor et al., 2006; Lande, 2009). 361 

The apparent discrepancy between theoretical patterns and empirical observation of 362 

TPC’s raises the question of why this is the case. One possible explanation could relate to a 363 



putative evolutionary “limit”, or at least an inertial hurdle, to the evolution of CTmax and Topt 364 

(Huey et al., 2003; Hangartner & Hoffmann, 2015; van Heerwaarden et al., 2016).  Specifically, 365 

a lack of variation and / or thermoregulatory behavior, rather than adaptation and plasticity of 366 

physiological tolerance traits, may shield animals from the full strength of forces of 367 

environmental selection (Dillon et al., 2009; Sunday et al., 2014; Buckley et al., 2015; 368 

Gunderson & Leal, 2015). Behavioral thermoregulation may drive similarities in experienced 369 

temperatures whereby variation between species in the ability to find suitable thermal 370 

microhabitats could better explain the lack of association between what we see in the laboratory 371 

and theoretical expectations (Dillon et al., 2009). It is also possible that the theory of TPCs is 372 

oversimplified and concerns traits or environmental variables that are distinct from those 373 

investigated empirically. On the other hand, laboratory conditions and assays typically used in 374 

experimental laboratory studies may not be ecologically relevant and therefore they do actually 375 

not test what the theoretical models predict, i.e. making conclusions from theory and experiments 376 

hard to compare. The species investigated in our study, for example, may experience quite 377 

similar selection pressures when it comes to thermal performance but very different pressures 378 

when it comes to surviving environmental extremes. Species from temperate regions reproduce 379 

during summer only and their TPC’s may be selected for optimizing growth during the short 380 

summer/autumn season when resources (typically rotting fruit) is available. This is very different 381 

for tropical Drosophila which typically reproduce throughout the year. The thermal environment 382 

in the growing season is likely to be more similar for temperate and tropical species and the 383 

different species may therefore experience more similar selection pressures on TPCs during this 384 

period. If traits associated with the growing season are poor discriminators of performance 385 

differences for the entire yearly cycle, then it is possible that focus should be transferred to traits 386 

that are more relevant for other seasons (in the case of temperature, the seasons when 387 

temperature is highest or lowest).  388 

 The results from the present study support the idea that thermal tolerance limits have 389 

evolved in response to extreme environmental conditions and that differences in tolerance limits 390 

species distribution while we find no difference in the patterns related to optimal thermal 391 

performance. This leads us to conclude that TPCs are not particularly useful for predicting 392 

current or future distributions. Our comprehensive study concludes the absence of clear shifts 393 



along environmental gradients in TPC’s among Drosophila species, but it calls to question if this 394 

is also the case for other ectothermic animals and when testing TPCs in the field.  395 

 396 
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Figures and Tables:  570 
Figure 1: A) Thermal performance curves (TPC) can be characterized by an optimal temperature 571 
(Topt) and a thermal breath (Tbreadth - defined here as the range where performance is above 80% 572 
of optimal). Thermal performance is also restricted within upper and lower tolerance limits 573 
(CTmax and CTmin, respectively) beyond which behavior ceases. Thermal adaptation and/or 574 
acclimation can potentially shift the thermal performance curve and tolerance limits (dashed 575 
lines in panel A, grey area in panel B) but the evolutionary and ecological patterns of such shifts 576 
have rarely been examined in a systematic and comparative manner. B) Changes in CTmax, that 577 
result from a either acclimation or adaptation to an environmental temperature typically have no 578 
or a weakly positive slope. In the case of CTmin, a strongly positive slope is expected. Few 579 
studies have systematically investigated the role of acclimation/adaptation for Topt or Tbreadth but 580 
theory predicts that Topt  should have slope such that animals adapted, or acclimated (degree of 581 
plasticity represented as grey area around the slope), to warmer environments should have higher 582 
thermal optima (Topt) and a lower thermal breadth (Tbreadth). 583 
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Figure 2: A) For each species (and acclimation temperature), thermal performance was 587 
measured three ways across 7 test temperatures (11, 15, 19, 23, 27, 31, 33°C): As egg to adult 588 
viability, developmental speed (1/developmental time in days), and fecundity measured as egg 589 
laying. Each of these trait measurements were replicated 5 to 15 times. Each replicate was 590 
standardized to the mean maximal value of a given trait across the 7 test temperatures. We 591 
generated a proxy for fitness by taking the product of each of these traits. Specifically, we 592 
subsample replicates from each trait at each test temperature (see main text). C) Using these data 593 
we fit a TPC with the low pass function estimated Topt and Tbreath (defined as the temperature 594 
range where the fitness estimate is above 80% of maximum). We repeated this procedure 50 595 
times by randomly subsampling the data. This subsampling procedure mitigates the effects of 596 
spurious variability within and between species/acclimation temperatures and enables us to 597 
obtain estimates of variability in our Topt and Tbreath estimates.  598 

  599 

15 19 31 11 33 ºC 27 23 

Egg laying capacity * Egg to adult viability * Developmental speed = Fitness 

A 

B 

C 
Mean 

Pr
op

or
tio

na
l F

itn
es

s Low Pass 

Temperature (ºC) 



Figure 3: (A) The thermal limits (CTmin and CTmax) and the calculated thermal optimum (Topt) 600 
for all 22 species reared at 19/20ºC as a function of annual mean temperature and shows only 601 
CTmin exhibits a strong correlation to environmental temperature. The color of each symbol 602 
corresponds to the mean absolute latitude of that species’ range (orange for low- and blue for 603 
high-latitude). * indicates species included from Overgaard 2012 and ** indicates species 604 
included in both studies. (B) The calculated breadth of thermal performance (Tbreadth) as a 605 
function of annual mean temperature shows no relationship with annual mean temperature.  606 



 607 



Figure 4: (A)The thermal limits (CTmin and CTmax) and the calculated thermal optima (Topt) for 608 
the 10 species reared at additional temperatures shown as a function of rearing temperature. The 609 
color corresponds to the mean absolute latitude of that species’ range (orange for low- and blue 610 
for high-latitude) with solid lines represent a significant slope, dashed lines represent a non-611 
significant slope. The black solid line in the middle is the mean acclimation response. (B) The 612 
calculated breadth of thermal performance (Tbreadth) as a function of acclimation temperature.  613 
   614 



 615 



Table 1: Summary of mixed effects models for the evolution and acclimation of all four traits. 616 
The model with the lowest AIC value is shown in bold, additional models are the second best 617 
and directly relate to the annual mean temperatures as depicted in Figures 3 and 4. 618 
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