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Abstract 

Adaptive evolution is key in mediating responses to global warming and may sometimes be 

the only solution for species to survive. Such evolution will expectedly lead to changes in the 

populations’ thermal reaction norm and improve their ability to cope with stressful 

conditions. Conversely, evolutionary constraints might limit the adaptive response. Here, we 

test these expectations by performing a real-time evolution experiment in historically 

differentiated Drosophila subobscura populations. We address the phenotypic change after 

nine generations of evolution in a daily fluctuating environment with average constant 

temperature, or in a warming environment with increasing average and amplitude 

temperature across generations. Our results showed that (1) evolution under a global warming 

scenario did not lead to a noticeable change in the thermal response; (2) historical 

background appears to be affecting responses under the warming environment, particularly at 

higher temperatures; (3) thermal reaction norms are trait-dependent: while lifelong exposure 

to low temperature decreases fecundity and productivity but not viability, high temperature 

causes negative transgenerational effects on productivity and viability, even with high 

fecundity. These findings in such an emblematic organism for thermal adaptation studies 

raise concerns about the short-term efficiency of adaptive responses to the current rising 

temperatures. 

 

Keywords: global warming; thermal fluctuations; thermal adaptation; Drosophila; 

experimental evolution; temperature 

1. Introduction 
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One catastrophic consequence of global warming is the worldwide decimation of 

biodiversity, which impacts on species abundance and distribution, and damages the 

ecosystem functioning (Somero 2012; Pecl et al. 2017; IPCC 2018). Ectotherms are a huge 

fraction of biodiversity, have an essential role in ecosystems, and are particularly vulnerable 

to global warming due to the profound effects of temperature on their biology, biochemistry, 

and physiology (e.g., Dillon et al. 2010; Hoffmann and Sgrò 2018). In species with low 

dispersal ability or when migration to climatically appropriate habitats is not possible, 

adaptation to the changing environmental conditions is crucial for survival (Hoffmann and 

Sgró 2011; Huey et al. 2012). Recent evidence suggests that adaptation to higher 

temperatures might be highly limited by physiological constraints and/or possible lack of 

genetic variation (Kellermann et al. 2009, 2012; Araújo et al. 2013; Kristensen et al. 2015). It 

is, thus, crucial to understand the potential of species to adaptively respond to global 

warming, and the underlying molecular, physiological, and phenotypic changes (Franks and 

Hoffmann 2012; Bell 2017; Walsh et al. 2019). This will shed light on how evolution shapes 

populations’ fitness and fate, increasing our ability to preserve biodiversity and forecast 

species distributions (Urban et al. 2016; Bay et al. 2018). 

The elevated mean temperatures and extreme thermal events associated with global 

warming (IPCC 2018) have increased the thermal variation of natural environments, already 

experiencing both circadian and seasonal variation. During the last decade, there has been a 

growing interest on the impact of temperature variation on organism fitness in the last 

decade, with several studies addressing thermal adaptation (Bozinovic et al. 2011; Vasseur et 

al. 2014; Colinet et al. 2015; Cavieres et al. 2018) and the evolutionary potential to respond 

to global warming (Hallsson and Björklund 2012; Schou et al. 2014; Manenti et al. 2016; 

Sørensen et al. 2020). The amount and rate of evolutionary change in response to rising 

temperatures is dependent on several features, such as the levels of additive genetic variation, 
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trade-offs derived from different thermal physiology (within and across species), population 

size and structure, inbreeding, and the rate of environmental change (Chevin et al. 2010; 

Hoffmann and Sgró 2011; Bell 2017; Trubenová et al. 2019; Kristensen et al. 2020). 

One important body of theory that allows envisioning how adaptation to thermally 

varying environments proceeds stems from the generalist vs. specialist trade-off. Specialists 

are predicted to evolve in the more stable thermal environments and generalists in the more 

dynamic, variable environments (Angilletta et al. 2003; Angilletta 2009). These predictions 

assume a trade-off between maximal performance and performance breath across 

temperatures, resulting from antagonistic pleiotropy associated with constrains to the 

structure and function of enzymes at different temperatures (Huey and Hertz 1984; Huey and 

Kingsolver 1989; Angilletta et al. 2003). Important empirical work has been done on 

evolution under constant vs. variable thermal environments, in controlled laboratory 

experiments. Overall, the expectations of a specialist vs. generalist trade-off have not been 

supported (Ketola et al. 2013; Berger et al. 2014; Condon et al. 2014; Manenti et al. 2016; but 

see Le Vinh Thuy et al. 2016). However, there is some consistent evidence for the evolution 

of generalists under fluctuating environments (Ketola et al. 2013; Condon et al. 2014). The 

occurrence of indirect selection, the range of tested temperatures (Condon et al. 2015), and 

the estimation of performance based on constant rather than fluctuating temperatures (Ketola 

and Saarinen 2015) might explain, at least in part, why evidence for a specialist vs. generalist 

trade-off is lacking. 

Evolutionary changes resulting from thermal adaptation can also be framed in the 

contex of evolution of thermal reaction norms, that describe performance across a range of 

temperatures. These reaction norms can evolve through changes in elevation or shape 

(Angilletta et al. 2003). The former refer to overall (similar) changes in performance - i.e. 
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trait means - across environments, reflecting positive correlations between environments. The 

latter imply evolution of plasticity, possibly associated with specialist vs. generalist trade-offs 

as explained above. Some Drosophila studies have provided evidence for the evolution of 

plasticity of several life-history traits as a result of local adaptation, with populations from 

distinct geographical locations differing in their thermal reaction norms (e.g. (Trotta et al. 

2006; Austin and Moehring 2019; Klepsatel et al. 2019), but see (Klepsatel et al. 2013; 

Clemson et al. 2016) for changes mostly in elevation). 

The study of real-time evolution of populations evolving under different realistic 

ecological scenarios can also provide invaluable insight on the adaptive potential to respond 

to temperature fluctuations and global warming (Kawecki et al. 2012; Karve et al. 2015, 

2016; Manenti et al. 2015; Bailey and Bataillon 2016; Kellermann and van Heerwaarden 

2019; Liukkonen et al. 2021). By means of experimental evolution, populations are studied 

across several generations in very well defined and reproducible conditions that are often 

achievable only in the laboratory (e.g., Kawecki et al. 2012; Magalhães and Matos 2012). 

This powerful approach can provide direct evidence for adaptation to diverse thermal 

environments in different key adult and juvenile traits, allow the estimation of adaptive 

change rates, and clarify the link between phenotypic and genetic variation (Hoffmann and 

Sgró 2011; Porcelli et al. 2015). Experimental evolution has been a tool of choice to address 

several mechanisms and dynamics of thermal evolution in the last fifteen years, particularly 

in insects (e.g., Santos et al. 2005, 2006; Hallsson and Björklund 2012; Rogell et al. 2014; 

Schou et al. 2014; Kellermann et al. 2015; Tobler et al. 2015; Manenti et al. 2016; Kinzner et 

al. 2019). Some of these studies have focused on evolution under increasing temperatures, as 

expected in a global warming scenario, although with varying rates of environmental change 

(Hallsson and Björklund 2012; Rogell et al. 2014; Schou et al. 2014; Kinzner et al. 2019). 

Most of them provided evidence of limited potential for evolutionary responses (Hallsson and 
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Björklund 2012; Schou et al. 2014; Kinzner et al. 2019). However, no empirical studies have 

yet addressed, to our knowledge, the impact on the evolutionary response of increasing both 

thermal mean and amplitude, two key aspects of global warming (IPCC 2018).  

Drosophila is an excellent model organism to study thermal adaptation in ectotherms 

and has been widely used in experimental evolution studies. Disparities among studies have 

been obtained and highlight that the thermal adaptive responses are complex and caused by 

multiple factors, particularly, the specific thermal environments and populations under study. 

Different methodologies to estimate stress response also contribute to the different 

conclusions (Hoffmann and Sgró 2011; Kellermann and van Heerwaarden 2019; Kristensen 

et al. 2020). Drosophila subobscura, a native Palearctic species, is a well-known case study 

of thermal adaptation. It shows genetic variation associated with local adaptation, with 

evidence of latitudinal clinal variation for chromosomal inversion frequencies in Europe and, 

more recently, in both South and North America (Rezende et al. 2010). These polymorphisms 

have also been shifting worldwide, associated with global warming (Balanyá et al. 2006) and 

responding to heat waves (Rodríguez-Trelles et al. 2013). Previous selection experiments 

using different temperatures showed that evolutionary responses were not always as expected 

from clinal patterns (Santos et al. 2005). This species presents relevant thermal plasticity, 

with developmental temperature playing a decisive role in adult reproductive performance 

(Simões et al. 2020; Santos et al. 2021). Evolution of thermal performance curves for 

locomotor behavior in D. subobscura has been recently described as a result of selection for 

heat knockdown resistance (Mesas et al. 2021). The range of development temperatures 

suitable for this species is 6 – 26ºC (Moreteau et al. 1997; David et al. 2005; Schou et al. 

2017) with optimal viability between 16ºC and 20ºC (Schou et al. 2017), which is in 

agreement with their preferred body temperature (Rego et al. 2010; Castañeda et al. 2013). D. 

subobscura displays clear plastic responses to new thermal challenges (Fragata et al. 2016; 
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Simões et al. 2020; Santos et al. 2021), with some evidence for historical differences in 

plasticity between populations, particularly at colder temperatures (Simões et al. 2020). 

Here, we use experimental evolution to analyze the evolutionary responses of 

historically differentiated D. subobscura populations, derived from extreme latitudes of the 

European cline (Simões et al. 2017, 2020), after nine generations under different thermal 

selective regimes that comprise differences in mean temperature and/or thermal amplitude. 

These regimes include (1) a constant thermal environment, corresponding to the thermal 

conditions of the long-established populations (controls), (2) a circadian thermal fluctuating 

environment (cooler nights, warmer days), and (3) a global warming-like environment, with 

increases in thermal mean and amplitude (progressively lower and higher thermal extremes) 

across generations. This experimental setup allowed us to address the effects of thermal 

fluctuations and warming conditions on the populations’ evolutionary response. The adult 

reproductive performance of populations evolving under each of these environments was 

tested in different combinations of juvenile and adult temperatures. Thermal reaction norms 

for the different populations were estimated by focusing on the performance at different 

developmental and adult temperatures. We have three general (non-exclusive) expectations 

for the evolutionary response: (1) populations evolving under more heterogeneous 

(fluctuating or warming) thermal conditions are expected to evolve a better performance in 

more extreme thermal environments (Huey and Kingsolver 1993); (2) populations evolving 

in warming conditions will, most likely, perform better than the others in more stressful 

thermal environments, as these populations experience a wider range of temperatures during 

their life cycle; and (3) assuming there are costs of adaptation to more extreme temperatures 

(Huey and Kingsolver 1989; Angilletta et al. 2003), populations under fluctuating and (even 

more so) warming conditions will perform worse in intermediate thermal conditions than the 

control populations. All these expectations imply evolution of plasticity, through changes in 
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the shape of the thermal reaction norms. Alternatively, trade-offs between traits or lack of 

genetic variation might prevent the thermal evolutionary response. We, therefore, aimed to 

address the following questions: (i) Does evolution under warming or fluctuating 

environments change the population’s thermal reaction norm? (ii) Does lifelong (or 

adulthood only) exposure to more extreme temperatures lead to a decline in performance? If 

so, does evolution in a warming environment change performance under these stressful 

conditions? (iii) Can we find evidence of geographical differences in the populations’ thermal 

evolutionary response? 

 

2. Material and Methods 

2.1. Laboratory Populations and Thermal Selection Regimes 

In late August/early September 2013, two natural populations of Drosophila subobscura were 

sampled. The collections were done in Adraga, Portugal (lat. 38º48′ N) and Groningen, The 

Netherlands (lat. 53º13′ N), two contrasting latitudes of the European cline (ranging from 

Scandinavia, ~60ºN, to Northern Africa, ~30ºN; Prevosti et al. 1988) that experience distinct 

environmental temperatures. A total of 213 founding females from Adraga and 170 from 

Groningen were collected. From these samples two sets of laboratory populations were 

established: PT, from Adraga, and NL, from Groningen – see details in (Simões et al. 2017). 

The founder females started separate families, that were kept during the first two generations, 

and inbreeding was prevented by outcrossing with males from other families. The outbred 

populations were formed at generation three, with an equal contribution of offspring from 

each family. One generation later, each population was three-fold replicated in the lab, 

originating PT1-3 and NL1-3 populations. The replication was done by dividing the egg 

collection of each outbred population in three equal parts (one for each replicate). 
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Maintenance involved discrete generations with a synchronous 28-day cycle, 12L:12D 

photoperiod, constant temperature of 18ºC, controlled densities in both adults (50 adults per 

vial) and eggs (70 eggs per vial) in ~30 mm
3
 glass vials, and reproduction for the following 

generation around peak fecundity (seven to ten days old imagoes). Census size ranged 

between 500 and 1000 individuals (see Simões et al. 2017). In January 2019, after the PT and 

NL populations had undergone 70 generations of lab evolution, two new thermal selection 

regimes were derived: circadian fluctuation (F, originating FNL1-3 and FPT1-3) and global 

warming (W, originating WNL1-3 and WPT1-3). The experimental regimes are summarized in 

Figures 1a and 1b. The F regime is under a daily temperature fluctuation between 15ºC and 

21ºC, with a mean daily temperature of 18ºC, constant across generations. The W regime has 

a daily fluctuation similar to the F regime, but has a per generation increase of 0.18ºC in daily 

mean and 0.54ºC in daily amplitude (as the difference between the highest and lowest 

temperature). A 0.2ºC mean increase per generation corresponds to that expected to be faced 

in nature by organisms with a ~10-year generation time, considering the current pace of 

global warming: 0.1-0.3ºC per decade – see IPCC 2018. It is also comparable to the rate of 

temperature increase in other experimental evolution studies in ectotherms (Hallsson & 

Bjorklund 2012; Schou et al 2014). Additionally, and in contrast with those studies, we 

imposed a simultaneous increase in thermal amplitude, with progressively upper and lower 

thermal extremes across generations (increases of 0.44ºC in upper and 0.08ºC in lower 

extremes, per generation). The projected increase in thermal mean and the forecasted 

occurrence of thermal extremes associated with global warming accounted for our choice of 

per generation amplitude increase. The upper thermal increase of 0.44ºC corresponds to 

roughly twice the mean increase (0.18ºC), which is comparable to the projected increase in 

thermal extremes related to the mean temperature in mid-latitudes (IPCC 2018). 
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After nine generations of thermal selection, when this experiment was carried out, the 

warming populations have been subjected to temperatures ranging from 14.4ºC to 24.5ºC, 

with a daily average of 19.4ºC; the population’s thermal profiles are presented in Figure 1b. 

By generation seven, the temperature increase had led to a 24h reduction in the life-cycle 

length which became 27 days due to a shorter development time (i.e., from egg to adult). The 

PT and NL populations are kept at constant 18ºC and were already lab-adapted when the two 

new thermal regimes were started – they are the experimental controls. Since these controls 

are expected to be at evolutionary equilibrium, they reflect the genetic background (ancestral 

state) prior to the start of the F and W regimes. All experimental populations were, otherwise, 

maintained under the experimental protocol referred to above for the PT and NL populations. 

Census sizes were generally high for all thermal selection regimes (see Table S1; average 

census for W= 935.6, F= 976.5, and C= 1006.1). 

 

2.2. Experimental assays 

To study the effect of different thermal environments on the reproduction of the 

experimentally evolved populations, we analyzed the performance of our eighteen 

experimental populations subjected to five thermal treatments (Figure 2). In three of these 

treatments, flies were exposed to constant developmental and adult temperatures, either a 

colder temperature (14ºC), intermediate (18ºC), or warmer temperature (24ºC) – 14-14, 18-

18, and 24-24 treatments, respectively. Because reduced performance under lower adult 

temperatures and higher developmental temperatures was previously shown (Simões et al. 

2020; Santos et al. 2021), two additional and potentially stressful thermal treatments were 

tested: 18-14 (lower temperatures in the adult stage) and 24-18 (higher temperatures during 

the developmental stage). To minimize maternal effects, the experiment was preceded by one 

generation of common garden rearing under control conditions (18ºC). 
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The assayed flies were obtained from the egg collection of 18 vials (~70 eggs each) 

per population for flies developed at 18ºC and 24ºC, and 12 vials per population for flies 

developed at 14ºC. Sixteen recently emerged mating pairs (virgin males and females) were 

individually assayed, per population and treatment, with a total of 1440 pairs (16 pairs × 18 

populations × 5 temperature treatments) analyzed. For each temperature treatment, all 

populations were synchronously assayed, as common garden rearing allowed for a similar 

developmental time between all experimental populations. The treatments with different 

developmental temperatures (e.g., 18-18 and 24-18) were not assayed in synchrony due to 

varying developmental times. During the experiment, the mating pairs were transferred to 

fresh medium every other day, the vials were daily checked for the presence of eggs, and the 

eggs laid by each female were counted between days six and eight since emergence. Four 

life-history traits were studied: (1) age of first reproduction (number of days since emergence 

until the first egg laying), which addresses the rate of sexual maturity; (2) fecundity (total 

number of eggs laid between days six and eight), which refers to a period that is close to the 

age of egg collection for the following generation (seven to ten-day-old imagoes), where 

selective pressures are likely higher; (3) productivity (number of emerged flies from the eggs 

laid on day eight and that developed at the same temperature of the assayed adults, e.g., 18ºC 

for the 24-18 treatment), which shows the ability of a female to produce viable progeny, and 

(4) juvenile viability (ratio between productivity and fecundity at day eight), which conveys 

to the efficiency of reproduction. For reliability purposes, only vials with at least five eggs 

were considered for juvenile viability and ~2% of the total number of vials were excluded. 

This decision was based on our observation of increased fungal infections in vials with very 

low number of eggs, leading to an almost absence of emerged flies. Including such vials 

would artificially bias viability estimates towards lower values. 
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2.3. Statistical Methods 

Raw data used in the analyses is the mean value for each replicate population and 

temperature treatment (e.g., the mean of PT1 for the 14-14 treatment is one of the three data 

values for PT in this treatment). Data was analyzed by linear mixed effects models fitted with 

REML (restricted maximum likelihood). p-values for differences between temperature 

treatments, thermal regimes, populations as well as their interactions were obtained through 

analyses of variance (Type III Wald F tests, Kenward-Roger degrees of freedom). Two 

general models were applied (for simplicity we do not present interactions with random 

factors): 

 

(1) Y = μ + History + AP{History} + Temp + Selection + History × Temp + History × 

Selection + Selection × Temp + Selection × History × Temp + ε 

(2) Y = μ + History + Temp + Selection + Block + History × Temp + History × 

Selection + Selection × Temp + Selection × History × Temp + ε 

 

where Y is the studied trait (age of first reproduction, fecundity, productivity, or viability), 

History is the fixed factor corresponding to distinct geographical origin (with categories PT 

and NL), Selection is the fixed factor representing the Thermal Selection Regimes (with three 

levels: Control, Warming, and Fluctuating), and Temp is the fixed factor corresponding to the 

five different temperature treatments. In model (1), AP{History} is the random effect 

consisting of the ancestral replicate population (i.e., PT1-3; NL1-3) nested in History, from 

which each of the replicate populations of the three thermal selection regimes were generated 

(e.g., Ancestral PT1 originating Control PT1, Fluctuating PT1 and Warming PT1). In model 

(2) Block was defined as random effect, corresponding to the set of same-numbered replicate 

populations from all different thermal regimes that were assayed synchronously in the same 
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experimental rack in a randomized manner. Models with and without interactions with 

random factors were assessed using AIC and the best model for each trait was chosen: model 

(1) for age of first reproduction and fecundity including interactions with AP; model (2) for 

productivity, without defining interactions with the random block. For the viability data, 

models (1) and (2) were tested including fecundity of day eight (F8) as covariate to account 

for the variation in fecundity across thermal treatments. The model without interactions with 

AP (random factor) and defining F8 as covariate presented the lowest AIC and was, 

therefore, chosen. 

This body of data allowed to address how differences in the experimental populations 

associated with thermal regime (Selection) and geographical origin (History) impacted on 

their thermal performance. First, comparisons between thermal regimes were performed for 

the lifelong thermal treatments (14-14 vs. 18-18 vs. 24-24), allowing to analyze the 

populations’ thermal reaction norms. Specific paired combinations of thermal regimes were 

used to test for (1) the effect of evolution under thermal fluctuations (F vs. C); and (2) the 

effect of evolution under global warming (W vs. C). 

Second, specific effects of different temperature combinations were assessed to 

analyze how thermal evolution impacted on the flies’ performance under stressful 

environments. Two models were then applied to compare the Warming and the Control 

regimes: (1) under colder conditions (treatments 14-14, 18-14, and 18-18); and (2) under 

warmer conditions (treatments 24-24, 24-18, and 18-18). The factor History and its 

interaction with temperature were also included in these models to test for differences 

between populations with distinct biogeographical origin (PT vs. NL). Tukey post-hoc tests 

were used to compare performance in the three different thermal treatments, whenever the 

temperature treatment factor was significant, allowing to identify which thermal treatments 

showed reduced performance. We further tested for differences in performance due to 
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selection (W vs. C) in the traits that presented a significant temperature effect, either for 

colder or warmer temperatures. In the latter analyses False Discovery Rate (FDR, Benjamini 

and Yekutieli 2001)) was applied to correct for multiple testing. 

The homoscedasticity and normality assumptions for analysis of variance were 

checked and met in our dataset. Arcsine transformation was applied to the viability data to 

meet normality assumptions. All statistical analyses were performed in R v4.0.0, with lme4 

(Bates et al. 2015), car (Fox and Weisberg 2019), lawstat (Hui et al. 2008), emmeans and 

ggplot2 (Wickham 2016) packages. 

 

3. Results 

3.1. Evolution of thermal reaction norms under dynamic thermal environments  

We tested the evolutionary response of populations evolving under the following 

dynamic thermal environments: (1) circadian fluctuating and (2) global warming, by 

comparing the performance of each thermal regime with the controls (Figures 3 and 4, 

respectively). These analyses included the life-long temperature test environments (14-14, 

18-18, and 24-24). Both fluctuating vs. control and warming vs. control analyses showed 

differences between temperature treatments for all traits (significant temperature factor; 

0.001<p<0.01 for fecundity and p<0.001 for all other traits in both comparisons, see Tables 

S2 and S3). However, these patterns differed between traits. For the fecundity characters (i.e., 

age of first reproduction and fecundity), a general reduction of performance relative to 

control (18-18) conditions was observed at lower (14-14 treatment) but not at warmer (24-24) 

temperatures. As for productivity, both colder and warmer temperatures showed a lower 

performance relative to control conditions. Viability showed yet a different pattern, with 

lower performance occurring only at the warmer temperature (see Figures 3 and 4). 
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The reaction norms of populations from the fluctuating or warming regimes were not 

significantly different from those of the controls (selection*temperature interaction, see 

Tables S2 and S3; Figures 3 and 4). Also, the reaction norms did not differ between 

populations with distinct histories (Portugal vs. Netherlands) – history*temperature 

interaction. Finally, the overall effects of history or selection were also not significant for any 

trait (see Tables S2 and S3). 

 

3.2. Evolutionary response under stressful conditions 

We aimed to test whether populations reared in an increasingly warmer environment 

for several generations have evolved increased performance when tested under stressful 

thermal environments. With this in mind, we assessed whether different juvenile-adult 

temperature treatments showed indications of cold stress (14-14, 18-14, and 18-18) or heat 

stress (24-18, 24-24, and 18-18), by comparing data from warming and control thermal 

selection regimes. Significant differences in performance between temperature treatments 

were obtained in both models – testing for either cold or heat stress – although this response 

varied across traits (see Table 1, Figures 4, S1 and text below). The exception was viability 

that did not present significant effect of lower temperatures. 

When testing for heat stress, fecundity characters (i.e., age of first reproduction and 

fecundity) showed a reduction of performance when populations developed at 24ºC were 

exposed to 18ºC as adults (24-18 treatment) relative to those under the 18-18 and 24-24 

treatments (see Table 1, Figure S1). However, no differences were found in performance 

between the 24-24 treatment and the control (18-18) conditions (Table 1). As for productivity 

and viability, both 24-24 and 24-18 show lower performance relative to control conditions. 

Interestingly, no significant differences in productivity were found between these warmer 
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treatments, while viability was significantly lower in the 24-24 treatment relative to the 24-18 

conditions – see Table 1 and Figure S1.  

As for the cold stress analysis, significant reduction in performance was found in both 

colder treatments (14-14 and 18-14) relative to control conditions for age of first 

reproduction, fecundity, and productivity – see Table 1. For these same traits, performance of 

flies in the 14-14 conditions was always significantly higher than those of the 18-14 

treatment. Viability showed no significant differences between these thermal treatments. 

The linear mixed effects models applied to the pairwise combinations of temperature 

treatments showed no significant effects of selection or selection*temperature, in either cold 

or warm scenarios (see Table S4), which suggests that both warming and control populations 

do not differ in their response under the tested conditions. Interestingly, for the warming 

regime, we observed that southern populations (WPT1-3) presented consistently higher 

average values than their northern counterparts (WNL1-3) for all analyzed traits when tested 

in the warmer conditions (24-18 and 24-24; see Figures 4 and S1). However, no significant 

effects of biogeographical history or its interactions with temperature and selection were 

found for either heat or cold stress tolerance for any trait (Table S4). 

 

4. Discussion 

Recent empirical data casts doubt on the ability of ectotherms, including Drosophila, 

to respond to temperature increases, with stress resistance traits being evolutionarily 

constrained (reviewed in (Kellermann and van Heerwaarden 2019; Kristensen et al. 2020). 

This is problematic, given the fast-adaptive demand caused by the rapid and globally 

changing environment. In contrast, some thermal selection experiments have demonstrated 
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that heat tolerance can evolve, when directly selected upon (Bubliy and Loeschcke 2005; 

Hangartner and Hoffmann 2016), although the ecological relevance of such selection 

protocols might be questioned. Using the terminology of Diamond and Martin (2020), the 

question stands: can thermal adaptation be regarded as the silver bullet to fight global 

warming? According to our experimental data, the quick answer is no, not in the short run at 

least. It is important to mention that our experiment focuses on the two major features of 

global warming – the increased thermal mean and variance – and it does not cover the effects 

of all other climatic variables that necessarily change in a global warming scenario. The 

increases in thermal mean and variance that we imposed are relevant as they are (1) within 

the interval of past and projected thermal changes occurring worldwide and (2) within the 

forecasted association of increases in mean and extreme temperatures for mid-latitude regions 

(IPCC 2018). 

Evolution in dynamic thermal environments did not substantially change life-history 

reaction norms. 

Short-term thermal evolution (nine generations) did not alter the thermal reaction 

norms of our experimental populations, nor did adaptation to a warming environment 

improve their ability to cope with more stressful conditions. This lack of a clear adaptive 

response has been found in other studies addressing short-term evolution (<20 generations) of 

ectotherms in increasingly warmer fluctuating environments, although with non-increasing 

thermal amplitudes (Hallsson and Björklund 2012; Schou et al. 2014; Kinzner et al. 2019). In 

addition, evolution of Drosophila simulans populations in fluctuating environments with a 

constant average led to changes in the elevation of thermal reaction norms (increased mean 

performance across environments) for several life history and stress traits, but not in their 

shape (Manenti et al. 2015). 
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Several reasons could account for the deviation from our initial expectations. First, the 

number of elapsed generations might have been too small for evolutionary response to be 

detected. Because life-history traits and resistances to environmental stress are, in general, 

polygenic traits with low-to-intermediate heritabilities (Mousseau and Roff 1987; Diamond 

2017; Castañeda et al. 2019), the evolutionary rates of adaptation are expected to be low 

(Hoffmann et al. 2017). This may explain our results, even with a high rate of environmental 

change (Chevin et al. 2010; Hoffmann and Sgró 2011; Kristensen et al. 2020) as occurs in the 

warming regime (an increase of 0.2ºC per generation, with a final daily peak temperature 

~7ºC above control conditions). Additionally, the colder extreme temperatures to which the 

warming regime is exposed, even if slight, might contribute to an overall reduction in 

selection intensity. Analyzing thermal reaction norms after more generations of thermal 

selection will allow to test whether more time is required to achieve a significant evolutionary 

response. 

Second, environmental stress can lead to population bottlenecks, which may 

dramatically decrease effective population size with the consequent loss of genetic variation 

and evolutionary response impairment (Hoffmann et al. 2017; Ørsted et al. 2019). However, 

demographic data from the experimental lines did not show any relevant census sizes drops 

(Table S1). Furthermore, the control populations (in which this experiment was based) were 

found to have abundant genomic variation at least during the first 26 generations after lab 

establishment (data not shown). This is corroborated by a previous study from our team, 

using lab populations collected from the same geographical locations, where only a very 

modest decline in genome diversity after 50 generations of lab evolution was found (Seabra 

et al. 2017). In addition, inversion polymorphism is known to have an adaptive response to 

thermal changes in this species (e.g., Rezende et al. 2010). A total of thirteen different 

inversions were still segregating in these populations after 68 generations in the laboratory 
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(unpublished data). This level of polymorphism was already found by Santos et al. (2016) in 

other laboratory populations. Other Drosophila experiments involving increasing 

temperatures did not find an overall decline in genetic diversity (Schou et al. 2014; Kinzner et 

al. 2019), although we cannot exclude that low additive genetic variation for the analyzed 

phenotypic traits might be a factor in both those studies and ours. 

Third, the idiosyncrasies of the dynamic thermal regimes, such as the simultaneous 

selection for lower and higher thermal extremes, may have slowed down the evolutionary 

response due to the existence of unfavorable genetic correlations and trade-offs. Though 

Manenti et al. (2016), in a study of evolution of D. simulans in fluctuating environments, 

found significant negative correlations between life-history and stress resistance traits, such 

trade-off between measures of cold and heat tolerance was not observed. Nevertheless, in a 

fluctuating environment, the time spent in each environment is necessarily shorter than in 

constant conditions, which reduces the strength of selection for each given environment 

(Kristensen et al. 2020). 

Finally, genotype by environment (GxE) interactions  might arise out of differences 

between the dynamic selection environments and the constant thermal conditions at which the 

assays were carried out (Ketola and Saarinen 2015; Kellermann and van Heerwaarden 2019). 

These GxE interactions could potentially lead to a lower performance of populations evolving 

in the dynamic thermal environments (fluctuating and warming). The pervasiveness of such 

interactions and, specifically, their effect on the shape of thermal reaction norms is still 

unknown (Kellermann and van Heerwaarden 2019). Interestingly, a large evolution 

experiment in Drosophila simulans showed that the shape of the reaction norm for fecundity 

was not affected by the evolution under constant vs. fluctuating environments, when tested in 

each environment (Manenti et al. 2015). Further and already planned experiments will 
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include, alongside with the thermal reaction norm approach, testing the populations in all the 

environmental conditions under which they evolved (local adaptation, sensu Kawecki and 

Ebert 2004). 

In general, our data does not provide evidence for the impact of the geographical 

source of our populations on the thermal reaction norms nor their evolution. Nevertheless, we 

found that the warming populations of southern origin (WPT) performed consistently better 

at warmer temperatures in all measured life-history traits (Figure 3), suggesting that history 

may affect the evolutionary response to global warming. Higher thermal performance in 

southern D. subobscura populations has been shown by Porcelli et al. (2017). Considering the 

larger projected impacts of global warming at higher latitudes, due to mean and cold-season 

warming rates above the global average (IPCC 2018), a higher potential for evolutionary 

response would be needed in high-latitude populations. On the one hand, we cannot exclude 

the possibility that the low geographical differentiation in our study results, to some extent, 

from the evolutionary convergence of populations adapting to similar laboratorial conditions 

prior to the onset of this study (see Simões et al. 2017). On the other hand, it is quite likely 

that these populations still show a high degree of historical genomic differentiation, based on 

evidence from a genomic survey of populations founded from similar locations after 50 

generations of lab adaptation (Seabra et al. 2018). It is, thus, possible that evolution in 

stressful conditions uncovers such underlying genomic differences. Longer-term experiments 

will evaluate if the incipient geographical differentiation we found in the thermal response 

expands further as populations evolve in the warming conditions. 

Contrasting effects of thermal stress on fecundity and juvenile viability 

In general, we found clear evidence for a plastic response to both cold and heat stress, 

despite general similarity of patterns between the different experimental populations. 
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Exposure to colder temperatures led to an overall decline in fecundity (and productivity) of 

all populations, but not in viability. This reduction in reproductive performance was due, 

most likely, to lower metabolic rates, which may reduce oogenesis and lead to lower 

reproduction output, as previously observed (Simões et al. 2020). Unsurprisingly, life-long 

cold-exposed flies had better performance than flies that were only exposed to cold as adults, 

probably due to increased ovariole number during cold development (Moreteau et al. 1997) 

and showing evidence for beneficial cold acclimation in fecundity patterns (Huey et al. 1999; 

Simões et al. 2020).  

Heat stress is known to significantly affect D. subobscura reproduction and, most 

importantly, the stage at which high temperature stress is experienced strongly influences 

reproductive performance (Porcelli et al. 2017; Simões et al. 2020; Santos et al. 2021). High 

developmental temperatures have shown to cause within-generation, negative carry-over 

effects in ectotherms (Klockmann et al. 2017; Porcelli et al. 2017; Cao et al. 2018; Iossa et al. 

2019; Klepsatel et al. 2019), maybe due to the irreversible physiological and metabolic 

damage brought upon them (e.g., during gametogenesis). Conversely, adult exposure to 

warmer temperatures has, previously, shown to have little to no effect on fecundity and to 

increase the sexual maturity rate, leading to earlier reproduction (Santos et al. 2021). Our 

experimental data corroborates this dual effect in control and warming-selected flies: high 

lifelong temperature led to negative effects in productivity and, also, in progeny viability, 

despite the high levels of fecundity. Furthermore, the longer the flies were exposed to the 

heat stress during their life cycle, the higher the damage in viability. In any case, the reduced 

viability of the eggs laid by flies exposed to high temperature in the developmental stage only 

(24-18) shows possible negative transgenerational (or carry-over) effects for this trait. 

Interestingly, fecundity showed a quite different pattern: flies with lifelong exposure to 

higher temperatures showed higher egg production than those experiencing thermal stress 
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only in the development stage – this suggests some rescue in performance because of higher 

adult metabolic rates. The decoupling between fecundity and productivity/viability patterns 

further suggests that heat stress is (1) leading to the occurrence of male sterility; (2) affecting 

to a higher degree egg quality rather than egg production; (3) increasing juvenile mortality. In 

sum, our results confirm the previously noted vulnerability of the insects’ development stage 

to global warming and its associated heat waves (Klockmann et al. 2017).  

 

Conclusions  

It is becoming apparent that the recovery of populations, i.e., evolutionary rescue 

(Bell 2017), may not occur quickly enough to keep up with the fast pace of current 

environmental change (Diamond and Martin 2020). In line with those expectations, here we 

report no evidence for short-term evolution in the elevation or shape of the reaction norms of 

D. subobscura populations under dynamic thermal environments. In particular, our results 

indicate that evolution in a warming environment does not lead to an increased performance 

in key life-history traits at higher temperatures. This casts doubts on the possibility of a 

timely thermal adaptation to counteract the detrimental effects of global warming. Combining 

data from our populations on thermal reaction norms with additional generations of thermal 

selection and further research focusing on the patterns of local adaptation will allow a broader 

understanding of the pace of evolution in face of rapid environmental change.  

 

References Cited 

Angilletta, M. J. 2009. Thermal Adaptation - a theoretical and empirical sinthesis. Oxford 

University Press Inc., New York. 

Angilletta, M. J., R. S. Wilson, C. A. Navas, and R. S. James. 2003. Tradeoffs and the 

evolution of thermal reaction norms. Trends Ecol. Evol. 18:234–240. 



 

 

 
This article is protected by copyright. All rights reserved. 
 

Araújo, M. B., F. Ferri-Yáñez, F. Bozinovic, P. A. Marquet, F. Valladares, and S. L. Chown. 

2013. Heat freezes niche evolution. Ecol. Lett. 16:1206–1219. 

Austin, C. J., and A. J. Moehring. 2019. Local thermal adaptation detected during multiple 

life stages across populations of Drosophila melanogaster. J. Evol. Biol. 32:1342-1351. 

Bailey, S. F., and T. Bataillon. 2016. Can the experimental evolution programme help us 

elucidate the genetic basis of adaptation in nature? Mol. Ecol. 25:203–218. 

Balanyá, J., J. M. Oller, R. B. Huey, G. W. Gilchrist, and L. Serra. 2006. Global genetic 

change tracks global climate warming in Drosophila subobscura. Science 313:1773–

1775. 

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015. Fitting linear mixed-effects models 

using lme4. J. Stat. Softw. 67:1–48. 

Bay, R. A., R. J. Harrigan, V. Le Underwood, H. L. Gibbs, T. B. Smith, and K. Ruegg. 2018. 

Genomic signals of selection predict climate-driven population declines in a migratory 

bird. Science 361:83–86. 

Bell, G. 2017. Evolutionary Rescue. Annu. Rev. Ecol. Evol. Syst. 48:605–627. 

Benjamini, Y., and D. Yekutieli. 2001. The control of the false discovery rate in multiple 

testing under dependency. Ann. Stat. 29:1165–1188. 

Berger, D., R. J. Walters, and W. U. Blanckenhorn. 2014. Experimental evolution for 

generalists and specialists reveals multivariate genetic constraints on thermal reaction 

norms. J. Evol. Biol. 27:1975–1989. 

Bozinovic, F., D. A. Bastías, F. Boher, S. Clavijo-Baquet, S. A. Estay, and M. J. Angilletta. 

2011. The mean and variance of environmental temperature interact to determine 

physiological tolerance and fitness. Physiol. Biochem. Zool. 84:543–552. 

Bubliy, O. A., and V. Loeschcke. 2005. Correlated responses to selection for stress resistance 

and longevity in a laboratory population of Drosophila melanogaster. J. Evol. Biol. 

18:789–803. 

Cao, J. Y., K. Xing, H. P. Liu, and F. Zhao. 2018. Effects of developmental acclimation on 

fitness costs differ between two aphid species. J. Therm. Biol. 78:58–64. 

Castañeda, L. E., J. Balanyà, E. L. Rezende, and M. Santos. 2013. Vanishing chromosomal 

inversion clines in Drosophila subobscura from Chile: is behavioral thermoregulation to 

blame? Am. Nat. 182:249–259. 

Castañeda, L. E., V. Romero-Soriano, A. Mesas, D. A. Roff, and M. Santos. 2019. 

Evolutionary potential of thermal preference and heat tolerance in Drosophila 

subobscura. J. Evol. Biol. 32:818–824. 

Cavieres, G., J. M. Bogdanovich, P. Toledo, and F. Bozinovic. 2018. Fluctuating thermal 

environments and time-dependent effects on fruit fly egg-hatching performance. Ecol. 

Evol. 8:7014–7021. 

Chevin, L. M., R. Lande, and G. M. Mace. 2010. Adaptation, plasticity, and extinction in a 

changing environment: Towards a predictive theory. PLoS Biol. 8(4): e1000357. 



 

 

 
This article is protected by copyright. All rights reserved. 
 

Clemson, A. S., C. M. Sgrò, and M. Telonis-Scott. 2016. Thermal plasticity in Drosophila 

melanogaster populations from eastern Australia: quantitative traits to transcripts. J. 

Evol. Biol. 29:2447–2463. 

Colinet, H., B. J. Sinclair, P. Vernon, and D. Renault. 2015. Insects in fluctuating thermal 

environments. Annu. Rev. Entomol. 60:123–140. 

Condon, C., A. Acharya, G. J. Adrian, A. M. Hurliman, D. Malekooti, P. Nguyen, M. H. 

Zelic, and M. J. Angilletta. 2015. Indirect selection of thermal tolerance during 

experimental evolution of Drosophila melanogaster. Ecol. Evol. 5:1873–1880. 

Condon, C., B. S. Cooper, S. Yeaman, and M. J. Angilletta. 2014. Temporal variation favors 

the evolution of generalists in experimental populations of Drosophila melanogaster. 

Evolution 68:720–728. 

David, J. R., L. O. Araripe, M. Chakir, H. Legout, B. Lemos, G. Pétavy, C. Rohmer, D. Joly, 

and B. Moreteau. 2005. Male sterility at extreme temperatures: a significant but 

neglected phenomenon for understanding Drosophila climatic adaptations. J. Evol. Biol. 

18:838–846. 

Diamond, S. E. 2017. Evolutionary potential of upper thermal tolerance: biogeographic 

patterns and expectations under climate change. Ann. N. Y. Acad. Sci. 1389:5–19. 

Diamond, S. E., and R. A. Martin. 2020. Evolution is a double-edged sword, not a silver 

bullet, to confront global change. Ann. N. Y. Acad. Sci. 1469:38–51. 

Fox, J., and S. Weisberg. 2019. An {R} Companion to Applied Regression. Third Edit. 

SAGE, Thousand Oaks CA. 

Fragata, I., M. Lopes-Cunha, M. Bárbaro, B. Kellen, M. Lima, G. S. Faria, S. G. Seabra, M. 

Santos, P. Simões, and M. Matos. 2016. Keeping your options open: maintenance of 

thermal plasticity during adaptation to a stable environment. Evolution 70:195–206. 

Franks, S. J., and A. A. Hoffmann. 2012. Genetics of climate change adaptation. Annu. Rev. 

Genet. 46:185–208. 

Hallsson, L. R., and M. Björklund. 2012. Selection in a fluctuating environment leads to 

decreased genetic variation and facilitates the evolution of phenotypic plasticity. J. Evol. 

Biol. 25:1275–1290. 

Hangartner, S., and A. A. Hoffmann. 2016. Evolutionary potential of multiple measures of 

upper thermal tolerance in Drosophila melanogaster. Funct. Ecol. 30:442–452. 

Hoffmann, A. A., and C. M. Sgró. 2011. Climate change and evolutionary adaptation. Nature 

470:479–485. 

Hoffmann, A. A., and C. M. Sgrò. 2018. Comparative studies of critical physiological limits 

and vulnerability to environmental extremes in small ectotherms: how much 

environmental control is needed? Integr. Zool. 13:355–371. 

Hoffmann, A. A., C. M. Sgrò, and T. N. Kristensen. 2017. Revisiting adaptive potential, 

population size, and conservation. Trends Ecol. Evol. 32:506–517.  

Huey, R. B., D. Berrigan, G. W. Gilchr, and J. C. Herron. 1999. Testing the adaptive 



 

 

 
This article is protected by copyright. All rights reserved. 
 

significance of acclimation: a strong inference approach. Am. Zool. 39:323–336. 

Huey, R. B., and P. E. Hertz. 1984. Is a jack-of-all-temperatures a master of none? Evolution 

38:441. 

Huey, R. B., M. R. Kearney, A. Krockenberger, J. A. M. Holtum, M. Jess, and S. E. 

Williams. 2012. Predicting organismal vulnerability to climate warming: roles of 

behaviour, physiology and adaptation. Philos. Trans. R. Soc. B Biol. Sci. 367:1665–

1679. 

Huey, R. B., and J. G. Kingsolver. 1993. Evolution of resistance to high temperature in 

ectotherms. Am. Nat. 142:21–46. 

Huey, R. B., and J. G. Kingsolver. 1989. Evolution of thermal sensitivity of ectotherm 

performance. Trends Ecol. Evol. 4:131–135. 

Hui, W., Y. R. Gel, and J. L. Gastwirth. 2008. Lawstat: An R package for law, public policy 

and biostatistics. J. Stat. Softw. 28. 

Iossa, G., C. Maury, R. M. Fletcher, and P. E. Eady. 2019. Temperature-induced 

developmental plasticity in Plodia interpunctella: reproductive behaviour and sperm 

length. J. Evol. Biol. 32:675–682. 

IPCC. 2018. Summary for Policymakers. P. 32 in P. R. S. Masson-Delmotte, V., P. Zhai, H.-

O. Pörtner, D. Roberts, J. Skea, M. I. G. A. Pirani, W. Moufouma-Okia, C. Péan, R. 

Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, X. Zhou, and  and T. W. E. Lonnoy, T. 

Maycock, M. Tignor, eds. Global Warming of 1.5°C. An IPCC Special Report on the 

impacts of global warming of 1.5°C above pre-industrial levels and related global 

greenhouse gas emission pathways, in the context of strengthening the global response 

to eradicate poverty. 

Karve, S. M., D. Bhave, D. Nevgi, and S. Dey. 2016. Escherichia coli populations adapt to 

complex, unpredictable fluctuations by minimizing trade-offs across environments. J. 

Evol. Biol. 29:2545–2555. 

Karve, S. M., S. Daniel, Y. D. Chavhan, A. Anand, S. S. Kharola, and S. Dey. 2015. 

Escherichia coli populations in unpredictably fluctuating environments evolve to face 

novel stresses through enhanced efflux activity. J. Evol. Biol. 28:1131–1143. 

Kawecki, T. J., and D. Ebert. 2004. Conceptual issues in local adaptation. Ecol. Lett. 7:1225–

1241. 

Kawecki, T. J., R. E. Lenski, D. Ebert, B. Hollis, I. Olivieri, and M. C. Whitlock. 2012. 

Experimental evolution. Trends Ecol. Evol. 27:547–560. 

Kellermann, V., A. A. Hoffmann, T. N. Kristensen, N. N. Moghadam, and V. Loeschcke. 

2015. Experimental evolution under fluctuating thermal conditions does not reproduce 

patterns of adaptive clinal differentiation in Drosophila melanogaster. Am. Nat. 

186:582–593. 

Kellermann, V., J. Overgaard, A. A. Hoffmann, C. Fljøgaard, J. C. Svenning, and V. 

Loeschcke. 2012. Upper thermal limits of Drosophila are linked to species distributions 

and strongly constrained phylogenetically. Proc. Natl. Acad. Sci. U. S. A. 109:16228–



 

 

 
This article is protected by copyright. All rights reserved. 
 

16233. 

Kellermann, V., and B. van Heerwaarden. 2019. Terrestrial insects and climate change: 

adaptive responses in key traits. Physiol. Entomol. 44:99–115. 

Kellermann, V., B. Van Heerwaarden, C. M. Sgrò, and A. A. Hoffmann. 2009. Fundamental 

evolutionary limits in ecological traits drive drosophila species distributions. Science 

325:1244–1246. 

Ketola, T., L. Mikonranta, J. Zhang, K. Saarinen, A. M. Örmälä, V. P. Friman, J. Mappes, 

and J. Laakso. 2013. Fluctuating temperature leads to evolution of thermal generalism 

and preadaptation to novel environments. Evolution 67:2936–2944. 

Ketola, T., and K. Saarinen. 2015. Experimental evolution in fluctuating environments: 

Tolerance measurements at constant temperatures incorrectly predict the ability to 

tolerate fluctuating temperatures. J. Evol. Biol. 28:800–806. 

Kinzner, M. C., A. Gamisch, A. A. Hoffmann, B. Seifert, M. Haider, W. Arthofer, B. C. 

Schlick-Steiner, and F. M. Steiner. 2019. Major range loss predicted from lack of heat 

adaptability in an alpine Drosophila species. Sci. Total Environ. 695. Elsevier B.V. 

Klepsatel, P., M. Gáliková, N. De Maio, C. D. Huber, C. Schlötterer, and T. Flatt. 2013. 

Variation in thermal performance and reaction norms among populations of drosophila 

melanogaster. Evolution 67:3573–3587. 

Klepsatel, P., T. N. Girish, H. Dircksen, and M. Gáliková. 2019. Reproductive fitness of 

Drosophila is maximised by optimal developmental temperature. J. Exp. Biol. 222: 

jeb202184. 

Klockmann, M., F. Kleinschmidt, and K. Fischer. 2017. Carried over: heat stress in the egg 

stage reduces subsequent performance in a butterfly. PLoS One 12(7): e0180968. 

Kristensen, T. N., T. Ketola, and I. Kronholm. 2020. Adaptation to environmental stress at 

different timescales. Ann. N. Y. Acad. Sci. 1476:5–22. 

Kristensen, T. N., J. Overgaard, J. Lassen, A. A. Hoffmann, and C. Sgrò. 2015. Low 

evolutionary potential for egg-to-adult viability in Drosophila melanogaster at high 

temperatures. Evolution 69:803–814. 

Le Vinh Thuy, J., J. M. VandenBrooks, and M. J. Angilletta. 2016. Developmental plasticity 

evolved according to specialist-generalist trade-offs in experimental populations of 

Drosophila melanogaster. Biol. Lett. 12: 20160379 

Liukkonen, M., I. Kronholm, and T. Ketola. 2021. Evolutionary rescue at different rates of 

environmental change is affected by trade‐ offs between short‐ term performance and 

long‐ term survival. J. Evol. Biol. 34:1177-1184. 

Magalhães, S., and M. Matos. 2012. Strengths and weaknesses of experimental evolution. 

Trends Ecol. Evol. 27:649–650. 

Manenti, T., V. Loeschcke, N. N. Moghadam, and J. G. Sørensen. 2015. Phenotypic plasticity 

is not affected by experimental evolution in constant, predictable or unpredictable 

fluctuating thermal environments. J. Evol. Biol. 28:2078–2087. 



 

 

 
This article is protected by copyright. All rights reserved. 
 

Manenti, T., J. G. Sørensen, N. N. Moghadam, and V. Loeschcke. 2016. Few genetic and 

environmental correlations between life history and stress resistance traits affect 

adaptation to fluctuating thermal regimes. Heredity 117:149–154. 

Mesas, A., A. Jaramillo, and L. E. Castañeda. 2021. Experimental evolution on heat tolerance 

and thermal performance curves under contrasting thermal selection in Drosophila 

subobscura. J. Evol. Biol. 34:767-778. 

Moreteau, B., J.-P. Morin, G. Pertavy, E. Pla, and J. R. David. 1997. Evolutionary changes of 

nonlinear reaction norms according to thermal adaptation : a comparison of two 

Drosophila species. Acad. Sci. Paris 320:833–841. 

Mousseau, T. A., and D. A. Roff. 1987. Natural selection and the heritability of fitness 

components. Heredity 59:181–197. 

Ørsted, M., A. A. Hoffmann, E. Sverrisdóttir, K. L. Nielsen, and T. N. Kristensen. 2019. 

Genomic variation predicts adaptive evolutionary responses better than population 

bottleneck history. PLoS Genet. 15(6): e1008205. 

Pecl, G. T., M. B. Araújo, J. D. Bell, J. Blanchard, T. C. Bonebrake, I. C. Chen, T. D. Clark, 

R. K. Colwell, F. Danielsen, B. Evengård, L. Falconi, S. Ferrier, S. Frusher, R. A. 

Garcia, R. B. Griffis, A. J. Hobday, C. Janion-Scheepers, M. A. Jarzyna, S. Jennings, J. 

Lenoir, H. I. Linnetved, V. Y. Martin, P. C. McCormack, J. McDonald, N. J. Mitchell, 

T. Mustonen, J. M. Pandolfi, N. Pettorelli, E. Popova, S. A. Robinson, B. R. Scheffers, 

J. D. Shaw, C. J. B. Sorte, J. M. Strugnell, J. M. Sunday, M. N. Tuanmu, A. Vergés, C. 

Villanueva, T. Wernberg, E. Wapstra, and S. E. Williams. 2017. Biodiversity 

redistribution under climate change: impacts on ecosystems and human well-being. 

Science 355 (6332): eaai9214. 

Porcelli, D., R. K. Butlin, K. J. Gaston, D. Joly, and R. R. Snook. 2015. The environmental 

genomics of metazoan thermal adaptation. Heredity 114:502–514.  

Porcelli, D., K. J. Gaston, R. K. Butlin, and R. R. Snook. 2017. Local adaptation of 

reproductive performance during thermal stress. J. Evol. Biol. 30:422–429. 

Rego, C., J. Balanyà, I. Fragata, M. Matos, E. L. Rezende, and M. Santos. 2010. Clinal 

patterns of chromosomal inversion polymorphisms in Drosophila subobscura are partly 

associated with thermal preferences and heat stress resistance. Evolution 64:385–397. 

Rezende, E., J. Balanyà, F. Rodríguez-Trelles, C. Rego, I. Fragata, M. Matos, L. Serra, and 

M. Santos. 2010. Climate change and chromosomal inversions in Drosophila 

subobscura. Clim. Res. 43:103–114. 

Rodríguez-Trelles, F., R. Tarrío, and M. Santos. 2013. Genome-wide evolutionary response 

to a heat wave in Drosophila. Biol. Lett. 9:20130228. 

Rogell, B., W. Widegren, L. R. Hallsson, D. Berger, M. Björklund, and A. A. Maklakov. 

2014. Sex-dependent evolution of life-history traits following adaptation to climate 

warming. Funct. Ecol. 28:469–478. 

Santos, J., M. Pascual, I. Fragata, P. Simões, M. A. Santos, M. Lima, A. Marques, M. Lopes-

Cunha, B. Kellen, J. Balanyà, M. R. Rose, and M. Matos. 2016. Tracking changes in 

chromosomal arrangements and their genetic content during adaptation. J. Evol. Biol. 



 

 

 
This article is protected by copyright. All rights reserved. 
 

29:1151–1167. 

Santos, M. A., A. Carromeu-Santos, A. S. Quina, M. Santos, M. Matos, and P. Simões. 2021. 

High developmental temperature leads to low reproduction despite adult temperature. J. 

Therm. Biol. 95:102794. 

Santos, M., D. Brites, and H. Laayouni. 2006. Thermal evolution of pre-adult life history 

traits, geometric size and shape, and developmental stability in Drosophila subobscura. 

J. Evol. Biol. 19:2006–2021. 

Santos, M., W. Céspedes, J. Balanyà, V. Trotta, F. C. F. Calboli, A. Fontdevila, and L. Serra. 

2005. Temperature-related genetic changes in laboratory populations of Drosophila 

subobscura: evidence against simple climatic-based explanations for latitudinal clines. 

Am. Nat. 165:258–273. 

Schou, M. F., T. N. Kristensen, V. Kellermann, C. Schlötterer, and V. Loeschcke. 2014. A 

Drosophila laboratory evolution experiment points to low evolutionary potential under 

increased temperatures likely to be experienced in the future. J. Evol. Biol. 27:1859–

1868. 

Schou, M. F., M. B. Mouridsen, J. G. Sørensen, and V. Loeschcke. 2017. Linear reaction 

norms of thermal limits in Drosophila: predictable plasticity in cold but not in heat 

tolerance. Funct. Ecol. 31:934–945. 

Seabra, S. G., I. Fragata, M. A. Antunes, G. S. Faria, M. A. Santos, V. C. Sousa, P. Simões, 

and M. Matos. 2017. Different genomic changes underlie adaptive evolution in 

populations of contrasting history. Mol. Biol. Evol. 36(6):1358. 

Simões, P., I. Fragata, S. Seabra, G. S. Faria, M. Santos, M. R. Rose, M. Santos, and M. 

Matos. 2017. Predictable phenotypic, but not karyotypic, evolution of historically 

differentiated populations. Sci. Rep. 7:913. 

Simões, P., M. A. Santos, A. Carromeu-Santos, A. S. Quina, M. Santos, and M. Matos. 2020. 

Beneficial developmental acclimation in reproductive performance under cold but not 

heat stress. J. Therm. Biol. 90:102580. 

Simões, P., M. A. Santos, A. Carromeu-Santos, A. S. Quina, M. Santos, and M. Matos. 2021. 

Dataset for manuscript "No evidence for short-term evolutionary response to a warming 

environment in Drosophila", Dryad, Dataset, https://doi.org/10.5061/dryad.79cnp5hwc 

Somero, G. N. 2012. The physiology of global change: linking patterns to mechanisms. Ann. 

Rev. Mar. Sci. 4:39–61. 

Sørensen, J. G., T. Manenti, J. S. Bechsgaard, M. F. Schou, T. N. Kristensen, and V. 

Loeschcke. 2020. Pronounced plastic and evolutionary responses to unpredictable 

thermal fluctuations in Drosophila simulans. Front. Genet. 11:555843. 

Tobler, R., J. Hermisson, and C. Schlötterer. 2015. Parallel trait adaptation across opposing 

thermal environments in experimental Drosophila melanogaster populations. Evolution 

69:1745–1759. 

Trotta, V., F. C. F. Calboli, M. Ziosi, D. Guerra, M. C. Pezzoli, J. R. David, and S. Cavicchi. 

2006. Thermal plasticity in Drosophila melanogaster: a comparison of geographic 

https://doi.org/10.5061/dryad.79cnp5hwc


 

 

 
This article is protected by copyright. All rights reserved. 
 

populations. BMC Evol. Biol. 6:67. 

Trubenová, B., M. S. Krejca, P. K. Lehre, and T. Kötzing. 2019. Surfing on the seascape: 

adaptation in a changing environment. Evolution 73:1356–1374. 

Urban, M. C., G. Bocedi, A. P. Hendry, J. B. Mihoub, G. Pe’er, A. Singer, J. R. Bridle, L. G. 

Crozier, L. De Meester, W. Godsoe, A. Gonzalez, J. J. Hellmann, R. D. Holt, A. Huth, 

K. Johst, C. B. Krug, P. W. Leadley, S. C. F. Palmer, J. H. Pantel, A. Schmitz, P. A. 

Zollner, and J. M. J. Travis. 2016. Improving the forecast for biodiversity under climate 

change. Science 353(6304): aad8466. 

Vasseur, D. A., J. P. DeLong, B. Gilbert, H. S. Greig, C. D. G. Harley, K. S. McCann, V. 

Savage, T. D. Tunney, and M. I. O’Connor. 2014. Increased temperature variation poses 

a greater risk to species than climate warming. Proc. R. Soc. B Biol. Sci. 281:20132612. 

Walsh, B. S., S. R. Parratt, A. A. Hoffmann, D. Atkinson, R. R. Snook, A. Bretman, and T. 

A. R. Price. 2019. The impact of climate change on fertility. Trends Ecol. Evol. 34:249–

259.  

Wickham, H. 2016. ggplot2: elegant graphics for data analysis. Springer-Verlag New York. 

 

 

Tables  

Table 1 – Differences in thermal performance between warming and control populations for 

colder (a) or warmer (b) temperature treatments. 

a) 

Trait Model parameters F(df1, df2) 

Age of First 
Reproduction (A1R) 

Temp F2,8 = 347.90 *** 

18-14 vs 18-18 t.ratio = 25.457 *** 

14-14 vs 18-18 t.ratio = 18.712 *** 

14-14 vs 18-14 t.ratio = - 6.745 *** 

Fecundity (F6-8) 

Temp F2,8 = 123.71 *** 

18-14 vs 18-18 t.ratio = - 15.665 *** 

14-14 vs 18-18 t.ratio = - 9.060 *** 

14-14 vs 18-14 t.ratio = 6.606 *** 

Productivity 

Temp F2,22 = 22.050 *** 

18-14 vs 18-18 t.ratio = - 6.588 *** 
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14-14 vs 18-18 t.ratio = - 4.071 ** 

14-14 vs 18-14 t.ratio = 2.571 * 

Viability 

Temp F2,19.3 = 0.575 n.s. 

18-14 vs 18-18 - 

14-14 vs 18-18 - 

14-14 vs 18-14 - 

 

Note: significance levels: p> 0.05 n.s.; 0.05>p>0.01*; 0.01>p>0.001**; p<0.001 *** 

First line refers to the statistics of the temperature factor (temp) in the overall linear mixed 

effects model. Below are presented the Tukey tests between thermal treatments using similar 

degrees of freedom of the error term as those used in the mixed effect model (for 

temperature). 

 

b) 

 

Trait Model parameters F(df1, df2) 

Age of First 
Reproduction (A1R) 

Temp F2,8 = 7.463 * 

24-18 vs 18-18 t.ratio = - 3.356 * 

24-24 vs 18-18 t.ratio = - 0.021 n.s. 

24-24 vs 24-18 t.ratio = 3.335 * 

Fecundity (F6-8) 

Temp F2,8 = 7.317 * 

24-18 vs 18-18 t.ratio = 3.563 * 

24-24 vs 18-18 t.ratio = 0.575 n.s. 

24-24 vs 24-18 t.ratio = - 2.988 * 

Productivity 

Temp F2,22 = 15.447 *** 

24-18 vs 18-18 t.ratio = 3.434 ** 

24-24 vs 18-18 t.ratio = 5.502 *** 

24-24 vs 24-18 t.ratio = 2.068 n.s. 

Viability 

Temp F2,19.2 = 35.747 *** 

24-18 vs 18-18 t.ratio = 3.110 * 
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24-24 vs 18-18 t.ratio = 8.410 *** 

24-24 vs 24-18 t.ratio = 5.104 *** 

 

Note: significance levels: p> 0.05 n.s.; 0.05>p>0.01*; 0.01>p>0.001**; p<0.001 *** 

First line refers to the statistics of the temperature factor (temp) in the overall linear mixed 

effects model. Below are presented the Tukey tests between thermal treatments using similar 

degrees of freedom of the error term as those used in the mixed effect model (for 

temperature). 

 

Figure Legends  

 

Figure 1a. Derivation of the experimental lines from natural Drosophila subobscura 

populations. 
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Figure 1b. Daily temperature profiles of the experimental regimes after nine generations of 

thermal selection. 

 

Figure 2. Experimental design: combinations of three developmental and three adulthood test 

temperatures. 
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Figure 3. Thermal reaction norms of the Fluctuating (F) and Control (C) thermal selection 

regimes. A1R – Age of first reproduction. Data shows the average and 95% confidence 

intervals for each thermal regime (with average values of each replicate population as raw 

data). 
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Figure 4. Thermal reaction norms of the Warming (F) and Control (C) thermal selection 

regimes. A1R – Age of first reproduction. Data shows the average and 95% confidence 

intervals for each thermal regime (with average values of each replicate population as raw 

data). 
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