
rspb.royalsocietypublishing.org
Research
Cite this article: Kellermann V, van
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A common practice in thermal biology is to take individuals directly from the

field and estimate a range of thermal traits. These estimates are then used in

studies aiming to understand broad scale distributional patterns, understand-

ing and predicting the evolution of phenotypic plasticity, and generating

predictions for climate change risk. However, the use of field-caught individ-

uals in such studies ignores the fact that many traits are phenotypically plastic

and will be influenced by the thermal history of the focal individuals. The cur-

rent study aims to determine the extent to which estimates of upper thermal

limits (CTmax), a frequently used measure for climate change risk, are sensi-

tive to developmental and adult acclimation temperatures and whether

these two forms of plasticity are reversible. Examining a temperate and tropi-

cal population of Drosophila melanogaster we show that developmental

acclimation has a larger and more lasting effect on CTmax than adult acclim-

ation. We also find evidence for an interaction between developmental and

adult acclimation, particularly when flies are acclimated for a longer period,

and that these effects can be population specific. These results suggest that

thermal history can have lasting effects on estimates of CTmax. In addition,

we provide evidence that developmental and/or adult acclimation are unli-

kely to contribute to substantial shifts in CTmax and that acclimation

capacity may be constrained at higher temperatures.
1. Introduction
With both mean temperature and extreme thermal events predicted to rise under

climate change [1] increasing effort is being directed at better understanding and

predicting species’ responses to climate change. Such efforts largely focus on char-

acterizing ecologically meaningful measures of thermal tolerances (CTmin and

CTmax) of ectothermic species [2–6]. However, estimates of upper thermal

limits are often taken from individuals that are sampled directly from the field.

This means that the thermal history of those individuals—that is, the physiologi-

cal effects of the temperatures experienced in the field during development and as

adults before collection—is not controlled or accounted for [5,7–9]. Yet, generally

thermal tolerances respond plastically to changing thermal conditions [10,11].

Therefore, species collected from similar environments may be more similar in

their thermal tolerances because of environmental, rather than innate, genetic

effects. To account for the effects of thermal history, some researchers attempt

to remove environmental effects via laboratory acclimation for varying lengths

of time [8,12] or by collecting focal individuals within the same season [7]

before assessing thermal limits. However, the extent to which such treatments

do in fact erase the effects of thermal history remains largely unknown [13].

Prior exposure to sub-lethal temperature can result in plastic increases in

thermal resistance in many ectothermic species [10,14–16]. Studies using an

array of thermal treatments and exposure lengths show substantial plastic effects

of temperature on thermal tolerance [10,17]. In Drosophila melanogaster the effects
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of adult acclimation/hardening on static heat resistance, and to

a lesser degree developmental acclimation, have been well

studied [10,18]; warmer developmental and adult acclimation

and hardening treatments generally result in increased heat

tolerance, although trade-offs between basal and heat harden-

ing may limit the extent of the increase at warmer temperatures

[18]. Similarly, seasonal shifts in temperature have also been

shown to result in plastic shifts in thermal tolerance under

conditions that reflect those experienced in the field [19], con-

firming the plastic nature of upper thermal limits. The fact

that estimates of tolerance based on field-caught individuals

do not always match estimates based on laboratory-reared

individuals suggests complicated (plastic) effects of thermal

history in flies [13] and other organisms [20].

Thermal environments that induce a plastic response

can give rise to both reversible and irreversible plastic respon-

ses [21,22]. Exposure to temperature during development is

predicted to produce permanent irreversible plastic responses

(developmental acclimation) [23], while adult hardening

(short exposures to stressful but sub-lethal temperature) and

adult acclimation (longer exposures to less extreme conditions)

should produce transient effects on the phenotype [14,24–26].

However, whether different forms of plasticity induce reversible

or irreversible effects on upper thermal limits is not well studied

in D. melanogaster or other species [27]. Further, attempts to do so

have been complicated by studies using different methods that

are not easily comparable. For example, acclimation treatments

can encompass adult and/or developmental acclimation [10],

which may produce short- and long-term effects on the pheno-

type [23]; yet many studies are not designed to explicitly

disentangle these effects (see studies in [28]).

If developmental and adult acclimation responses to

temperature result in irreversible and reversible effects on

the phenotype, respectively (e.g. [21,22]) then estimates of

thermal limits derived from field collected individuals will

be confounded by their thermal history, thereby limiting the

inferences that can be made with regards to the evolution of

plasticity. While adult hardening seems to have no lasting

effects on adult heat resistance or associated transcriptional

responses in Drosophila [29,30], different combinations of

adult acclimation treatments produced both reversible and irre-

versible effects on critical thermal limits in the Mediterranean

fruit fly (Ceratitis capitata) [27,31]. For developmental acclim-

ation, studies tend to suggest that its effects on thermal limits

are irreversible [21,32–34]. Specifically, Chidawanyika &

Terblanche [34] found developmental acclimation produced

lasting effects on CTmax in the codling moth, while develop-

mental acclimation produced irreversible effects on adult

body size, morphology, and fitness traits in frogs [32] and zeb-

rafish [33], and for lower thermal limits in adult tsetse flies [21].

However, in butterflies, the effects of developmental acclim-

ation on egg size and recovery from cold shock were reversed

by adult acclimation temperatures [35,36]. Finally, a recent

study in D. melanogaster found that the effect of adult acclim-

ation on CTmax was asymmetrical; CTmax was reversible (in

the short term) after developmental acclimation at 158C, but

not developmental acclimation at 258C [37].

In the current study we aim to investigate whether develop-

mental and adult acclimation interact to influence estimates

of CTmax and whether these forms of plasticity are reversible.

We do so using a tropical and temperate population of the

model species D. melanogaster, to determine whether the effect

of developmental or adult acclimation, on CTmax differs
across populations from different climatic zones. We address

these questions by performing a partial reciprocal transplant

experiment, where flies were developed at a range of tempera-

tures and then acclimated as adults to either the same

temperature at which they were developed or to 258C and

vice versa. In addition, given that some studies using field-

collected [7,28] and laboratory-reared [18] individuals suggest

that plasticity is reduced in warm environments possibly as a

result of a trade-off between basal heat tolerance and plasticity,

we also examined whether higher developmental acclimation

temperatures constrain plastic responses of CTmax in adult

acclimation treatments. Finally, the length of adult thermal

acclimation used to remove any effects of thermal history on

estimates of CTmax often varies across studies, ranging from

days to weeks [28]. To determine whether the length of the

adult acclimation period may influence the effects of develop-

mental acclimation on CTmax we also examined both short

and long adult acclimation periods of 5 and 23 days, respectively.
2. Material and methods
(a) Experimental populations and acclimation

treatments
Tropical and temperate populations of Drosophila melanogaster were

maintained as mass-bred populations at 258C under a 12 : 12 light :

dark cycle at a census population size of approximately 1 000 indi-

viduals across 3 � 250 ml bottles containing potato-dextrose-agar

medium. CTmax was assessed after 11 (5-day acclimation) and

13 (23-day acclimation) generations of mass breeding. For further

details of source location and initiation of experimental flies see

electronic supplementary material, methods.

(i) Developmental acclimation
To distinguish between the effects of developmental acclimation

and adult acclimation on CTmax we performed a partial recipro-

cal transplant experiment across different developmental and

adult acclimation temperatures (electronic supplementary

material, figure S1). To assess the effect of developmental acclim-

ation on CTmax, eggs from both populations were placed at six

constant temperatures to complete development: 168C, 188C,

208C, 258C, 288C, and 308C.

(ii) Adult acclimation and CTmax
Flies were placed into one of three adult acclimation treatments:

(i) flies developed at 168C, 188C, 208C, 258C, 288C, and 308C and

were acclimated as adults at the same six temperatures of devel-

opment (16–30/16–308C treatment), (ii) following development

at 168C, 188C, 208C, 258C, 288C, and 308C flies were acclimated as

adults at 258C (16–30/258C treatment), (iii) flies developed at

258C and were acclimated as adults at all six temperatures

168C, 188C, 208C, 258C, 288C, and 308C (25/16–308C treatment).

Following the acclimation periods, CTmax was assessed using

the ramping method [38]. Thirty individual flies from each acclim-

ation treatment were placed into a water bath pre-heated to 258C
and the temperature ramped up at a rate of 0.18C per minute.

CTmax was scored as the time/temperature at which flies had suc-

cumbed to heat stress and no movement was detected.

(b) Analyses
(i) Reaction norms
All analyses were conducted in R [39]. The effects of the different

acclimation treatments were investigated in two separate ana-

lyses. The first analysis compared treatment 1 and 2 (16–30/
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16–308C to 16–30/258C) and the second analysis compared

treatment 1 and 3 (16–30/16–308C to 25/16–308C). Thus we

were effectively comparing how different developmental and

adult acclimation regimes affected CTmax compared to the con-

trol treatment of developing and acclimating within the same

temperature, i.e. 16–30/16–308C. This created a balanced

design that allowed us to test for an interaction between tempera-

ture and acclimation treatments. The data were analysed using a

general linear model assessing the fixed effects of population,

temperature (developmental or adult acclimation temperature),

treatment (development or adult acclimation), and their inter-

actions on CTmax. To account for possible technical effects of

run, scorer, and day on CTmax we also included these variables

as fixed factors in the model. The effects of 5- and 23-day adult

acclimation on CTmax were investigated in separate analyses

as these experiments were not performed at the same time.

Day was only included as a factor for the 5-day model as all

heat runs were performed on the same day for the 23-day exper-

iment. Temperature was treated as a continuous variable and

treatment as a factor. Model selection was performed to

remove non-significant interaction terms from the full model,

with model fit assessed using Akaike Information Criteria [40].

Interaction terms were removed until the model with the

lowest AIC was found. Where the difference between models

was less than 2.5 AIC we chose the simplest model [40]. Finally,

we compared the best fit model with a model including no

interaction terms (electronic supplementary material, table S1

for model AICs). Assumptions of parametric modelling were

fulfilled in all models.

To determine whether developmental or adult acclimation had

a larger influence on CTmax we compared the slopes of the reac-

tion norms for each of the three treatments examining the

relationship between CTmax and developmental or adult acclim-

ation temperature (168C, 188C, 208C, 258C, 288C, and 308C).

To compare the reaction norm slopes, within each treatment we

fitted a general linear model with temperature as a continuous

variable and run, scorer, and day as fixed effects (electronic

supplementary material, table S2). Similar to above we performed

a model selection approach, starting with the full model and

removing non-significant terms comparing model fit with AIC.

From these models we obtained the reaction norm slopes and

their standard errors for each treatment. We then compared the

reaction norm slopes between treatments with a t-test using the

following formula [38].

Z ¼ b1 � b2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SE2

1 þ SE2
2

q ,

where b1 and b2 and SE2
1 and SE2

2 are the slope and respective

standard errors for each of the regression lines.

Similarly the t-tests from the model output were used to deter-

mine whether the reaction norm slopes were significantly different

from 0. For some treatments a quadratic fit was a better fit than a

linear fit (3 of 12 treatments), however because comparing the

slope of a linear and quadratic regression is not possible we

assumed a linear fit for all comparisons (electronic supplementary

material, table S3).

A false discovery rate (FDR) was used to correct for multiple

comparisons [41]. Using this method we were able to compare

how the reaction norm slopes changed across the treatments to

determine whether developmental or adult acclimation had lasting

effects on CTmax. We compared the reaction norms for 16–30/

16–308C to 16–30/258C and 25/16–308C. If any period of adult

acclimation reverses the effects of developmental acclimation, we

predict that the reaction norm for treatment 25/16–308C would

be most similar to the 16–30/16–308C reaction norm, and the reac-

tion norm for 16–30/258C should be flat and not significantly

different from 0 (Prediction 1). In contrast, if developmental

acclimation is not reversed by adult acclimation we expect the
reaction norm for treatments 16–30/16–308C and 16–30/258C
to be most similar, and the reaction norm for the 25/16–308C treat-

ment to be flat and not significantly different from 0 (Prediction 2).
(ii) Developmental and adult acclimation capacity
To examine whether the extent of plastic responses in CTmax may

be constrained by innate (basal) heat tolerance we first quantified

the extent of plastic response in CTmax as acclimation capacity

(AC). Specifically, acclimation capacity was calculated as the differ-

ence in CTmax between the development and adult acclimation

treatments (16–30/258C – 16–30/16–308C and 25/16–308C –

16–30/16–308C). Estimates of CTmax of flies developed and

adult acclimated at 16–30/16–308C represents a combination of

adult and developmental effects of each temperature; CTmax of

flies developed and adult acclimated at 16–30/258C reflects devel-

opmental acclimation while controlling for adult acclimation

and finally, the CTmax of flies developed and acclimated at

25/16–308C represents adult acclimation while controlling for

developmental acclimation.

To examine the extent to which adult acclimation can shift

CTmax (AC1), we calculated the difference between CTmax in

the 16–30/258C treatment versus CTmax in the 16–30/16–308C
treatment, individually at each acclimation temperature (e.g.

1625–1616, 1825–1818). To examine the extent to which develop-

mental acclimation can shift CTmax alone (AC2), we calculated

the difference between CTmax at the 25/16–308C and 16–30/

16–308C treatments, individually at each acclimation temperature

(e.g. 2516–1616, 2518–1818). Calculating AC for the 258C tempera-

ture did not make sense as this was the control temperature and

therefore AC was 0.

To examine how AC shifted as temperatures increased, we

regressed AC onto acclimation temperatures using a linear

model in R [39]. We did not regress AC back onto CTmax, as this

would violate one of the major assumptions of linear models,

that is, of independence. This is because CTmax is used to estimate

AC, and regressing AC against CTmax will thus result in signifi-

cant but spurious relationships between AC and CTmax [42].

Finally, as the 5- and 23-day acclimation treatments produced com-

parable results, we provide the analysis of acclimation capacity

using the 5-day data only.
3. Results
(a) 5-Day adult acclimation
Regardless of which comparisons were performed (16–30/

16–308C versus 16–30/258C or 16–30/16–308C versus

25/16–308C) CTmax was significantly higher in the tropical

population (table 1a; figure 1a), although the difference in

mean CTmax between the populations was small (across all

treatments 0.148C). Scorer did not always have a significant

effect on CTmax, while day and run were both significant

(table 1). Irrespective of whether we compared the 16–30/

16–308C treatment to the 16–30/258C or 25/16–308C treat-

ments, we found that acclimation temperature, be that

developmental or adult had a significant effect on the mean

of CTmax—CTmax increased as acclimation temperature

increased (table 1; figure 1). The increase in CTmax across

acclimation temperatures was small and typically less than

18C (figure 1). Treatment (development versus adult acclim-

ation) also had a significant effect on CTmax regardless of

the comparison being made (table 1). The significant

temperature�treatment interaction results from the fact that

developmental acclimation resulted in larger shifts in the

mean of CTmax than adult acclimation when treatments 2



treatment fixed effects d.f. MS F

16 – 30/16 – 30 versus 16 – 30/25 population 1 3.483 37.301***

temperature (acclimation) 1 43.119 461.827***

treatment 1 0.655 7.020**

run 2 10.594 113.466***

scorer 2 0.446 4.779**

day 2 3.064 32.817***

temperature � treatment 1 1.417 15.181***

temperature � scorer 2 0.343 3.673*

temperature � day 2 0.906 9.702***

error 693 0.093

16 – 30/16 – 30 versus 25/16 – 30 population 1 3.115 33.075***

temperature (acclimation) 1 26.542 281.804***

treatment 1 1.991 21.135***

run 2 11.574 122.879***

day 2 3.698 39.260***

temperature � treatment 1 6.158 65.379***

temperature � day 2 0.725 7.693***

error 698 0.094

***p , 0.001, **p , 0.001, *p , 0.01.
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4Table 1. Analysis of variance examining the effects of temperature (development and adult acclimation) on flies developed and adult acclimated under three 
different treatments 16 – 30/16 – 308C, 16 – 30/258C, and 25/16 – 308C on CTmax for northern and southern populations of D. melanogaster and adult 
acclimated for 5 days.
and 3 were compared (0.62–0.698C, treatment 1: 16–30/258C
c.f. 0.31–0.328C, treatment 2: 25/16–308C; figure 1), however

the largest increase in mean CTmax was observed for treat-

ment 3 (16–30/16–308C treatment, 0.73–0.848C). We found

significant two-way interactions between temperature and

the technical effects (run, day, and scorer). However, we

found no significant higher order interactions indicating

that the temperature � treatment interaction was robust to

these technical effects.

Our results indicate that developmental acclimation had

lasting effects on CTmax regardless of adult acclimation

(figure 1). The slope of the reaction norm for flies developed

at 16–308C and adult acclimated at 258C (16–30/258C) was

not significantly different from the reaction norm for flies

that developed and adult acclimated at 16–308C (16–30/

16–308C) for the tropical population (table 2; figure 1a),

suggesting that adult acclimation at 258C did not have a

large effect on CTmax. Interestingly, this was not the case for

the temperate population where the reaction norm slopes for

the 16–30/258C and 16–30/16–308C treatments were signifi-

cantly different from each other (table 2; figure 1b). However,

the CTmax of flies in the 16–30/258C treatment were not

more similar to the CTmax of the 25/258C treatment, which

we would expect if adult acclimation had a larger effect on

CTmax than developmental acclimation. Instead the reaction

norm slope fell between treatments 16–30/16–308C and 25/

258C suggesting both developmental and adult acclimation

contributed to CTmax (figure 1b). Finally, if adult acclima-

tion erased the effects of developmental acclimation on

CTmax we would expect the CTmax of flies in treatment

25/16–308C to resemble the CTmax of flies in the 16–30/

16–308C treatment, and the reaction norm slopes of these
two treatments to be the same. However, the reaction norm

slopes for these two treatments for both populations were

significantly different from each other (table 2) suggesting

that developmental acclimation has lasting effects on CTmax.

Adult acclimation did not erase previous thermal history;

rather it contributed to an increase in CTmax with increasing

temperature for both populations (figure 1). The reaction

norms for the 16–30/258C and 25/16–308C treatments were

significantly different from zero in both populations (table 2),

meaning that both developmental and adult acclimation

played a role in shaping CTmax across treatments.
(b) 23-Day adult acclimation
Overall, the results from the 23-day adult acclimation exper-

iment support the general conclusion that developmental

acclimation plays a larger role in shaping CTmax than adult

acclimation, although the results did not parallel those seen

for the 5-day acclimation experiment. Unlike the 5-day treat-

ment, populations did not differ in their CTmax (table 3;

figure 2). Run was significant in both models while scorer

was significant for only the 16–30/16–30 versus 16–30/25

(table 3) (same scorers were used for both experiments).

Similar to the 5-day experiment, increasing developmental

and adult acclimation temperatures significantly increased

CTmax for both populations (figure 2; table 3). Finally, a sig-

nificant interaction between acclimation temperature and

treatment was also found, driven by the fact that the 16–30/

16–30 treatment resulted in the largest shift in CTmax across

both populations (figure 2a,b). Once again, we found signi-

ficant two-way interactions between the main effects of

temperature and population and the technical effects (run,



comparison to 0 comparison to each other

treatment slope t P.1 P.2 treatment t P.1 P.2

5 days—tropical

16 – 30/25 0.042+ 0.006*** 7.848 3 16 – 30/16 – 30 versus 16 – 30/25 1.921 3

25/16 – 30 0.021+ 0.006*** 3.747 3 16 – 30/16 – 30 versus 25/16 – 30 4.481** 3

5 days—temperate

16 – 30/25 0.041+ 0.006*** 7.496 3 16 – 30/16 – 30 versus 16 – 30/25 2.121* 3

25/16 – 30 0.020+ 0.005*** 3.844 3 16 – 30/16 – 30 versus 25/16 – 30 4.993** 3

23 days—tropical

16 – 30/25 0.006+ 0.006 1.046 3 16 – 30/16 – 30 versus 16 – 30/25 2.60* 3

25/16 – 30 0.005+ 0.007 0.683 3 16 – 30/16 – 30 versus 25/16 – 30 2.539* 3

23 days—temperate

16 – 30/25 0.021+ 0.005*** 4.251 3 16 – 30/16 – 30 versus 16 – 30/25 2.234* 3

25/16 – 30 20.005+ 0.006 0.819 3 16 – 30/16 – 30 versus 25/16 – 30 3.606** 3

***p , 0.001, **p , 0.001, *p , 0.01. p-values corrected for multiple comparison using a false discovery rate (FDR).
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Figure 1. 5-Day adult acclimation for (a) tropical and (b) temperate populations
of D. melanogaster. Solid black line (circles) flies developed 16 – 308C and accli-
mated as adults at 16 – 308C (16 – 30/16 – 308C), dotted black line (triangle)
flies developed at 16 – 308C and acclimated as adults at 258C (16 – 30/258C)
and dashed grey line (square) flies developed at 258C and acclimated as
adults at 16 – 308C (25/16 – 308C). Dashed black line represents 258C/258C.
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5Table 2. t-tests comparing whether the reaction norm slope for each of the three treatments differs significantly from 0 and from each other for the tropical 
and temperate populations of D. melanogaster and whether the results fit with Prediction 1 that adult acclimation has lasting effects on CTmax (P.1), or 
Prediction 2 that developmental acclimation has lasting effects on CTmax (P.2).
day, and scorer). However, no higher order interactions were

significant suggesting that the temperature x treatment

interaction was robust to these technical effects.

In contrast to the 5-day adult acclimation treatment, the

CTmax of tropical flies developed at 16–308C and adult accli-

mated at 258C (16–30/258C) resembled the CTmax of flies
developed and adult acclimated at 258C (25/258C); that is, the

reaction norm slope for 16–30/16/308C did not differ signifi-

cantly from 0 (table 2; figure 2a). This suggests that adult

acclimation at 258C for 23 days negated the effects of develop-

mental acclimation on CTmax in tropical flies. However, the

reaction norm slope for tropical flies developed at 258C and

adult acclimated at 16–308C (25/16–308C) was also not signifi-

cantly different from 0 (table 2; figure 2a)—if adult acclimation

had a larger effect on CTmax than developmental acclimation

we would expect CTmax to increase with increasing adult

acclimation temperatures regardless of developmental temp-

erature and would thus observe a significant reaction norm

slope for this treatment (i.e. the reaction norm slope should be

more similar to the 16–30/16–308C treatment). Instead there

was little evidence for adult acclimation effects on CTmax

(table 2; figure 2a). Rather, the results for the tropical population

suggest that longer term adult acclimation and developmental

acclimation interact in complex ways to affect CTmax.

In contrast, there was stronger support for developmental

acclimation having a large influence on CTmax in the temper-

ate population (table 2). Specifically, the reaction norm slope

of the 16–308C/258C treatment was significantly different

from 0 (figure 2b; table 2), which is not consistent with our

expected response if adult acclimation predominately drove

CTmax. In addition, the CTmax of flies in the 258C/

16–308C treatment were more similar to the CTmax of flies

in the 258C/258C treatment (258C/16–308C reaction norm

slope not significantly different from zero) consistent with

developmental acclimation having a larger effect on CTmax

than adult acclimation (table 2; figure 2b). These results

suggest population-specific effects of longer term adult

acclimation on estimates of CTmax.

Finally, we found that acclimation capacity for develop-

mental and/or adult acclimation decreased with increasing

temperature (figure 3). This suggests that the capacity to

increase CTmax via plasticity decreases with increasing temp-

erature. In contrast, CTmax increased with developmental



treatment fixed effects d.f MS F

16 – 30/16 – 30 versus 16 – 30/25 population 1 0.229 1.069

temperature (acclimation) 1 12.482 58.210***

treatment 1 5.943 27.715***

run 4 2.106 9.823***

scorer 3 0.580 2.704*

temperature � treatment 1 2.548 11.883***

temperature � run 4 1.444 6.735***

population � scorer 3 0.728 3.395*

error 685 0.214

16 – 30/16 – 30 versus 25/16 – 30 population 1 0.299 1.186

temperature 1 6.555 26.019***

treatment 1 8.327 33.055***

run 4 2.303 9.142***

scorer 3 0.472 1.874

temperature � treatment 1 6.378 25.315***

temperature � run 4 1.648 6.541***

temperature � scorer 3 1.030 4.087**

error 682 0.252
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Figure 2. 23-Day adult acclimation for (a) tropical and (b) temperate
populations of D. melanogaster. Solid black line (circle) flies developed at
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6Table 3. Analysis of variance examining the effects of temperature (development and adult acclimation) on flies developed and adult acclimated under three 
different treatments 16 – 30/16 – 308C, 16 – 30/258C, and 25/16 – 308C on CTmax for northern and southern populations of D. melanogaster and adult 
acclimated for 23 days.
temperature, suggesting that increases in plastic responses to

adult and developmental thermal acclimation may be con-

strained by higher basal CTmax at warmer temperatures,

although the current experimental design does not allow us

to statistically test this relationship.
4. Discussion
Studies that seek to characterize thermal limits and thermal

plasticity on non-model organisms predominately use esti-

mates of thermal limits (generally measured as CTmax) from

field individuals [2,5,7,28,43,44], even though thermal toler-

ances are highly plastic [11]. Such studies assume that short
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acclimation periods in the laboratory will remove any effects of

thermal history (developmental and/or acclimation) on

CTmax, or that thermal history has no effect on estimates of

CTmax. While thermal tolerances can shift when field collected

individuals experience different adult acclimation conditions in

the laboratory [28], the extent to which thermal history influ-

ences acclimation responses is poorly understood. The current

study investigates the relative contributions of developmental

and adult acclimation to upper thermal limits in D. melanogaster
to determine the degree to which the effects of developmental

and adult acclimation on estimates of upper thermal limits

are reversible.

Irrespective of the length of adult acclimation (5 or 23

days), developmental acclimation had lasting effects on

upper thermal limits for both populations. Altering the

length of adult acclimation from 5 to 23 days changed the

patterns in CTmax between the treatments and populations

but did not change the overall conclusion that developmental

acclimation tended to produce irreversible effects on CTmax

in D. melanogaster, in line with current theoretical predictions

[23]. This result was consistent across populations, with

the tropical and temperate populations showing similar

responses to developmental and adult acclimation. Although

a lack of divergence in CTmax between temperate and tropi-

cal populations is not consistent with clinal studies that have

shown clinal patterns in heat [45,46], it may simply reflect the

limited power of detecting divergence in traits with only two

populations. A lack of divergence in CTmax and plasticity in

these populations may also reflect convergent evolution

driven by laboratory rearing. However, it is unclear how

laboratory adaptation will affect CTmax and its plasticity,

and there is no evidence of laboratory adaptation influencing

estimates of heat resistance in Drosophila species [47].

Our knowledge of the mechanisms underlying plasticity in

heat resistance and the timescales at which they work is mostly

restricted to heat shock proteins (hsps) and short-term plastic

responses (hardening). In D. melanogaster, the adult hardening

response is reversible at both the molecular and phenotypic

level [10,48]. However acclimation responses, be that develop-

mental or adult, are less well studied at the mechanistic level.

Once again hsps have been implicated in adult acclimation

responses but little is known about the timing and reversibi-

lity of these responses [49], although cellular membrane

phospholipids have been associated with thermal acclimation

and cold resistance [50–52]. Developmental acclimation can

also induce widespread transcriptome changes, with 80% of

genes showing an effect of acclimation in D. melanogaster [53],

but these changes were not linked to heat resistance pheno-

types or studied through time. Widespread transcriptome

changes [53] may be consistent with our results that show

increasing developmental temperatures increased CTmax

more so than increasing adult acclimation temperatures,

but further work is needed to understand the timing and

reversibility of acclimation responses (but see, [27,31,37]).

We found that any improvement to CTmax via adult

acclimation occurred within the first 5 days and that longer

adult acclimation periods did not further increase CTmax, con-

sistent with recent research [27,37]. Longer acclimation periods

are therefore unlikely to erase the effects of thermal history on

CTmax in short-lived species like D. melanogaster. We did how-

ever find that the patterns of acclimation responses between

the 5- and 23-day treatments did differ. Adult acclimation

may account for some of this change, but CTmax did not
always shift in the direction that would be expected if just

adult acclimation could account for these differences. Age

effects are known to contribute to declining stress resistance

in Drosophila [54]. Unfortunately, we could not explicitly test

for age effects as the experiments were run in separate gener-

ations, making the experiments not directly comparable.

However, we do not believe age effects contributed largely to

the observed patterns in the 23-day treatment as the CTmax

of flies reared and developed at 16–308C did not differ between

the 5- and 23-day experiments. This result is in stark contrast to

a recent study [55] where age effects were implicated in

declines of upwards of 48C in CTmax when flies were devel-

oped and acclimated at 258C for 24 days. Nevertheless, an

interaction between developmental acclimation, adult acclim-

ation, and age cannot be ruled out with the current design

and it is possible age effects contribute to the complex relation-

ship between developmental and adult acclimation reported

here. Further work investigating the effects of age on plasticity

is warranted, particularly as age effects will be inherent in any

study on field individuals and may further obscure the effects

of acclimation [56].

The significant interaction between adult and developmen-

tal acclimation in the current study suggests that developmental

temperature, and thus thermal history can influence the

capacity for adult acclimation. Moreover, estimates of acclim-

ation capacity/plasticity from field individuals [7,28] likely

underestimate the capacity for plastic responses in species

because developmental acclimation is largely ignored. The

effects of thermal history, may also be compounded if thermal

plastic responses trade-off with basal thermal tolerances [7,18].

In line with van Heewaarden et al. [18] we found that acclim-

ation capacity for developmental and/or adult acclimation

decreased with increasing temperature (figure 3) suggesting

that the capacity to increase CTmax via plasticity decreases

with increasing temperature. In contrast, CTmax increased

with developmental temperature, suggesting that increases in

adult and developmental acclimation capacity may come at a

cost of high basal CTmax at warmer temperatures (figure 3).

Moreover, the relationship between acclimation capacity and

temperature means that estimates of plasticity/acclimation

responses taken from field individuals will be inherently

biased by temperatures at the source location; that is, individ-

uals collected from warm environments will have a higher

basal CTmax and a lower acclimation capacity than individuals

collected from cool environments.

Developmental and adult acclimation effects on CTmax

were small (less than 18C), consistent with previous results

using Drosophila [18,57,58]. Although acclimation effects of

less than 18C may not dramatically alter estimates of climate

change risk under current models, whether a 0.58C change in

heat tolerance may be important in the short term is less

clear. Current projections of climate change responses tend

to focus on long-term effects; however, increases in tempera-

ture will be incremental [59]. As such small acclimation

effects may be enough to buffer species in the short term

and provide opportunity for selection to shift trait means

[60]. Moreover, Bush et al. [61] showed an evolved shift of

only 0.58C has the potential to reduce projected range

losses in Drosophila by up to 33% by 2105, which suggests

that small plastic responses may contribute significantly to

reducing the impact of climate change risk.

In the current study we demonstrate that the effects of

developmental temperatures on upper thermal limits are
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larger, and more lasting, than adult acclimation effects in the

model species D. melanogaster. Given that the heat shock

response is quite conserved across ectothermic species [62],

these results suggest that CTmax measured on field-caught

individuals may be confounded by thermal history. An inter-

action between developmental and adult acclimation

temperatures presented here and in previous studies [32,33]

could further complicate the interpretation of plasticity esti-

mates based on field collected individuals, particularly as

developmental acclimation had a larger effect on CTmax

than adult acclimation. In addition, we show that acclimation

capacity (developmental/adult) decreases with increasing

temperature suggesting a trade-off between plasticity

in CTmax and basal CTmax. Having said that, it is impor-

tant to acknowledge that conducting controlled common

garden experiments on laboratory-reared individuals to

explicitly eliminate/untangle genetic and plastic effects is

simply not possible for many species. Nevertheless, we
need to be aware of the potential error thermal history

may introduce into estimates of critical thermal limits and

be careful how we interpret estimates of plasticity from

field-caught individuals.
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Supplementary material and methods 

Populations of D. melanogaster were collected from a temperate (Melbourne, Victoria, 

37.8136° S, 144.9631° E) and tropical (Innisfail, north-eastern Queensland, 17.5236° S, 

146.0292° E) location in April 2014. Thirty single field inseminated females were collected 

from each location using banana baits, and were maintained in the laboratory as separate iso-

female lines for two generations. Two generations after field collection, a mass-bred 

population was established for each location by pooling 10 virgin females and males from 

each iso-female line (totalling 600 flies per population) into two 250 mL bottles containing 

potato-dextrose-agar medium. For each successive generation, each mass-bred population 

was maintained at 25 °C under a 12:12 light: dark cycle at a census population size of 

approximately 1000 individuals across 3 x 250 ml bottles containing potato-dextrose-agar 

medium. CTmax was assessed after 11 (5 day acclimation) and 13 (23 day acclimation) 

generations of mass breeding (see below). Prior to the experiment density was controlled by 

picking 40 eggs into 20 vials per cabinet. Although we did not directly account for common 

environment effect (flies may be more similar due to common rearing environment), flies 

were randomly sampled across the 20 vials, reducing the likelihood of common environment 

effects influencing our results. As developmental time varies across different developmental 

temperatures, egg picking was staggered so that adult flies would eclose from the different 

temperature cabinets on the same day. The sexes were separated using CO2 anaesthesia two 

days post eclosion, with only females assessed for CTmax. Flies were given 24-48hrs to 

recover post exposure to CO2 at their developmental temperatures prior to being placed into 

the relevant adult acclimation treatment. Consequently flies were 7-8 and 25-26 days old for 
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the 5 and 23 day adult acclimation treatment respectively. Following the acclimation periods, 

CTmax was assessed (described below) across 9 runs over 2 days for the 5 day acclimation 

and 5 runs over 1 day for the 23 day acclimation treatment. For both acclimation experiments 

3 scorers assessed CTmax in a fully balanced randomised block design.  

    

Figure S1. Experimental design, flies developed in temperatures ranging from 

16-30 and were then acclimated at a number of different temperatures for either a 5 

or 23 day period prior to being assessed for CTmax. 
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Table S1. Model selection for general linear model comparing flies developed and 
acclimated under different treatments 16-30/16-30 vs 16-30/25 and 16-30/16-30 vs 
25/16-30 for 5 days and 23 days and their associated AIC. For each model we show 
the fixed effects beginning with the most complex model to a model including no 
interactions. Model chosen in bold. 

Day 5

16-30/16-30 vs 16-30/25 C̊ AIC

Full model 382.524

Reduced model 1
Population  
Temperature 
Treatment 
Run 
Scorer 
Day 
Population * Temperature 
Population * Treatment 
Temperature * Treatment 
Temperature * Scorer 
Temperature * Day 
Population * Temperature * Day 354.728

Reduced model 2
Population 
Temperature
Treatment
Run
Scorer
Day
Temperature * Treatment
Temeprature * Scorer
Temperature * Day 347.223

No interaction model 378.816

16-30/16-30 vs 25/16-30 C̊

Full model 389.563
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Reduced model 1
Population
Temperature
Treatment
Run
Day
Temperature * Treatment
Temperature * Day 349.971

No interaction model 422.525

Day 23

16-30/16-30 vs 16-30/25 C̊

Full model 951.4003

Reduced model 1
Population  
Temperature 
Treatment 
Run 
Scorer 
Temperature * Treatment 
Temperature * Run 
Population * Scorer 
Temperature * Treatment 932.882

Reduced model 2
Population 
Temperature
Treatment
Run
Scorer
Temperature * Treatment
Temperature * Run
Population * Scorer 934.597

No interaction model 967.245

16-30/16-30 vs 25/16-30 C̊

Full model 1076.99
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Table S2 Comparing model fit (AIC) for the general linear models comparing 
reaction norms for the north and south population. Non-significant terms were 
removed sequentially until the model with lowest AIC was found, where the 
difference between AIC was <2.5, the simplest model was chosen. The best fit 
model is highlighted in bold. 

Reduced model 1
Population 
Temperature 
Treatment 
Run 
Scorer 
Temperature * Treatment 
Temperature * Run 
Temperature * Scorer 
Population * Treatment * Scorer 
Population * Development * 
Treatment *Run 1054.436

Reduced model 2
Population
Temperature
Treatment
Run
Scorer
Temperature * Treatment
Temperature * Run
Temperature * Scorer 1043.669

No interaction model 1090.300

16-30/16-3
0 

5 day

16-30/2
5

25/16-30
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Table S3. Comparing model fit (AIC) for linear vs quadratic fit for the reaction norms 
for the north and south population. Where the difference between AIC was <2.5, the 

North South North South North South

Model AIC AIC AIC AIC AIC AIC

Develop 
Scorer 
Run 
Day 

100.63
2

158.52
4

143.351 153.281 199.209 147.182

Develop 
Scorer 
Run

100.67
7

156.92
3

Develop 
Run 
Day

141.590 151.278 196.478 144.056

Develop 
Scorer

156.71
6

23 day

Develop 
Scorer 
Run

296.69
4

325.27
8

251.808 114.836 178.580 206.243

Develop 
Run

293.60
2

249.834 176.581

Develop 
Scorer

325.96
8

113.597 207.964

Develop 324.38
9

114.535 176.359
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simplest model was chosen. The best fit model is highlighted in bold. Where the 
quadratic fit is deemed better the r2 is given in brackets. 

16-30/16-3
0 

16-30/2
5

25/16-30

North South North South North South

Model AIC AIC AIC AIC AIC AIC

5 day

Linear 100.677 156.71
6

141.590 151.278 
(0.267)

196.548 144.056

Quadratic 101.079 156.15
2

141.217 148.050
(0.284)

198.449 145.645

23 day

Linear 293.602 
(0.099)

324.38
9 
(0.109)

263.158 114.535 176.358 219.698

Quadratic 290.955
(0.117)

319.43
6
(0.139)

263.456 113.036 175.911 219.918
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