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Abstract
1. Characterizing thermal acclimation is a common goal of eco-physiological studies 

and has important implications for models of climate change and environmental 
adaptation. However, quantifying thermal acclimation in biological rate processes 
is not straightforward because many rates increase with temperature due to the 
acute effect of thermodynamics on molecular interactions. Disentangling such 
passive plastic responses from active acclimation responses is critical for describ-
ing patterns of thermal acclimation.

2. Here, we reviewed published studies and distinguished between different study 
designs measuring the acute (i.e. passive) and acclimated (i.e. active) effects of 
temperature on metabolic rate. We then developed a method to quantify and clas-
sify acclimation responses by comparing acute and acclimated Q10 values. Finally, 
we applied this method using meta-analysis to characterize thermal acclimation in 
metabolic rates of ectothermic animals.

3. We reviewed 258 studies measuring thermal effects on metabolic rates, and 
found that a majority of these studies (74%) did not allow for quantifying the in-
dependent effects of acclimation. Such studies were more common when testing 
aquatic taxa and continue to be published even in recent years.

4. A meta-analysis of 96 studies where acclimation could be quantified (using 1,072 
Q10 values) revealed that ‘partial compensation’ was the most common acclima-
tion response (i.e. acclimation tended to offset the passive change in metabolic 
rate due to acute temperature changes). However, ‘no acclimation’ and ‘inverse 
compensation’, in which acclimation further augmented the acute change in meta-
bolic rate, were also common.

5. Acclimation responses differed among taxa, habitats and with experimental de-
sign. Amphibians and other terrestrial taxa tended to show weak acclimation 
responses, whereas fishes and other aquatic taxa tended to show stronger com-
pensatory responses. Increasing how long the animal was allowed to adjust to a 
new test temperature increased the acclimation response, but body size did not. 
Acclimation responses were also stronger with longer acclimation durations.
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1  | INTRODUC TION

Many organismal traits exhibit phenotypic plasticity in response 
to environmental variation. A fundamental, yet unresolved prob-
lem, is distinguishing whether such plasticity represents a pas-
sive or active response (Ghalambor, McKay, Carroll, & Reznick, 
2007; Gotthard & Nylin, 1995; Schulte, Healy, & Fangue, 2011; 
Whitman & Agrawal, 2009). For example, many biological rates 
increase exponentially with increasing temperature solely due to 
the thermodynamics of molecular interactions (Arrhenius, 1915). 
Such automatic responses that solely reflect the constraints of 
biochemical and biophysical laws can been termed ‘passive’ plas-
ticity because they are not regulated by the organism (Ghalambor 
et al., 2007; Gotthard & Nylin, 1995; Kingsolver, 2009; Schulte 
et al., 2011; Whitman & Agrawal, 2009). On the other hand, traits 
displaying ‘active’ plasticity respond to environmental change 
through mechanisms which can be shaped by evolution at dif-
ferent levels of biological organization (Schulte, 2015; Whitman 
& Agrawal, 2009). Active plasticity in response to temperature 
may include changes in gene expression, membrane composition, 
enzyme concentrations or isoform profiles that increase perfor-
mance at different temperatures (Angilletta, 2009; Cossins & 
Bowler, 1987; Hochachka & Somero, 2002). It should be noted that 
most plastic responses to the environment, even those involving 
thermodynamic processes, most likely reflect both ‘passive’ and 
‘active’ processes (Whitman & Agrawal, 2009). Yet, disentangling 
passive and active plasticity is challenging because a trait may be 
shaped by both simultaneously.

The tension between active and passive thermal plasticity is 
exemplified when considering how biological rates respond to 
thermal acclimation. Acclimation (or acclimatization in natural envi-
ronments) is a specific type of active phenotypic plasticity that is 
usually defined as a reversible phenotypic change due to exposure 
to an environment on the timescale of days to months (Angilletta, 
2009; Chown, Haupt, & Sinclair, 2016; Holzman & McManus, 1973; 
Huey & Berrigan, 1996; Powell & Watts, 2006; Russell & Chappell, 
2007; Schulte et al., 2011; Seebacher, Beaman, & Little, 2014; Tsuji, 
1988; Vezina et al., 2006). In many cases, thermal acclimation will 
increase tolerance and performance at that temperature (Angilletta, 
2009) and populations that show robust acclimation responses may 
be more resilient to variation in temperature and climate change 

(Colinet, Sinclair, Vernon, & Renault, 2015; Rohr et al., 2018; 
Seebacher et al., 2014). Yet, many phenotypes that undergo thermal 
acclimation also show passive responses to temperature described 
by the Q10 coefficient—the factorial change in a biological rate asso-
ciated with a 10°C increase in temperature. A fundamental challenge 
is that acute exposure causes a passive Q10 response, while contin-
ued exposure might result in an entirely different Q10 due to active 
acclimation effects. Although relatively rare, others have also differ-
entiated between acute Q10 effects (passive plasticity) and thermal 
acclimation (active plasticity), which is paramount to predicting the 
effects of climate change (see Cossins & Bowler, 1987; Einum et al., 
2019; Payne & Smith, 2017; Schulte et al., 2011; Seebacher, White, 
& Franklin, 2015).

Thermal acclimation in a biological rate can result in several 
types of responses (Cossins & Bowler, 1987; Huey & Berrigan, 
1996; Kelsch & Neill, 1990; Precht, 1958; Prosser, 1958; Withers, 
1992). Here we follow Huey and Berrigan (1996) in distinguishing 
five possible responses (Figure 1a): (a) No acclimation—rates in-
crease with temperature simply due to passive plasticity, but no 
additional change is observed (i.e. only a strictly passive Q10 effect 
is observed); (b) Partial compensation—the passive rate change is 
counteracted by acclimation and the acclimated rate approaches 
the original rate; (c) complete compensation—the acclimated rate 
returns to the original rate, neutralizing the passive response (re-
ferred to as ‘metabolic homeostasis’ by Cossins & Bowler, 1987); 
(d) over-compensation—the acclimated rate ‘overshoots’ the original 
rate, more than compensating for the passive response; and (e) in-
verse compensation—the passive rate change is amplified with ac-
climation. Indeed, Einum et al. (2019) recently criticized studies of 
thermal acclimation for not distinguishing among these acclimation 
responses.

However, categorizing a thermal acclimation dataset into one of 
these responses is not straightforward. Many experimental designs 
are unable to distinguish between active versus passive responses 
to temperature (see Figure 2). For example, in an ‘acclimation only’ 
experimental design, animals are acclimated at one temperature, 
then tested at the same temperature. This is repeated across at 
least two temperatures, resulting in an ‘acclimated Q10’ (Table 1; 
Figure 2a). In an ‘acute only’ experimental design, a single acclima-
tion temperature is used, but many test temperatures. Here, only 
passive thermal plasticity is quantified, resulting in a ‘passive Q10’ 

6. Collectively, these results highlight the importance of using the appropriate exper-
imental design to investigate and estimate thermal acclimation of biological rates. 
To facilitate and guide future studies of thermal acclimation, we end with some 
suggestions for designing and interpreting experiments.

K E Y W O R D S

acclimation, arrhenius, climate change, metabolic theory of ecology, oxygen and capacity 
limited thermal tolerance, oxygen consumption, Q10, thermal performance curve
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(Table 1; Figure 2b). Finally, in a fully factorial ‘acclimation and acute’ 
experimental design, organisms are acclimated and acutely tested 
at all temperatures, allowing for quantification of both passive and 
acclimated Q10 (Table 1; Figure 2c). Only in this last design can the 
acclimation response be binned into one of the five acclimation cat-
egories (Figure 1b).

As an example, consider animals acclimated to either a low or 
high temperature. When tested at their respective acclimation 
temperatures, they show the same rate (acclimated Q10 = 1). But, 
testing a cold acclimated animal at a warm temperature results in 
large increase in the rate, while testing a warm acclimated animal at 
the cool temperature produces a large decrease in the rate (passive  
Q10 >> 1). With these data, it is clear that acclimation has completely 
compensated for the passive Q10 effect (see complete compensa-
tion in Figure 1b), but this is only apparent when both the passive 
and acclimated Q10 are known.

While the above arguments likely apply to quantifying accli-
mation for any biological rate process, here we focus on meta-
bolic rate, which is a fundamental property of animals linking their 
physiology and ecology (McNab, 2002). Measures of metabolic 
rates are sensitive to temperature and have been used to formu-
late hypotheses such as the metabolic theory of ecology (MTE) 
and oxygen and capacity limited thermal tolerance (OCLTT), which 
provide a framework for predicting animal responses to warming 

F I G U R E  1   Thermal acclimation of biological rates. (a) After transfer to an elevated temperature, biological rate processes will increase 
passively due to thermodynamics (time T1). With further exposure to the new temperature, one of five acclimation response types may 
become apparent (T2). After Huey and Berrigan (1996). (b) Examples of different acclimation response types that can be distinguished 
between comparing acclimated and passive Q10s
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F I G U R E  2   Schematic transfers (top) and representative 
data (bottom) illustrating three types of experimental designs 
for measuring biological rates at different temperatures. (a) In 
‘acclimation only’ studies, animals acclimated to a particular 
temperature (TAcclimation) are tested (TTest) at that same temperature. 
(b) In ‘acute only’ studies, animals acclimated to a single temperature 
are tested across a range of temperatures. (c) In ‘acclimation and 
acute’ studies, animals are acclimated and tested at all temperatures
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and climate change (Brown, Gillooly, Allen, Savage, & West, 2004; 
Duarte, 2007; Portner, 2001, 2010; Portner & Farrell, 2008; 
Pörtner & Knust, 2007).

Here we used meta-analyses to explore the consequences of 
experimental design in the thermal acclimation of metabolic rates. 
We asked (a) In what proportion of studies can acclimation be quan-
tified? (b) Which type(s) of acclimation are most common? (c) Do 
acclimation responses increase with acclimation duration? (d) Do 
acclimation responses increase with body size (as recently proposed; 
Rohr et al., 2018)? and (e) Do acclimation responses differ among 
taxa or habitats?

2  | MATERIAL S AND METHODS

2.1 | Data collection

We searched the literature for publications addressing how metabolic 
rate changes with temperature using combinations of keywords such 
as “metabolic rate,” “oxygen consumption,” “temperature,” “thermal 
acclimation,” “plasticity” and certain taxonomic phrases (e.g. “insect”). 
We primarily used the Web of Science database but also employed 
other databases and reference-based searches. Only papers that in-
vestigated whole-animal metabolic rates of metazoans at multiple 
temperatures and were indexed in or before February 2017 were se-
lected. In some papers, interpreting thermal acclimation of metabolic 
rates was not a primary goal of the study. Some studies were excluded 
due to difficulty in interpreting the experimental design. Although our 
searching was thorough, it was not meant to be exhaustive and we 
likely overlooked many papers, especially those not written in English 
or indexed in popular literature databases. A breakdown of the num-
bers of papers examined at each stage of our analysis is presented as a 
PRISMA flow chart in Figure S1.

2.2 | Classifying studies

Papers were classified into one of three experimental designs 
based on which Q10 types they quantified: ‘acclimation only’, 

‘acute only’ or ‘acclimation and acute’ as described above (see 
Table 1; Figure 2). We took 24 hr as a minimum time for acclima-
tion because in many studies animals were allowed to incubate 
to test temperatures (and experimental apparatus) for sev-
eral hours before measuring metabolic rate. Although the time 
course for determining acute versus acclimation responses is 
‘fuzzy’ (Schulte et al., 2011), 24 hr very clearly delimited stud-
ies explicitly investigating acclimation as all such studies used at 
least 24 hr for an acclimation duration. In papers where multiple 
experiments with different designs were undertaken, we never  
classified a paper as an ‘acclimation only’ study if ‘acute’ or  
‘acclimation and acute’ experiments were performed. Additionally,  
when animals acclimated to different temperatures were tested 
at a common (often intermediate) test temperature, the paper 
was classified as ‘acclimation and acute’ because this was often 
performed in an attempt to disentangle acclimation and test 
temperatures (e.g. Miller, Chen, & Stillman, 2014). However, it 
should be noted that acclimation cannot be quantified in this 
study design using our methods because only passive Q10s can 
be extracted (see below).

Metadata collected for each paper included taxonomy of study 
organisms, acclimation duration, the type of metabolic rate inves-
tigated (e.g. basal, resting, routine), publication details and habitat. 
For a subset of 100 of the studies (spanning the organismal diver-
sity we observed), a second reviewer confirmed the experimental 
design classification in 94 cases, indicating our classification scheme 
was fairly robust. Finally, for ‘acclimation only’ papers, we reviewed 
whether data were explicitly interpreted as assessing thermal accli-
mation in metabolic rates.

2.3 | Extracting Q10s, metadata and classifying 
acclimation responses

The different Q10 types described in Figure 1b and Table 1 were ex-
tracted from papers classified as ‘acclimation and acute’. Metabolic 
rates and their variances were extracted from tables or from fig-
ures using ImageJ. We extracted all possible pairwise compari-
sons for each set of temperatures. Four different metabolic rates  

 
Passive 
plasticity Active plasticity Notes

Study design ‘Acute only’
‘Acclimation and 

acute’

‘Acclimation and acute’ ‘Acclimation only’ measures 
both simultaneously

Q10 type ‘Passive’ Difference between 
‘acclimated’ and 
‘passive’

‘Acclimated’ by itself takes into 
account passive and active 
plasticity

Compensation 
responses

‘No acclimation’ ‘Partial compensation’
‘Complete 

compensation’
‘Over-compensation’
‘Inverse compensation’

‘Unknown’ can also be assigned 
if ‘warm’ and ‘cool’ Q10 are 
considered

TA B L E  1   The consequences of 
different study designs when attempting 
to distinguish between the influence of 
passive and active plasticity on biological 
rate processes
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were extracted (e.g. MRTestTemp1AcclimTemp1, MRTestTemp2AcclimTemp1, 
etc.) and each of the four different Q10s (Figure 1b) were finally 
calculated using the equation Q10= (rate at T2∕rate at T1)

10∕(T2 − T1), 
where T2 and T1 refer to upper and lower test temperatures, re-
spectively. Specifically, we refer to these Q10s as (a) acclimated  
Q10 (MRTestTemp1AcclimTemp1, MRTestTemp2AcclimTemp2), (b) passive 
Q10 (MRTestTemp1AcclimTemp2, MRTestTemp2AcclimTemp1), (c) warm Q10 
(MRTestTemp1AcclimTemp2, MRTestTemp2AcclimTemp2) and (d) cool Q10 
(MRTestTemp1AcclimTemp1, MRTestTemp2AcclimTemp1). Multiple species, 
temperatures or experimental manipulations were used in some 
papers, resulting in many sets of Q10s. To control for this, we 
added a random effect of study in the meta-analyses described 
below, but results were not altered significantly in these models. 
For each set of Q10s, metadata were extracted as above with the 
addition of the incubation duration and approximate weights of 
each study organism (as stated in the paper or based on additional 
literature searches).

We binned each set of Q10s into one of the acclimation re-
sponses described in Figure 1. This was performed using two 
methods: either utilizing only passive and acclimated Q10s or 
using all four Q10s. Dichotomous keys and additional information 
for classifying acclimation responses using both methods are 
provided in File S1 (https ://doi.org/10.6084/m9.figsh are.10125 
248.v2).

2.4 | Meta-analyses

Random effects meta-analyses were conducted using the meta-
for package in r (Viechtbauer, 2010). Q10 was used as the ef-
fect size. Variance in Q10 was calculated using the delta method 
(Hoef, 2012) when sample sizes and variances in metabolic rates 
were provided by original authors (using a similar method as 
Heine et al., 2019; see File S2: https ://doi.org/10.6084/m9.figsh 
are.10125 248.v2). Studies where variances in Q10s could not be 
calculated were excluded from meta-analyses but included when 
graphing results. Four Q10s that showed very high or very low 
variances were also excluded from meta-analyses to obtain stable 
results with metafor. Data from the Supplementary Information 
of Seebacher et al. (2015) were also included in meta-analyses if: 
whole-animal (not tissue-specific) metabolic rate was examined, 
acclimation (not acclimatization) was investigated, the study used 
an ‘acclimation and acute’ study design, and the study was not 
found in our searches.

We also quantified the strength of an acclimation response by 
comparing the different types of Q10s. For example, assuming com-
pensation is common, passive Q10s should increase and/or accli-
mated Q10s decrease with acclimation duration if longer durations 
result in stronger acclimation responses. Essentially, this amounts to 
testing for an interaction between Q10 type and acclimation dura-
tion. This interaction and ones between Q10 type and taxa, weight, 
acclimation duration, incubation duration, habitat, acclimation/ 
compensation type, the lower test temperature, and whether the 

data came from our identified studies or from Seebacher et al. (2015) 
were calculated.

3  | RESULTS

3.1 | Multiple experimental designs are common

The final dataset for classifying experimental designs included 
258 papers (Figure S1). Acclimation times averaged 31 ± 2 days 
SEM. While ‘acclimation and acute’ study designs were the most 
common (49%; Figure 3), ‘acclimation only’ studies where passive 
and active plastic responses are confounded were also numerous 
(34%). ‘Acute only’ studies were the rarest (17%). Similar trends 
were found using the dataset from Seebacher et al. (2015; e.g. 35% 
‘acclimation only’).

Studies of different taxa (Figure 3a,b) and habitats 
(Figure 3c,d) used significantly different proportions of study  
designs (p < .001 for both, Fisher's exact test). For example, with 
molluscs and crustaceans, ‘acclimation only’ study designs were 
common (59% and 74% respectively), but were rare with insects 
(18%). ‘Acclimation only’ studies were also common in studies 
of aquatic, but not terrestrial organisms (61% vs. 9%). We in-
cluded 60 studies from endotherms, even though the complex 
relationships between acclimation, test and body temperatures 
make quantifying acclimation responses difficult in endotherms. 
Nonetheless, ‘acclimation only’ studies were rare in endotherms 
(1/60 studies), but common in ectotherms (86/198). We found 
no evidence that ‘acclimation only’ study designs were more 
frequent in older papers (Figure S2). We also tested an effect 
of journal on experimental design (Figure S3) for journals that 
had at least five studies and were not taxa- or habitat-specific 
(n = 6 journals, representing 60% of the studies). Although we are 
well aware of the limitations of journal impact factors (IF; Chang, 
McAleer, & Oxley, 2011; Neff & Olden, 2010; Postma, 2007; Tort, 
Targino, & Amaral, 2012; Wilson, 2007), we used IF as a quanti-
tative metric to distinguish journals. There was a significant neg-
ative correlation between IF and the frequency of ‘acclimation 
only’ studies (Figure S3, p = .007, r2 = .87).

3.2 | Ectotherms show a variety of 
acclimation responses

We estimated the different Q10 types in 52 of the 127 papers classified 
as ‘acclimation and acute’ (Figure S1). We excluded studies of endo-
therms (60 papers) because endotherms use energy to maintain rela-
tively stable body temperatures, making our comparison of passive and 
acclimated Q10 largely specific to ectotherms. In all, 15 papers were 
excluded because animals acclimated to multiple temperatures were 
measured at a common test temperature, preventing estimation of 
all Q10 types. Therefore, only in 26% of papers examining ectotherms 
could acclimation be characterized. Another 46 papers were added 
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from Seebacher et al. (2015) so that 96 papers were used to classify ac-
climation responses in meta-analyses. From these papers, we extracted 
268 different sets of Q10s (each set consisted of the four Q10 types, for 
a total of 1,072 Q10 values; File S3, https ://doi.org/10.6084/m9.figsh 
are.10125 248.v2). It should be noted that a small proportion (~5%) of 
extracted Q10 values were <1. Based on the test temperatures used in 
these studies (−1 to 35°C), we assume these measurements occur dur-
ing the exponential ascending phase of the TPC. Low acclimated Q10 
values are also predicted with over-compensation. However, because 
the exact shape of the TPC for metabolic rate is unknown for most of the 
taxa examined here, other interpretations are possible (see Section 4)  
and caution should be exercised in interpreting these low Q10 values.

When comparing passive and acclimated Q10s, we found partial 
compensation was the most common acclimation response (32%), al-
though no acclimation and inverse compensation were also common 
(30% and 25% respectively; Figure 4a). Complete and over-compensa-
tion were relatively rare (8% and 4% respectively; Figure 4a). We also 
repeated this analysis using all four Q10s (passive, acclimated, warm and 
cool) and found these general patterns were supported (Figure S4).

3.3 | Overall characteristics of the meta-analyses

Here, we report results when using passive and acclimated Q10s only, 
although results were similar when using all four Q10s. In all meta-
analyses performed, heterogeneity between study effect sizes was 
large (I2 > 99%). Examination of a funnel plot (Figure S5) suggested 
little publication bias and overall avoidance of the ‘file drawer prob-
lem’ (Rosenthal, 1979), as did a formal Egger's test for publication 
bias (Egger, Davey Smith, Schneider, & Minder, 1997). Overall, pas-
sive Q10s were significantly higher than acclimated Q10s (p < .001) 
and warm and cool Q10s were intermediate (Figure 4b). Data from 
Seebacher et al. (2015) had higher Q10s overall and a stronger partial 
compensation response (interaction between Q10 type and dataset 
p < .001; Figure S6). Finally, in each individual meta-analysis, moder-
ators explained only a small percentage of the variation in Q10 values 
(e.g. max r2 = .314). When all shared moderators (Q10 type, acclima-
tion type, taxa, acclimation duration, habitat and dataset) and their 
interactions were used, a majority of the variation in Q10 could be 
explained (r2 = .747).

F I G U R E  3   Experimental designs in our dataset as a function of taxa (a, b) and environment (c, d). The proportion of ‘acclimation only’ 
studies varied significantly based on both variables (p < .001, Fisher's exact test). The leftmost column in (b) shows the proportion of study 
types for the entire dataset (n = 258 papers)
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3.4 | Acclimation responses are different among 
taxa, habitats and experimental designs

As expected due to our classification scheme, there was a strong, sig-
nificant interaction between Q10 type and the classified acclimation 
response (p < .001, r2 = .314; Figure 4a). Although Q10s did not vary 
significantly among taxa (p = .369), there was a significant interaction 
between Q10 type and taxonomic group (p = .006; Figure 5a). For ex-
ample, in amphibians, squamates and turtles (n = 87, 30 and 9 respec-
tively), passive and acclimated Q10s were about the same, suggesting a 

lack of acclimation. In teleosts, molluscs and insects (n = 62, 30 and 22 
respectively), passive Q10s were significantly larger than acclimated 
Q10s (Figure 5a), indicating partial compensation. There was also a 
significant interaction between Q10 type and habitat (p < .001), with 
terrestrial animals showing a lack of acclimation, and aquatic animals 
showing partial compensation (Figure 5b). When aquatic animals were 
further divided, the difference between Q10 types was most pro-
nounced in marine taxa compared with freshwater taxa (Figure S7).

There was a significant interaction between Q10 type and accli-
mation duration (p < .001), such that with each additional 30 days 
of acclimation, passive Q10s increased by 0.29 while acclimated Q10s 
decreased by 0.09 (Figure 5c). Incubation durations were reported 
for 88% of the data and averaged about 5 hr, although 1 hr was by 
far the most common incubation time (used in 35% of the studies,  
median = 1 hr). Q10s did not significantly change with incubation dura-
tion (p = .409), but there was a significant interaction between Q10 type 
and incubation duration (p = .017), such that each additional hour of  
incubation resulted in passive Q10s increasing by 0.03, while acclimated 
Q10s decreased by 0.01 (Figure 5d). Body size was provided or inferred 
for 94% of measurements, but there was no significant relationship 
between body size and Q10 (p = .312) or the interaction between Q10 
type and body size (p = .448). Test temperatures also influenced Q10s 
(both passive and acclimated Q10 similarly): Q10 decreased by 0.46 with 
each 10°C increase in lower test temperature (p = .001, Figure S8).

4  | DISCUSSION

4.1 | Characterizing thermal acclimation of 
biological rate processes

Thermal acclimation has been studied for decades, yet quantifying 
how much of the observed variation is due to the intrinsic, passive 
properties of biological rate processes versus active physiological 
adjustments has received relatively little attention. Because passive 
plasticity causes phenotypes such as metabolic rate to change more-
or-less automatically with temperature, a persistent challenge when 
quantifying active plasticity in the form of acclimation is to design 
experiments that separate these two responses.

The major conclusions of this study are as follows: (a) only ‘accli-
mation and acute’ study designs allow for partitioning of variation 
due to passive and active plasticity and (b) these studies reveal ‘par-
tial compensation’ and ‘no acclimation’ (Figures 1 and 4) to be the 
most common form of acclimation, but with considerable variation 
across taxa, habitats and experimental designs. Partial compensa-
tion implies that acclimation responses are often masked because 
metabolic rates increase with increasing temperature due to passive 
plasticity, while active plasticity due to acclimation acts to counter-
act this response. Schulte et al. (2011, p. 697) make the insightful 
observation that ‘This leads to the apparently absurd conclusion that 
the only way to achieve a reaction norm demonstrating a lack of plas-
ticity is for the organism to exhibit substantial plasticity’. Similarly, 
others have noted that if thermal compensation were perfect, rates 

F I G U R E  4   Metabolic rates show many thermal acclimation 
responses. (a) Complete and over-compensation responses were 
relatively rare, while other acclimation responses were common 
in our dataset (based on n = 268 sets of Q10s). (b) When all data 
were analysed together, passive Q10s were significantly larger 
than acclimated Q10s, with warm and cool Q10s falling in between, 
generally supporting that partial compensation is a common 
response to acclimation. On boxplots here and throughout: lower 
and upper hinges correspond to the first and third quartiles, 
and whiskers extend to values no further than 1.5 times the 
interquartile range
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would exhibit no change across temperatures (Seebacher et al., 
2015; Wilson & Franklin, 2002). Having said this, in nearly one-
third of the studies no acclimation response was observed (Figures 
1 and 4), suggesting that the passive change in metabolic rate with 
temperature is sufficient to meet the biological demands of many 
organisms.

Importantly, acclimation is not a passive effect resulting from 
biophysics, but rather an active physiological and biochemical 

response shaped by the mechanisms of evolution (Cossins & Bowler, 
1987; Schulte et al., 2011). While others have noticed this problem, 
we feel this distinction warrants considerably more attention in the 
context of experimental design. For example, Seebacher et al. (2015) 
recognized and quantified differences between acclimated versus 
passive Q10s. However, because acclimated Q10s by themselves do 
not allow for estimating acclimation responses (because the passive 
component remains unknown), we argue that studies only examining 

F I G U R E  5   Many moderators significantly influence thermal acclimation in metabolic rates. (a) Acclimation responses varied among 
taxa, with amphibians, crustaceans and squamates showing no acclimation response, while partial compensation was common in insects, 
molluscs and teleosts. (b) Terrestrial animals generally lacked an acclimation response, while aquatic animals showed partial compensation. 
(c) Acclimated Q10s decreased while passive Q10s increased with acclimation duration, suggesting that acclimation responses increase with 
acclimation duration. (d) Acclimation responses also increase with incubation duration (the time an animal was allowed to adjust to a new 
test temperature before measurements began). There was a significant interaction (p ≤ .017) between Q10 type and each moderator shown 
here in meta-analyses. In (c) and (d), 95% confidence intervals are shown around lines of best fit
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acclimated Q10 cannot be included along with ‘acclimated and acute’ 
studies. Specifically, acclimated Q10s that are near 1 may indicate a 
strong compensatory response, but such an interpretation can only 
be made if passive Q10s are >1. In other words, acclimation can only 
be quantified when the passive effect without any acclimation is 
known (as in ‘acclimation and acute’ studies).

Although the diversity of acclimation responses can be complex 
(Figure 1), there is renewed interest in quantifying thermal acclima-
tion and understanding the selection pressures that generate vari-
ation in acclimation capacity. Such studies are increasingly being 
used to predict responses to global climate change and investigate 
environmental adaptation (Deutsch et al., 2008; Duarte, 2007; 
Einum et al., 2019; Gunderson & Stillman, 2015; Kingsolver, 2009; 
Pörtner & Knust, 2007; Rohr et al., 2018; Seebacher et al., 2015; 
Wythers, Reich, & Bradford, 2013). For example, the climate variabil-
ity hypothesis suggests that animals living in thermally variable high 
latitudes should have broader thermal niches and exhibit stronger 
thermal acclimation responses than those from the less variable trop-
ics (Angilletta, Condon, & Youngblood, 2019; Compton, Rijkenberg, 
Drent, & Piersma, 2007; Ghalambor, Huey, Martin, Tewksbury, & 
Wang, 2006; Janzen, 1967; Shah et al., 2017). Most studies inves-
tigating this hypothesis have avoided examining biological rate pro-
cesses, but instead focus on phenotypes that represent components 
of TPCs, such as CTmax and thermal breadth. Payne and Smith (2017) 
challenged the prevailing view of climate variability by arguing that 
narrower thermal breadths in tropical organisms could be explained 
simply by the passive plasticity of biological rates to temperature. 
Yet, Payne and Smith (2017) had to estimate thermal breadth be-
cause too few studies have empirically estimated TPCs, and even 
fewer have accounted for how much acclimation alters these curves. 
Using the framework and methods here, clearer predictions can be 
made when testing passive and active responses to temperature 
under the climate variability hypothesis (see Section 4.6).

4.2 | Experimental designs for investigating thermal 
acclimation vary widely

When estimating metabolic rates over temperatures, multiple exper-
imental designs are common (Figure 3). Differences among taxa and 
habitats in study designs may be due to historical legacies, where 
certain study designs become engrained in the scientific culture. The 
high proportion of terrestrial endotherms in this dataset may also 
account for why ‘acclimation only’ designs were more common in 
aquatic animals, which were all ectotherms. While interesting, it is dif-
ficult to speculate why journals with higher impact factors may have 
a lower proportion of ‘acclimation only’ study designs (Figure S3).  
For example, reviewers at specific journals may be more prone to re-
ject certain study designs. ‘Acclimation and acute’ experiments also 
necessitate larger studies, which may be more appealing to journals 
that are more highly cited.

Why do ‘acclimation only’ study designs remain common (Figure S2),  
despite this design confounding passive and active plasticity? 

Although these confounded designs warrant concern under some 
conditions, there are multiple reasons why such studies may be appro-
priate. First, ‘acclimation only’ may be the most biologically relevant 
type of study design in relation to climate change. Many research-
ers may only be interested in how metabolic rates will change with 
temperature and not what proportion of the effect is due to passive 
plasticity versus acclimation. For example, in one study examining the 
OCLTT hypothesis and variation in salmon TPCs, metabolic rates were 
only quantified at acclimation temperatures (i.e. an ‘acclimation only’ 
study; Eliason et al., 2011), presumably because these are the most 
ecologically relevant temperatures. Second, as mentioned above,  
‘acclimation and acute’ study designs require more resources— 
animals, equipment and time. Scaling metabolic rate experiments to 
accommodate this study design may be more feasible in particular 
systems, offering another explanation for variation in study designs. 
Third, quantifying acclimation may not be a goal of many studies. 
We found many instances where ‘acclimation’ was not mentioned 
throughout entire ‘acclimation only’ papers. Metabolic rates were also 
often a peripheral part of such studies.

A fourth consideration for adopting an ‘acclimation only’ de-
sign that deserves more attention is minimizing stress. Both passive 
plasticity and stress can cause acute changes with temperature in 
biological rates (Barton, Peter, & Paulencu, 1980). Drawing a line be-
tween passive versus stress responses may be difficult (see Sections 
4.4 and 4.6). ‘Acclimation only’ studies sidestep this problem by en-
suring measurements are taken long after any stress response has 
concluded. Therefore, in systems where stress may play a large role 
or when the strength of thermal acclimation is not of interest, ‘accli-
mation only’ study designs may be preferred.

4.3 | Why are there different acclimation 
responses?

Acclimation responses vary widely (Figures 4 and 5). When all data 
were summed together, acclimation tended to partially compen-
sate for the passive increase in metabolic rate caused by increased 
temperatures (Figure 4b). However, inverse compensation and lack 
of an acclimation response were also common (Figure 4a). Inverse 
compensation is particularly interesting because it suggests that 
physiological adjustments are needed to increase or decrease bio-
logical rates beyond those occurring passively. In those cases where 
no acclimation is observed, it is possible that passive responses to 
temperature are sufficient to maintain energy balance and organ-
ismal performance. Complete and over-compensation may be rare 
because most animals may not be able to completely compensate 
for changes due to passive plasticity. It is unclear at this time what 
evolutionary mechanisms drive these different responses, but 
our results highlight recent criticisms of assuming one particular 
response is common across diverse organisms and experiments 
(Einum et al., 2019).

While these results suggest which types of acclimation are 
most common, a major unresolved problem is that they are unable 
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to distinguish if particular acclimation responses are beneficial. 
An adaptive reason can be used to explain any of the acclimation 
response types (Huey & Berrigan, 1996). For example, compen-
sation for passive thermal changes may act to return rates to an 
‘optimum’ level. However, lack of a response might suggest mainte-
nance of a new optimum rate. Making specific a priori hypotheses 
on a case-by-case basis for why one would predict certain types 
of acclimation responses versus others is critical, but is rare, espe-
cially in studies critical of the benefits of acclimation (e.g. Wilson 
& Franklin, 2002). For example, in systems where thermal stress 
may play a large role, an inverse compensation response might be 
predicted if organisms are ‘losing control’. Similarly, when elevated 
metabolic rates are not costly, the lack of an acclimation response 
may be optimal. At the very least, the variety of acclimation re-
sponses shown here suggest that different strategies may be adap-
tive under different scenarios.

Acclimation responses varied significantly among taxonomic 
groups and habitats (Figure 5a,b). For those taxa where at least 10 sets 
of Q10s were compared, only ‘no acclimation’ and ‘partial compensa-
tion’ responses were found when data were summed. These responses 
are largely correlated with differences between terrestrial and aquatic 
animals (Figure 5b), which have been noted previously (Seebacher 
et al., 2015). Aquatic animals may tend to show stronger acclimation 
responses because water has a high specific heat capacity, resulting in 
body temperatures more closely tracking environmental temperatures 
and making behavioural thermoregulation more difficult. Aquatic accli-
mation responses may therefore be under stronger selection, whereas 
terrestrial animals may rely more strongly on behavioural thermoreg-
ulation in more thermally heterogeneous environments. Alternatively, 
thermal transfers in aquatic animals may cause greater stress re-
sponses, causing elevated passive Q10s and therefore necessitating 
stronger acclimation responses. However, it is difficult to generalize 
across taxa or habitats, as aquatic crustaceans and terrestrial insects 
did not follow habitat-specific patterns, showing no acclimation and 
partial compensation responses, respectively. Whatever the reasons, 
extending general conclusions to all members of a taxonomic group is 
likely an oversimplification. Importantly, taxa that lack an acclimation 
response and live closer to their thermal limits may be more sensitive 
to climate change (Rohr et al., 2018; Seebacher et al., 2015).

4.4 | Time courses of thermal 
acclimation are important

As might be predicted, acclimation responses increased with ac-
climation duration: when an animal is acclimated to a temperature 
longer, passive Q10s are elevated and acclimated Q10s are reduced 
(Figure 5c). Indeed, passive Q10s were 3.2 times more strongly influ-
enced by acclimation duration than acclimated Q10s, suggesting pas-
sive responses become more pronounced with longer acclimation 
durations. This may be due to a more extreme initial stress response 
that diminishes over time. In contrast, acclimated Q10s may decrease 
with acclimation duration because with increased time, acclimation 

can become more pronounced. For example, it is possible that par-
tial compensation might start to approach complete compensation 
at later time points. Differences in acclimation duration may also 
explain the significantly stronger acclimation response in Seebacher 
et al.'s (2015) dataset (Figure S6), which included a minimum accli-
mation duration of 10 days, while ours was only 24 hr (the minimum 
acclimation duration in our final dataset was only 4 days).

Interestingly, our analyses suggest that on average, acclima-
tion responses might not be measurable until more than 30 days 
of acclimation (Figure 5c). Previous studies generally describe ac-
climation in metabolic rate on a much shorter time scale. For ex-
ample, Barrioneuvo and Fernandes (1998) found that after large 
acute changes in metabolic rates following thermal transfers, rates 
tended to stabilize 2–3 days following transfer and did not change 
further when measured 15 days after transfer in the freshwater 
fish Prochilodus scrofa. Differences in taxa, habitat and other factors 
among experiments may influence how long it takes to mount an ac-
climation response, but based on the results here, quantifying rates 
at extended time points may be warranted.

Incorporating an incubation time into metabolic rate experi-
ments allows animals to adjust to a new temperature and mitigates 
stress responses. Therefore, we predicted that passive Q10s should 
decrease with longer incubation times. However, our data indicate 
the opposite (Figure 5d). This may be because stress responses 
were still being initiated even after incubation, or because acclima-
tion responses were becoming apparent after longer incubations 
(i.e. acclimation may be happening during longer incubation times). 
Responses such as upregulation of heat shock proteins or changes in 
protein phosphorylation states can occur on very short time scales 
(Healy et al., 2010; Park & Jang, 2011), suggesting that acclimation 
response on the order of hours is possible.

Ultimately, a researcher must decide what time courses corre-
spond to stress, passive and active responses in their systems, and 
acknowledge that a measured rate is likely always influenced by all 
these responses. This time course consideration has been discussed 
before (Chown & Terblanche, 2007; Kingsolver, Izem, & Ragland, 
2004; Pigliucci, 2001; Schulte et al., 2011) and essentially amounts 
to deciding what type of Q10 is being measured (Table 1; Figure 1). 
Unfortunately, time courses likely vary widely, and few studies have 
attempted to disentangle these responses (Feder, Gibbs, Griffith, & 
Tsuji, 1984). The methods outlined here could be useful in address-
ing these concerns during experimental design (see below).

Many other questions relating to experimental design in ther-
mal acclimation experiments also warrant further discussion. For 
example, Chown, Jumbam, Sorensen, and Terblanche (2009) found 
that effects from the rate of temperature change in measuring 
critical thermal limits were different depending on the traits and 
species examined. Similar effects should be investigated in ther-
mal responses of metabolic rates. For example, rapid transfer to 
a new, drastically different temperature (as was common in our 
dataset) may result in a large stress response that could obscure an 
otherwise modest passive Q10 response. Examining how acclima-
tion responses vary due to constant versus fluctuating acclimation 
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conditions is also worthwhile (Bozinovic, Catalan, Estay, & Sabat, 
2013).

4.5 | Do metabolic rates follow a thermal 
‘performance’ curve?

The finding that Q10s tended to decrease with increased test tem-
peratures (Figure S8) supports other findings that metabolic rates 
do not follow strict Arrhenius-like patterns. Rather, when summed 
across taxa they may show a TPC similar to other biological rates 
that increase to a peak and then decline as temperature increases 
(DeLong et al., 2018; Schulte, 2015; Schulte et al., 2011). Recent 
studies have argued that by converting temperature to biological 
rates, differences in habitat temperature can explain the width 
of these performance curves (Payne & Smith, 2017). However, 
our results clearly demonstrate that TPCs are not static, but are 
plastic and can be influenced by thermal acclimation. Genetic vari-
ation can also likely influence TPCs (Kingsolver & Gomulkiewicz, 
2003; Kingsolver et al., 2015; Knies et al., 2006; Latimer, Foley, & 
Chenoweth, 2015).

While metabolic rates follow a TPC, it may be unwise to as-
sume that maximal metabolic rates represent higher ‘performance’ 
or an animal's optimal ‘operating’ temperature. Higher rates might 
represent a greater ability for terrestrial ectotherms to forage in 
cold weather (Huey et al., 2012), whereas lower rates might indi-
cate needing fewer resources to maintain basal functions and allow 
for a greater aerobic scope (Portner, 2010). Indeed, the OCLTT 
hypothesis suggests that maximal aerobic scopes should be ben-
eficial because animals will have more energy to pursue food and 
reproductive opportunities when this value is maximized (Portner, 
2010). Additionally, metabolic rates or aerobic scopes may peak at 
one temperature while other traits (e.g. fecundity) may peak at other 
temperatures. Supporting this, a recent study showed that TPCs 
can differ substantially among different traits in the same organism 
(Kellermann et al., 2019).

4.6 | Providing future direction

The complications of active plasticity, passive plasticity and stress 
are likely debated internally during the course of designing any study 
measuring the effects of temperature on metabolic rate. Yet, few 
studies openly discuss how to resolve these problems. Below, we 
offer some suggestions for future studies when considering experi-
mental designs.

1. ‘Acclimation only’ design (Figure 2a).
If the question is: ‘what is the metabolic rate of a fully acclimated 
animal to a given temperature?’, then this is the best design. It 
minimizes any confounding effects of handling and thermal stress 
and provides the best estimate of what is likely the ‘functional’ 
metabolic rate at that temperature. Ideally, acclimation periods of 

different durations would be examined with the expectation that 
after some time period, metabolic rates will stabilize as the animal 
achieves a fully acclimated state. Our results here suggest it may 
take up to 1 month before these fully acclimated states are achieved 
(Figure 5c). However, because these metabolic rates reflect the com-
bined effects of passive and active plastic responses to temperature, 
a drawback of this study design is that the effects of either response 
cannot be disentangled.

2. ‘Acute only’ design (Figure 2b).
If the question is: ‘what are the acute effects of temperature on 
metabolic rate in the absence of any acclimation?’, then this is the 
best design. It isolates the passive plastic responses to tempera-
ture. However, this design may induce a stress response when 
moving animals from a single acclimation temperature to many 
test temperatures. Therefore, an ideal design would investigate if 
incubation duration to the new test temperature (on the order of 
hours) alters metabolic rates. The drawback of this design is that no 
strong inference can be made regarding the influence of thermal 
acclimation.

3. ‘Acclimation and acute’ design (Figure 2c).
If the question is: ‘what are the independent and combined 
effects of passive and active thermal plasticity on metabolic 
rate?’, then this is only appropriate design. It isolates both the 
acute (passive) and acclimated (active) responses and can be 
used to answer the same questions posed in ‘acute only’ and ‘ac-
climation only’ designs. However, it also requires simultaneous 
consideration of the same challenges of choosing an acclimation 
and incubation duration. These considerations can quickly be-
come logistically challenging as the number of acclimation and 
test temperatures increase. Nevertheless, this is the only de-
sign that allows quantifying the type of acclimation response 
(Figure 1) by directly comparing the passive and acclimated Q10s 
(Figure 1b).

Finally, in all cases we suggest caution when interpreting re-
sults. Explicitly recognizing how much of the observed response 
is due to passive or active plasticity, the degree to which a stress 
response is confounded, and other sources of variation is a critical 
first step. We argue that care must also be taken when applying 
an adaptive explanation to temperature-induced variation in met-
abolic rates. Depending on the taxon, environment or physiologi-
cal state, elevated or reduced metabolic rates could be beneficial. 
There is a need for developing more sophisticated hypotheses 
that predict the outcome of interactions between temperature, 
organismal responses and metabolic rates across different taxa 
and environments.
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