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Abstract
Snakes are characterized by distinct foraging strategies, from ambush to active hunting, which can be predicted to substan-
tially affect the energy budget as a result of differential activity rates and feeding frequencies. Intense foraging activity and 
continuously upregulated viscera as a result of frequent feeding leads to a higher standard metabolic rate (SMR) in active 
than in ambush predators. Conversely, the costs of digestion (Specific Dynamic Action—SDA) are expected to be higher in 
ambush predators following the substantial remodelling of the gut upon ingestion of a meal after a long fasting period. This 
prediction was tested on an interspecific scale using a large multispecies dataset (> 40 species) obtained from published 
sources. I found that the metabolic scope and duration of SDA tended to reach higher values in ambush than in active preda-
tors, which probably reflects the greater magnitude of postprandial physiological upregulation in the former. In contrast, 
the SDA energy expenditure appeared to be unrelated to the foraging mode. The costs of visceral activation conceivably are 
not negligible, but represent a minor part of the total costs of digestion, possibly not large enough to elicit a foraging-mode 
driven variation in SDA energy expenditure. Non-mutually exclusive is that the higher costs of structural upregulation in 
ambush predators are balanced by the improved, thus potentially less expensive, functional performance of the more efficient 
intestines. I finally suggest that ambush predators may be less susceptible than active predators to the metabolic ‘meltdown 
effect’ driven by climate change.
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Introduction

Limitations in the availability of food resources represent 
a powerful selective force, and its importance in the evolu-
tion of organisms was pointed out already by Darwin in his 
magnum opus “On the origin of species” (Darwin 1859). 
Food resources are necessary for growth (Bury 2021; Dun-
ham 1978), maintenance (Møller et al. 1998; Speakman and 
McQueenie 1996) and reproduction (Warner et al. 2008; 
Lindström et al. 2005), so maximized resource intake might 
seem most profitable for fitness. However, a high resource 

intake requires greater foraging activity (Secor and Nagy 
1994; Werner and Anholt 1993), which is associated with 
extended exposure to predators (Webb et al. 2003; Werner 
and Anholt 1993) and elevated costs of self-maintenance 
owing to prolonged periods of high metabolic activity in tis-
sues (Stuginski et al. 2018a; Secor and Diamond 2000). This 
indicates that the acquisition of food resources is subject to 
an evolutionary trade-off whereby the benefits of frequent 
feeding associated with large amounts of food consumed 
can be offset by higher predation and energy expenditure 
and vice-versa: the benefits of less risky and less energy-
consuming, infrequent feeding are balanced by the cost of 
smaller amounts of ingested food (Abrams 1991, 1982). 
Under such a trade-off, a continuum of foraging strategies 
can be expected to have evolved, with frequently feeding 
active predators on the one hand, and infrequently feeding, 
sedentary ambush predators on the other. Among terres-
trial vertebrates, snakes are particularly well documented 
as being characterized by such distinct modes of foraging 
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(Lourdais et al. 2014; Beaupre and Montgomery 2007). 
These foraging modes in snakes have evolved convergently 
in different phylogenetic lineages and in a wide array of hab-
itats, making snakes a useful and robust model for studying 
the ecological and physiological consequences of foraging 
modes (Glaudas et al. 2019).

The feeding rate specific to a foraging mode can be trans-
lated into the different amounts of energy gained within a 
period of time and the various duration of fasting between 
meals (Secor and Diamond 2000). Consequently, these dif-
ferences must be associated with a corresponding variation 
in energy budgets (syndrome hypothesis—Beaupre and 
Montgomery 2007). Relatively short fasting periods due to 
frequent feeding and greater movement intensity in active 
than in ambush predators are proposed to result in continu-
ously maintained high tissue activity and physiological read-
iness (Secor and Diamond 2000). This should elevate the 
costs of self-maintenance—expressed as the standard meta-
bolic rate (SMR)—in active rather than ambush predators, 
a pattern indeed initially shown in a limited number of spe-
cies (Secor and Diamond 2000), but recently confirmed by 
large multispecies datasets within a phylogenetic framework 
(Stuginski et al. 2018a; Dupoué et al. 2017). Physiological 
quiescence as expressed by a lower SMR in ambush preda-
tors during extended fasting thus appears to be a beneficial 
energy-saving strategy. When a meal is ingested, however, 
the activation of the downregulated digestive tract in ambush 
predators is hypothesized to entail a side-effect of energetic 
costs (‘pay-before-pumping’ effect; Secor and Diamond 
1995) that may represent a substantial component of the 
total expenditure for meal processing (Specific Dynamic 
Action—SDA; Secor 2001, 2009). As a result, the various 
measures describing the costs of digestion, i.e. the amount 
of energy above SMR expended during digestion, SDA 
duration, and the range of the metabolic rate increase, may 
be higher in ambush than in active predators (Beaupre and 
Montgomery 2007; Secor and Diamond 2000). Besides the 
‘pay-before-pumping’ model higher values of SDA variables 
in ambush predators to are sometimes discussed as an adap-
tation to feeding on larger average meal size (e.g. Secor et al. 
1994). Larger meals elevate the costs of digestion which is a 
pattern widely shown in snake species representing both for-
aging modes (Bessler et al. 2010; Toledo et al. 2003; Zaidan 
and Beaupre 2003). The ‘meal size’ hypothesis suggests, 
however, that the costs of food processing paid by ambush 
predators exceed the expenses that could be predicted based 
on the sole effect of a meal size. An excessive amounts of 
energy spent on processing larger prey would represent a 
wasteful solution, definitely not beneficial given long peri-
ods of food deprivation in infrequently feeding ambush 
predators. Natural selection tends to favour frugal strategies 
(Even and Nicolaïdis 1993; Harshman et al. 1999; Dulloo 
and Girardier 1990; Szarski 1983), thus would rather lead to 

attenuation of the costs that are already high and regularly 
experienced due large sizes of most ingested meals. Conse-
quently, if SDA in ambush predators is adapted to a larger 
meal size then rather a smaller costs of digestion should be 
expressed by ambush than active predators after ingesting 
a meal of a comparable size. However, given that recent 
study on a wide range of species have shown that foraging 
mode is not related to the average meal size (Glaudas et al. 
2019), this ‘meal size’ hypothesis is no longer grounded in 
the ecological data.

So far, the comparative approach to test the effect of for-
aging mode on SDA in has been applied probably only by 
Secor and Diamond (2000), and solely on a small number 
of species of limited phylogenetic diversity, which precludes 
drawing general conclusions regarding the foraging-mode-
specific costs of digestion. Those authors pointed out that an 
improved phylogeny and additional species would need to 
be studied (Secor and Diamond 2000). The potential results 
could shed more light on the role of foraging mode in species 
decline (see Reading et al. 2010), especially as the availabil-
ity of food resources is predicted to shrink whereas energy 
expenditures are expected to rise as a result of global climate 
change (Huey and Kingsolver 2019). In this study I tested 
whether the costs of digestion in snakes, i.e. SDA, were syn-
dromic to foraging mode (Beaupre and Montgomery 2007). 
In accordance with the ‘pay-before-pumping’ hypothesis 
(Secor and Diamond 1995), I predicted that the character-
istics of SDA were correlated with the hunting strategy, i.e. 
that they would reach higher values in ambush than in active 
predators. As measures of the costs of digestion, I used three 
variables that describe SDA—energy expenditure, metabolic 
scope and duration. SDA energy expenditure and metabolic 
scope refer to costs at the level of energy metabolism, while 
SDA duration defines the costs in terms of the time needed 
to complete SDA response. SDA has been measured in many 
species of snakes representing various phylogenetic lineages, 
but most reports have focused only on a single species; a 
higher number of species has only rarely been investigated 
simultaneously (e.g. Stuginski et al. 2018b; Secor and Dia-
mond 2000; Bedford 1996). Hence, this is the first study to 
apply a phylogenetically informed comparative framework 
to a large multispecies dataset that collates all the available 
data.

Materials and methods

The dataset used in this study was compiled from published 
sources similarly as in other studies on snake metabolic rates 
(e.g. Stuginski et al. 2018a, b; Dupoué et al. 2017). The core 
dataset was obtained from the summary in Secor (2009) and 
supplemented with data from more than ten original studies 
not included in Secor (2009): the final dataset and reference 
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list are given in the Supplementary Materials. I extracted 
data on three SDA-related variables that provided a good 
description of the costs of digestion and had the highest rep-
resentation in terms of the number of species for which they 
were assessed. These variables were: SDA energy expendi-
ture  (SDAexpenditure)—the amount of energy expended on 
digestion above the level of SMR, expressed in kJ (N = 44 
species); SDA metabolic scope  (SDAscope)—a factorial 
increase in the metabolic rate, expressed as the ratio of the 
peak metabolic rate during SDA to SMR (N = 46 species); 
SDA duration  (SDAduration)—the period of time for which the 
metabolic rate remained above the level of SMR, expressed 
in days (N = 43 species) (see Fig. 1; Secor 2009). In some 
studies,  SDAexpenditure was expressed in ml of  O2 (e.g. Tsai 
et al. 2008), and these values were converted into kJ, assum-
ing 19.8 J expended per ml of  O2 according to other studies 
on snakes (e.g. Stuginski et al. 2018b; Secor and Diamond 
2000). I included only those records where snakes were fed 
with fish or mammalian prey. This is because these two types 
of prey elicit a highly comparable SDA response, whereas 
amphibian and non-vertebrate meals generate a clearly 
smaller response (Bessler et al. 2010). Therefore, snakes of 
the genus Dasypeltis were removed entirely from the dataset 
because they were fed exclusively with eggs (Greene et al. 
2013; Großmann and Starck 2006). As SDA is known to be 
affected by the size of a snake, the relative size of a meal 
provided and the measurement temperature (e.g. Zaidan and 
Beaupre 2003), all these variables were extracted along with 
SDA parameters. Snakes were assigned as being ambush 
(sit-and-wait; infrequently feeding) or active (frequently 
feeding) predators on the basis of the original studies from 
which I extracted the data. If no information on the foraging 
mode was given, I performed an additional literature search; 
the references in which the foraging mode was assessed are 

also provided in the Supplementary Materials. Since more 
than one record was available for many species, I averaged 
the values of the response variables and predictors for the 
purpose of this analysis. The risk of a potential bias in the 
obtained results needs to be mentioned, owing that different 
authors can use various approaches in measuring and esti-
mating metabolic rates, particularly SMR. First, there are 
different techniques used to measure metabolic rates, with 
open-flow and closed-system respirometry being the most 
common. The respirometry method was, however, shown 
not to drive the variation in SMR (Dupoué et al. 2017). Sec-
ond, the value of SMR can be estimated in a multiple ways, 
most widely as the single lowest MR value recorded (e.g. 
Secor and Diamond 2000) or the average of several lowest 
MR values recorded over a given period of time (Chu et al. 
2009). The majority of studies on snake SDA uses approach 
of Secor and Diamond (2000), i.e. express SMR as the one 
lowest MR records, not the average. Metabolic rate is a sig-
nificantly repeatable trait (Nespolo and Franco 2007), there-
fore, using averaged value instead of a single value should 
produce a comparable results. Finally, it is not possible to 
standardize for the effect of MR estimation method, because 
some studies do not provide enough details. These studies, 
however, cover a wide representation of species of both for-
aging modes (e.g. Bedford 1996), thus their methodological 
approach in MR assessment does not interfere with the main 
effects tested here.

To account for the non-independence among the species 
in the dataset emerging from their phylogenetic relation-
ships, I employed a phylogenetic informed approach to the 
analysis. I used the comprehensive phylogeny of squamates 
that includes branch lengths (Pyron et al. 2013). Because 
the phylogeny contains more than 4000 squamate species, 
I pruned the tree to include the species in the dataset using 

Fig. 1  Typical response of 
metabolic rate (MR) to inges-
tion of a meal, i.e. Specific 
Dynamic Action (SDA). 
Variables studied here are as 
follows: SDA: energy expendi-
ture—total amount of energy 
above Standard MR expended 
on meal processing. SDA: meta-
bolic scope—factorial increase 
of MR at the peak of SDA (the 
ratio  VOxmax/Standard MR). 
SDA: duration—time between 
the onset of the SDA (meal 
ingestion; when MR rises above 
SMR) and the end of the SDA 
(when MR returns to the level 
of SMR)
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drop.tip function in the package ‘ape’ (Paradis et al. 2021). 
One species was not included in the phylogeny (Pseudonaja 
nuchalis), so I used the position of its nearest sister taxon in 
the phylogeny, i.e. Pseudonaja textilis (see also Stuginski 
et al. (2018a). I tested for differences in the three attributes 
of SDA among foraging modes using the function phylolm 
in the package ‘phylolm’ (Ho et al. 2018) under a lambda 
model of phylogenetic covariance (Freckleton et al. 2002; 
Grafen 1989). I included snake body mass, relative meal 
size and measurement temperature as covariates, next to the 
foraging mode. Data on snake body mass and  SDAexpenditure 
were log-transformed prior to the analyses. Given that those 
additional predictors (snake body mass, relative meal size 
and measurement temperature) appeared to have significant 
effect on SDA variables in most cases I performed additional 
univariate analysis. Specifically, I first extracted residual val-
ues of each SDA variable from the models that included 
side-factors, i.e. body mass, meal size and measurement 
temperature (function residuals.phylolm). The obtained 
residual values independent to the effects of these covari-
ates were then used included in a PGLS model with foraging 
mode as the only factor.

Results

Multivariate PGLS regression models showed that the 
effect of foraging mode was significant for two of the three 
variables tested—Table 1 sets out a detailed report of these 

models. No effect of the foraging mode on  SDAexpenditure 
was detected, indicating that both, active and ambush pred-
ators, expend similar amounts of energy on meal process-
ing (p = 0.89; Table 1). In contrast, the effect of foraging 
mode was detected for  SDAscope (p = 0.04; Table 1), which 
tended to take lower values in active than in ambush preda-
tors. Similar and significant association to foraging mode 
was detected for  SDAduration in that SDA lasts for a shorter 
time in active compared to ambush hunters (p < 0.01; 
Table 1). The effects of additional factors included in the 
model also differed between the response variables. The 
two variables related to the metabolic costs of digestion, 
i.e.  SDAexpenditure and  SDAscope, were positively correlated 
with snake body mass (p < 0.01 and p = 0.04, respectively; 
Table 1) and relative meal size (p < 0.05 and p = 0.02, 
respectively; Table 1), but no significant effect was found 
for temperature (p = 0.82 and p = 0.43, respectively; 
Table 1).  SDAduration was in turn unaffected by a snake’s 
size (p = 0.21; Table 1), but depended positively on meal 
size (p < 0.01) and negatively on temperature (p < 0.01; 
Table 1).

Univariate approach with residual values of SDA vari-
ables independent to relative meal size, snake body mass and 
measurement temperature showed a similar results. Specifi-
cally, residual of  SDAexpenditure was unrelated to the foraging 
mode (t =  − 0.15; p = 0.88; Fig. 3a), while residual values 
of  SDAscope (t =  − 2.18, p = 0.03; Fig. 3b) and  SDAduration 
(t =  − 4.07; p < 0.01; Fig. 3c) were higher in ambush com-
pared to active predators.

Table 1  Results of three PGLS models testing for the effects of foraging mode on three variables describing Specific Dynamic Action (SDA) in 
snakes

The effects of body mass, meal size and temperature have been included in each model. p values indicating significant effects are depicted by 
asterisks (***p < 0.001; **p < 0.01; *p < 0.05)

Response variable No. of species Lambda (λ) R2 Effect Estimate Standard error t value p value

SDA: energy expenditure 
[log(kJ)]

44 0.126 0.853 Foraging mode [ambush vs 
active]

 − 0.014 0.102  − 0.141 0.889

Body mass [log(g)] 1.117 0.092 12.141  < 0.01***
Meal size [% of body mass] 0.016 0.008 2.071 0.045*
Measurement temperature 

[℃]
0.005 0.021 0.235 0.816

SDA: peak metabolic scope 
 [VO2max/SMR]

46 1 0.291 Foraging mode [ambush vs 
active]

 − 2.170 1.028  − 2.112 0.041*

Body mass [log(g)] 1.205 0.574 2.099 0.042*
Meal size [% of body mass] 0.105 0.044 2.394 0.021*
Measurement temperature 

[℃]
0.103 0.129 0.793 0.432

SDA: duration [no. of days] 43  < 0.01 0.658 Foraging mode [ambush vs 
active]

 − 2.257 0.567  − 3.978 0.0003***

Body mass [log(g)] 0.674 0.529 1.275 0.210
Meal size [% of body mass] 0.158 0.048 3.269 0.002**
Measurement temperature 

[℃]
 − 0.767 0.129  − 5.941  < 0.01***
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Discussion

Foraging mode and SDA

My study provides evidence that SDA does vary in relation 
to foraging mode (Figs. 2, 3) and can thus be considered 
to correspond with the foraging mode syndrome (Beaupre 
and Montgomery 2007). The effect of foraging mode was, 
however, not ubiquitous among the variables describing 
the costs of SDA. Specifically, the  SDAexpenditure appeared 
to be unrelated to the foraging mode (Fig. 3a), whereas the 
 SDAscope (Fig. 3b) and  SDAduration (Fig. 3c) both reached 
higher levels in ambush than in active predators. This effect 
was evident even after controlling for additional factors 
known to strongly impact SDA response, i.e. relative meal 
size, snake body mass and temperature. An alternative pat-
tern, that is lower values of SDA characteristics in ambush 
predators, would indicate an adaptation to attenuate the 
costs of regular ingestion of a larger meals (Secor et al. 
1994). This, however, has not been observed, not surpris-
ingly given that the size of average prey has recently been 
shown not to represent a substantial attribute of foraging 
mode in snakes (see Glaudas et al. 2019). Greater instead 
of smaller values of SDA variables in ambush predators 
indicate, therefore, that foraging-mode specificity of SDA 
have evolved in response to differential feeding frequency 
associated with different magnitude of gut remodelling 
(‘pay-before-pumping’ Secor and Diamond 1995) rather 
than an average meal size. The effect of foraging mode 
on SDA was, however, non-uniform among all SDA vari-
ables, which is an unexpected result, and suggests that 
the predictions of the energetic costs of digestion being 
higher in ambush than in active predators derived from the 
‘pay-before-pumping’ concept (Secor and Diamond 2000, 
1995) have only partially been met in my results and, thus, 
need to be revisited. I, therefore, propose that foraging 
modes in snakes have not coevolved with different size of 
the entire SDA energy budget  (SDAexpenditure); instead, this 
coevolution has been with the different size of some of its 
components manifested in the  SDAscope and  SDAduration.

SDA response and postprandial physiological 
upregulation

The ‘pay-before-pumping’ hypothesis states that the vast 
structural upregulation of the gastrointestinal system 
after ingesting a meal entails a high energetic cost, being 
higher when feeding frequency expressed by a species is 
lower (Secor and Diamond 1995; Secor et al. 1994). The 
lack of a detectable effect of foraging mode on the total 
 SDAexpenditure (Fig. 3a) could indicate that the magnitude 

of visceral upregulation is comparable among foraging 
modes, despite different feeding frequencies, or else that 
its costs are negligible. The contribution of gut mobiliza-
tion to the SDA response is debatable for two main reasons 
(Wang and Rindom 2021). First, Overgaard et al. (2002) 
suggested that if the costs of intestinal growth were a sig-
nificant part of SDA, then a meal provided shortly after 
the previous one should result in a reduced SDA response 
because the intestines are already activated. On this basis, 
it was suggested that the costs of intestinal hypertrophy 
were minor, given that no decrease in  SDAexpenditure was 
detected in pythons (Python molurus) following the inges-
tion of a meal after only 3 days of fasting (Overgaard et al. 
2002), a period of time when intestines are assumed to 
remain enlarged (Starck and Beese 2001). However, these 
latter authors used snakes of a greater body mass, which 
were kept at a lower temperature and fed with comparable 
or larger meals compared to Overgaard et al. (2002). These 
factors are known to affect SDA dynamics (e.g. Zaidan and 
Beaupre 2003, this study), so the downregulation of the 
intestines could have been triggered earlier in the snakes 
used by Overgaard et al. (2002). In contrast to the study 
by Overgaard et al. (2002), other research on a sit-and-
wait snake, the timber rattlesnake (Crotalus horridus), 
has shown that a shorter fasting period reduces the costs 
of subsequent digestion (Zaidan and Beaupre 2003). It, 
therefore, seems premature to draw conclusions about the 
inexpensiveness of gut upregulation based on the fasting 
effect.

The second argument that questions the level of costs 
incurred by physiological upregulation is that the growth of 
intestinal mass is proposed to be driven mainly by cell swell-
ing rather than cell proliferation (Starck and Beese 2001). 
Any increase in intestinal mass must, however, be accom-
panied by active transportation and/or synthesis of the intra-
cellular content, both known to incur energetic costs (Live-
sey 1984; Mount 1978; Essig and Caplan 1968). In turn, 
enlargement of the microvilli indicates enhanced amounts 
of cellular membranes, the synthesis and maintenance of 
which are costly (Kozlowski et al. 2003). Importantly, not 
only is the intestinal mass upregulated, so are a wide range 
of structures and proteins, including enzymes, transporters, 
organs other than the small intestine etc. (Wang and Rindom 
2021; Secor and Diamond 2000; Starck and Beese 2001). 
In conclusion, even though changes in particular structures 
do not appear to incur high metabolic costs, the cumulative 
expenditure of complete physiological remodelling follow-
ing ingestion may not be negligible, even if it represents 
only a minor part of SDA. Although this upregulation is 
probably underpinned by a similar mechanism in different 
snake taxa (Starck and Beese 2002), the changes in visceral 
morphology and physiology has been convincingly recorded 
as being greater in ambush than in active predators (Secor 
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Fig. 2  Phylogenetic tree 
of snakes used in the study 
obtained from Pyron et al. 
(2013). Tuatara (Sphenodon 
punctatus) is used as outgroup. 
Values of branch lengths are 
displayed. SDA variables are 
presented as residual values 
independent to the effects of a 
meal size, snake body mass and 
measurement temperature (see 
Materials and methods section)
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and Diamond 2000; Cox and Secor 2010). Consequently, 
the range of increase in metabolic rate should also be higher 
in ambush predators, a pattern that this study has revealed 
 (SDAscope, Fig. 3b). The wide range of structural mobiliza-
tion driven by infrequent feeding in ambush predators also 
indicates that more time is needed before the viscera achieve 
a maximum level of functional performance following the 
ingestion of prey and, potentially, to return to quiescence 
on completion of digestion. The significance of foraging 
mode in the temporal dimension of SDA has already been 
raised, i.e. the initiation of meal processing has indeed been 
reported slower in ambush than in active predators (Secor 
and Diamond 2000; Secor 2003). These findings provide a 
plausible mechanism for explaining the reported here longer 
 SDAduration in infrequently feeding ambush than in frequently 
feeding active predators (Fig. 3c).

Why does the total  SDAexpenditure not depend on the for-
aging mode, despite the conspicuous foraging-mode driven 
variation in  SDAscope and  SDAduration? As stated earlier, even 
if the costs of physiological upregulation vary in relation to 
foraging mode, they probably do not represent a large part 
of the entire SDA response (Wang and Rindom 2021), per-
haps not large enough to elicit a detectable variation in the 
entire energy budget expended on digestion  (SDAexpenditure) 
between ambush and active hunters. Second, even though 
structural upregulation may consume more time and energy 
in ambush predators, it leads to superior functional per-
formance, as indicated, e.g. by the higher rate of intestinal 
nutrient uptake (Cox and Secor 2010; Secor and Ott 2007; 
Secor 2001). Conceivably, the costs incurred for structural 
remodelling could be balanced, because their functions are 
performed more efficiently and/or require a lower turnover 
rate (Koehn 1991), thus potentially less energy is required. 
Such an optimization could represent a hypothetical adaptive 
mean to avoid excessive costs of digestion by infrequently 
foraging ambush predators.

Broader implications

With few exceptions, snakes do not comminute their prey 
(e.g. Jayne et al. 2002). Instead, by swallowing their prey 
whole, snakes consume exceptionally large meals, commonly 
reaching 20% and even more than 100% of their body mass 
(Glaudas et al. 2019). Consequently, meal size appears to 
be an important predictor of the total costs of digestion (e.g. 
Toledo et al. 2003; Zaidan and Beaupre 2003). This study 
has confirmed that each of the tested SDA variables corre-
lates significantly with meal size. Interestingly, no such rela-
tionship was found for the effect of temperature, which was 
significant only for the  SDAduration, but not for the  SDAscope 
and  SDAexpenditure, despite the known effect of temperature 
on metabolic rates in snakes (Lillywhite 1987). This implies 
that the same amount of energy is being expended for a given 

Fig. 3  Relationships between foraging mode (ambush vs active) and three 
variables describing Specific Dynamic Action (SDA) in snakes: a SDA 
energy expenditure, p = 0.88; b SDA metabolic scope, p = 0.035; c SDA 
duration, p = 0.00021. Each variables is expressed as a residual value 
independent to the effects of a meal size, snake body mass and measure-
ment temperature (see Materials and methods section). Grey dots repre-
sent mean; open circles represent single species; whiskers indicate stand-
ard deviations; asterisks indicate level of significance
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meal size, regardless of temperature, except that digestion may 
take longer in colder conditions. Like previous studies, the 
present one also indicates that particular components of the 
energy budget display different levels of thermal sensitivity: 
SMR and activity metabolism are more strongly dependent 
on temperature (Bury et al. 2018; Hailety and Davies 2009; 
Bennett and Gleeson 1976) than SDA (this study). Because of 
the differently composed annual energy budget, one can, there-
fore, predict that ambush and active predators respond differ-
ently towards ambient temperature change, e.g. due to climate 
warming. The relative contribution of temperature-sensitive 
SMR to the energy budget is higher in ambush predators, prob-
ably because of lower energy expenses on movements, but the 
absolute amount of energy consumed for SMR is greater in 
active predators (Secor and Nagy 1994). Through the effect of 
temperature on SMR, rising ambient temperatures could drive 
a faster increase in the total energy expenditure of active preda-
tors and elevate their already high food requirements (Bury 
et al. 2018; Beaupre and Montgomery 2007). Increased food 
requirements are, however, unlikely to be met by the current 
availability of resources in the environment, because these are 
predicted to shrink (Huey and Kingsolver 2019). Collectively, 
therefore, the susceptibility to the ‘metabolic meltdown’ effect 
(Huey and Kingsolver 2019) may be greater in active than in 
ambush predators.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00442- 021- 05014-6.
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