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Understanding how evolutionary variation in energetic metabolism arises is central to several theories in animal
biology. Basalmetabolic rate (BMR)–i.e., theminimum rate of energynecessary tomaintain thermal homeostasis
in endotherms– is a highly informative measure to increase our understanding, because it is determined under
highly standardized conditions. In this study we evaluate the relationship between taxa- and mass-independent
(residual) BMR and ten environmental factors for 34 subterranean rodent species. Both conventional and phylo-
genetically informed analyses indicate that ambient temperature is themajor determinant of residual BMR, with
both variables inversely correlated. By contrast, other environmental factors that have been shown to affect re-
sidual BMR in endotherms, such as habitat productivity and rainfall, were not significant predictors of residual
BMR in this group of species. Then, the results for subterranean rodents appear to support a central prediction
of the obligatory heat model (OHM), which is a mechanistic model aimed to explain the evolution of residual
BMR. Specifically, OHM proposes that during the colonization of colder environments, individuals with greater
masses of metabolically expensive tissues (and thus with greater BMR) are favored by natural selection due to
the link betweengreatermasses ofmetabolically expensive tissues and physiological capacities. Thisway, natural
selection should establishes a negative correlation between ambient temperature and both internal organ size
and residual BMR.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Understanding how evolutionary variation in energetic metabolism
arises is a central topic for several contemporary theories in animal be-
havior, physiology, ecology and evolution (Kooijman, 2000; Speakman,
2000; Brown et al., 2004; Angilletta, 2009; Careau et al., 2010; White
and Kearney, 2012). Among the metabolic rates that can be defined,
basal metabolic rate (BMR) –i.e., theminimum rate of energy necessary
to maintain thermal homeostasis in endotherms– is a highly informa-
tive metric to further our understanding (Hulbert and Else, 2004). This
is because BMR can measured under highly standardized conditions
(i.e., on adult individuals within the zone of thermoneutrality, during
the normal period of inactivity, and while animals are inactive and in
a post-absorptive state), which reduces the sources of variation includ-
ed in this metabolic rate (McNab, 1988, 2002a; Degen et al., 1998). In
addition, BMR is fairly easy to determine, in relation to other energetic
variables, and it is the most widely measured metabolic rate in
y Evolución (Piso 6, Ala Norte),
ideo 11400, Uruguay.
endothermic animals (Elgar and Harvey, 1987; Koteja, 1991; Hulbert
and Else, 2004; Speakman et al., 2004; McNab, 2012).

The twomajor determinants of BMR are bodymass and higher-level
taxonomic affiliation (Kleiber, 1932; Hayssen and Lacy, 1985; Mueller
and Diamond, 2001; McNab, 2012). Nevertheless, once the effect of
these two primary factors is excluded, the remaining variation in BMR
is still great (ca. 5-fold; McNab, 2008, 2009). Recently, ambient temper-
ature at the site of collection has been identified as the major determi-
nant of mass- and taxa-independent BMR (hereafter “residual BMR”)
of a set of several geographic, climatic and ecological factors
(Speakman, 2000; Lovegrove, 2003; Rezende et al., 2004; White et al.,
2007; Jetz et al., 2008; Naya et al., 2013; Stager et al., 2016). Interesting-
ly, this result comprises the central prediction of the obligatory heat
model (OHM), a mechanistic model based on animals' optimal design,
to explain the evolution of residual BMR (Naya et al., 2012, 2013). In
brief, OHM states that during the colonization of a colder environment,
individuals with greater masses of metabolically expensive tissues (and
thus with greater BMR) within a given population, are no longer penal-
ized for their “luxurious way of life”, because all the members of the
population have to increase the internal production of heat to maintain
a constant body temperature in this new environment. In turn, if greater
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masses of metabolically expensive tissues are linked to greater physio-
logical capacities (Diamond, 1998), those animals with larger internal
organs (and thus with greater BMR) will be now in an advantageous
condition with respect to the other members of the population. Natural
selection thus establishes a negative correlation between ambient tem-
perature and both internal organ size and residual BMR. Note that, ac-
cording to OHM, the specific physiological functions that are under
stronger selection, and thus the specific internal organs that will be
more affected in its size, can vary depending on the attributes of each
taxon and the selection pressures acting at each evolutionary moment
(Naya et al., 2013, 2016). Even though the former versions of the
OHM do not take into account all the potential “solutions” for the ther-
moregulatory problem caused by a drop in ambient temperature (see
Discussion section), empirical evidence for terrestrial rodents appears
to support several predictions. For instance, it has been found that: (i)
annual mean temperature is the best predictor of residual BMR and
also the best predictor of organ size, (ii) residual BMR is correlated
with species food habits as expected from their intestinal size, and
(iii) herbivorous (large gut) species tend to be more common at high-
latitude, cold environments than insectivorous (short gut) species (see
Naya et al., 2013).

Within this general framework, this study is aimed at broadening
our understanding of how evolutionary variation in BMR arises, through
the evaluation of the effect of different environmental factors on resid-
ual BMR for subterranean rodents. We focused on this group of species
for two different reasons. First, subterranean rodents were not consid-
ered in other similar analyses that have been conducted in rodents
(e.g., Lovegrove, 2003; Naya et al., 2013). Second, subterranean rodents
offer a very interesting biological model for evaluating the central pre-
diction of OHM –i.e., that mean ambient temperature is the major pre-
dictor of residual BMR, with both variables inversely correlated–
because burrow systems attenuate extreme fluctuations in ambient
temperature (McNab, 1966; Cortes et al., 2000). Hence, the effect of
other ecological factors, such as habitat productivity, which have a sec-
ondary role on residual BMR evolution in other endothermic groups
(Jetz et al., 2008; Naya et al., 2013), could be the main factor affecting
BMR in subterranean rodents.

2. Material and methods

2.1. Database description

Subterranean rodents live underground and only rarely venture
from the burrow to the surface. Even though these species belong to dif-
ferent rodent families (White, 2003), they exhibit several convergent
morpho-physiological features (Nevo, 1999). We compiled data on
basal metabolic rate (BMR), body mass (mb), and geographical coordi-
nates for 48 populations belonging to 34 subterranean rodent species,
which represent ca. 15% of overall extant rodents species that spend
most of their life in self-constructed burrows (Begall et al., 2007). To
build up this database (Table S1; Fig. 1A) we only considered studies
that: (1) included BMR measured in animals captured in the field, and
(2) reported geographical coordinates or localities of the collecting
sites. We discarded some studies that recorded BMR of animals that
were maintained in the laboratory for more than one generation (e.g.,
Woodley and Buffenstein, 2002), or that did not report the collection
site (e.g., Vleck, 1979). For each data point, we downloaded from
WorldClim data base (http://www.worldclim.org/) the altitude (Alti-
tude, inm) and the following climatic variables: annual mean tempera-
ture (Tmean, in °C), minimum temperature of the coldestmonth (Tmin,
in °C), maximum temperature of the warmest month (Tmax, in °C),
temperature annual range (TAR: difference between maximum tem-
perature of warmest month and minimum temperature of the coldest
month, in °C), temperature seasonality (TS: standard deviation of the
mean monthly temperature, in °C), accumulated annual rainfall (Rain-
fall, in mm), and rainfall seasonality (RS: standard deviation of the
meanmonthly rainfall, in mm) (Table S1). These variables were obtain-
ed using the free software Diva-Gis (http://www.diva-gis.org/). In addi-
tion, we downloaded amap of net primary productivity (NPP, in tons of
carbon per 0.25° cell) from the Socioeconomic Data and Application
Center homepage (http://sedac.ciesin.columbia.edu/es/hanpp.html)
(based on Imhoff et al., 2004), and used the software ArcGis version
10 to extract NPP data for each collection site (Table S1).

2.2. Conventional statistical analysis

The relationships between (log10 of) BMR and environmental factors
were evaluated through single and multiple regression models, using
(log10 of) bodymass as a covariate. The absolute value of geographic lat-
itudewas used in all regressionmodels. In addition,we estimated the fit
of all the 1791 possiblemodels without interaction terms –i.e., the com-
bination of body mass plus ten independent variables, but taking just
two of the following three independent variables: Tmin, Tmax, and
TAR at a time (because TAR is equal to Tmax minus Tmin)– and used
the Bayesian Information Criterion (BIC) to compare them. Specifically,
a model was selected as a “good model” if its BIC value did not differ
from the overall best model BIC value (which is, by definition, the low-
est BIC value) in more than 2.3 units (Raftery, 1995). In addition, to
measure the robustness of each “good model” we calculated the num-
ber of times that it provided the best fit for residual BMR over 10,000
samples, including different proportions of real data in the dataset
used (from 0.5 to 0.95, with a step of 0.05, and sampled with replace-
ment). All these analyses were performed with the R package leaps
(Lumley and Miller, 2009; R Core Team, 2011). Conventional analysis
were separately conducted for species (n = 34) and populations
(n = 48), but because both data sets gave very similar results, and the
same models were selected as “good models” in both cases (Table S2),
we present only those results obtained for the species data set.

2.3. Phylogenetically informed analyses

Models selected as “good models” in conventional analyses were
evaluated to determine the effect of phylogeny on the relationship be-
tween BMR and environmental factors, using a Bayesian Phylogenetic
Mixed Model (Bayesian PMM; Naya et al., 2006; Hadfield, 2010) in ad-
dition to Bayesian Model Averaging (BMA; Raftery et al., 1997). We de-
veloped a topological phylogenetic tree including all the species present
in our database (Fig. 1B), by combining two previously published phylo-
genetic trees (White, 2003, for relationships at the infraorder level;
Upham and Patterson, 2012, for the superfamily Octodontoidea).
Then, we included phylogenetic uncertainty by generating 1000 trees
in which: (i) polytomies were randomly resolved by transforming all
multichotomies into a series of dichotomies with one or several
branches of length zero, and (ii) branch lengths were randomly sam-
pled from a uniform distribution and the resulting tree was forced to
be ultrametric. Informative Inverse-Wishart distributions were used as
prior for phylogenetic and residual variances (scale = 0.0015, d.f. =
3), with 3.5 E6 iterations, 1.5 E6of burn-in, and a thinning interval of
20. For each comparative model, the effect of environmental factors
on BMR was calculated through linear mixed models, using body mass
as a covariate. Then, to estimate the effect of each environmental factor
on BMR, we calculated the proportion of posterior estimates larger than
zero (gt0). In short, gt0 can be viewed as the probability of observing a
positive (if gt0 N 0.5) or negative (if gt0 b 0.5) association between BMR
and each environmental factor. Note that when the dependent variable
is not affected by the independent variable this probability is equal to
0.5 (i.e., the distribution of the regression coefficients is centred on
zero). All comparative analyses were performed using the software R,
through packages “APE” (Paradis et al., 2004) and “bmaMCMCanalysis”
(L. Spangenberg, R. Romero and H. Naya; available upon request). Phy-
logenetically informed analyses were conducted only for the selected
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“good models” because it would have been impractical to run phyloge-
netic analyses for all 1791 models, given the computational costs.

3. Results

As expected, (log10 of) body mass was positively correlated with
(log10 of) BMR, explaining 82% of the overall variance in BMR (r2 =
0.821, BIC = −55.472). Conventional analysis using single regression
Fig. 1. (A)Worldmap showing the change inminimumtemperature of the coldestmonth (Tmin
and (B) Phylogenetic tree showing the phylogenetic relationshipsamong these species.
models indicate that two ambient temperatures (Tmin and Tmean)
were negatively correlated with residual BMR, while absolute latitude
and temperature variability indexes (TS and TAR)were positively corre-
lated with residual BMR (Table 1). However, according to BIC values,
only models containing ambient temperatures can be selected as
“goodmodels” (Table 1, Fig. 2). Conventional analysis usingmultiple re-
gressions indicate that fourmodelswere selected as “goodmodels”: one
includingminimum temperature, one includingminimum temperature
, in °C) and the collection site for each subterranean rodent species included in the analysis,



Table 1
Parameters estimation, and associated probabilities, for single regressionmodels with one environmental factor in addition to bodymass. B= slope, SE= standard error, P = probability
value, r2= proportion of the overall variance explained by themodel, BIC=Bayesian Information Criterion value,ΔBIC= BICmodel – lowest BIC. SeeMethods for environmental factors
abbreviations. NPP is in tons of carbon per 0.25 degree cell.

Log10 mb (g) Environmental factor Overall model

B SE P B SE P r2 BIC ΔBIC

Tmin (°C) 0.71 0.06 1.8 E−13 −0.006 0.002 0.002 0.864 −62.366 -----
Tmean (°C) 0.68 0.06 3.5 E−12 −0.008 0.003 0.005 0.857 −60.709 1.657
|Latitude| (°) 0.73 0.06 1.7 E−13 0.003 0.001 0.01 0.848 −58.684 3.682
TS (°C) 0.77 0.06 2.9 E−14 0.0002 0.00007 0.02 0.844 −57.834 4.530
TAR (°C) 0.78 0.06 2.6 E−14 0.005 0.002 0.03 0.842 −57.377 4.989
Tmax (°C) 0.72 0.07 1.8 E−11 −0.004 0.003 0.16 0.827 −54.184 8.168
RS (mm) 0.77 0.06 1.6 E−13 −0.0005 0.0004 0.28 0.822 −53.260 9.106
Altitude (m) 0.76 0.06 5.2 E−13 0.00001 0.00002 0.51 0.817 −52.422 9.944
NPP 0.76 0.06 3.1 E−13 −5.3 E−8 8.4 E−8 0.53 0.817 −52.383 9.983
Rainfall (mm) 0.78 0.06 3.1 E−13 −0.00002 0.00003 0.58 0.817 −52.288 10.078
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and rainfall seasonality, one including mean temperature, and one in-
cluding minimum temperature and latitude (Table 2, Fig. 3). Neverthe-
less, the amount of the overall variance explained by these models was
practically the same in all cases (ca. 86%), and only ambient tempera-
tures (Tmin and Tmean) were significant predictors of residual BMR
(Table 2). Finally, phylogenetically informed analyses also indicated
Fig. 2. Relationship between residuals of BMR (with regard to body mass) and (A)
minimum temperature of the coldest month, and (B) annual mean temperature, for 34
subterranean rodent species.
that only ambient temperatures have a significant effect on BMR, after
controlling for the effect of body mass and phylogeny (Table 3). Thus,
both conventional and phylogenetically informed analyses provide sim-
ilar results, indicating that, at least in our dataset, minimum and/or an-
nual mean temperature are the major determinants of residual BMR.
4. Discussion

Although metabolic rates have been identified as fundamental vari-
ables in animal biology, we still have limited knowledge of their evolu-
tion (Hayes, 2010; Burton et al., 2011; Nespolo et al., 2011).We
attempted to broaden our understanding of this topic by analyzing the
relationship between different environmental factors and residual
BMR in subterranean rodents, a groupof animals that has been excluded
in similar studies previously conducted in rodents (e.g., Lovegrove,
2003; Naya et al., 2013).

The main result of our analysis was that ambient temperature (rep-
resented by either Tmin or Tmean) is the best predictor of residual BMR,
with both variables inversely correlated. Given the high covariation be-
tween minimum and mean ambient temperatures in our data set (r =
0.90, P = 6.4 E−13), we could not select one of these two temperatures
over the other. But, in any case, our results aremore in linewith the cen-
tral prediction of the obligatory heat model (OHM) than with other hy-
potheses proposed to explain the evolution of BMR, such as the
“productivity hypothesis” which states that net primary productivity
should be the best predictor of residual BMR (Mueller and Diamond,
2001; Bozinovic et al., 2009). Interestingly, similar results were recently
found for birds (Jetz et al., 2008) and terrestrial rodents (Naya et al.,
2013), suggesting that evolutionary variation in BMR was similarly
shaped in endothermic animals. In effect, when we compared data for
terrestrial and subterranean we found two interesting results. First, for
a given value of ambient temperature, subterranean rodents show a
lower residual BMR than terrestrial rodents (Table 4). This result repre-
sents a well-established fact and is thought to be related with the hyp-
oxic and hypercapnic conditions inside the burrows, the overheating
risk in systemswhere convective and evaporative heat loss is restricted,
and/or the relatively high costs of digging, mainly during foraging activ-
ities (McNab, 1966, 1979; Bennett et al., 1994; Buffenstein, 2000;White,
2003; Luna et al., 2009). Second, the slopes of the relationships between
residual BMR and ambient temperatures are practically the same for
subterranean and terrestrial rodents (Table 4), suggesting that ambient
temperature has played a similar role in the evolution of residual BMR in
both groups. This last result does not imply that thermal stability inside
the burrows and on the surface is similar, but that the geographic
change in modal ambient temperature (the fundamental factor driving
variation on residual BMR according to the OHM) is similar in both en-
vironments when analyzed on a large scale. In this sense, studies



Table 2
Parameters estimation, and associatedprobability, for the fourmodels selected as “goodmodels” according to theBayesian Information Criterion (BIC). B= slope, SE= standard error, P=
probability value, r2 = proportion of variance explained by the model, ΔBIC = BIC model – lowest BIC. See Methods for environmental factors abbreviations.

#
Log10 mb (g) Tmin (°C) RS (mm) Tmean (°C) |Latitude| (°) Overall model

B SE P B SE P B SE P B SE P B SE P r2 BIC ΔBIC

1 0.71 0.06 1.8 E−14 −0.006 0.002 0.002 ----- ----- ----- ----- ----- ----- ----- ----- ----- 0.864 −62.37 -----
2 0.71 0.06 2.2 E−14 −0.006 0.002 0.002 −0.0005 0.0004 0.20 ----- ----- ----- ----- ----- ----- 0.867 −60.71 1.65
3 0.68 0.06 3.5 E−13 ----- ----- ----- ----- ----- ----- −0.008 0.003 0.005 ----- ----- ----- 0.857 −60.71 1.66
4 0.70 0.06 3.2 E−13 −0.005 0.002 0.029 ----- ----- ----- ----- ----- ----- 0.0018 0.0014 0.21 0.866 −60.63 1.74

Fig. 3. Number of times (over 10.000 iterations) that each of the four “good models”
performed the best as a function of the proportion of real data included in the dataset
used. See Methods for environmental factors abbreviations. Note that the overall
number of estimations increases with the proportion of real data because at lower
proportions several non-selected models gave some of the best estimations.
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evaluating seasonal changes in ambient temperature inside the burrow
systems indicate that an important temporal (i.e., among-season)
variation in temperature usually occurs (Cortes et al., 2000; Cutrera
and Antinuchi, 2004). Then, the spatial changes in modal ambient tem-
perature required for OHM to apply are expected to occur also for
Table 4
Mean values of basal metabolic rate (BMR) and body mass (mb), together with parameters est
rodents (from Naya et al., 2013) and subterranean rodents (this study). N = number of specie

Group N
Log10 BMR
(ml O2 h−1)

Log10 mb

(g)

Minim
month

Mean (SE) Mean (SE) Interce

Terrestrial 194 1.85
(0.02)

1.74
(0.03)

0.017
(0.009)

Subterranean 34 2.21
(0.05)

2.08
(0.04)

−0.056
(0.014)

Table 3
Parameters estimation, and proportion of posterior estimates larger than zero (gt0), for each in
formed analysis. B = slope, SD = standard deviation. See Methods for environmental factors a

#
Log10 mb (g) Tmin (°C) RS (mm)

B SD gt (0) B SD gt (0) B SD

1 0.710 0.079 1.0 −0.060 0.0024 0.006 ---- ----
2 0.712 0.079 1.0 −0.062 0.0024 0.006 −4.48 E−4 4.84
3 0.704 0.082 1.0 ---- ---- ---- ---- ----

4 0.711 0.079 1.0 −0.0048 0.0027 0.035 ---- ----
subterranean rodents, beyond the attenuation of extreme temperatures
offered by burrow systems.

In line with previous studies conducted in birds (White et al., 2007;
Jetz et al., 2008; Stager et al., 2016) and rodents (e.g., Rezende et al.,
2004; Naya et al., 2012, 2013), our phylogenetic analyses indicate that
the effect of ambient temperature on residual BMR remains after con-
trolling for the effect of the phylogeny. This result is similar to those ob-
tained in experiments of artificial selection that indicate that residual
BMR in rodents can be noticeably modified after a few generations of
positive selection (Sadowska et al., 2009; Swallow et al., 2009;
Konarzewski and Ksiazek, 2013). Hence, we do not think that phyloge-
netic constraints are playing a major role on the evolution of BMR, at
least when large temporal scales are considered (see Westoby et al.,
1995; McNab, 2009).

Finally, wewould like to discuss two different points of the obligato-
ry heat model (OHM) related to our findings. First, it is remarkable that
plastic changes in internal organ size and residual BMR observed during
an experimental induced drop in ambient temperature, and also during
the colder seasons of the year, are in the same direction (i.e., organs are
larger in colder environments), as predicted by OHM in an evolutionary
timeframe (Tieleman et al., 2003; McKechnie, 2008; Piersma and van
Gils, 2010; Zhao et al., 2014). This indicates that phenotypic plasticity
may represent the natural link between the putative environmental
change (i.e., a fall in ambient temperature) and the observed among-
species differences in both organs mass and residual BMR (Fig. 4). Sec-
ond, there are several, not mutually exclusive, ways animals can cope
with a drop in ambient temperature, in addition to an increase in gener-
al body size (as stated by Bergmann's Rule) or in the relative size ofmet-
abolically expensive organs (as stated by OHM). These mechanisms
imation of the regression between residual BMR and ambient temperatures, in terrestrial
s, SE = Standard error.

um temperature of the coldest
(°C)

Annual mean
temperature (°C)

pt (SE) Slope (SE) Intercept (SE) Slope (SE)

−0.006 (0.001) 0.148
(0.020)

−0.009 (0.001)

−0.007 (0.002) 0.051
(0.034)

−0.008 (0.002)

dependent variable in each of the four selected models, according to phylogenetically in-
bbreviations.

Tmean (°C) |Latitude| (°)

gt (0) B SD gt (0) B SD gt (0)

---- ---- ---- ---- ---- ---- ----
E−4 0.173 ---- ---- ---- ---- ---- ----

---- −7.28
E−3

3.20 E−3 0.013 ---- ---- ----

---- ---- ---- ---- 1.9 E−3 1.9 E−3 0.852



Fig. 4. Hypothetical diagram depicting the evolutionary process resulting in a negative correlation between ambient temperature and internal organ size (and hence residual BMR),
established by natural selection via phenotypic plasticity. Note that, as depicted in the diagram, a positive correlation between latitude and both digestive organ size and flexibility in
digestive organ size has been previously reported for rodents (Naya et al., 2008, 2013).
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can be grouped, from an energetic point of view, into three major cate-
gories: (1) those that allow a reduction in the thermal differential
with the environment, (2) those that allow a decrease in thermal con-
ductance, and (3) those that allow an increase in the rate of heat pro-
duction (see McNab, 2002a, 2012; Steegmann et al., 2002; Naya et al.,
2016). Mechanisms that permit a reduction in the thermal differential
include morphological adjustments, such as changes in body color af-
fecting the absorptivity of solar radiation (and then, the operative tem-
perature of the animal); physiological adjustments, such as the use of
torpor; and behavioral adjustments, like the use of shelters and
changes in daily activity patterns.Mechanisms that reduce thermal con-
ductance include changes in body shape affecting body surface-to-vol-
ume ratio; the circulatory separation of core and shell temperatures;
and changes in the subcutaneous fat layer and/or in skin properties.
Finally, mechanisms that modify the mass-specific rate of heat produc-
tion (other than increasing visceral mass) include behavioral adjust-
ments, such as changes in activity levels sustained in nature, and also
physiological adjustments, such as changes in active heat production
(via the futile cycle and shivering) and the mass-specific activities of
some tissues. However, it is important to note that in small animals sev-
eral of these mechanisms appear to be constrained by internal factors,
and/or they could entail important fitness costs by increasing predation
risks. For instance, minimal thermal conductance (Steudel et al., 1994),
and circulatory separation between core and shell temperature (McNab,
2002a, b), have been demonstrated to be strongly constrained by body
size; changes in body colour (Linnen and Hoekstra, 2010) and activity
levels (Berger-Tal et al., 2010) are constrained by predation risk in
small sized mammals; and daily activity patterns in rodents have been
suggested to be constrained by some rigidity in themechanisms driving
photic cues (Roll et al., 2006). The existence of physiological and ecolog-
ical constraints does not mean that animals cannot use these mecha-
nisms to some extent (e.g., to conduct seasonal adjustments), but that
the adjustments in these variables are not enough to copewith the ther-
moregulatory problem at large geographic scales. Finally, concerning
changes in general body size, it is noteworthy that rodents are one of
the few taxonomic groups that have consistently failed to comply
with Bergmann's Rule (Ashton et al., 2000; Meiri and Dayan, 2003;
Rodríguez et al., 2006; Luna et al., 2015). Thus, current data suggest
that an increase in body size was not likely a fundamental mechanism
to solve the thermoregulation problem imposed by high-latitude, cold
environments in this taxonomic group.

Empirical evaluations of OHM conducted so far have been mostly
based on data from small rodents (but see Naya et al., 2016), a taxonom-
ic group that, as explained above, may not have energetic responses
representative of other animal groups. Accordingly, further investiga-
tion is needed to determine whether the predictions derived from this
mechanistic model can be applied to other taxonomic groups, such as
small birds.
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Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cbpa.2017.02.002.
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