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Synopsis Animals are constrained by their abilities and by interactions with environmental factors, such as low ambient

temperatures. These constraints range from physical impossibilities to energetic inefficiencies, and may entail trade-offs.

Some of the constraints related to locomotion and activity metabolism can be illustrated through allometric comparisons of

mammals and lizards, as representative terrestrial vertebrate endotherms and ectotherms, respectively, because these lineages

differ greatly in aerobic metabolic capacities, resting energetic costs, and thermoregulatory patterns. Allometric comparisons

are both useful and unavoidable, but “outlier” species (unusual for their clade) can also inform evolutionary scenarios, as

they help indicate extremes of possible adaptation within mammalian and saurian levels of organization. We compared

mammals and lizards for standard metabolic rate (SMR), maximal oxygen consumption during forced exercise (VO2max),

net (incremental) cost of transport (NCT), maximal aerobic speed (MAS), daily movement distance (DMD), daily energy

expenditure (DEE) during the active season, and the ecological cost of transport (ECT¼ percentage of DEE attributable to

locomotion). (Snakes were excluded because their limbless locomotion has no counterpart in terrestrial mammals.) We

only considered lizard SMR, VO2max, NCT, MAS, and sprint speed data if measured at 35–40 �C. On average, MAS is �7.4-

fold higher in mammals, whereas SMR and VO2max are �6-fold greater, but values for all three of these traits overlap (or

almost overlap) between mammals and lizards, a fact that has not previously been appreciated. Previous studies show that

sprint speeds are similar for smaller mammals and lizards, but at larger sizes lizards are not as fast as some mammals.

Mammals move �6-fold further each day than lizards, and DMD is by far the most variable trait considered here, but their

NCT is similar. Mammals exceed lizards by �11.4-fold for DEE. On average for both lineages, the ECT is surprisingly low,

somewhat higher for lizards, and positively allometric. If a lizard and mammal of 100 g body mass were both to move their

entire DMD at their MAS, they could do so in �21 and 17 min, respectively, thus de-emphasizing the possible importance

of time constraints. We conclude that ecological-energetic constraints related to locomotion are relatively more likely to

occur in large, carnivorous lizards. Overall, our comparisons support the idea that the (gradual) evolution of mammalian

endothermy did not necessarily require major changes in locomotor energetics, performance, or associated behaviors.

Instead, we speculate that the evolution of thermoregulatory responses to low temperatures (e.g., shivering) may have

been a key and “difficult” step in this transition.

Introduction

Stemming from Arnold’s (1983) seminal paper, the

“ecomorphological paradigm,” as presently con-

strued (Garland and Kelly 2006; Careau and

Garland 2012; Lailvaux and Husak 2014; Storz

et al. 2015; Orr and Garland 2017), posits that nat-

ural and sexual selection act most directly on behav-

ior (what an animal does in a particular situation),

that behavior is constrained or limited by organismal

performance abilities (e.g., maximal sprint speed),

and that performance (when an animal is maximally

motivated) is determined by the interactions among

multiple lower-level (subordinate) traits (e.g., maxi-

mal heart rate, leg length, muscle fiber type). Our

purpose here is to consider some of the constraints

that locomotor capacities and costs place on behav-

ior, which range from physical impossibilities to en-

ergetic inefficiencies, and may entail trade-offs
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(Garland 2014). Our focus is on locomotion and

activity metabolism, because virtually all behavior—

including many behaviors crucial for Darwinian fit-

ness—depends upon locomotion, and because we

have now accumulated a fairly large data base on

capacities for locomotor performance, daily move-

ment distances (DMDs) in the field, and various

related measures of energetics.

We use allometric comparisons of mammals and

lizards (as representative terrestrial vertebrate endo-

therms and ectotherms) to illustrate possible con-

straints because the two groups are relatively

well-studied and differ greatly in aerobic metabolic

capacities, daily energetic costs, and thermoregula-

tory patterns, but are still similar enough in terms

of general ecology and body plan to be comparable

(both groups are mostly terrestrial quadrupeds).

Such allometric comparisons are useful and unavoid-

able, but comparisons of “outliers” (species unusual

for their clade) can also inform mechanism (Weibel

et al. 1991) and evolutionary scenarios, as they help

to indicate extremes of possible adaptation within

mammalian and saurian lineages.

We compare mammals and lizards for basal or stan-

dard metabolic rate (BMR or SMR), the latter only for

measurements taken at 35–40�C, which is within the

range for most mammals during the active season

(i.e., not torpid or hibernating; Ruf and Geiser 2015).

(BMR also correlates positively with body temperature

among species of mammals, but the correlation is not

strong in the range of 35–40�C [White and Seymour

2004].) We also compare maximal rates of oxygen con-

sumption during forced exercise (VO2max) and maxi-

mal aerobic speeds (MAS¼ speed at which VO2max is

attained) with lizards restricted to 35–40�C because

they vary strongly with temperature within species

(John-Alder and Bennett 1981; Hertz et al. 1983;

Bennett and John-Alder 1984; Autumn et al. 1994).

For consistency, we also retain information on the net

cost of transport (NCT) of lizards in this restricted tem-

perature range, even though some studies suggest it

does not vary with temperature within species of lizards

(John-Alder and Bennett 1981; Bennett and John-Alder

1984; White et al. 2016). Information on the NCT,

DMD, and daily energy expenditure (DEE) during the

active season is then used to compute the ecological cost

of transport (ECT¼ percentage of DEE attributable to

locomotion [Garland 1983a]).

The foregoing performance and energetic measure-

ments that we consider should set boundaries for much

of what an animal does, or can do, in a locomotor con-

text (Fig. 1). For example, maximal sprint speed limits

how fast an animal can run and might be a major de-

terminant of the outcome of predator–prey interactions

(Foster et al. 2015; Moore and Biewener 2015), presum-

ing that running away is the strategy applied (Bulova

1994; Cooper et al. 2014). Of course, some animals,

such as skunks, porcupines, and horned lizards

(Phrynosoma), rely little on sprinting as part of their

antipredator behavior. Their alternate defensive mech-

anisms have coadapted with their behavior and proba-

bly also with other aspects of their morphology,

coloration, life history, and ecology (Pianka and

Parker 1975; Stankowich and Campbell 2016). (Some

lizards even alter their antipredator strategy as a func-

tion of body temperature, which affects locomotor abil-

ities [Hertz et al. 1982; Herrel et al. 2007].)

Maximal aerobic capacity and its associated locomo-

tor speed will limit sustained efforts, such as actively

foraging for a prolonged time, defending a territory,

or moving long distances during migration

(Brownscombe et al. 2017; Yap et al. 2017). For exam-

ple, VO2max and endurance capacity may be higher dur-

ing the breeding season and consequently allow higher

activity intensity associated with increased intraspecific

interactions (territory disputes and mating activities) in

Dipsosaurus dorsalis (John-Alder 1984) and Sceloporus

undulatus (John-Alder et al. 2009). This correlation

suggests that low aerobic capacity might impose a be-

havioral constraint on activity levels needed for breed-

ing success.

Just as basal or even resting metabolic rate cannot

equal maximum aerobic metabolic rate (otherwise no

energy would be available for any activity beyond than

simply lying down!), the cost of traveling in the wild

cannot equal the total DEE. If the cost of locomotion is

too high a fraction of DEE, then insufficient energy will

be available for other biological functions (Garland

et al. 2011b), thus constraining them. The ECT is a use-

ful index of relative locomotor costs (e.g., Christian

et al. 1997; Girard 2001).

The comparison of terrestrial mammals and lizards

necessarily means painting with a broad brush. One

may wonder if this is somehow a “fair” comparison.

We think that it is. The first placental and marsupial

mammals date from �175 mya and may have weighed

20–30 g, resembling a modern shrew (Jones et al. 2013;

Springer et al. 2017). Living mammals number �5400

species, but if we exclude monotremes (which have low

body temperatures compared with other mammals

[Dawson et al. 1979]) as well as bats, whales, and seals

(which have no counterparts among lizards), we are left

with �4100 species. Lizards diversification to modern

groups occurred�200 mya, leaving us with�6263 ex-

tant species (excluding 3619 snakes) (Uetz 2016). It may

surprise some that extant lizards are more speciose than

extant mammals. However, the latter span a much

larger range of body sizes (Pough 1980; Meiri 2008;

Locomotion, energetics, performance, and behavior 253

Deleted Text:  &ndash; 
Deleted Text:  &ndash; 
Deleted Text: -
Deleted Text:  
Deleted Text: :
Deleted Text: (
Deleted Text: )
Deleted Text: [
Deleted Text: -
Deleted Text:  
Deleted Text: (
Deleted Text: )
Deleted Text: ]
Deleted Text: -
Deleted Text:  
Deleted Text: daily movement distance (
Deleted Text: )
Deleted Text: are
Deleted Text: &percnt;
Deleted Text: :
Deleted Text: (
Deleted Text: )
Deleted Text: -
Deleted Text:  Jun 27
Deleted Text: [
Deleted Text: (
Deleted Text: )
Deleted Text: ]
Deleted Text: l
Deleted Text: daily energy expenditure
Deleted Text: -
Deleted Text: ,
Deleted Text: :
Deleted Text: (
Deleted Text: )
Deleted Text: ,
Deleted Text: ,
Deleted Text: ,
Deleted Text: (
Deleted Text: )


O’Gorman and Hone 2012) and, arguably, occupy a

greater amount of morphospace and a larger number

of niches.

Methods

We gathered data from peer-reviewed articles pub-

lished in scientific journals, found primarily through

Google Scholar and Web of Science. For most of the

traits considered here, recent data compilations

served as a starting point from which data from later

publications were added.

Basal and standard metabolic rates (BMR and

SMR, respectively) was measured in the dark, on

undisturbed animals, during the non-active period

of the day for each species. Major reviews were avail-

able for mammals (White et al. 2009; Gillooly et al.

2017); we excluded bats, whales, and seals. For liz-

ards (excluding snakes), the data are presented in

Supplementary Table 1.

For mammals, maximal aerobic capacity (VO2max)

during forced exercise was taken primarily from

Dlugosz et al. (2013), with the addition of several

species (or populations) that had been missed in

that compilation (Weibel et al. 1983; MacMillen

and Hinds 1992; Baudinette et al. 1993; Williams

et al. 2002)(Trichosurus vulpecula, 1850 g, 7714.5 mL

O2/h; Lontra canadensis, 11,100 g, 28,092 mL O2/h;

Potorus tridactylus, 1084 g, 5898 mL O2/h; Cavia

cobaya, 913.5 g, 3396 mL O2/h; Dicrostonyx groenlan-

dicus, 61 g, 450 mL O2/h; Dipodomys ordii, 56.2 g,

441.6 mL O2/h; Dipodomys panamintinus, 65.60 g,

444.6 mL O2/h), but excluding one bat. For lizards,

many sources were used (Supplementary Table 2).

Data for the NCT (Taylor et al. 1970; Seeherman

et al. 1981) were compiled by White et al. (2016),

but we also checked the original sources as we had

been building this data base for many years. In ad-

dition, we added data from MacMillen and Hinds

(1992).

MAS is the speed at which VO2max is attained, and

both measures were frequently reported in the same

papers. We compiled data from original sources, as

presented in Supplementary Table 3.

DMD (Online Supplementary Table 4) was mea-

sured by direct observation of marked animals or

radiotelemetric fixes, if done for a sufficient portion

of the day and including enough data points to allow

Fig. 1 Interrelationships of the traits considered in the present study, plus maximal sprint speed (see references in the text). For most

mammals and lizards, DEE (Fig. 2) is 2- to 3-fold higher than SMR (Fig. 3). VO2max attained during exercise (Fig. 3) sets a theoretical

absolute upper limit to DEE, but in practice this metabolic state can only be sustained for minutes, not an entire day. However, the

highest sustained DEE of mammals can exceed BMR by several folds (Hammond and Diamond 1997), as for dogs during the Iditarod

sled race (Piersma and van Gils 2010), humans in extreme athletic events or under controlled tests (Westerterp 2001; Cooper et al.

2011; Rosenkilde et al. 2015), and rodents challenged by cold, lactation, and/or having to run for food (Speakman and Krol 2010; Zhao

et al. 2013). The product of DMD (Fig. 4) and the net cost of locomotion (NCT: Fig. 5), divided by DEE (Fig. 2), is termed the ECT

(Garland 1983a), a value that, on average, is relatively small for both mammals and lizards (Table 1). Maximal sprint speeds and

maximal aerobic (sustainable) speeds (Fig. 6) likely trade-off to some extent, although this has yet to be demonstrated (Garland et al.

1988), and indeed speed and endurance (as opposed to MAS) do not reliably trade-off in lizards (Albuquerque et al. 2015a). Given the

network of interactions among these traits and their physiological and morphological foundations, one would expect that natural or

sexual selection acting on any one of them would likely lead to coadaptation of at least some of the others, including antipredator

behavior and body size, which has a strong effect on all of these traits (Bauwens et al. 1995; Brashares et al. 2000; Vanhooydonck and

Van Damme 2003; Angilletta et al. 2006; Reale et al. 2010; Wallace and Garland 2016). Other aspects of locomotor performance

would be expected to exhibit correlated evolution as well, such as a positive correlation between speed and acceleration

(Vanhooydonck et al. 2006; Wilson et al. 2013).
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an accurate estimation of the distance traveled

(Garland 1983a; Goszczynski 1986; Harris and

Steudel 1997; Garland 1999; Girard 2001).

DEE was taken only from studies using the doubly

labeled water method, with a period of at least 24 h

between marking and recapture of the animals (pri-

mary sources: Nagy et al. 1999; Nagy and Bradshaw

2000). The full database is found in Supplementary

File 5.

The ECT is the minimum energetic cost of loco-

motion in the field and was calculated as the product

of DMD and NCT, divided by DEE (Garland 1983a).

Further discussions of the ECT, including its as-

sumptions and limitations, can be found elsewhere

(Altmann 1987; Baudinette 1991; Karasov 1992;

Girard 2001).

We took a simple approach to statistical analysis:

analysis of covariance (ANCOVA) with log-

transformed data and body mass as the only covar-

iate. Although body temperature can affect all of the

performance and metabolic traits we consider, re-

stricting the lizard data to those gathered at

35–40�C (and excluding snakes) should make them

generally directly comparable to those for terrestrial

mammals (excluding monotremes, bats, whales, and

seals). To test for differences in the allometric slopes

of relationships within mammals and lizards, we

compared the slopes of the regression lines with

standard F tests for the interaction between log

body mass and a 0–1 dummy variable to code for

mammal versus lizard. Although we present esti-

mates of allometric equations along with their stan-

dard errors, the standard errors especially should be

treated with caution (see next paragraph). In the text

below, we present separate equations for mammals

and lizards, as these may be of the most use for

readers, e.g., if they want to predict the value of a

trait for a given body size in one group or the other.

For illustrative purposes, we also present values esti-

mated by the regression models with forced parallel

slopes (but with different intercepts for mammals

and lizards) for a body mass of 100 g (Table 1).

We did not attempt to perform phylogenetically

based statistical comparisons (Garland et al. 2005;

Rezende and Diniz-Filho 2012; Garamszegi 2014)

for two main reasons. First, we are comparing only

two clades separated by long divergence times, thus

leading to statistical difficulties that reduce statistical

power to detect group differences (Garland et al.

1993; Vanhooydonck and Van Damme 1999).

Second, both nonphylogenetic and phylogenetic esti-

mates of slopes and group differences are generally

non-biased, although the former will not be

minimum-variance. As our first main point is simply

to compare average values for mammals and lizards,

while controlling for variation in body size, not to

do statistical tests of whether they differ, the forego-

ing limitations should not cloud results and inter-

pretation. Our second main point is to examine the

extent of overlap (or almost overlap) between mam-

mals and lizards, which can be done to a first ap-

proximation by inspection of the data without

statistical procedures.

Results and discussion

Sprint speed

As reported originally by (Garland 1983b) for mam-

mals and by (Van Damme and Vanhooydonck 2001)

for lizards, maximal sprint speed shows a nonlinear

relation with body size, with the fastest species oc-

curring at intermediate body sizes. Whether these

overall relations are better fit by a second-degree

polynomial (Garland 1983b; Clemente et al. 2009a),

a break-point regression (Chappell 1989), or some-

thing else (e.g., see Figure 1 in Jones and Lindstedt

1993) is unclear. Addressing this issue further is best

deferred to a time when we have estimates of error

variance for the data points analyzed, as well as es-

timates of phylogenetic relationships for both groups

(again, with indices of uncertainty), and potentially

new statistical tools (see also below under the section

“Future directions”). In addition, analyses within lin-

eages of mammals suggests that speed is largely in-

dependent of body mass within some of them

(Garland 1983b; Djawdan and Garland 1988;

Garland et al. 1988).

As shown in Figure 5 of Van Damme and

Vanhooydonck (2001) and Figure 5 of Clemente et al.

(2009a), sprint speeds of mammals and lizards show

Table 1 Comparison of the traits considered in this study for

animals of 100 g body mass, using allometric estimates with par-

allel slopes (i.e., not those shown in the text)

Trait Units Mammal Lizard Mammal/lizard

SMR mL O2/h 95.1 16.1 5.93

VO2max mL O2/h 886.4 147.1 6.03

NCT kJ/km 2.02 2.30 0.88

MAS km/h 5.24 0.71 7.38

Sprint speed km/h 15 15 1.00

DMD km/day 1.49 0.25 5.96

DEE kJ/day 117.0 10.3 11.41

ECT % DEE 2.57 5.51 0.47

Time to Walk DMD min/day 17.0 20.8 0.82

The ratio of VO2max/SMR is very similar for mammals (9.3) and

lizards (9.2).
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complete overlap at smaller body masses. This simi-

larity coincides with the general similarity in maximal

power input from muscles of small mammals and

lizards during burst activities (Bennett and Ruben

1979). However, sprint speeds for the largest living

lizards in the genus Varanus are much lower than for

some mammals (Clemente et al. 2009a). Whether this

“deficiency” in large lizards is based on metabolic or

biomechanical limitations (Christian and Garland

1996; Clemente et al. 2009a), or rather reflects a

lack of selection for very fast, large lizards, is

unknown.

Even without the use of phylogenetic statistics that

may paint a somewhat different picture regarding

outliers (Garland and Ives 2000), a number of rela-

tively slow “outlier” species are apparent in the pub-

lished studies cited in the previous paragraph. In

general, these species have alternative means of deal-

ing with predators. For example, moles largely avoid

predators that might chase them across ground due

to their burrowing habits. Moreover, their speciali-

zations for digging likely compromise their sprinting

abilities. The porcupine has quills as a means of de-

fense against predators (Stankowich and Campbell

2016), and so does not need speed in that context

(nor for obtaining food). Very large mammals (at

least as adults), including rhinos and elephants, es-

cape most predators by virtue of their size, and in

addition biomechanical factors likely constrain their

top speeds (Biewener 2005).

On the positive end of the spectrum, the fastest

lizard (34.6 km/h, 230 g, spiny-tailed iguana) is inter-

mediate in size (Garland 1984). For mammals, bi-

pedal kangaroo rats have high speed, endurance, and

agility (Djawdan and Garland 1988; MacMillen and

Hinds 1992; Djawdan 1993). Received wisdom indi-

cates that the cheetah reigns supreme in terms of

terrestrial speed. Garland (1983b) used a value of

110 km/h, but the most accurate timing of this spe-

cies indicates a maximum speed of 104.4 km/h

(Sharp 1997; Wilson et al. 2013), within the range

of values reported for some antelope and the

American pronghorn (Garland 1983b).

Basal (or standard) and maximal metabolic rates

As expected, both lizards and mammals show a pos-

itive allometric relation between metabolic rate and

body size, but with slopes less than unity (i.e., mass-

specific values increase with body size)(White and

Kearney 2013; White and Kearney 2014; Uyeda

et al. 2016). The average BMR for 476 species of

mammals is 6.0 times higher than the average SMR

for 41 lizards measured at 35–40�C, a somewhat

lower difference than commonly cited (e.g., Bennett

and Ruben 1979). The pooled within-groups slope

for BMR–SMR from ANCOVA was 0.713 6 0.007.

However, the slope of the allometric relation is

slightly steeper (P¼ 0.001) for lizards than for mam-

mals, leading to some convergence of average pre-

dicted values at larger body sizes, and some overlap

is apparent at intermediate body sizes in Fig. 3. (Bats

tend to have relatively high BMR [Uyeda et al.

2016], but including them in the above analyses

[see also Table 1] changes the numbers only in the

second or third decimal place.) Separate allometric

equations are as follows:

Mammals: log 10BMR

¼ 0:567 ð6 0:019Þ þ 0:707 ð6 0:007Þ
� log10Mass

Lizards: log 10SMR

¼ �0:376 ð6 0:049Þ þ 0:795 ð6 0:024Þ
� log 10Mass

The proximate causes of the higher resting meta-

bolic rates of mammals as compared with lizards

include larger internal organs, increased mitochon-

drial volume densities in various tissues, altered

membrane composition that may act as a metabolic

pacemaker (“leaky membranes”), and increased rates

of protein synthesis (e.g., Else and Hulbert 1981;

Hulbert and Else 1989; Hulbert and Else 2000; Else

et al. 2004; Else et al. 2004; Hulbert et al. 2006; see

also White and Kearney 2013). All of these lower-

level, subordinate traits also show allometric scaling

with body size (e.g., Turner et al. 2006 and refer-

ences in the previous sentence).

The 84 species of mammals have an average

VO2max 6.0-fold higher than the 53 lizards. The

ANCOVA slope is 0.845 (6 0.015), higher than for

BMR–SMR. Lizards have a significantly lower slope

(P¼ 0.021), although the largest lizard (6.8 kg) in the

dataset is much smaller than the largest mammal

(475 kg). Nonetheless, overlap almost occurs, espe-

cially at the smaller body sizes, attributable to

some small Varanus (Clemente et al. 2009b) and

one species of whiptail lizard having high VO2max

(Garland 1993). Further, if one imagines a line ex-

tending from the lizard with the highest VO2max (in

the 15–40 g range), with the pooled within-groups

slope from ANCOVA, that line clearly would hit

the values for mammals at larger body sizes. Or,

imagine a similar line extending downwards along

the body mass axis from the mammal with the low-

est VO2max (�50 kg); again, it would intercept with

256 T. Garland and R. L. Albuquerque

Deleted Text:  &ndash; 
Deleted Text: -
Deleted Text:  
Deleted Text: -
Deleted Text: [
Deleted Text: (
Deleted Text: )
Deleted Text: (
Deleted Text: )
Deleted Text: ]
Deleted Text: -
Deleted Text:  
Deleted Text: -


some of the higher values for lizards. Separate allo-

metric equations are as follows:

Mammals: log 10VO2max

¼ 1:209 ð6 0:051Þ þ 0:862 ð6 0:016Þ
� log10Mass

Lizards: log 10VO2max

¼ 0:619 ð6 0:074Þ þ 0:779 ð6 0:032Þ
� log 10Mass

Numerous studies have elucidated the mechanis-

tic underpinnings of a high VO2max, either within

lineages or between mammals and lizards, includ-

ing larger hearts, higher maximal heart rates and

blood pressures, non-nucleated erythrocytes,

higher blood hemoglobin levels, increased mito-

chondrial volume densities in heart and skeletal

muscles, a muscular diaphragm, and a more elab-

orate lung structure (e.g., Else and Hulbert 1981;

Weibel et al. 1983; Hulbert and Else 1989; Weibel

et al. 1991; Jones and Lindstedt 1993; Conley et al.

1995; Else et al. 2004; Hulbert et al. 2006; Hillman

et al. 2012).

Net cost of transport

Considering both mammals (N¼ 91) and lizards

(N¼ 23) combined, the NCT scales with body

mass to the 0.711 (6 0.010) power. Complete over-

lap occurs at all body sizes between lizards and

mammals, with no statistically significant difference

in the cost of transport between the two lineages (P

for elevation difference¼ 0.097, with lizards having

slightly elevated values). Slopes do not differ

(P¼ 0.984). Separate allometric equations are as

follows:

Mammals: log 10NCT

¼ 0:568 ð6 0:040Þ þ 0:717 ð6 0:011Þ
� log10Mass

Lizards: log 10NCT

¼ 0:626 ð6 0:048Þ þ 0:716 ð6 0:021Þ
� log 10Mass

As discussed elsewhere, nocturnal lizards tend to

have low costs of transport (Autumn et al. 1999;

Hare et al. 2007; White et al. 2016), but they were

excluded from the present analyses due to their low

body temperatures.

MAS

The MAS scales as 0.178 (6 0.021) (ANCOVA slope)

for 49 mammals and 19 lizards, with mammals hav-

ing higher MAS (P¼ 5 � 10�22) by 7.4-fold. Lizards

seem to show a shallower slope (Fig. 6), but the

difference is not statistically significant (P¼ 0.180),

and it is mainly driven by two species of relatively

small lizards (Cnemidophorus tigris (Garland 1993);

Varanus gilleni (estimated from Bickler and

Anderson 1986) that are famous for their active,

widely foraging lifestyles. The data for mammals sug-

gest perhaps some curvilinearity downwards at the

larger body sizes, but the two largest-bodied mam-

mals in the dataset, both species in the genus Bos

(wild and domestic cattle), have relatively low MAS

and are not known for their athletic prowess.

Separate allometric equations are as follows:

Mammals: log 10MAS

¼ 0:327 ð6 0:072Þ þ 0:190 ð6 0:022Þ
� log10Mass

Lizards: log 10MAS

¼ �0:363 ð6 0:137Þ þ 0:109 ð6 0:061Þ
� log 10Mass

The higher MAS of mammals means that they

have the potential to sustain locomotor activity at

substantially higher speeds than their saurian coun-

terparts, with important implications for foraging

and other activities (e.g., see Bennett and Ruben

1979; Garland et al. 1988; Garland 1993). In general,

variation in MAS will be closely associated with var-

iation in VO2max (e.g., see Thompson and Knight-

Maloney 2017).

DMD

DMD is by far the most variable trait, with two or-

ders of magnitude difference between the smallest

and largest values at a given body size (Fig. 4).

The pooled scaling slope is 0.177 6 0.042, and mam-

mals (N¼ 125) travel on average 6.1 times more

than lizards (N¼ 20) on a daily basis. Mammals

and lizards do not differ in slope (P¼ 0.674).

Within mammals, carnivores generally move longer

distances than other species at any body size (not

shown in the figure, but apparent on inspection of

the data) (Garland 1983a; Goszczynski 1986; Harris

and Steudel 1997). Many of the lizards in the sample

are smaller than any of the mammals, but the over-

lap between mammals and lizards is extensive.

Separate allometric equations are as follows:
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Mammals: log 10DMD

¼ �0:150 ð6 0:190Þ þ 0:169 ð6 0:047Þ
� log 10Mass

Lizards: log 10DMD

¼ �1:028 ð6 0:175Þ þ 0:216 ð6 0:089Þ
� log 10Mass

Interestingly, the pooled scaling exponent for

DMD (0.177) is virtually identical to that for MAS

(0.178), which makes biological sense. That is, vari-

ation in the speed that animals can sustain scales the

same way as the distances they typically move in

nature, suggesting coadaptation of locomotor behav-

ior (DMD) and locomotor abilities (as indexed by

MAS).

DEE

Of the traits we have considered (Fig. 1), the largest

average difference between lizards and mammals is

for DEE as measured in the field (Fig. 2). Overall,

with parallel slopes enforced, DEE scales as mass to

the 0.761 (6 0.017) power, and the 112 species of

mammals spend, on average, 11.4 times as much

energy per day as the 56 lizard species during the

active season. (This differential is on the order of 30-

fold if data spanning an entire year are considered

[Nagy 2005].) Lizards have a significantly steeper al-

lometric slope (P¼ 2 � 10�14) than mammals, re-

sulting in some convergence with mammals at larger

body sizes. Actual overlap occurs for the sloth

(enough said) and porcupine, with the giant panda

also being quite low for a mammal. At the small end

of the body size range, the golden mole is another

mammal with very low DEE (Seymour et al. 1998).

Separate allometric equations are as follows:

Mammals: log 10DEE

¼ 0:767 ð6 0:049Þ þ 0:679 ð6 0:017Þ
� log 10Mass

Lizards: log 10DEE

¼ �0:801 ð6 0:055Þ þ 0:941 ð6 0:028Þ
� log 10Mass

ECT

The estimated minimum amount of energy dedi-

cated to locomotion in the field (Garland 1983a) is

surprisingly low for both groups, and increases with

body mass (Table 2). In addition, lizards have higher

average predicted ECT than mammals (see also

Christian et al. 1997). These values should represent

the minimum amount of energy spent on locomo-

tion under ideal conditions (e.g., good traction, level

substrate, no obstacles, few and non-abrupt changes

in direction). Deviations from these conditions in

the wild would likely increase the ECT (Altmann

1987; Karasov 1992).

Summary and conclusions

Maximal sprint speeds of mammal and lizards are

similar at smaller body sizes, but at larger sizes

mammals have a big advantage (no pun intended)

(Garland 1983b; Djawdan and Garland 1988;

Garland et al. 1988; Bonine and Garland 1999; Van

Damme and Vanhooydonck 2001; Clemente et al.

2009a). It would be of considerable interest to

Fig. 2 SMR and maximal (exercise-induced: VO2max [Dlugosz

et al. 2013]) aerobic metabolic rates average about six-fold

higher in mammals than in lizards measured at comparable body

temperatures. For SMR, some convergence occurs at larger body

sizes, with values for some species overlapping. For VO2max,

some overlap also occurs, especially at smaller body masses. The

fact that overlap occurs between mammals and lizards is not

widely appreciated for either SMR or VO2max.

258 T. Garland and R. L. Albuquerque

Deleted Text: Daily energy expenditure
Deleted Text:  &ndash; 
Deleted Text: (
Deleted Text: )
Deleted Text: &ast;
Deleted Text:  
Deleted Text:  
Deleted Text: Ecological cost of transport
Deleted Text:  &ndash; 
Deleted Text: C


know the maximum speeds attained by the giant

(possibly>300 kg), extinct varanid lizard Varanus

(Megalania) priscus, especially as they may have en-

countered aboriginal humans (see also Clemente

et al. 2009a). At any size, mammals also have a large

advantage in terms of VO2max (Fig. 3) and maximal

aerobic (sustainable) speeds (Fig. 6). The cost of

transport per unit distance moved is similar in the

two lineages (Fig. 5), regardless of body size. On

average, mammals move further than lizards on a

daily basis (Fig. 4) and have much higher DEEs

(Fig. 2), and hence food requirements (Nagy 2001).

Combining NCT, DMD, and DEE allows calculation

of the minimum percent of the DEE that is attrib-

utable to locomotor costs (ECT), and this value is

surprisingly low in both groups, though higher on

average in larger animals and in lizards as compared

with mammals (Table 2). Therefore, the “30,000-foot

view” (AskTheManager.com 2017) would suggest

that ecological-energetic constraints related to

locomotion are most likely in large, carnivorous liz-

ards (see also Christian et al. 1997) because the cost

of moving about is relatively high, whereas both

maximal aerobic and maximal sprint speeds are rel-

atively low. Thus, we might expect these animals to

adopt strategies for energy conservation and/or to

compensate for their relatively low maximal speeds,

such as the switch from widely foraging to sit-and-

wait predatory behavior seen in Komodo dragons

relative to most other varanid lizards.

On average, MAS is �7-fold higher in mammals

(Fig. 6) and DMD is �5-fold higher. If animals were

to cover their DMD while moving at their maximal

aerobic speed, then mammals and lizards of 100 g

body mass would take about 15 and 21 min, respec-

tively, to do so. Thus, at least for smaller body sizes,

daily movements would not appear to be limited by

available time, except perhaps when environmental

conditions are extreme. However, the difference in

speed of movement at the MAS could affect visibility

by predators and/or the ability of animals to perceive

their environment. On the other hand, many animals,

especially smaller ones, do not typically move at con-

stant speeds, but rather use intermittent locomotion

(Girard et al. 2001; Trouilloud et al. 2004; Stojan-

Dolar and Heymann 2010; and references therein).

Endothermic homeothermy is the epitome of a

complex trait (Woods et al. 2015; Garland et al.

2016), and interest in its evolutionary origins played

a major role in the development of evolutionary

physiology (Bennett and Ruben 1979; Bennett and

Ruben 1986; Garland and Carter 1994). Interest in

the evolution of endothermy remains a “hot” topic

in comparative, ecological, and evolutionary

Fig. 3 The NCT is very similar in mammals and lizards across a

range of body sizes.

Table 2 Comparison of the ECT (% of DEE) across range of

body masses for average mammals and lizards, based on allome-

tric equations that use parallel slopes (i.e., not those shown in

the text)

Body mass (g)

1 10 100 1000 10,000

Mammals 1.4 1.9 2.6 3.5 4.7

Lizards 3.0 4.1 5.5 7.5 10.2

These values represent the minimum amount of energy that might be

spent on locomotion as animals move about their home ranges or

territories on a daily basis. Many exceptions to these average values

for ECT are known to exist, such as sloths (Pauli et al. 2016), moles

(Seymour et al. 1998), and some carnivores (Girard 2001; Speakman

et al. 2015).

Fig. 4 MAS (speed at which VO2max is attained) averages about

7.4-fold higher in mammals than in lizards measured at comparable

body temperatures (35–40 �C), but values almost overlap for some

small-bodied species. Thus, mammals can patrol their territories or

traverse their home ranges at much higher sustainable speeds.
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physiology (Hayes and Garland1995; Farmer 2000;

Koteja 2000; Nespolo et al. 2011; Nespolo et al.

2011; Nespolo and Roff 2014; Wone et al. 2015;

Farmer 2016; Killen et al. 2016; Tattersall et al.

2016; Nespolo et al. 2017; Nicol 2017). Taken to-

gether, our results suggest that the evolution of mam-

malian endothermy did not necessarily require major

changes in locomotor energetics, performance, or asso-

ciated behaviors. Rather, gradual changes in such traits

as standard (Dawson et al. 1979) and maximal aerobic

metabolic rates seem likely to have occurred. Moreover,

in terms of metabolic rate and locomotor performance,

the evolution of mammalian endothermy may not have

necessitated major changes. Finally, as noted by (Nicol

2017), extant monotremes illustrate mosaic evolution,

and hence may be crucial in understanding the evolu-

tion of endothermy. Most likely, endothermy evolved

with lots of coadaptation across levels of biological or-

ganization, ranging from subcellular to morphological

to behavioral and life history traits, but not all changes

occurred simultaneously, and probably multiple solu-

tions (Garland et al. 2011a; Losos 2011; Travisano and

Shaw 2013; Wallace and Garland 2016) (but see

Projecto-Garcia et al. 2013) appeared in different line-

ages (Hillenius and Ruben 2004).

Future directions

The comparisons presented here and the network of

interacting traits shown in Fig. 1 suggests various

avenues for future research:

(1) Comparisons of mammals and lizards living in

sympatry would allow control for environmental ef-

fects, which may have large and confounding influ-

ences on such traits as DMD and DEE. This would

allow direct determination of the extent of overlap in

such traits.

(2) Within either mammals or lizards, many of the

traits presented here or in previous literature compar-

isons (Van Damme and Vanhooydonck 2001 for max-

imal sprint speeds) could be analyzed in relation to

habitat, ecology, diet, mating system, life history traits,

etc. to test various functional and adaptive hypotheses

(Garland et al. 2005; Rezende and Diniz-Filho 2012).

For example, maximal sprint speed is likely to vary in

relation to diet, foraging mode, habitat, and life history

traits (Garland et al. 1988; Djawdan 1993; Van Damme

and Vanhooydonck 2001; Vanhooydonck and Van

Damme 2003; Clemente et al. 2009a). Some of the re-

lations may be somewhat unexpected, as in the positive

relationship between brain size and aerobic capacity

(Raichlen and Gordon 2011; Kolb et al. 2013). It should

also be noted that clades of mammals or lizards may

show grade shifts (Ferguson et al. 1996; Rezende and

Diniz-Filho 2012; Garland 2014), such that suites of

traits differ as compared with other lineages, even

when controlling for body size and other ecological in-

dicators of variation in the selective regime (e.g.,

Pontzer et al. 2014).

(3) Following from (2), various hypotheses about

coadaptation could be tested. For example, one

might expect that DMD, MAS, VO2max, and NCL

would have been under some sort of correlational

selection in relation to diet, foraging strategy, and

other aspects of behavioral ecology (Altmann 1987;

e.g., see Garland 1999; Verwaijen and Van Damme

2008; Albuquerque et al. 2015b; Wallace and Garland

Fig. 5 Daily movements distances (Garland 1983a) are highly

variable within both mammals and lizards (see also Table 1), and

values broadly overlap between these groups, but on average

they are about 6-fold higher in mammals. See text for allometric

equations with pooled slope from ANCOVA.

Fig. 6 Field metabolic rates during the active season (measured by

doubly-labeled water) average about 11.4-fold higher in mammals

than in lizards, but the slope is significantly steeper for lizards and

overlap occurs at the larger body sizes. The average difference be-

tween mammals and lizards is closer to 30-fold if calculated on an

annual basis for temperate-zone species (Nagy 2005).
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2016). One might also expect coadaptation of the

elements that affect DEE, much as sloths (and other

arboreal folivores) appear to have a suite of adapta-

tions related to their lifestyle and overall low rates of

energy expenditure (Pauli et al. 2016). More gener-

ally, relative to birds and mammals, vertebrate ecto-

therms can be viewed as low-energy specialists

(Pough 1980). For animals that have low activity

levels either habitually or in relation to seasonality

(e.g., because of hibernation), one could predict low

plasticity of exercise capacities to avoid deterioration

by detraining effects. Indeed, lizards may be some-

what less plastic than mammals in this regard (e.g.,

Garland et al. 1987; O’Connor et al. 2011; but see

Husak et al. 2015). A related question is whether

they exercise to keep fit (Halsey 2016).

(4) Mechanistically based trade-offs might be ex-

pected to occur between maximal sprint and aerobic

speeds (or other measures related to stamina),

though these have been hard to find so far

(Garland et al. 1988; Vanhooydonck et al. 2001;

Albuquerque et al. 2015a) (see also Vanhooydonck

and Van Damme 2001; Calsbeek 2017). Also deserv-

ing of much further study is the mechanistic basis of

lineage or species differences in such traits as sprint

speed (Bonine and Garland 1999; Schaeffer and

Lindstedt 2013; Vanhooydonck et al. 2014), BMR

(Starostov�a et al. 2009; Raichlen et al. 2010; White

and Kearney 2013), and VO2max (Hillman et al.

2012; Killen et al. 2016; Gillooly et al. 2017).

(5) The extent and frequency to which animals

use their maximal capacities in the wild has gener-

ated considerable interest (Hertz et al. 1988; Irschick

and Losos 1998; Irschick and Garland 2001; Irschick

et al. 2005; Husak 2006; Irschick and Higham 2016),

but many questions remain, including whether gen-

eral patterns emerge in relation to body size or

among clades of vertebrates.

(6) For any of these questions, future analyses could

apply phylogenetically based statistical procedures,

though we do not believe they would alter our primary

conclusions. Perhaps of greater importance would be re-

finement of the various datasets to include information on

error variances, such as standard errors for each datum.

Potentially, phylogenetically based measurement error

models (Ives et al. 2007) could be developed that would

allow predictive estimation (cf. Garland and Ives 2000) of

the extent of overlap between mammals and lizards if one

had access to much larger samples of species. The number

of species included here, although substantial for some

traits, still represents a relatively small fraction of the num-

ber of extant species (see Introduction), and it is inevitable

that as more species are measured the extent of overlap

between mammals and lizards will increase.

(7) Further insights to the evolution of mammalian

endothermy may come from attempts to understand

the origins and neurobiology of the metabolic (and

behavioral) responses to low ambient temperature.

Another avenue that may prove fruitful is modeling

from both the genetic (Nespolo and Roff 2014) and

explicitly mechanistic (Brice 2010) perspectives.
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