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Differences in the limits and range of aerobic activity levels between
endotherms and ectotherms remain poorly understood, though such differ-
ences help explain basic differences in species’ lifestyles (e.g. movement
patterns, feeding modes, and interaction rates). We compare the limits and
range of aerobic activity in endotherms (birds and mammals) and
ectotherms (fishes, reptiles, and amphibians) by evaluating the body mass-
dependence of VO, max, aerobic scope, and heart mass in a phylogenetic
context based on a newly constructed vertebrate supertree. Contrary to pre-
vious work, results show no significant differences in the body mass scaling
of minimum and maximum oxygen consumption rates with body mass
within endotherms or ectotherms. For a given body mass, resting rates
and maximum rates were 24-fold and 30-fold lower, respectively, in
ectotherms than endotherms. Factorial aerobic scope ranged from five to
eight in both groups, with scope in endotherms showing a modest body
mass-dependence. Finally, maximum consumption rates and aerobic scope
were positively correlated with residual heart mass. Together, these results
quantify similarities and differences in the potential for aerobic activity
among ectotherms and endotherms from diverse environments. They pro-
vide insights into the models and mechanisms that may underlie the body
mass-dependence of oxygen consumption.

1. Introduction

The tremendous variation in aerobic activity levels among vertebrates is
reflected in their lifestyles, from highly active to sedentary. Differences in
aerobic activity underlie basic differences in the ecology and behaviour of
species (e.g. movement patterns, feeding modes, interaction rates) [1-4] that
may affect survival, growth, and reproduction (i.e. fitness) [5-7]. Such differ-
ences also reflect patterns in species’ energy expenditure given the fixed
relationship between oxygen consumption rate and metabolic rate [3,8]. For
these reasons, biologists have long sought to understand variation in aerobic
activity levels among vertebrates [9-12].

Attempts to quantify aspects of the aerobic activity or ‘athleticism” of ver-
tebrates typically rely on one of three related measures: a species’” maximum
rate of oxygen consumption (i.e. VO, max), often induced through strenuous
exercise, is used as a measure of the upper limit of aerobic activity [13].
Heart mass, too, is thought to reflect this limit, in part because endothermic
species that engage in intense bouts of aerobic activity (e.g. hummingbirds
and greyhounds) may possess relatively large hearts [14,15]. Finally, factorial
aerobic scope, or maximum oxygen consumption divided by minimum
consumption, is used to assess the potential range in aerobic activity [16,17].

Each of the three related measures used to characterize aerobic activity
levels has been shown to increase nonlinearly with body mass in vertebrates.
Both heart mass and VO, max are thought to scale to the 0.83-0.90 power of
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Table 1. Statistics describing the relationships between resting and maximum oxygen consumption rates (ml 0, h™") with body mass (g) in endothermic [ 2 |

(birds, mammals) and ectothermic (fishes, amphibians, reptiles) vertebrates. Rates for endotherms are normalized to 38°C, and those for ectotherms to 25°C,
assuming a Qo of 2. Models were fitted using both ordinary least-squares (OLS) and phylogenetic generalized least-squares (PGLS) regression (i.e. ‘Phy’), where
‘o represents the variance in Brownian motion (see the electronic supplementary material for residual analyses).

o

group []

resting consumption rate versus body mass

endotherms 617 n.a.
endotherms (Phy) 591 0.01

- ectot‘herms ‘ ‘ 386 n.a.b
ectotherms (Phy) 249 0.07

maximum tonsumption rate versus body mass.
endotherms 155 n.a.
endoth‘ebrms (Phy) 152 0.006
ectotherms 160 na.

‘ ‘ectot‘hér>m‘s ‘(Phy) ‘ 119 0.024 ‘

**) < 0,001, *p < 0.02.

body mass and thus more steeply than the 2/3-3/4 power
scaling of resting consumption rates [15,18—-20]. This is rel-
evant since many have argued that selection has acted to
match the design of respiratory systems to maximum rather
than minimum rates of consumption, and because maximum
rates are thought by some to be more indicative of natural
activity levels [18,21]. On the basis of the difference in the
scaling of maximum and minimum rate of consumption,
aerobic scope is also then expected to scale positively with
body mass [18]. This has led some to suggest that minimum
and maximum rates of oxygen consumption are not function-
ally linked [22-24], which contradicts a central tenet of
Bennett and Ruben’s explanation for the evolution of
endothermy (i.e. the aerobic capacity model) [10]. However,
these conclusions are often based on research in mammals.
VO, max, aerobic scope, and the relationship of heart mass to
aerobic capacity have scarcely been investigated across ecto-
thermic vertebrates [12].

Here, we provide a broad-scale comparison of aerobic
activity levels mammals) and
ectotherms (fishes, amphibians, reptiles). We assess the
body mass-dependence of VO, max, aerobic scope, and
heart mass for each group in a phylogenetic context, and
after accounting for any effects of temperature. A comparison

in endotherms (birds,

of the body mass-dependence of these three measures in
these two groups provides a step towards a more synthetic
understanding of aerobic activity across vertebrates.

2. Material and methods
(a) Data

Published data were compiled for each analysis with an empha-
sis on broadly representing the taxonomic diversity, body size
range, and range in aerobic capacity/athleticism found in
each class of vertebrates. Species included here span all major
biomes (marine, freshwater, and terrestrial) and show a diverse
range of life histories. Data collection was restricted to subadult
or adult individuals (electronic supplementary material,
Appendices S1-S3).

intercept scaling exponent R?
1.47 (1.4, 1.53)** 0.70 (0.69, 0.72)** 0.96
1.21(0.68, 1.75)** 0.74(0.72, 0.77)** 0.97

—2.05(—2.17, —1.93)** 0.85(0.83, 0.88)** 0.91

—1.95(—33, —0.61)** 0.80 (0.74, 0.86)** 0.88
3.16 (3.02, 3.3)* 0.83 (0.8, 0.85)** 0.97
3.27(2.78, 3.77)** 0.82(0.77, 0.86)** 0.96

—031(—0.53, —0.1)* 0.91(0.86, 0.96)** 0.89

—0.03(—0.88, 0.82) 0.78 (0.71, 0.85)** 0.80

(i) Oxygen consumption rates

Resting oxygen consumption rates of endotherms were obtained
primarily from two recent compilations of data (e.g. [25,26]),
which were then supplemented with additional data to provide
a more complete taxonomic representation. Resting oxygen con-
sumption rates of ectotherms were taken from the compilation of
[26] and electronic supplementary material, Appendix S3. For
each species listed in this latter dataset, only the largest individ-
ual(s) at the highest constant temperature was included to
facilitate phylogenetic analyses. Maximum oxygen consumption
rates of endotherms were obtained from a large number of
sources, including [20,27] for endotherms and [28,29] for
ectotherms. For birds, oxygen consumption rates during flight
were treated as maximum rates because, even at optimally
efficient flight speeds, oxygen consumption during flight rep-
resents 60-85% of VO, max [30]. For all endotherms, efforts
were made to exclude data collected in cold rooms at tempera-
tures well below ambient temperatures because maximum rates
are increased under these conditions [31].

(ii) Heart mass

Heart mass measures were typically estimated in the original
studies by simply excising the heart and weighing it. Addition-
ally, for a small number of species, heart mass was estimated
from measures of ventricle mass by assuming that ventricle
mass constitutes 70% of total heart mass [32,33].

(iii) Body mass and temperature estimates

Body mass values for all analyses were taken from the original
study when available, and if not, estimates of adult mass from
other published sources were used. For endotherms, resting
body temperatures were used in the analysis of oxygen
consumption rates and assumed to be equivalent to body tempera-
tures during activity. When estimates for individual species were
not available, body temperatures were assumed for birds or mam-
mals based on the average temperature reported for these groups
(birds: 41.5; mammals: 36.5°C) [34]. For ectotherms, the constant
temperatures at which oxygen consumption rates were measured
by the original authors were used in analyses. Body temperatures
of ectotherms and endotherms were then used to standardize all
oxygen consumption rates to 38°C for endotherms and to 25°C
for ectotherms by assuming a Q¢ of 2 [26].
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Table 2. Statistical models describing the relationship between heart mass (g) and body mass (g) in endothermic (birds, mammals) and ectothermic (fishes, [JEJi}
amphibians, and reptiles) vertebrates. Models were fitted using both OLS and PGLS regression (i.e. ‘Phy’), where ‘o™ represents the variance in Brownian

motion. Slopes and intercepts show a significance level of p << 0.001 in all

2

group n o
endotherms 9 n.a.
endotherms (Phy) 95 0.003
ectotherms 74 na.
ectotherms (Phy) 57 0.011

cases (see electronic supplementary material for residual analyses).

intercept scaling exponent R
423 (=438, —40) 09 (088,099 039
—439 (—4.74, —4.05) 0.94 (0.91, 0.96) 0.99

| T602(5%6, 5.8 ~ 091(086,0.97) 0%
—5.76 (—6.43, —5.09) 0.93(0.87, 1) 0.93

Table 3. Statistics describing the relationships shown in figure 3g,b. Models were fitted using both OLS and PGLS regression (i.e. ‘Phy), where ‘o™ represents

the variance in Brownian motion.

group n o

LS 25

PGLS 24 0.08

aerobic scope versus residuals (figure 3b)

T . .
PGLS 24

0.007

**p < 0,001, *p < 0.02.

(b) Statistical analyses

Both ordinary least-squares (OLS) and phylogenetic generalized
least-squares (PGLS; [35]) regression were performed using R
v. 3.0 [36]. Analyses of the residuals of these regression models
are provided in the electronic supplementary material. To per-
form PGLS, a phylogenetic supertree was constructed using the
‘matrix representation using parsimony’ (MRP) approach
[37,38], and the Baum—-Ragan coding procedure [39]. The tree
was constructed based on recent phylogenies from each
vertebrate class (fishes [40], mammals [41], amphibians [42],
birds [43], and reptiles [44-46]; see also [47]). To do so, trees
were converted to a common format using MESQUITE v. 2.75
[48], and the final MRP matrix was performed in Tree Analysis
Using New Technology (TNT) using the defaults for ‘traditional
search’ [49]. These methods of supertree construction are widely
used and effective [41].

For PGLS, polytomies were treated as soft [50], and branch
lengths were assumed to be equal given the uncertainty in diver-
gence time estimates among vertebrates [51]. A Brownian motion
model of trait evolution [52,53] was used to estimate the expected
covariance between species with the APE package for R [54].
Because a significant number of species in each analysis were
not present in the phylogeny, results from both OLS and PGLS
are presented in tables 1-3.

3. Results

The body mass scaling of maximum oxygen consumption
rates (i.e. VO, max) in ectotherms was statistically indistin-
guishable from that of endotherms (endotherms: 3.27M°82,
ectotherms: —0.03M"”%) based on the 95% CI of the scaling

intercept scaling exponent R

152036, 268 o
42908, 577)" -1 K-S
692 (515,795 BRI 0w
6.61 (5.15, 8.07)* 1.31(—0.06, 2.68) 0.17
2022607 T TTIRE v
23108, 279 0920054130 o

exponents from PGLS regression analyses (endotherms: n =
152, CI: 0.77-0.86; ectotherms: n =119, CI: 0.71-0.85;
figure 1a,b). In the case of ectotherms, the confidence intervals
include the often cited value of 3/4. Moreover, within both
endotherms and ectotherms, the body mass scaling of VO,
max was statistically indistinguishable from that of resting
rates based on the 95% Cl—albeit just barely so in the case
of endotherms (table 1 and figure 1a,b). Yet, the intercepts
of these relationships show that maximum rates for
ectotherms were on average about 30-fold lower than those
of endotherms. Only a small fraction of this difference (i.e.
approx. 2.5-fold) can be attributed to differences in tempera-
ture between groups (38°C versus 25°C) assuming a Qg
of 2. The relationship for ectotherms was also more variable
than that of endotherms (R% 0.80 for ectotherms versus 0.96
for endotherms).

The body mass scaling of resting oxygen consumption
rates in ectotherms was also statistically indistinguishable
from that of endotherms (endotherms, 1.21M%7%; ectotherms,
—1.95M0'80). And here, in both cases, the 95% CI included
the value of 3/4, though not 2/3 (95% CI: endotherms,
0.72-0.77; ectotherms, 0.74-0.86; figure 1a,b). On average,
for a given body mass, resting rates were about 24-fold
lower based on the intercepts of the PGLS regressions
(n =591 for endotherms; n =249 for ectotherms; table 1).
In both cases, the fitted models explained a substantial
portion of the variation (RZ: 0.88 for ectotherms; 0.97
for endotherms).

The relationships of minimum and maximum oxygen
consumption rates to body mass yield estimates for the
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Figure 1. (a,b) Relationships of maximum and resting oxygen consumption rates to body mass (g) in (a) endotherms (birds and mammals) and (b) ectotherms
(fishes, amphibians, and reptiles) based on OLS regression analyses (see table 1 for statistics, including results of PGLS regression analyses). Oxygen consumption
rates (ml 0, h~") are normalized to 38°C in endotherms, and 25°C in ectotherms by assuming a Qo of 2.
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Figure 2. Relationship between heart mass (g) and body mass (g) in
endotherms (birds and mammals) and ectotherms (reptiles, amphibians, and
fishes) based on OLS regression analyses (see table 2 for statistics, including
results of PGLS regression analyses).

average aerobic scope of endotherms and ectotherms. The
difference in the fitted lines of these relationships for
ectotherms gives a factorial scope of 6.82 (PGLS; CI: 4.18,
11.25), with a slight but significant body mass-dependence
(Mfo'oz; CI: —0.03, —0.01). For endotherms, the difference
between lines gives a factorial scope of 7.84 (CI: 7.54, 8.2).
However, unlike in ectotherms, scope in endotherms
increased modestly with body mass (i.e. M%%8. CT: 0.05,
0.09). Results from OLS regression, which included signifi-
cantly more species, yielded somewhat different estimates
for aerobic scope in both groups. Factorial scope based on
these analyses was more similar between groups ((5.41; CI:
5.05, 5.87) for endotherms versus 5.69 (CI: 5.15, 6.23) for
ectotherms), and scope in both groups showed a positive
relationship with body mass M2 for endotherms (CI:
0.11, 0.13) versus M%% for ectotherms (CI: 0.03, 0.08)).

The body mass scaling of heart mass differed from mini-
mum and maximum oxygen consumption rates in
endotherms and ectotherms based on PGLS analyses
(figure 2 and table 2). In both cases, heart mass scaled
roughly linearly with body mass (endotherms: 0.94, 95%
CI: 0.91-0.96; ectotherms: 0.95, 95% CI: 0.88-1.01). More-
over, the 4.2-fold difference in intercepts between these
relationships for ectotherms and endotherms was small com-
pared with the 20-30-fold difference for that of oxygen
consumption rates between groups (figures lab and 2).
Still, maximum oxygen consumption rates (but not minimum
rates) were positively correlated with the residuals of the
heart mass—body mass relationships shown in figure 2
(figure 32 and table 3). Consequently, a strong positive
relationship was observed between factorial aerobic scope
and relative heart mass across all vertebrates (figure 3b and
table 3).

4. Discussion

Results show that the scaling of VO, max with body mass
(i.e. the slopes) was statistically indistinguishable for
endotherms and ectotherms. For ectotherms, maximum
rates were also statistically indistinguishable from the often
cited value scaling exponent of 3/4 for oxygen consumption
rates [3,25,55]. Similarly, the body mass scaling of minimum
consumption rates did not differ significantly between
endotherms and ectotherms. Previous work has concluded
that the scaling of minimum oxygen consumption rate with
body mass is significantly steeper in ectotherms than in
endotherms [26,56]. This discrepancy is perhaps attributed
to (i) our taking into account phylogenetic relatedness and
(ii) our limiting of analyses to subadult or adult individuals.
Note, too, that the scaling of minimum rates in both groups
differed significantly from the value of 2/3 observed in
some analyses of particular taxonomic groups [57], but not
the 3/4 value observed by others [55]. The debate on the
exponent of these relationships has not been previously eval-
uated for endotherms (birds and mammals) and ectotherms
(fishes, amphibians, and reptiles) in a phylogenetic context.
Previous work has focused largely on individual classes
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Figure 3. (a) Relationship between minimum and maximum oxygen consumption rates and residual heart mass in vertebrates. Solid points represent maximum
rates, and hollow points represent minimum rates. (b) Relationship between aerobic scope and residual heart mass in vertebrates. Residual heart mass values for
endotherms and ectotherms were determined based on the relationships shown in figure 2. The fitted lines represent the results of our OLS regression models, but

statistics for PGLS models are also presented (table 3).

of vertebrates, particularly mammals [12,15,18-20,28,29].
Our results provide some support for models that argue for
a value of 3/4 (e.g. [58]), but results were mixed (table 1).
Our results provide little or no support for a 2/3 scaling of
oxygen consumption based on other hypotheses [59].

For aerobic scope, results show that ectotherms and
endotherms are similar. In both groups, scope varied by five-
fold to eightfold depending on analyses. Aerobic scope was
nearly invariant with respect to body mass in ectotherms
based on PGLS analyses, though not in endotherms
(figure 1a,b and table 1). This reflects the observation that
the body mass scaling of maximum oxygen consumption
rates was not significantly different from minimum rates in
ectotherms (0.78 versus 0.80, table 1) and that the scaling of
maximum rates was modestly higher than minimum rates
in endotherms (0.74 for minimum versus 0.82 for maximum;
table 1). Previous work in mammals has shown that the
majority of this difference may be explained by larger species
having higher core body temperatures during strenuous exer-
cise [60]—an observation that we could not account for in our
analyses. If temperature were accounted for in this way, both
ectotherms and endotherms may show no difference in the
body mass scaling of minimum and maximum consumption
rates. This observation raises questions about the argument
that vertebrate respiratory systems have evolved to optimize
performance at maximum rather than minimum rates of
oxygen consumption [18]. It also raises questions about the
argument that maximum and minimum rates of oxygen
consumption are decoupled and controlled by different pro-
cesses [22-24]. Both arguments require that maximum rates
scale significantly more steeply with body mass than mini-
mum rates. Our results suggest otherwise at least for
ectotherms, in agreement with Bennett & Ruben [10]. Note
that even a modest scaling of aerobic scope with body mass
would imply that animals, the size of elephants or whales,
would have aerobic scopes well beyond those of any species
measured to date. This seems unlikely. Previous work
comparing the scaling of minimum and maximum rates of
cold-induced oxygen consumption found no difference in

the scaling of these two rates in both mammals and birds
[17]. Previous work has also suggested that observed differ-
ences between minimum and maximum rates of oxygen
consumption in vertebrates can be explained by dynamical
changes to respiratory systems, namely the partial pressure
gradient of oxygen [47].

However, our analyses do not account for the many
factors aside from body mass or temperature that may
affect aerobic respiration (e.g. climate, resource availability,
behavioural thermoregulation, and body shape) [61-65]. As
such, the distribution of points shown in figures 1-3 could
reasonably be viewed as constraint envelopes. The location
of an individual species within these envelopes may point
to species-specific differences in aerobic activity that arise
due to differences in life history, habitat, or climate. For
example, we found a strong, positive association between
aerobic scope and residual heart mass (figure 3ab and
table 3). These results show that species with relatively
large hearts for a given body mass, species such as humming-
birds and greyhound dogs, reach higher levels of aerobic
respiration and exhibit broader aerobic scope. Heart mass
itself though was found to scale almost linearly with body
mass (unlike VO, max) and thus similar to many other
major organs (e.g. liver; [66], figure 2). Thus, the scaling of
heart mass does not appear to be a metric or indicator of
the scaling of VO, max, contrary to previous reports [14,15].

Together, these results reveal both similarities and differ-
ences in the limits and range of aerobic capacity for
endotherms and ectotherms from diverse environments (i.e.
terrestrial, aquatic). In endotherms, the scaling of minimum
and maximum rates of oxygen consumption was more
similar to each other than that has previously been reported
for birds or mammals [20,27]. In ectotherms, we found no sig-
nificant differences in the scaling of these two rates (table 1).
In comparing between the two groups, both the scaling of
oxygen consumption rates and aerobic scope were remark-
ably similar—though differences did exist (table 1 and
figure 1a,b). Yet, the absolute differences in minimum and
maximum rates were substantial between endotherms and
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ectotherms, based on the observed differences in intercepts
(i.e. 20-30-fold).

To better understand these similarities and differences in
aerobic function between endotherms and ectotherms
requires a better comparative understanding of respiratory
system structure. In some cases, structural differences
between endotherms and ectotherms appear to correspond
well to observed differences in function. For example, differ-
ences in the intercepts of the relationships between oxygen
consumption and body mass shown in figure 1a,b correspond
to differences in the area and thickness of respiratory surface
areas governing passive oxygen diffusion [47]. In other cases,
the relationship between structure and function is less clear.
For example, aerobic scope is quite similar between the two
groups despite many basic structural differences (e.g. mito-
chondrial density) [1,66—68]. Furthermore, we show here
that heart mass is not directly proportional to either mini-
mum or maximum rates of oxygen consumption across
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