DEAKIN

UNIVERSITY

Ecological influences and morphological correlates of resting and maximal
metabolic rates across teleost fish species

Citation:

Killen, Shaun S., Glazier, Douglas S., Rezende, Enrico L., Clark, Timothy D., Atkinson, David,
Willener, Astrid S. T. and Halsey, Lewis G. 2016, Ecological influences and morphological
correlates of resting and maximal metabolic rates across teleost fish species, American
naturalist, vol. 187, no. 5, pp. 592-606.

DOI: http://www.dx.doi.org/10.1086/685893

©2016, University of Chicago

Reproduced with permission.

Downloaded from DRO:
http://hdl.handle.net/10536/DRO/DU:30105043

DRO

Deakin Research Online,
Deakin University’s Research Repository Deakin University CRICOS Provider Code: 00113B



http://www.dx.doi.org/10.1086/685893
http://hdl.handle.net/10536/DRO/DU:30105043

VOL. 187, NO. 5 THE AMERICAN NATURALIST MAY 2016

Ecological Influences and Morphological Correlates of Resting

and Maximal Metabolic Rates across Teleost Fish Species

Shaun S. Killen,"* Douglas S. Glazier,” Enrico L. Rezende,’ Timothy D. Clark,* David Atkinson,’

Astrid S. T. Willener,’> and Lewis G. Halsey’

1. Institute of Biodiversity, Animal Health and Comparative Medicine, College of Medical, Veterinary and Life Sciences, Graham Kerr
Building, University of Glasgow, Glasgow G12 8QQ, United Kingdom; 2. Department of Biology, Brumbaugh Academic Center, Juniata

College, Huntingdon, Pennsylvania 16652;
4]D, United Kingdom;

3. Department of Life Sciences, University of Roehampton, Holybourne Avenue, London SW15
4. Australian Institute of Marine Science, PMB 3, Townsville MC, Queensland 4810, Australia; and University of

Tasmania and Commonwealth Scientific and Industrial Research Organisation Agriculture Flagship, Castray Esplanade, Hobart, Tasmania

7000, Australia;

5. Institute of Integrative Biology, University of Liverpool, Biosciences Building, Liverpool L69 7ZB, United Kingdom

Submitted July 20, 2015; Accepted December 18, 2015; Electronically published April 1, 2016
Online enhancements: appendix, supplementary table. Dryad data: http://dx.doi.org/10.5061/dryad.dg6jk.

ABSTRACT: Rates of aerobic metabolism vary considerably across evo-
lutionary lineages, but little is known about the proximate and ulti-
mate factors that generate and maintain this variability. Using data for
131 teleost fish species, we performed a large-scale phylogenetic compar-
ative analysis of how interspecific variation in resting metabolic rates
(RMRs) and maximum metabolic rates (MMRs) is related to several eco-
logical and morphological variables. Mass- and temperature-adjusted
RMR and MMR are highly correlated along a continuum spanning a
30- to 40-fold range. Phylogenetic generalized least squares models
suggest that RMR and MMR are higher in pelagic species and that spe-
cies with higher trophic levels exhibit elevated MMR. This variation is
mirrored at various levels of structural organization: gill surface area,
muscle protein content, and caudal fin aspect ratio (a proxy for activ-
ity) are positively related with aerobic capacity. Muscle protein con-
tent and caudal fin aspect ratio are also positively correlated with
RMR. Hypoxia-tolerant lineages fall at the lower end of the metabolic
continuum. Different ecological lifestyles are associated with contrast-
ing levels of aerobic capacity, possibly reflecting the interplay between
selection for increased locomotor performance on one hand and tol-
erance to low resource availability, particularly oxygen, on the other.
These results support the aerobic capacity model of the evolution of
endothermy, suggesting elevated body temperatures evolved as corre-
lated responses to selection for high activity levels.

Keywords: aerobic scope, energetics, metabolic scaling, physiological
ecology, teleost fish.

Introduction

Rates of energy expenditure vary severalfold among spe-
cies, even after correction for factors such as body size and
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temperature (Hayes and Garland 1995; White and Seymour
2004; White and Kearney 2013). The proximate and ultimate
causes of this variation and its ecological consequences re-
main active areas of research in ecological and evolutionary
physiology. The lower and upper limits to energy expendi-
ture, corresponding to resting metabolic rates (RMRs) and
maximum metabolic rates (MMRs), affect several fitness-
related traits, such as maintenance- and activity-related en-
ergy requirements, locomotor capacity, and home-range area
(Claireaux and Lefrancois 2007; Burton et al. 2011; Watanabe
et al. 2015) and are consequently expected to be under mul-
tiple and often antagonistic selective pressures. Although a
low RMR results in reduced maintenance energy require-
ments, a high MMR may increase foraging rates, behavioral
dominance, and overall competitive ability (Metcalfe et al.
1995; Killen et al. 2014; Watanabe et al. 2015). If so, this sug-
gests that, in the absence of constraints, organisms should
maximize their aerobic scope (i.e., the capacity to raise their
level of aerobic metabolism, quantified as the difference be-
tween RMR and MMR). However, it has been hypothesized
that the physiological machinery necessary to support a high
aerobic capacity is metabolically costly (White and Seymour
2004; Killen et al. 2010; Burton et al. 2011), thus suggesting
that RMR and MMR are not entirely independent from one
another and may evolve in a correlated fashion in response
to various ecological challenges.

Importantly, a mechanistic link between RMR and MMR
may not only constrain the suite of possible responses to se-
lection but also give rise to evolutionary scenarios that could
not be foreseen in the absence of this association. For exam-
ple, according to the aerobic capacity model, endothermy in
birds and mammals evolved as a by-product of selection for
high locomotor performance and activity levels (Bennett and
Ruben 1979; Bennett 1991). Although intra- and interspe-



cific associations between RMR and MMR have been studied
extensively in endothermic lineages (Koteja 1991; Hinds and
Rice-Warner 1992; Dutenhoffer and Swanson 1996; Rezende
et al. 2002; Rezende et al. 2004; Sadowska et al. 2005; Wone
et al. 2009), much less is known about how these metabolic
rates are related in ectothermic species (Taigen 1983; Walton
1993; Thompson and Withers 1997). More extensive anal-
yses are needed to determine the generality of relationships
between RMR and MMR and their morphological, physio-
logical, behavioral, and ecological correlates across diverse
ectothermic groups. For example, in environments where
the benefits of an active lifestyle outweigh its energetic costs,
selection for increased locomotor performance might favor
the evolution of costly morphological and physiological traits
at the expense of increased RMR, as originally proposed for
the lineages giving rise to endothermic birds and mammals
(Bennett and Ruben 1979). Understanding the mechanistic
basis of variation in RMR and MMR is also crucial for as-
sessing how selection on these traits affects lower levels of bi-
ological organization (e.g., tissues and organs), which might
in turn pave the way for the origin of new ecological niches
and evolutionary innovations. For example, recent evidence
that the Root effect enhances oxygen delivery to the muscles
(Rummer et al. 2013) suggests that the evolution of the swim
bladder of ray-finned fishes may have resulted partly from
selection for high aerobic capacity (Rezende 2013).

Here we examine how ecological demands on activity lev-
els appear to affect aerobic performance across teleost fish
species and how these responses are related to variation in
various morphological traits of likely importance. Teleosts
present a unique opportunity to examine these questions, be-
cause they constitute the most diverse taxonomic group of
vertebrates, represent an enormous range of body sizes, and
occupy a wide array of ecological niches with varying modes
and levels of activity, with some highly active species even
displaying varying degrees of endothermy (Block and Ste-
vens 2001; Wegner et al. 2015). Our first major goal was to
employphylogeneticallyinformed interspecificanalysestoin-
vestigate whether RMR, MMR, and aerobic scope are corre-
lated across species. Absolute aerobic scope (AS; defined as
MMR minus RMR) theoretically sets the capacity for simul-
taneous oxygen-consuming processes above maintenance
levels, including activity, digestion and assimilation of nutri-
ents, and coping with stressors or disease (Fry 1971; Claireaux
and Lefrancois 2007; Clark et al. 2013b), whereas factorial
aerobic scope (FAS; defined as MMR divided by RMR) pro-
vides a relative measure of the maximum capacity for energy
turnover with respect to resting expenditure rates and is as-
sumed to be relatively constant according to the aerobic ca-
pacity model (Rubenstein 2012). Because AS and FAS have
different biological interpretations and may be associated
with different ecological pressures (Clark et al. 2013b), we
analyzed how both of these measures of aerobic scope covary
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with RMR and MMR. Our second major goal was to test for
associations between whole-organismal performance and
relevant ecological variables, on the one hand, and various
key morphological traits, on the other, to identify possible
ultimate and proximate causes, respectively, of the variation
in metabolic rates that we observed.

Methods
Metabolic Rates

Data on RMR and MMR, estimated from rates of oxygen
consumption (Mo,), were collected from the literature for
92 species of teleost fishes. Data and phylogeny are depos-
ited in the Dryad Digital Repository: http://dx.doi.org/10
.5061/dryad.dg6jk (Killen et al. 2016), as well as table S1
(available online). Only species for which phylogenies are
available were used in this study. When examining rela-
tionships between RMR and MMR, only data in which both
variables were measured in the same study were used. There
were, however, an additional 39 species for which RMR val-
ues alone were available, which were used to examine cor-
relations between RMR and morphological traits. Only one
data set per species was used, to avoid giving undue weight
to species represented by multiple studies (Killen et al. 2010).
In such cases, priority was given to measures performed
within the natural temperature range of a species but closest
to 15°C (to minimize the range of temperatures included in
the data set). A single averaged value was used for each spe-
cies. For MMR, measurements were included from only
those studies that made an effort to engage fish in maximal
rates of active aerobic metabolism, measured either (1) dur-
ing peak levels of forced swimming (typically in a swim
flume), (2) immediately following exhaustive exercise in a
swim flume, or (3) immediately following exhaustive exercise
by manual chasing. For RMR, we accepted measurements
from only those studies involving fasted postlarval animals
that included an attempt to eliminate oxygen uptake due to
activity. In general, this was performed by either (1) extrapo-
lating values of oxygen uptake (Mo,) measured during vary-
ing levels of activity (e.g., various swim speeds in a flume) to
no activity or (2) measuring Mo, during a period of quiet
rest, during which Mo, had stabilized after a period of accli-
mation to the respirometry chamber. In this regard, mea-
sures of RMR used in this study are likely to approximate
to standard metabolic rate, which is the minimal level of aer-
obic metabolism required to sustain nontorpid life in ecto-
therms (Burton et al. 2011).

Ecological Variables

To examine how ecological demands on activity may relate
to RMR and MMR, we obtained data on lifestyle and tro-
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phic level from FishBase (http://www.fishbase.org; Froese
and Pauly 2008). We use lifestyle as an integrative term to
refer to aspects of phenotype (including life history, behav-
ior, morphology, and so on) that tend to be associated with
a particular niche, including living in a particular habitat
type (Fuiman 1997; Hagen et al. 2000). Here, lifestyle of
each species was classified as either “pelagic,” “benthope-
lagic,” or “benthic.” Pelagic species are those that live in the
open water column and generally feed near the water sur-
face; benthopelagic species live and feed near (but not on)
the substrate, sometimes associating with mid-waters or even
surface waters, depending on depth; and benthic species live
on the bottom, in direct contact with the substrate. Trophic
level reflects the position of a fish species within its food
web (Mancinelli et al. 2013). To calculate trophic level, pri-
mary producers and detritus were assigned a trophic level
of 1.0, with the trophic level of all additional fish species es-
timated as 1 plus the mean trophic level of prey (weighted
by abundance). Smaller values reflect lower positions in the
food web (i.e., herbivores and detritivores), whereas higher
values reflect more piscivorous species.

Morphological Traits

To examine the effects of organ size and muscle composi-
tion on RMR and MMR, we collected data from the existing
literature on liver and brain size, gill surface area (SA), skel-
etal muscle protein content, and caudal aspect ratio. These
variables were selected for analysis because data were avail-
able in sufficient quantity for the same species for which we
had data for RMR and MMR. Hepatosomatic index (HSI;
defined as liver mass divided by body mass) data were avail-
able from the literature for 27 of the species for which either
RMR or MMR measurements (or both) existed. HSI is a
standard measure in the fish literature and was used here
because many studies did not provide either the mean raw
liver mass or body mass independently. For each species,
the mean value from a particular study was used. Again, only
one data set per species was used, and when multiple data
sets for the same species were available, we gave priority to
the data collected closest to 15°C. For several studies (10 of
27 species), temperature was not reported in the original
study (usually for data collected during field surveys). In
these cases, we assumed that the temperature was the same
as that used to collect RMR and MMR, which were chosen
because they were within the species’ natural range.

Data for brain mass (percentage of body mass), gill SA
(cm?), muscle protein content, and caudal aspect ratio were
obtained from FishBase (http://www.fishbase.org; Ridet and
Bauchot 1990; Froese and Pauly 2008). Muscle protein con-
tent was calculated as a percentage of fat- and ash-free mus-
cle mass to minimize possible effects of differences in nutri-
tion on biochemical composition. For brain mass, gill SA,

and muscle protein content, multiple values from the same
species were averaged using geometric means. When ranges
were given, we used the midpoint. When species values were
not available for brain mass and muscle composition, con-
generic species values were used. Caudal fin aspect ratio de-
scribes the shape of the tail, which is used to propel fish while
swimming, and is a correlate of average activity level across
fish species (Pauly 1989). It is calculated as

A=n/s,

where A is aspect ratio, h is the height of the caudal fin, and
s is the SA of the caudal fin.

Because morphological traits were obtained from a dif-
ferent set of individuals than those used for metabolic data,
the effects of body mass and temperature on these traits, on
the one hand, and on RMR and MMR, on the other, could
not be controlled statistically in a single multivariate model
(see below). Consequently, we first inspected whether HSI,
gill SA, brain mass, and muscle protein content were af-
fected by body mass and temperature and removed these ef-
fects, employing regression residuals when necessary (or ad-
justed estimates, which essentially correspond to residuals
mapped onto the original dimensions by setting some co-
variates fixed; i.e., body mass = 1 kg and T, = 15°C). Diag-
nostics showed that HSI was negatively correlated with am-
bient temperature, T, (HSI = 2.88 — 0.069 T,, r* = 0.237)
and that gill SA, measured in square centimeters, was pos-
itively related with body mass (M), measured in grams
(log,, gill SA = 0.229 + 1.1391og,, M,,, r* = 0.82). There-
fore, residuals of HSI regressed against temperature and
log gill SA against log M, were used in subsequent analyses.
Brain mass was expressed as percentage of body mass and
was not related to body mass.

Statistical Analysis

To incorporate phylogenetic information into the analysis,
we employed the dated phylogenies described by Near et al.
(2012) for Acanthomorpha (spiny-rayed fishes) and Wang
et al. (2012) for Cypriniformes (carps) as the mainstays of
our phylogenetic tree (fig. 1). The relationship between these
two and other basal groups was resolved following Zou
etal. (2012). We then included information from additional
sources to improve the resolution for specific monophyletic
families: Anguillidae (eels; Teng et al. 2009), Gadidae (cod;
Teletchea et al. 2006), Mugilidae (mullet; Durand et al.
2012), Nototheniidae (cod icefish; Kuhn and Near 2009),
Pleuronectidae (flounder; Cooper and Chapleau 1998), and
Salmonidae (salmon; Stearley and Smith 1993). Unresolved
nodes were maintained as soft polytomies, and the node
depth in these cases was arbitrarily set to half of the maxi-
mum depth.
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Figure 1: Phylogeny, ecology, and energetics of teleost fish. Phylogenetic hypothesis for the species in this study, with branch lengths in
millions of years. The root node was set to 300 million years ago on the basis of the estimated divergence between Elopomorpha and other
teleosts (Near et al. 2012). Species were classified according to their lifestyle as benthic (B), benthopelagic (BP), and pelagic (P). Resting
(RMR) and maximum metabolic rates (MMR) are adjusted for body mass and temperature and are shown for a standard fish weighing 1 kg

measured at 15°C.

All statistical analyses were performed with R (R Devel-
opment Core Team 2011). Statistical models incorporating
phylogenetic information were generated using phyloge-
netic generalized least squares (PGLS; Garland and Ives
2000) in the APE package (Paradis et al. 2004). RMR and
MMR were always adjusted for body mass and water tem-

perature effects employing the following standard PGLS
model:

log, MR = a, + a,log, M, + a,T, + ¢

and calculating the adjusted estimates for M, = 1 kg, T, =
15°C, and the residual variation &. Although the effects of
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ecological and physiological correlates on MR were assessed
with PGLS including additional variables to the standard
model to minimize potential biases arising from correlat-
ing residuals from separate analyses (Freckleton 2009), ad-
justed values were employed to test for correlations between
metabolic parameters morphological traits, because these
variables were measured in different sets of individuals
(and therefore the effects of covariates, such as body mass
and temperature, had to be statistically removed in separate
analyses).

For each PGLS model, a measure of phylogenetic corre-
lation, A (a multiplier of the off-diagonal elements of the co-
variance matrix; i.e. those quantifying the degree of related-
ness between species; Pagel 1999; Freckleton et al. 2002)
was estimated by fitting models with different values of
N and finding the value that maximizes the log likelihood.
The value of A can be used as a metric of the degree of phy-
logenetic correlation between traits (Freckleton et al. 2002).
A maximum likelihood value of A equal to 1 indicates a
strong phylogenetic signal and demonstrates that the pat-
tern of phenotypic covariation between the residuals of
PGLS is best described by the original phylogeny, whereas
a value of 0 indicates that the species data can be consid-
ered statistically independent, and patterns of covariation re-
semble a star phylogeny. Intermediate values of N specify
models in which trait evolution is phylogenetically corre-
lated but to a lesser extent than expected under evolution
by Brownian motion. The fit of different models was com-
pared employing Akaike information criteria (AIC; Freck-
leton 2009; Rezende and Diniz-Filho 2012), and the ade-
quacy of each model with respect to alternative models was
quantified with Akaike weights (w).

Data were log transformed when necessary (i.e., for body
mass, metabolism, and subordinate traits that are expected
to vary allometrically), and residuals were inspected to en-
sure that they were normally distributed. Models were tested
after removing observations with a Cook’s D > 0.5 to test
whether results were affected by these influential points.
For all analyses including muscle protein content, Cyclop-
terus lumpus was removed from the data set, because it had
avalue that was4.35 standard deviations lower than the over-
all mean and thus had a large influence on model outputs
(Cook’s D = 3.4 and 3.6 for PGLS against adjusted RMR
and MMR, respectively). To support interpretation of these
analyses, null hypothesis significance testing was employed
to provide some indication of the strength of evidence for
observed patterns, along with r>. A Pvalue is typically an im-
precise and arbitrary cutoft for declaring statistical signifi-
cance, and P values are problematic and limiting in several
ways (Boos and Stefanski 2011; Halsey et al. 2015). Thus, in
this article, the P value is treated as a continuous variable
providing an approximate level of evidence against the null
hypothesis (Fisher 1959).

Results
Allometry and Ecological Correlates

RMR and MMR were strongly associated with both body
mass and temperature (P < .004 in all cases) following the
relations (fig. Al; figs. Al, A2 available online):

log,,RMR = —1.385 + 0.948 log,, M,
+0.021T, (A=0.49,n=112),

log,,MMR = —0.575 + 0.937 log,, M,
+0.015T, (A=0.62,n=79),

where metabolism is expressed in milligrams of O, per hour,
M, is expressed in grams, and T, is expressed in degrees Cel-
sius (95% confidence interval for the allometric exponents
are 0.882-1.014 for RMR and 0.864-1.011 for MMR). The
coefficients obtained for thermal effects give rise to Q,, =
1.62and 1.41 for RMR and MMR, respectively, which
roughly correspond to a fourfold increase in metabolic rates
within the range of temperatures in which measurements
were performed (between —1.5° and 30°C; fig. Al). After
controlling for these temperature effects, allometric expo-
nents (= SE) for both RMR and MMR fall above the general
expectation 0of 0.67 t0 0.75 (a, = 0.948 £ 0.033 and 0.937 £
0.037, respectively). Adjusted RMR and MMR showed a 38-
and 29-fold interspecific difference between minimum and
maximum values, respectively (RMR: 9.25-347.67 mg O, h™;
MMR: 59.93-1,724.8 mg O, h™', adjusted to 1 kg and 15°C),
which highlights the enormous range of variation in both
RMR and MMR across species even after statistically remov-
ingtemperature and body mass effects (fig. A2). Both measures
of metabolic rate were positively skewed (RMR: skewness =
1.54 +0.27, kurtosis = 2.90 +0.45; MMR: skewness =
2.47 +0.27, kurtosis = 8.21 4= 0.54). After excluding the
right tail of the distributions, the ranges in RMR and MMR
still represent a 24-fold and 14-fold difference, respectively.
Importantly, RMR and MMR were highly positively corre-
lated, following the general relation log,, MMR = 1.22 4
0.68 log, RMR, after adjusting for body mass and tempera-
ture effects (phylogenetic Pearson product-moment correla-
tion, r = 0.721, P < .001; fig. 2A).

We then compared different PGLS models to assess
whether ecology could account for any of the variation in
RMR and MMR, including that for those species for which
lifestyle and trophic level were known (table 1). Estimates of
N indicate that mass- and temperature-adjusted RMR and
MMR exhibit phylogenetic signal (i.e., closely related species
tend to resemble each other; see fig. 1), whereas the AIC and
Akaike weights (w;) suggest that inclusion of ecological vari-
ables, in particular lifestyle, improve model fit for both RMR
and MMR. However, this improvement is more pronounced
for MMR, because the standard model without ecological
correlates had negligible support (AIC = 13.47, w; = 0.01),



2000
A Mass = 1 kg :
¢
—~ 1000 T.=15°C
‘_I'C e (€ NO) o®
S 500 ~ O Og@.%oo
()]
E © o§9eG™
o 200 Qo Qﬁ? 3 @ Q)QJ
= o™ 90, ,
= 400 4 O Benthic
o O Benthopelagic
50 4 o ® Pelagic
T I I T T
10 20 50 100 200
RMR (mg O, h™")
e 1500
N
O
()]
S
= 1000
5]
&
L
8 500 -
8
(0]
=
0 .
I I | I
100 200 500 1000
‘= 15004 C
N
O 1000
()]
£ 500 -
%)
< 0 - T T T T
100 200 500 1000
—~ 12 4
o
S 10 D
o 8 -
<50
T T [ T
100 200 500 1000

MMR (mg O, h™")

Figure 2: Relationship between adjusted resting metabolic rate (RMR)
and maximum metabolic rate (MMR; A). Note that pelagic species tend
to exhibit higher RMR and MMR than their counterparts with a ben-
thic or benthopelagic lifestyle (table 2). Adaptation for increased active
metabolic rate (MMR) across species of teleost fish is associated with
an increased RMR (B). However, this increase in maintenance cost is
less than proportional to the increase in MMR, and thus investment
in MMR can lead to a substantial increase in (absolute) aerobic scope
(AS), defined as the difference between RMR and MMR, represented

Metabolic Rates in Fishes 597

whereas the inclusion of both lifestyle and trophic level re-
sulted in the model with the best fit (AIC = 5.49, w; = 0.60).
The regression coefficient for trophic level in this model
(0.091 £ 0.053) suggests a 2.1-fold increase in MMR as spe-
cies climb from the bottom to the top of the food web on the
basis of trophic level estimates (ranges from 1 to 4.5), every-
thing else being equal. The effect of lifestyle was consistent
across metabolic variables (RMR and MMR) and PGLS models,
which suggest that pelagic species exhibit higher metabolic
rates than do their benthic and benthopelagic counterparts
(P < .02 in all models; fig. 2A). The higher MMR of pelagic
species partly accounts for the positive association between
adjusted MMR and RMR (fig. 2), as evidenced by a shallower
slope when lifestyle is included in the model (log,, MMR =
1.45 + 0.62 log,, RMR in this case) and a substantially better
fit (AIC = —58.6 vs. —51.6). However, RMR and MMR re-
main highly correlated (P < .001) after adjusting for the ef-
fect of lifestyle, and therefore additional factors must influ-
ence this association.

Aerobic Scope

There was a 30-fold difference in AS across teleost species in
our data set (AS: 50.7-1,504.5 mg O, h™'; fig. 2B, 2C) and a
6.9-fold range of variation in FAS (FAS: 1.80-12.36 x RMR;
fig. 2D). The relationship between AS and RMR was strong
(phylogenetic Pearson product-moment correlation, r =
0.512, P < .001) and between AS and MMR was very strong
(r =0.960, P < .001; fig. 2C). Consideration of these rela-
tionships suggests that variation in AS is driven primarily by
variation in MMR and that the impact of elevated RMR on var-
iation in AS is essentially negligible at the interspecific level.
Not only were the correlations between AS and MMR very
close to 1 and the range of variation in AS and MMR nearly
identical, but the association between AS and RMR is expected
to be negative (AS = MMR — RMR) unless species with an
elevated RMR also exhibit atleast an equal elevation in MMR.

In contrast, variation in FAS showed a very weak associa-
tion with MMR (r = 0.101, P = .38; fig. 2D), and therefore
the energy costs of having an elevated MMR translate into a
high RMR in both absolute and relative terms. For instance,
the relationship between metabolic estimates adjusted for
body mass and temperature (see above) shows that a fivefold
increase in MMR results in a nearly 11-fold increase in RMR.
In summary, our analyses (table 1; fig. 2) suggest that ecolog-
ical differences across teleost fishes partly account for the var-
iation in RMR and MMR and that a high AS has likely been

by vertical lines in B and the solid line in C. In agreement with the aer-
obic capacity model, factorial aerobic scope (FAS) is relatively constant
with changes in MMR due to correlated changes in RMR (D). All met-
abolic rate values shown are standardized for mass (1 kg), ambient tem-
perature (T,; 15°C), and phylogeny.
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Table 1: Comparison of phylogenetic generalized least squares
models investigating how resting metabolic rate (RMR) and
maximum metabolic rate (MMR) are related to species ecology
across diverse teleost species

Variable, model A AIC w;
RMR (n = 108):
Standard (body mass + temperature) .531 4823 .30
Standard + trophic level 526 4999 .12
Standard + lifestyle 396 4754 42
Standard + lifestyle + trophic level 394 4947 16
MMR (n = 77):
Standard (body mass + temperature) 632 1347 01
Standard + trophic level .586  13.00 .01
Standard + lifestyle 472 647 .37
Standard + lifestyle + trophic level .386 549 .60

Note: AIC = Akaike information criterion; w; = Akaike weight; A = phy-
logenetic correlation ranging between 0 and 1 (star and original phylogeny,
respectively).

tavored by selection in species with an active lifestyle despite a
correlated increase in baseline energy costs accompanying in-
vestment in a higher MMR. Accordingly, comparisons be-
tween PGLS models for AS and FAS also support the inclu-
sion of ecological variables in the model (the pooled Akaike
weight supporting ecological models was w; = 0.99 and
0.71, respectively; table S1).

Morphological Traits

The results from analyses of relationships between adjusted
RMR and MMR and morphological traits are presented in
table 2. Only muscle protein content and caudal fin aspect
ratio were positively correlated with both metabolic rates,
and in both cases the association was stronger for MMR (both
the slope estimates and r* were consistently higher for MMR;
table 2). Based on the range of these variables in our data set
and slope estimates of PGLS (table 2), variation in muscle pro-
tein content between species (range: 15.7%-24.2%) translates
into 2.4-fold and 5.1-fold differences in RMR and MMR,
whereas variation in caudal fin aspect ratio (range: 0.66-7.2)

is associated with 3.4-fold and 4.4-fold differences in RMR
and MMR, respectively (fig. 3). Gill SA was not correlated
with RMR, whereas its relationship with MMR was highly
affected by Sander lucioperca (Cook’s D = 0.621). Although
the correlation was weak when this species was included in
analyses, removal of this influential data point results in a
positive correlation between these variables (table 2; fig. 3C)
and an estimated 3.1-fold difference in MMR as a function
of variation in gill SA (range: 1,005-18,924 cm” adjusted for
a 1-kg fish). There was also some evidence of an association
between liver size and RMR (varying twofold in relation to
an HSI range of 0.25-5.90) but not MMR (table 2). There
was no evidence that RMR or MMR are related to brain mass
(table 2).

We could not include all morphological traits in the same
model given the fragmented nature of the data set (e.g., a
PGLS including MMR, muscle protein content, gill SA, and
aspect ratio is reduced to n = 16 species) and the high degree
of collinearity between some morphological traits (fig. 3). Ac-
cording to Pearson’s product-moment correlation analyses,
muscle protein content and caudal fin aspect ratio were highly
correlated (r,; = 0.89, P < .001),and the same is true for the
association between these variables and gill SA (r,; = 0.42,
P = .03andr ;s = 0.53, P = .016, respectively). Importantly,
differences across species in these traits appear to be primarily
affected by the high muscle protein content, caudal fin aspect
ratio, and gill SA of pelagic species (fig. 3), as suggested by the
PGLS including lifestyle as a factor (F,5 = 8.8, P < .01 for
muscle protein content; F,,, = 8.4, P = .0013 for gill SA;
and F,,, = 4.18, P = .027 for caudal fin aspect ratio). Over-
all, these results suggest that more active species have evolved
higher metabolic rates and other supporting morphological
adaptations at the organ and tissue levels.

Discussion

Our results show that teleost fish exhibit enormous inter-
specific variation in both RMR and MMR after standardiz-
ing for body mass and temperature, far surpassing the vari-
ation previously documented for endotherms (Rezende et al.

Table 2: Relationships of resting metabolic rate (RMR) and maximum metabolic rate (MMR), adjusted to body mass and
temperature, with various morphological traits, adjusted for body mass

RMR MMR
n Estimate + SE P r? A n Estimate + SE P r? A
Brain mass (%) 26 .050 £ .296 .868 .001 .55 23 —.188 £ .317 .559 .02 .79
Hepatosomatic index (%) 25 067 = .035 .068 13 74 16 024 + .066 725 .01 98
Gill surface area (log,,) 30 142 + 138 313 .03 .56 26 382 + .158 .023 24 742
Muscle protein (%) 51 .045 = .019 .026 .09 .60 44 .083 = .017 <.001 35 .32
Caudal fin aspect ratio 26 .081 = .028 .007 .25 .64 23 .099 += .024 <.001 43 .98

* This relation is obtained following the removal of Sander lucioperca (Cook’s D = 0.621). Including this species, the relation is 0.186 & 0.143 (P = 0.206,

r? = 0.06, A = 0.85).
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2002, 2004; White and Seymour 2004). Furthermore, we
have found that RMR and MMR are highly positively corre-
lated, which can be depicted as a broadly bounded metabolic
continuum (see fig. 24). We hypothesize that this extensive,
coordinated variation in RMR and MMR has resulted from
the opposing effects of conflicting ecological demands. At
the high end of the continuum, selection for increased loco-
motor performance in species with pelagic and high trophic
level lifestyles appears to favor high MMR, RMR, and AS,
whereas at the low end of the continuum, selection for toler-
ance to low or patchy resource availability may favor reduced
RMR, MMR, and AS. Our study has also revealed that the
variation of three very different morphological traits (gill
SA, muscle protein content, and caudal fin aspect ratio) is
associated with this metabolic continuum, thus providing an
extraordinary example of the centrality of organismal per-
formance in integrative and evolutionary biology (Arnold
1983; Garland and Carter 1994; Kingsolver and Huey 2003).
In short, we suggest that opposing selection for increased be-
havioral activity versus a greater tolerance of oxygen or food
limitation has resulted in the coordinated evolution of resting
and maximal metabolic rates as well as diverse morphological
traits supporting these rates. Each of these proposed types of
selection are discussed below.

Selection for Increased Locomotor Capacity

According to our hypothesis, the adoption of an active pe-
lagic lifestyle has favored fish with an increased capacity for
locomotor performance, which is functionally supported
by a suite of morphological and physiological responses at
lower levels of organization. A comparison among alterna-
tive PGLS models (table 1) suggests that ecology is crucial
in explaining the interspecific variation in MMR, with mod-
els including ecological variables exhibiting an overall sup-
port of 99% based on the sum of Akaike weights (w;). For
RMR, the overall support of 70% for ecological models was
more modest in spite of the larger sample size. Additionally,
the strength of the correlation between metabolic and mor-
phological traits, quantified as either the slope estimates of
the PGLS model or the 7> (table 2), was also consistently
higher for MMR than RMR (fig. 3). The stronger effect of
activity-related, ecological lifestyle on MMR than RMR sug-
gests that selection on increased locomotor capacity may
have acted primarily on MMR with a secondary effect on
RMR, a hypothesis requiring further testing (also see the
next paragraph). Variation in AS across species was pre-
dominantly explained by variation in MMR; theoretically,
alarger AS provides valuable capacity to perform aerobic ex-
ercise, recover from anaerobic exercise, and also deal with
contingencies, such as disease or other environmental stress-
ors (Fry 1971; Claireaux and Lefrancois 2007). As a result,
selection should favor an increased AS or MMR, all other

factors being equal. For example, it has been argued that a
main benefit of an increased MMR in scombroids is a larger
AS and reduced constraints on digestion, gonadal growth,
and recovery from intense anaerobic exercise (Brill 1996).

Importantly, we found a strong positive correlation be-
tween RMR and MMR that extends across fish species of
various lifestyles from sluggish benthic species to high-
performance pelagic species, suggesting that an elevated aer-
obic capacity entails important energy costs. However, a
higher RMR may also be favored by natural selection if it
helps support partial endothermy and higher activity levels
and associated MMR (or higher growth rates; see Burton
et al. 2011). As with birds and mammals, increased RMR
gives rise to elevated body temperatures which, in turn, en-
hance energy turnover rates and aerobic performance (Clarke
and Portner 2010). Even though the cost of transport for
swimming animals is low compared with those that walk or
fly (Schmidt-Nielsen 1972), which probably explains why
many fish species exhibit a broad range of aerobically sup-
ported locomotory speeds with a relatively low MMR (Bennett
and Ruben 1979; Hillman et al. 2013), it appears that, in tem-
perate waters, there is also strong selection on the capacity
for remaining active.

A few fish species (e.g., some tunas, billfishes, and sharks)
engage in partial endothermy to maintain the temperature
of certain organs at many degrees above the ambient water
temperature (Block and Stevens 2001), which also results
in increased activity and swimming performance (Wata-
nabe et al. 2015). These cases of endothermy in highly active
pelagic predators, including the recently described endo-
thermic fish Lampis guttatus (Wegner et al. 2015), in con-
junction with our results showing that MMR and RMR
are highly correlated, provide strong support for the aerobic
capacity model in some fish lineages. According to the aer-
obic capacity model (Bennett and Ruben 1979), a physio-
logical linkage between RMR and MMR reflects a factorial
limitation in oxygen-processing ability across vertebrate
lineages that should also translate into a low FAS varying
within a relatively narrow range. Our results support this
prediction: the empirical range of variation in FAS (1.80-
12.36) is considerably smaller than the expected variation
in the absence of an association between RMR and MMR
(ranging from ~1 to 186.4 x RMR, based on ratios calcu-
lated from randomized adjusted estimates of RMR and MMR).
As a cautionary note, adjusting for water temperature effects
on the metabolism of partially endothermic fishes can be com-
plicated by activity levels and should be performed with care
(Blank et al. 2007; Clark et al. 2013a).

Selection for Tolerance to Resource Limitation

For some environments or niches, even a small increase in
RMR, associated with an incremental increase in MMR,



could constrain species from evolving a higher maximal
aerobic capacity because of the increased energy require-
ments to maintain baseline metabolism. Furthermore, de-
pending on the ecological niche, species may gain little ad-
vantage from an elevated MMR or AS. For example, the
results of this study suggest that relatively inactive species
or those at lower trophic levels possess lower MMRs, com-
pared with active species or those at higher trophic levels.
As aresult, adaptation to varying ecological demands among
species appears to generate interspecific variation in RMR
and MMR that largely follows a continuum between a high
capacity for activity with high maintenance costs and a low
capacity for activity with low maintenance costs (fig. 4).
Although there are several potential benefits associated
with having a high aerobic capacity, some of the pressures fa-
voring lower RMR may be inferred by studying those species
at the opposite end of the metabolic continuum. The lowest
levels of adjusted RMR were observed in cyprinids (17 of the
28 lowest records occurred within the Cyprinidae; fig. 1), a
highly diverse family with many species exhibiting very high
levels of tolerance to hypoxia and anoxia. Oxygen has a low
solubility in water, and obtaining access to sufficient oxygen
can be a challenge for organisms living in many aquatic hab-
itats (Diaz and Rosenberg 2008). When faced with hypoxic
and hypercapnic conditions, several fish species increase
oxygen extraction and transport efficiency by modulating
gill SA, oxygen affinity of hemoglobin, and muscle mito-
chondrial density (Nilsson and Renshaw 2004; Dhillon et al.
2013; Fu et al. 2014). Additionally, at least three cyprinid spe-
cies (Carassius carassius, Carassius auratus, and Rhodeus
amarus) are known to exhibit a specialized metabolic path-
way that enables them to survive several months in anoxic

Carpio carpio

Pagrus auratus
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cold waters (Nilsson and Renshaw 2004). In our data set, spe-
cies belonging to the genera Carassius, Rhodeus, Cyprinus,
Hypophthalmichthys, and Aristichthys, which are known to
tolerate very high levels of hypoxia (Dhillon et al. 2013;
Fu et al. 2014), exhibit very low levels of adjusted RMR
(range: 14.6-25.5 mg O, h™'). Moreover, the low adjusted
RMR for Typhlogobius californiensis (Gobiidae), Genyagnus
monopterygius (Uranoscopidae), Anguilla rostrata, and An-
guilla japonica (Anguillidae) confirm that a reduced RMR
is common in other hypoxia-tolerant lineages. These results
not only support recent experimental work suggesting that
adaptation for high activity may trade-off with hypoxia tol-
erance in fishes (Fu et al. 2014; Crans et al. 2015; Stoffels
2015) but also suggest that this phenomenon may generate
interspecific diversity in metabolic and performance traits
across a broad range of teleost lineages.

Other benefits of a reduced RMR could include tolerance
to food deprivation and an ability to occupy habitats or
niches with low or sporadic food availability. Within spe-
cies, high RMR is associated with reduced growth rate un-
der conditions of low food availability (Burton et al. 2011;
Killen et al. 2011). Consequently, fishes that experience fre-
quent hypoxia or patchy food availability due to their ecol-
ogy (e.g., burrowers, some benthic sit-and-wait predators,
and species subject to tidal exposure and/or eutrophication)
are expected to evolve reduced RMR.

Modifications to Morphological Traits

The hypothesis that selection acts on aerobically supported
locomotor performance is compatible with results observed
at lower levels of biological organization; that is, relatively

y o

Thunnus albacares

" low oxygen or food availability . high oxygen or food availability )
Ecological Pressures .

L low locomotory demands high locomotory demands )
e B . 3
benthic pelagic
sluggish Lifestyle athletic
L sit-and-wait/slow forager active forager )
( high RMR/MMR/AS |
low RMR/MMR/AS Physiology high muscle protein
L large gill surface area )

Figure 4: Continuum of ecological pressures, lifestyles, and resultant physiological traits across species of teleost fish. Shown are exemplar
species across this continuum. A species at one end of the continuum will not necessarily have all of the traits or be exposed to all of the
pressures listed. Images provided by K. Kraeer, L. Van Essen-Fishman (Pagrus auratus), and T. Saxby (Thunnus albacares) of the Integration
and Application Network, University of Maryland Center for Environmental Science (http://ian.umces.edu/imagelibrary/). AS = aerobic
scope; MMR = maximum metabolic rate; RMR = resting metabolic rate.
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active pelagic species also exhibit more protein-rich skeletal
musculature and increased gill SA. Elevated muscle protein
content may be related to an increased density of muscle
fibers, myofibrils, and/or mitochondria (Johnston et al.
1998), which should support increased aerobic ATP turn-
over during movement and faster and more forceful rates
of contraction (Altringham and Shadwick 2001) while also
being more costly to maintain (Houlihan 1991). This twin
association of muscle protein content with activity level
and maintenance costs may partly account for the covaria-
tion between adjusted RMR and MMR that has been ob-
served (table 2; fig. 3). Caudal fin aspect ratio is a direct cor-
relate of activity levels in fish species (Pauly 1989), and it
was positively correlated with RMR, MMR, and muscle
protein content in the present study. It is therefore possible
that ecological demands on physical activity have influ-
enced associations between RMR and MMR via proximate
effects of specific morphological and biochemical features,
such as those that we have identified. It should be noted
that, in fish, aerobic red muscle used for sustained swim-
ming and the mainly anaerobic white muscle used for burst-
type swimming are arranged in discrete sections (Dickson
1996), and the majority of studies used in our analysis sam-
pled the white, mainly anaerobic, musculature. However, al-
though white muscle is not the main contributor to activity
at sustainable swimming speeds, there can be a substantial
anaerobic contribution to activity as an animal approaches
this peak, and so more active species should employ more
white muscle protein to work in conjunction with red muscle
fibers. Having a higher aerobic capacity can also help re-
covery from high levels of anaerobic exercise (Brill 1996; Kil-
len et al. 2014). Finally, although predominantly anaerobic,
white muscle also contains some mitochondria and large
amounts of protein that need to be maintained while the
animal is at rest, which is particularly true for high-energy-
demand species like the tunas (Dickson 1996).

The observed association between gill SA and MMR, but
not RMR, supports previous reports that more active fish
species have a greater gill SA (Schmidt-Nielsen 1984) and
suggests that MMR may be constrained by the capacity to
extract oxygen from the water. Along with muscle protein
content, gill SA is intrinsically related to oxygen extraction,
transport, and utilization and is also highly correlated with
caudal fin aspect ratio (fig. 4). In aquatic animals, gills not
only facilitate gas exchange and blood oxygenation but also
function in the processes of ion regulation, acid-base bal-
ance, and nitrogen excretion, as evidenced by the numerous
ion channels, pumps, and exchangers embedded within
their epithelium (Marshall and Grossell 2006). In theory,
the multiple functions of gills and associated machinery
could increase maintenance costs of this tissue. However,
a link between RMR and gill SA was not observed, perhaps
because correlations between metabolic rates and gill SA

may be obscured by a number of additional factors. Although
selection for enhanced locomotor performance should in-
crease gill SA, adaptation for hypoxia tolerance could also
increase gill SA in more sluggish species. Furthermore, in
cases where tolerance to resource limitation is a predomi-
nant target of selection, different evolutionary outcomes may
arise depending on which resource is limiting: gill SA could
increase if oxygen supply is limiting, but probably not if
food is scarce.

The evolution of metabolic rates via selection on capacity
for activity or tolerance to resource limitation could limit
the evolutionary trajectory of organ systems in ways that
may not be immediately apparent or that obscure links be-
tween organismal metabolic rates and the sizes and func-
tions of some organs. In the current study, for example, brain
mass was not related to either RMR or MMR, despite being
an organ that is highly metabolically active (Rolfe and Brown
1997). For a given level of RMR, however, a species may
evolve a large brain, but compensate by having a smaller liver
or gut; correspondingly, species with a larger liver or gut may
evolve smaller brains (Tsuboi et al. 2015). This variation in
the proportional contribution of specific organs to metabolic
rates among species could, in theory, damp correlations be-
tween some morphological traits and metabolic rates and
play an important role in how suites of organ-level traits evolve
in response to ecological pressures on whole-animal perfor-
mance. This could partially explain variable findings of pre-
vious studies examining correlations between metabolic rates
and organ sizes across and within species (Hayes and Garland
1995; Norin and Malte 2012; Swanson et al. 2012; Zhang et al.
2014).

Because of the fragmented nature of the data set, our anal-
ysis is correlational, and so we must consider other potential
explanations for the observed results. For example, it is con-
ceivable that the strong relationship between RMR and MMR
may have arisen, at least partially, through direct environ-
mental effects—that is, through phenotypically plastic accli-
mation rather than genotypic adaptation. It is also possible
that selection has acted directly on one or more of the mor-
phological traits considered in this study (e.g., gill SA), which
then resulted in correlated selection on MMR. Additional
data on morphological traits would be valuable to allow path
analyses that could suggest the primary targets of selection
and likely causal pathways. It is also interesting that, although
the slope of the correlation between RMR and MMR de-
creases when lifestyle is included in the PGLS model, a posi-
tive relationship remains, suggesting that other factors not
considered here may also be playing a role. For example, dif-
ferences in foraging mode within a trophic level or lifestyle—
such as where a species lies on the continuum between sit-
and-wait and active foraging (Lourdais et al. 2014)—may in-
fluence activity level and possibly the strength of correlated
selection among traits.



Comparison with Other Ectotherms

Our findings generally agree with earlier work that shows
positive interspecific relationships among RMR and MMR
(e.g., Daan et al. 1990; Rezende et al. 2004; Raichlen et al.
2010; White and Kearney 2013; Wiersma et al. 2007). How-
ever, most studies have focused on endothermic taxa, whereas
relatively little data on these relationships exist for ecto-
therms. Taigen (1983) reported a positive correlation between
MMR and RMR among 17 species of anuran amphibians and
suggests that MMR may be linked to predatory behavior in
anurans. Walton (1993) found that hylid frogs have a sim-
ilar positive correlation between MMR and RMR after cor-
rection for phylogeny, which suggests that temperate hylids
have evolved a higher MMR and RMR than tropical hylids,
possibly to allow high activity at colder temperatures. Gomes
et al. (2004) found mixed intraspecific relationships between
RMR and MMR in anurans, but observed that active species
were more likely to show a positive correlation. Widely for-
aging goannas (Varanus species) tend to have a higher RMR
compared with that of more sedentary species (Thompson
and Withers 1997). Andrews and Pough (1985) reported that
RMR in squamate reptiles is also related to predatory life-
style. For insects, flying species have more energetically costly
locomotion and also have significantly higher RMR than do
nonflying species (Reinhold 1999). Although these findings
generally support our conclusions, additional large, phyloge-
netically informed analyses on other ectotherms besides fish
are needed to test whether the patterns that we have observed
are widely applicable.

Conclusions

Although correlational in nature, several lines of evidence
suggest that ecological demands on behavior and/or loco-
motor activity and tolerance to oxygen or food limitation
are key targets of selection in teleost fishes that result in cor-
related responses in performance and various supporting
metabolic and morphological traits. For example, natural
selection for increased activity appears to have been sup-
ported functionally by increasing the interrelated traits of
MMR, RMR, gill SA, caudal fin aspect ratio, and muscle pro-
tein content. By contrast, selection for tolerance to resource
limitation may be supported by decreasing MMR, RMR, and
muscle protein content, whereas gill SA may decrease or in-
crease depending on whether oxygen or food is limiting. Ad-
ditional work is needed to understand how selection on loco-
motor capacity and tolerance to resource limitation interact
with other potential targets for natural selection.

Our analyses also show that mass- and temperature-
adjusted RMR and MMR are highly positively correlated,
which suggests that selection for increased maximal rates of
aerobic metabolism generates elevated maintenance costs
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and, in some extreme cases, may lead to the evolution of en-
dothermy. Teleost fishes may provide a highly relevant
model to study the aerobic capacity model for the evolution
of endothermy (Bennett and Ruben 1979), given mounting
evidence that multiple lineages exhibit some degree of en-
dothermy (Block and Stevens 2001; Welsh and Bellwood
2012; Wegner et al. 2015) and that elevated body temper-
atures translate into detectable ecological effects (Watanabe
et al. 2015). More generally, our results highlight that, be-
cause of their enormous range of phenotypic variation, tel-
eosts constitute an excellent group to investigate how vary-
ing lifestyles and evolutionary pressures can ultimately give
rise to an astonishing diversity in form and function.
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Species such as the common minnow (Phoxinus phoxinus) will evolve maximum and minimal metabolic rates in accordance with the
demands of their environment and ecological lifestyle. Photo credit: Shaun Killen.
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