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All life acquires energy through metabolic processes and that energy is
subsequently allocated to life-sustaining functions such as survival, growth
and reproduction. Thus, it has long been assumed that metabolic rate is
related to the life history of an organism. Indeed, metabolic rate is commonly
believed to set the pace of life by determining where an organism is situated
along a fast-slow life-history continuum. However, empirical evidence of a
direct interspecific relationship between metabolic rate and life histories is
lacking, especially for ectothermic organisms. Here, we ask whether three
life-history traits—maximum body mass, generation length and growth
performance—explain variation in resting metabolic rate (RMR) across
fishes. We found that growth performance, which accounts for the trade-off
between growth rate and maximum body size, explained variation in RMR,
yet maximum body mass and generation length did not. Our results suggest
that measures of life history that encompass trade-offs between life-history
traits, rather than traits in isolation, explain variation in RMR across fishes.
Ultimately, understanding the relationship between metabolic rate and
life history is crucial to metabolic ecology and has the potential to improve
prediction of the ecological risk of data-poor species.

1. Introduction

Metabolism is the process by which all living organisms transform external
resources into available energy and, in turn, allocate this energy among compet-
ing life-history processes, such as survival, growth and reproduction [1-3].
Metabolic rate scales reliably with body mass and temperature, and these math-
ematical relationships are used to predict ecological phenomena across scales,
ranging from life-history traits to ecosystem functioning (e.g. [4,5]). However,
predictions of many higher-order ecological phenomena are based on the
underlying assumption that metabolic rate underpins life history. Despite a
long history of studies examining the connection between life histories and
metabolism, there are surprisingly few interspecific, empirical tests of whether
life histories are directly related to metabolic rate, particularly for aquatic
ectotherms [6-9]. Interspecific studies that incorporate both metabolic rate
and life-history traits in the same analysis, rather than studies that focus on
similarities in how these traits scale with body mass, are needed as they provide
a powerful and distinct complement to intraspecific and experimental work and
illustrate generalizability across species. If this putative relationship between
metabolic rate and life histories exists, the idea that there is an organismal phys-
iological basis underlying conservation and global-change-related phenomena,
such as overfishing, climate change responses and extinction risk may prove to
be a reality [2,10-12]. Thus, exploring the connections between metabolic rate
and life histories may increase our understanding of the diversity of life his-
tories and offer simple, trait-based approaches to support the development of
ecological risk analyses [2,13].

Life-history traits are optimized through natural selection to maximize fit-
ness [2,3,10]. Trade-offs among life-history traits arise as individuals have
finite resources to allocate to the competing processes related to survival,
growth and reproduction [2,14,15]. For example, there is a trade-off between
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maximum body size and growth rate whereby fishes either
grow fast to a small size or grow slower to a larger
size [16,17]. In turn, these trade-offs and the environment
provide the framework for the evolution of life-history
traits [2,10]. Specifically, in response to selection imposed
by a particular environment, suites of life-history traits com-
monly co-evolve, clustering together along a fast-slow axis,
with organisms that grow slower, mature later, live longer
and have a larger maximum body size on the ‘slow” end of
the continuum, and organisms with the opposite suite of
traits on the fast end [2,14,18,19]. Thus, life-history traits
characterize an organism’s pace of life, as they describe
where an organism is situated along this fast-slow conti-
nuum of life history [14]. Metabolic ecology assumes that
metabolic rate sets this pace of life and that organisms with
a higher metabolic rate will sit towards the ‘faster’ end of
the life-history continuum, since allocation of resources to
growth and reproduction is powered by a faster metabolism
[4]. Yet, the relationships between metabolic rate and life his-
tories have rarely been examined across species, and when
they have, it has yielded conflicting results. For endotherms
(birds and mammals), it is still unclear whether age-related
life-history traits such as age at first reproduction and maxi-
mum age are related to metabolic rate, even after
controlling for body mass and evolutionary history [7,9,20].
Conflicting results have also been found in studies of
growth rate. While growth rate has been found to be a
strong, positive predictor of resting metabolic rate (RMR)
across vertebrates and has also been found to positively cor-
relate with metabolic rate in nestling songbirds, no
relationship has been found between growth rate and metabolic
rate in other interspecific studies of birds and mammals
[7,8,21,22]. Furthermore, we know little about relationships
between metabolic rate and life histories for ectotherms. Fishes
present a unique opportunity to examine this relationship in
ectotherms, as they are the most speciose group of ectotherms,
constitute one of the most taxonomically and metabolically
diverse radiations of vertebrates, and exhibit a wide range of
life histories [23-25]. Thus, examining whether metabolic rate
and life-history traits are related across fishes allows us to test
a fundamental premise of metabolic ecology in ectotherms.

Here, we ask whether life-history traits explain inter-
specific variation in metabolic rate across teleost and
cartilaginous fishes, after accounting for shared evolutio-
nary history and the effects of body mass and temperature.
Specifically, we examined whether three life-history traits—
maximum body mass, generation length and growth
performance—were related to RMR across 104 fish species
using a phylogenetic generalized least-squares regression
framework [26]. We hypothesized that all three life-history
traits would explain variation in RMR, but that growth
performance would explain the most variation in RMR
because it encapsulates a life-history trade-off (between
growth and maximum body size) and thus may better charac-
terize organisms’ life histories and the energetic trade-offs
associated with the allocation of finite resources between
processes related to survival, growth and reproduction,
whereas maximum body mass and generation length do
not encapsulate trade-offs. Specifically, we predicted that
species with a high metabolic rate for their body mass
would have the characteristics of a ‘faster’ life history—a
smaller maximum body mass, a shorter generation length
and a higher growth performance.

2. Material and methods

(a) Metabolic rate data collation and selection

RMR, measurement temperature (i.e. the temperature associated
with the metabolic rate measurement) and measurement body
mass (i.e. the wet body mass associated with the metabolic rate
measurement) were collated from the literature. For our analysis,
we only used estimates of metabolic rate from rates of oxygen
consumption where the study noted that fishes were resting
and post-absorptive. Obtaining estimates of RMR only from
peer-reviewed studies allowed us to categorize the type of meta-
bolic rate (e.g. RMR) measured in each study with a high degree
of confidence and avoid propagating potentially erroneous meta-
bolic rate estimates. We collated raw metabolic rate data
(i.e. separate estimates for individuals of the same species), if
available, although in most cases only a species mean was pub-
lished. Thus, for our analyses, we averaged raw estimates of
RMR and measurement body mass at a given measurement
temperature, resulting in a species-specific mean RMR, measure-
ment temperature and mean measurement body mass. If more
than one study reported RMR for the same species, we chose
only one study to include in our dataset to avoid biasing our
results towards species that were represented by multiple
studies, following Killen et al. [23]. To ensure that our choice of
which study for a given species to include in our dataset did
not affect the results, we conducted all analyses on three separate
datasets (the ‘sample size dataset’, the ‘mass dataset’ and ‘the
temperature dataset’) resulting from the following inclusion cri-
teria: (i) based on the largest sample size, as presented in the
main manuscript, (ii) based on the largest average measurement
body mass and (iii) based on which study’s measurement temp-
erature was within the natural temperature range of the species
but closest to 20°C to minimize the range of temperatures
included in the dataset following Gillooly et al. [27] and Killen
et al. [23]. If a study measured RMR at multiple measurement
temperatures, we also used selection criteria to determine
which RMR data to include. For more detail on data collation
and our selection criteria see electronic supplementary material,
Methods, section 1.

(b) Life-history data collation, selection and
aggregation at the species level

To assess if life-history traits explain variation in RMR, we col-
lated maximum body mass, generation length and the von
Bertalanffy growth coefficient (k) and asymptotic length (L,
for estimation of growth performance, here ¢') collected from
peer-reviewed studies and grey literature (hereafter ‘life-history
study’) using literature searches and FishBase [17,28]. These
life-history traits were chosen because they are available for
many species and are widely used to describe fishes’ life histories
[16,17,29]. Maximum body mass was collated from the literature
or derived from maximum body length using species-specific
length-weight conversions (for more detail, see electronic sup-
plementary material, Methods, section 2.1). Generation length
and growth performance are both life-history traits that are
calculated from other life-history traits (i.e. they are both ‘compo-
site’ life-history traits). Generation length was calculated as
Tmat + (Tmax— Tmat) X 2, where Ty, is age at maturity, Ty is the
maximum age recorded for the species and z is a constant that
depends on survivorship and the relative fecundity of young
versus old individuals in the population [30,31]. We used a con-
servative value of z=0.5 that is consistent with IUCN guidelines
to account for the truncation of age structure in many fish popu-
lations by overfishing (electronic supplementary material,
Methods, section 2.2) [30,32]. Growth performance is a composite
life-history trait that allows for the comparison of growth rates
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across species that differ in maximum size, and thus accounts for
the trade-off between growth rate and maximum body size
[33,34]. Growth performance is often calculated as phi prime,
¢’ =logyo(k) +2 x logo(L), Where L, is the asymptotic length,
or the mean body length that individuals in the population
would reach if they were to grow indefinitely, and k (yr_])
expresses the rate at which the asymptotic length is approached
[33,34]. We also calculated growth performance using asymptotic
weight rather than asymptotic length, yet our analysis was largely
insensitive to this choice (electronic supplementary material,
Methods, section 2.3). Finally, for 28 of the 104 fish species, not
all life-history traits were available and thus life-history trait
values from closely related species (here, ‘proxy species’) were
used. To ensure that our results were not sensitive to the inclusion
of data from proxy species, we reran analyses while excluding all
species for which life-history trait data from proxy species was
used, and compared results (electronic supplementary material,
Methods, section 2.4).

(c) Statistical analyses

We included a phylogenetic random effect in all models to
account for phylogenetic non-independence among residuals
using a phylogenetic generalized least squares (PGLS) framework
as implemented in the caper package [26,35]. We constructed a
supertree from two sources: (i) the teleost Fish Tree of Life [24],
and (ii) a molecular phylogeny for chondrichthyans [25] using
the R package phytools [36]. All statistical analyses were conducted
inRv.3.6.1[37].

(i) Do life-history traits explain variation in RMR across fishes?
To test whether life-history traits explain variation in RMR across
fishes, we parameterized and compared four models—one for
each of the three life-history traits (i.e. maximum body mass, gen-
eration length or growth performance), and a ‘null model’. The
‘null model” included only measurement body mass and measure-
ment temperature as explanatory variables. For each life-history
model, RMR was the response variable, and measurement body
mass, measurement temperature and the respective life-history
trait were the explanatory variables. For all models, measurement
body mass was converted to grams, measurement temperature
was converted to inverse temperature, 1/(temperature x K),
where K = Boltzmann'’s constant and temperature is in Kelvin fol-
lowing Gillooly et al. [27], and then standardized, and RMR was
converted to watts following Grady et al. [22]. All variables,
other than inverse measurement temperature and growth per-
formance, were logjp-transformed for all models. It should be
noted that growth performance is already on a logj, scale by
nature of its calculation. Comparisons of the four candidate
models were then made using the Akaike information criterion
(AICc), which penalizes models for their number of estimated
parameters, with smaller AICc values indicating a better model
fit [38]. Of the candidate models, the weight of evidence for any
given model was measured by its Akaike weight (w;), the relative
likelihood of the model divided by the sum of the likelihoods of
all other models. Finally, as generation length and growth per-
formance are composite life-history traits, we parameterized
four additional models—two with the components of generation
length (i.e. age at maturity and maximum age) and two with
the components of growth performance (i.e. k and L) as explana-
tory variables—to ensure that no one component of these
composite traits was driving the relationship with RMR.

(i) What is the relative importance of each life-history trait

in explaining variation in RMR across fishes?
To assess the relative importance of maximum body mass, gen-
eration length and growth performance in explaining variation

—

0.01

growth coefficient (k, yr ~!

asymptotic length (L_, cm TL)

Figure 1. Contour plot of the inverse relationship between asymptotic length
and growth coefficient. Each point represents a species, and the lines denote
high (yellow) to low (dark green) growth performances values. (Online
version in colour.)

in RMR across fishes, we fitted one additional PGLS model that
included measurement body mass, measurement temperature,
maximum body mass, generation length and growth performance
as explanatory variables (hereafter, ‘global model’). Collinearity
between variables was checked using variance inflation factors
(VIFs) and all VIFs were less than five indicating that explanatory
variables were not strongly linearly related [39] (electronic sup-
plementary material, figure S1). All explanatory variables were
centred and scaled by subtracting the mean and dividing by
twice the standard deviation (hereafter ‘standardized’) so that
effect sizes could be interpreted relative to each other and
compared in terms of units of standard deviations [26,40].

3. Results

(a) Do life-history traits explain variation in RMR

across fishes?
Overall, we found that the only life-history trait which
explained variation in RMR across fishes was growth perform-
ance, which encompasses a life-history trade-off (figures 1 and
2a). The best overall model (AICc = 16.84, w; = 0.989; electronic
supplementary material, table S1) described RMR as a func-
tion of measurement body mass, measurement temperature
and growth performance. Growth performance explained
variation in RMR even after accounting for the effects of
measurement body mass and measurement temperature (elec-
tronic supplementary material, figure S2A), with species with
a high metabolic rate for their measurement body mass also
having a high growth performance (3= 0.24, 95% confidence
interval (CI): 0.12-0.36; electronic supplementary material,
table S2). On the other hand, the other life-history traits did
not explain variation in RMR despite our prediction that
species with a high metabolic rate for their measurement
body mass would have a smaller maximum body mass
and a shorter generation length. Specifically, a null model
with only measurement body mass and measurement temp-
erature had similar relative support (AICc =27.47, w; = 0.005)
to the models containing either maximum body mass
(AICc =27.80, w;=0.004), or generation length (AICc=29.58,
w;=0.002; electronic supplementary material, table S1).
Thus, maximum body mass (figure 2b) did not explain
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variation in RMR after accounting for the effects of measurement
body mass and measurement temperature (electronic sup-
plementary material, figure S2B) and generation length
(figure 2¢) did not explain variation in RMR after accounting
for the effects of measurement body mass and measurement
temperature (electronic supplementary material, figure S2C).
Similarly, none of the component traits used to calculate the com-
posite traits of generation length and growth performance—age
at maturity, maximum age, k or L.—explained variation in
RMR on their own, as the 95% CI of their effect sizes crossed
zero (electronic supplementary material, table S2).

(b) What is the relative importance of each life-history
trait in explaining variation in RMR across fishes?

Only growth performance, measurement body mass and
measurement temperature explained variation in RMR, as evi-
denced by their relative effects in the global model with
standardized explanatory variables (electronic supplementary
material, figure S3) [40]. Growth performance had over a four-
fold larger effect on RMR compared to maximum body mass,
and a 34-fold larger effect on RMR compared to generation
length (electronic supplementary material, figure S3).

(c) Sensitivity analyses

Our findings were robust to the three different data inclusion
criteria (electronic supplementary material, Results and table
S3), another measure of growth performance (electronic sup-
plementary material, tables S4 and S5), and the use of traits
from related proxy species to in-fill data gaps (electronic sup-
plementary material, table S6). Finally, the residuals from all
models had a phylogenetic signal (lambda, A) of 0.56 or
greater, indicating that including a random effect of phylo-
geny is necessary when examining metabolic rate across
species (electronic supplementary material, table S1).

4. Discussion

Our study directly tests whether life history explains variation
in RMR across fishes, and our findings help reconcile the con-
flicting results of previous work relating metabolic rate and life
histories across species. We find that the connection between
metabolic rate and life histories across fishes only exists
when accounting for life-history trade-offs, such as that
between growth rate and maximum body size, and that
neither maximum body mass nor generation length explained
variation in RMR after accounting for measurement body
mass, measurement temperature and evolutionary history.
First, we compare the relationships among various measures
of life history and RMR and discuss these results in the context
of life-history trade-offs. Second, we consider the utility of this
and other studies for explaining broad life-history patterns
and the implications for metabolic ecology. Finally, we high-
light future directions for furthering our understanding of
the relationships between metabolic rate and life histories.
We found that of the life-history traits examined, only
growth performance explained variation in RMR across
fishes. We hypothesized that growth performance would
explain this variation because it incorporates a trade-off
between life-history traits (i.e. between maximum body size,
L. and growth rate, k) and thus may better characterize a
fishes’ life-history strategy [14,17,33,41]. By contrast, when

the components of growth performance (k and L.) were [ 4 |

examined in isolation, they did not explain variation in
RMR, emphasizing the need to examine composite indices
that encompass trade-offs when investigating the relationship
between RMR and life history. Although all life-history traits
are likely correlated due to trade-offs between them, these
relationships must be explicitly captured in models, and are
not captured when a single life-history trait is studied in iso-
lation [42]. However, some composite traits may not fully
capture life-history trade-offs among competing processes.
For example, generation length is also a composite measure
of life history that combines age at maturity and maximum
age, yet it did not explain variation in RMR, likely because
it does not capture a life-history trade-off. As age at maturity
increases, so does maximum age, so there is a positive,
rather than negative relationship between these components
of generation length which does not capture the fact that
organisms that mature earlier are potentially reducing their
future growth and thus body size and fecundity [10,17]. The
lack of relationship between RMR and maximum body mass
in our study was also notable because maximum body mass
is widely used as an indicator of an organism’s position
along the fast-slow life-history continuum and is often used
in assessments of extinction risk in ectothermic species
[17,29]. Instead, the size-dependency of metabolic rate may
be mostly captured by measurement body mass, leaving
little variation to be explained by maximum body mass,
despite the differences in these two measures. Consequently,
empirical tests of the foundations of metabolic ecology
should explicitly consider life-history trade-offs in fishes,
and potentially other ectotherms, rather than individual
life-history traits in isolation.

Testing the assumption that metabolic rate sets the pace
of life histories is a first step before using metabolic ecology
in its intended predictive capacity. A clearer understanding
of whether life history explains variation in metabolic rate
across taxa is necessary before metabolic ecology can be
reliably used to predict life histories. If future studies find
that life histories explain variation in metabolic rate for both
endotherms and ectotherms, we will then be set with the chal-
lenge of determining whether: (i) metabolic rate does indeed
dictate and drive life history; (ii) life history drives metabolic
rate; (iii) metabolic rate and life history are co-adjusted with
each other, affecting each other in a reciprocal manner; or
(iv) both life history and metabolism are indirectly related to
additional factors [43]. These studies will not only require
correlative approaches as executed here, but selection and
common-garden experiments to uncover mechanistic drivers.

Other measures of metabolic rate, life-history trade-offs,
and statistical approaches may help clarify the relationship
between metabolic rate and life history in the future. First,
RMR, while the most commonly reported measure of meta-
bolic rate, only reflects energy use and availability at rest,
and does not describe the scope for processes such as activity,
growth or reproduction [1]. Field metabolic rate, for example,
is likely a more accurate measure of day-to-day energy
expenditure than RMR and thus could be more closely
linked to life-history strategy than RMR [1]. Second, while
our results indicate that a measure of life history that accounts
for a trade-off explains variation in RMR, there are other life-
history trade-offs, popularized as Beverton’s dimensionless
ratios or Charnov’s life-history invariants [44,45]. For example,
natural mortality rate (M) has been found to be positively
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Figure 2. Relationships between resting metabolic rate (RMR), measurement body mass and life-history across fishes. Points are coloured by growth performance
(a), maximum body mass (b) and generation length (c), where red denotes larger values and blue denotes smaller values. The black fitted regression line in all
three panels is the estimated RMR across the body sizes of all species in the dataset, while incorporating temperature, evolutionary history and the relevant life-
history trait (maximum body mass, generation length or growth performance). Growth performance was the only life-history trait to explain variation in RMR, as
illustrated by the red and blue lines in (a) which show the estimated RMR for species with high (e.g. Japanese amberjack, Seriola quinqueradiata) and low (e.g.
zander, Sander lucioperca) values of growth performance while accounting for temperature and evolutionary history. (Online version in colour.)

related to k from the von Bertalanffy growth function and
negatively related to age at maturity, so testing whether invar-
iants such as M/k and Tp.xM also explain variation in
metabolic rate may be a fruitful avenue for future research,
especially in taxa for which reliable estimates of mortality
rate are available (e.g. phytoplankton or birds [44,45]).
Third, new statistical approaches that explicitly account for
trade-offs and correlations between life-history traits may
help us reconstruct life-history strategies for species and popu-
lations that are data-poor by estimating difficult-to-measure
life-history traits, such as fecundity [42,46].

Environmental and ecological factors such as activity level,
predation risk, food availability and environmental tempera-
ture may obscure relationships between metabolic rate and
life-history traits, particularly in ectotherms, thus future
studies that account for such factors could further elucidate
these relationships [6,23,47,48]. Fish species with a high meta-
bolic rate for their body mass have a high growth performance,
but they may also have high activity levels [23,33]. For
example, Japanese amberjack (Seriola quingueradiata) had a
higher RMR than zander (Sander lucioperca), though metabolic
rates of both species were measured on individuals of similar
body masses and at similar measurement temperatures
(figure 2a). This difference in RMR may be because Japanese
amberjack had a higher growth performance than zander,
but activity level may also play a role. Metabolic rate is
strongly correlated with activity level, confounding studies
of the relationship between metabolic rate and activity level
[49]. Thus, future studies should investigate the interrelation-
ships between activity level, metabolic rate and life history
by using morphological proxies of activity such as the
caudal fin aspect ratio (= [height of the caudal fin]* / [surface
area of the fin]) [23,47]. For example, the caudal fin mor-
phology of the Japanese amberjack is strongly lunate,
suggesting that this species is more active compared to the
zander with its rounded tail (figure 24). Additionally, preda-
tion risk, environmental stability and food availability,
while sometimes experimentally tractable, are difficult to

tease apart, let alone account for in macroecological analyses,
despite probably influencing both metabolic rate and life his-
tory. However, if realistic approximations of predation risk
can be attained, dynamic state variable models may provide
an avenue for future investigation by featuring the trade-offs
associated with life history and factors such as predation risk
and food availability within a dynamic behavioural context
to determine fitness [13]. Finally, while measurement tempera-
ture greatly affects metabolic rate, environmental temperature
may have an evolutionary effect on both metabolic rate and life
histories through thermal constraints on production or ther-
mal effects on survival as illustrated by broad patterns such
as the temperature-size rule [27,50].

In conclusion, our analyses show that growth performance,
but not maximum body mass or generation length, explains
variation in RMR across a diverse set of 104 fish species. To
our knowledge, this is the most comprehensive study to date
that tests whether empirical measures of life history explain
variation in metabolic rate across fishes. Our findings revealed
that a measure of life history that incorporates a trade-off
between life-history traits is strongly associated with RMR
and therefore provides some support for the assumption that
metabolic rate sets the pace of life across species. If this assump-
tion is to be more broadly accepted, studies first need to
demonstrate that metabolic rate and life history are related, as
indicated by the results in this study, and then must demonstrate
that metabolic rate dictates and drives life history (a task for
future studies that incorporate experimental work). Insight
into the links between physiology and life histories has the
potential to inform ecological risk assessments, particularly
for data-poor species, because life histories are closely related
to risk of overfishing and extinction risk [16,19,29].
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