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Abstract

Explaining variation in the fitness of organisms is a fundamental goal in evolutionary ecology.
Maintenance energy metabolism is the minimum energy required to sustain biological processes at
rest (resting metabolic rate; RMR) and is proposed to drive or constrain fitness of animals, however
this remains debated. Hypotheses have been proposed as to why fitness might increase with RMR
(the ‘increased intake’ or ‘performance’ hypothesis), decrease with RMR (the ‘compensation’ or
‘allocation’ hypothesis), or vary among species and environmental contexts (the ‘context
dependent’ hypothesis). Here, we conduct a systematic review and meta-analysis of the literature,
finding 114 studies with 355 relationships between RMR and traits that may be related to fitness.
We show that individuals with relatively high RMR generally have high fitness overall, which
might be supported by an increased energy intake. However, fitness proxies are not
interchangeable: the nature of the RMR-fitness relationship varied substantially depending on the
specific trait in question, and we found no consistent relationship between RMR and those traits
most closely linked with actual fitness (i.e., lifetime reproductive success). We hypothesise that
maintaining high RMR is not costly when resources are unlimited, and we propose ideas for future

studies to identify mechanisms underlying RMR-fitness relationships.
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Introduction

Metabolic rate is the rate at which energy and materials consumed from the environment are
processed and depleted within an organism (Suarez 2012). The transformed energy is allocated and
expended on maintenance, growth, reproduction, and other fitness-enhancing processes and
activities (Brown et al. 2004). The rate of energy expenditure on metabolic processes sets the pace
of life and the demands that animals place on their environment (Brown et al. 2004), and constrains
the allocation of energy (e.g., energy expended on maintenance cannot also be expended on
reproduction).

Maintenance energy metabolism is one of the most widely measured physiological traits
(White et al. 2012b) and has long been associated with many aspects of life-history, performance,
and fitness (Metcalfe et al. 2016; Pettersen et al. 2016; Burton et al. 2011; Speakman et al. 2004;
Reinhold 1999; Hayes et al. 1992; Biro and Stamps 2010). Although the fitness consequences of
variation in metabolic rate have long been of interest, most studies do not measure fitness directly
(the number of surviving offspring produced by an individual after a single generation), but instead
measure more tractable proximate traits, often in the form of whole-organism performance (Orr
2009; Burton et al. 2011; Pettersen et al. 2018). The literature often conflates performance and
fitness, because whole-organism performance is defined as a measure of how well an individual
performs an ecologically relevant task, and crucially, it may include any trait that can be directly
linked to, or correlated with, fitness (Lailvaux and Husak 2014). Performance traits that are likely to
influence the probability that an individual of a given phenotype will contribute to subsequent
generations may be meaningful components of, or proxies for, fitness itself. Hence, a vast array of
traits could be measured when biologists attempt to quantify fitness in their study system. Here, we
refer to survival and reproduction traits as ‘fitness’, and consider performance traits as ‘fitness-
related traits’, or ‘proxies’.

Minimum rates of metabolism are defined and measured differently among taxonomic

groups, but collectively aim to measure the obligatory energy cost of self-maintenance: the energy
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expended by an animal in an inactive state, measured at a specified temperature (resting metabolic
rate; RMR). Standard metabolic rate (SMR) additionally specifies non-growing and post-absorptive
states, basal metabolic rate (BMR) is specifically for adult, non-reproductive endotherms that are
thermoregulating at a thermoneutral temperature, and routine metabolic rate (routine MR) does not
necessarily specify an inactive state (usually in fish). Here, we inclusively refer to RMR, SMR,
BMR, and routine MR as estimates of the minimum rate of metabolism, hereafter collectively
referred to as resting metabolic rate (RMR) (Mathot and Dingemanse 2015; Burton et al. 2011).

There is considerable variance in RMR; orders of magnitudes among individuals of different
species, but having the same body mass (White and Kearney 2013), and up to three-fold differences
within species among individuals of the same body mass and physiological state (Burton et al.
2011; Schimpf et al. 2013; Johnston et al. 2007). Some of this variance can be attributed to
differences in methodology, context, or taxonomy among-studies — especially between ectotherms
and endotherms. The rate of energy expenditure required to generate heat and maintain body
temperature in endotherms (birds and mammals) is substantial; ectotherms do not thermoregulate
using endogenously generated heat, and so do not incur this cost (Bennett and Ruben 1979). The
allocation of metabolic resources is therefore fundamentally different between endotherms and
ectotherms, which might affect the correlation between RMR and fitness. The extensive variation in
RMR — which is often repeatable within individuals (Nespolo and Franco 2007; Auer et al. 2016;
White et al. 2013; Biro et al. 2020) and heritable across generations (White and Kearney 2013;
Pettersen et al. 2018) — is hypothesized to have consequences for fitness due to correlations between
fitness-related traits and RMR (Burton et al. 2011). Two main mechanistic hypotheses for the
correlation between RMR and fitness have been proposed and tested in a variety of systems.

The ‘increased intake’ (synonymous with ‘performance’) hypothesis proposes that
individuals with higher RMR would have higher fitness because they have higher energy intake and
processing capacity, which facilitates increased productivity through increased activity

(encompassing traits such as boldness and dominance, which are related to the likelihood of
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reproducing), growth, and reproduction (positive RMR-fitness correlation) (Nilsson 2002; Careau
and Garland 2012). On the other hand, the ‘compensation’ (or ‘allocation’) hypothesis proposes that
animals with lower RMR will have more energy available to allocate toward fitness because energy
allocated to maintenance cannot also be expended on fitness-enhancing activities (negative RMR-
fitness correlation) (Nilsson 2002; Careau and Garland 2012).

Evolutionary theory predicts that persistent directional selection will deplete genetic
variance, and so the widespread presence of additive genetic variance in RMR (Pettersen et al.
2018) suggests that neither of the ‘increased intake’ and ‘compensation’ hypotheses can offer
complete explanations for the evolution of RMR. One possible explanation for the maintenance of
genetic variance is that complex genetic correlations or pleiotropy among RMR and other traits
constrain directional evolution of RMR (Walsh and Blows 2009). Another explanation is the
‘context dependent’ hypothesis, which proposes that the relationship between RMR and fitness
varies with, for example, spatiotemporal fluctuations in resource availability (Burton et al. 2011,
Careau and Garland 2012). To determine which of these explanations might be more likely, and
under what circumstances particular hypotheses hold, it is necessary to determine how performance
and fitness vary with RMR, and how these relationships vary among species and traits. Although
there is evidence for correlations between RMR and many fitness and fitness-related traits (e.g.,
boldness (Behrens et al. 2020), dominance (Reid et al. 2011; Rgskaft et al. 1986), reproductive traits
(Boratynski and Koteja 2010; Blackmer et al. 2005), growth (Sadowska et al. 2009), and survival
(Larivee et al. 2010; Boratynski et al. 2010)), there are also many clear examples that show no
relationship between RMR and fitness-related traits (e.g., locomotor performance (Le Galliard et al.
2013; Arnold et al. 2017), aerobic performance (Merritt et al. 2013), and reproductive traits
(Schimpf et al. 2012)). The magnitude and direction of these correlations varies substantially
among-studies, and support for mechanistic hypotheses remains mixed (Careau and Garland 2012;

Burton et al. 2011; Glazier 2015). Accordingly, interest in this research area shows no sign of
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waning (Glazier 2015; Mathot and Dingemanse 2015; Metcalfe et al. 2016; Pettersen et al. 2016;
Pettersen et al. 2018).

To determine how fitness and performance vary with RMR, and to test the increased intake’,
‘compensation’, and ‘context dependent” hypotheses, we compiled published relationships between
fitness or fitness-related traits and RMR in ectotherms and endotherms using a systematic meta-
analytical framework. We considered six broad groups of fitness-related traits: active metabolic
rate, aerobic capacity, boldness, dominance, growth, movement or activity, and two fitness traits:
reproduction and survival (hereafter we refer to all eight groups collectively as fitness categories).
Over the course of data collection, analysis, and writing, two related meta-analyses of the
relationships between MR and aerobic performance traits and behaviours in animals appeared in the
literature (Auer et al. 2017; Mathot et al. 2019). We present our study as an independent replication
of their work, which we expand upon with the addition of other fitness-related traits and direct
measures of fitness. There have been several relevant studies published in the time since the
systematic literature search and meta-analysis were conducted that were not included, but it is likely
that these would serve to strengthen evidence for smaller effect sizes observed through time (see
results) and therefore likely to not change our overall conclusions.

We present this work as a tribute to Frapps, because our collective interest in this area began
when he asked one of us (CRW) why BMR matters, at the 18" annual meeting of the Australian and
New Zealand Society for Comparative Physiology and Biochemistry in 2001. Frapps and Pat Butler
then asked the same question of the field as a whole at the International Congress of Comparative
Physiology and Biochemistry in 2003 (Frappell and Butler 2004). This marked the first time we
tried to answer the question of how and why metabolic rate varies (White and Seymour 2004). In
the nearly 20 years since this first interaction, we have undertaken a range of empirical and
comparative studies to address this question (e.g., White et al. 2007; Schimpf et al. 2012; Merritt et
al. 2013; Arnold et al. 2017; White et al. 2019), including several that involved Frapps directly

(White et al. 2012a; White et al. 2012b). This question had an enduring impact — CRW still
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remembers the colour of the shirt that Frapps was wearing when he asked it — as did every

subsequent interaction with Frapps.

Methods

Literature search

We used the Preferred Reporting Items in Systematic Reviews and Meta-Analyses (PRISMA)
framework (Moher et al. 2009) to compile a database of published studies on relationships between
fitness (components) and maintenance metabolic rate. We systematically searched the Web of
Science database Core Collection with access through Monash University in November 2016 using
the following search terms in the ‘topic’ field (title, abstract, and extended keywords): ((metabolic
rate*) and (aerob* or surviv* or locomot* or domin* or grow* or reprod* or bold* or personal* or
perform* or behav* or fitness or move* or longev* or thermal or tolerance or home range) and
(insect* or fish* or amphib* or reptil* or aves or bird* or mammal* or gastropod* or arachnid* or
crustacea*) not (human* or pharma* or metabolic syndrome*)). We included studies from a
previous non-systematic search by CRW conducted in 2013, and studies from relevant previously
published literature surveys (Metcalfe et al. 2016; Hayes and Garland 1995; Mathot and
Dingemanse 2015). The systematic review approach is clearly defined and reduces potential biases
to result in an objective overview of the available literature that is then quantitatively assessed
through meta-analysis to synthesise evidence (Gurevitch et al. 2018). Although we recognise that
there have been numerous relevant studies since this literature search was initially conducted, ours
still represents the most complete systematic review and meta-analysis covering both performance

and fitness traits in relation to metabolic rate.

Inclusion and exclusion criteria
The search results were first screened by title and abstract, where the inclusion criteria were studies

that 1) measured basal, standard, resting, or routine metabolic rates, 2) measured fitness or some
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component or proxy of fitness (e.g., aerobic capacity, survival, reproduction, or growth), and 3)
appeared to assess an intraspecific relationship between the measure of maintenance metabolic rate
and fitness. Studies that were retained after this first level of screening were then excluded when 1)
they were interspecific comparisons, unless the data for each species were presented separately, 2)
they were reviews or meta-analyses, 3) the data was not appropriate for this meta-analysis (e.g., did
not actually measure maintenance metabolic rate or fitness, or included experimental manipulation
of hormone levels), or 4) they did not measure or specify mean body mass.

Our initial Web of Science search returned 6459 publications. The database compiled by
CRW contained 62 publications, 29 of which were not identified in the Web of Science search. The
previously published literature surveys included 43 papers, 23 of which were not identified in the
Web of Science search or CRW database. We removed 55 duplicates from the combined total of
6564 publications, leaving 6509 records. The first level screening of publication abstracts removed
6078 records, leaving 431 remaining to be assessed as full-text publications. A further 317 records
were removed through this eligibility assessment, including those studies that did not provide a
body mass estimate, leaving 114 studies that had appropriate, extractable data for this meta-analysis

(Fig. S1).

Data extraction

We extracted data from 114 studies that assessed 355 correlations between metabolic rate and
fitness across 94 species and 25 taxonomic orders. Overall, we collected data from eight fitness
categories: active metabolic rate (n = 97), aerobic capacity (n = 30), boldness (n = 31), dominance
(n = 39), growth (n = 15), movement/activity (n = 67), reproduction (n = 50), and survival (n = 26),
across four metabolic rate categories: BMR (n =102), RMR (n = 198), routine MR (n = 23), and
SMR (n = 42). Studies were categorized as field studies when the fitness trait was measured in the
field (n = 44). The remaining measurements were from laboratory studies (n = 311). For each

included study, we also extracted the taxonomic class and species used in the study, exact fitness
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trait, within study sample size (n), correlation coefficient (Pearson’s r) or test statistics (t, F, ¥, Z,
or R?), whether the relationship was originally reported as significant or not (a. = 0.05), and
moderator variables of thermoregulation strategy (ectotherm or endotherm), mean body mass, the

fitness category, and publication details.

Statistical analyses

Effect size standardization

All statistical analyses were conducted in the R environment for statistical and graphical computing
(v3.4.1) (R Development Core Team 2017). For the meta-regressions and meta-analyses, we
standardized correlation coefficient measures across the published studies by calculating Fisher’s Z-
transformed correlation coefficient (Zr), which converts the skewed distribution of the sample
correlation coefficient (Pearson’s r) to an approximately normal distribution. For studies that did
not provide a correlation coefficient (Pearson’s r) estimate, we obtained it from t, F, y2, Z, or R?
statistics using established equations (Lajeunesse 2013; Nakagawa et al. 2007), or by data-mining
figures using a plot digitizing tool (WebPlotDigitizer) (Rohatgi 2017), and then by fitting a linear
regression. For six latency-related boldness traits, we changed the sign of r to ensure that higher
values indicated more positive associations between RMR with fitness (Table S1). We used the
meta-analysis package metafor (Viechtbauer 2010) in R to transform r into Zr to obtain unbiased
estimates of effect sizes and sampling variances (Hedges and Olkin 1985) using the escalc function.
Mean body mass (M) and within-study sample size (n) were logio-transformed prior to analyses. R

code for statistical analyses is available at https://github.com/pieterarnold/fitness-rmr-meta.

Meta-analyses and meta-regressions

We took a meta-regression approach to fit a series of random-effects multi-level models using the
rma.mv function in metafor. These models were built with a priori determined combinations of

fixed effect moderator variables (fitness category, thermoregulation, and mean body mass) that
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included random effects to account for among- and within-study variation (i.e., multiple r values
contributed by individual studies). One estimate for South American sea lions (Otaria flavescens)
had M, RMR, and Zr values at the extreme tail of the distribution, which had significant leverage on
model selection, therefore we excluded this single estimate from further analysis. We used Akaike
Information Criterion corrected for small sample sizes (AICc) to evaluate the relative rankings of
these candidate models, then quantified relative support for each model using Akaike’s weights
(wi). We assessed the highest ranked model for consistency of effect sizes among- and within-
studies, and quantified this heterogeneity using I? statistics from analyses of the meta-regression
model. We considered effects that had 95% Cls that were non-overlapping with zero to be

significant.

Publication bias, missing data, and sensitivity

We evaluated the evidence for publication bias in our meta-analysis by constructing funnel plots of
standard error and effect size, to visually identify asymmetry in the data. We also applied a rank
correlation test (Kendall’s 7) on the meta-regression model to measure asymmetry. To determine
other sources of bias, we also plotted Zr against sample size (n), and absolute values of Zr (|Zr|)
against journal impact factor, and |Zr| against publication year, grouping the data by studies that
originally reported the correlation as either significant or non-significant at p = 0.05. Finally, we
checked the sensitivity of our overall effect size to the removal of active MR from the fitness
categories, as active MR was expected to be partially correlated with RMR for functional reasons
described by the aerobic capacity model for the evolution of endothermy (Bennett and Ruben 1979;

Hayes and Garland 1995; Hayes 2010).
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Results

Data description

The quantitative meta-analysis revealed 114 studies that investigated 355 correlations between
metabolic rate and one of eight fitness or fitness-related traits (for full dataset see Table S1). The
dataset was dominated by laboratory-based measurements of fitness (88%), where active MR was
the most common fitness-related trait category (27%), and mammals were the most commonly
measured taxonomic group (39%). The data structure is summarized in Table S2 and Table S3. We
did not apply a phylogenetically informed analysis because of the considerable over-dispersion and
sparseness of related taxa (Table S2), however representation of endotherms and ectotherms was
more balanced (n = 201 and n = 154, respectively). We therefore considered thermoregulatory
strategy (endotherm or ectotherm) to be a fundamental moderator variable for taxonomic

differences in RMR.

Meta-regression

The complete table of meta-regression models and their rankings are presented in Table S4. The
highest-ranking model (output presented in Table S5) included the moderator variables of fitness
category, thermoregulation, and their interactions. The overall effect size of the relationship
between RMR and all fitness categories for the highest ranked meta-regression model was positive
(Zr = 0.157 + 0.049). The null meta-regression model that included study identification as a random
factor had the highest heterogeneity among-studies (1%among = 55.0%) compared to the moderate
heterogeneity within-studies (I2within = 36.4%). The highest ranked meta-regression model was
similarly heterogeneous (1%among = 57.3% and Iitin = 33.1%), such that the inclusion of moderator
variables did not change among- and within-studies variance substantially. Forest plots showing the

heterogeneity in Zr among-studies are presented separately for ectotherms (Fig. 1) and endotherms

(Fig. 2).
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Moderator variable — fitness category x thermoregulation

The effect size of the relationship between RMR and fitness was strongly dependent on the fitness
categories (Fig. 3; Table S5). At a standardized body size (median endotherm body mass:

log:0M = 1.38), the mean effect sizes for fitness-related traits were positive on average, except for
aerobic capacity for both ectotherms and endotherms, and movement/activity for endotherms

(Fig. 3). Active MR and dominance both positively correlated with RMR, and their 95% Cls were
non-overlapping with zero for both endotherms and ectotherms. Boldness in endotherms had a
strongly positive effect on RMR, but also had a relatively large 95% CI. Movement/activity had
opposing relationships with RMR dependent on thermoregulation strategy, where active ectotherms
had a weakly positive relationship with RMR, and active endotherms had a weakly negative
relationship with RMR (Fig. 3). Confidence intervals around Zr estimates for aerobic capacity and
growth substantially overlapped with zero. We did not find strong evidence to suggest that fitness
(reproduction and survival traits) is related to RMR (Fig. 3). For both endotherms and ectotherms,
the confidence intervals for both reproduction and survival substantially overlapped with zero,

where the estimate for survival was remarkably close to zero (Fig. 3).

Evidence for publication bias, missing data, and sensitivity

The effect size within each study had a distinct relationship with the sample size of the study, where
large Zr values were only detected at low n, and at high sample size the effect size converged
toward zero in a funnel-like pattern (Fig. 4). There is likely some publication bias toward large,
positive relationships, particularly at smaller sample sizes, where there is a notable absence of data
for Zr = 0 and strong negative relationships at the lowest sample sizes (Fig. 4). We detected some
publication bias in our data. Visually, there were high numbers of published positive effects and an
absence of published non-significant high variance data, particularly for endotherms (Fig. S2).
Statistically, the rank correlation test for funnel asymmetry suggested marginal publication bias

(Kendall’s 7=10.068, p = 0.059). Together, these suggest that there may be publication bias in the
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endotherm literature, which if accounted for, would reduce the overall effect size of the relationship
between RMR and fitness or fitness-related traits. Interestingly, we identified weak negative
correlations between |Zr| and journal impact factor (Pearson’s r = -0.224 [-0.459, 0.006 95% Cl]J;
Fig. S3), and |Zr| and publication year (Pearson’s r = -0.196 [-0.295, -0.094 95% CI]; Fig. S4), such
that some studies finding large effect sizes were published earlier or in lower impact journals. The
finding that RMR was overall positively related to fitness was relatively insensitive to excluding
active MR from the dataset, where the overall effect size estimate was only marginally reduced (Zr

=0.154 £ 0.059 compared to Zr = 0.157 + 0.049 from the full dataset).

Discussion

Our systematic and quantitative meta-analysis provides evidence that resting metabolic rate (RMR)
has a positive relationship with fitness-related traits, but no consistent relationship with the fitness
components of reproduction and survival. The relationships we observe are complex, and dependent
upon the type of fitness measure and the biology of the animal. We found significant effects of
moderator variables including fitness category, and interactions between fitness category,
thermoregulation, and body mass. Our findings resolve the gap in knowledge of how some RMR-
fitness relationships vary across different fitness traits and biological contexts, but also identify very
significant gaps in our understanding of the relationship between RMR and fitness. Here, we
discuss explanations for the empirical patterns we observed and suggest future key directions for the

field to pursue to resolve outstanding questions.

Patterns of RMR correlations with fitness-related traits differ markedly by trait, but generally
support the increased intake hypothesis

RMR is the energy required to maintain ‘metabolic machinery’ and is an inherent biological cost of
living. The ‘context dependent” hypothesis predicts that the relationship between RMR and fitness

will change dependent on context because resource availability fluctuates spatially and temporally
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(Careau and Garland 2012; Burton et al. 2011). Sometimes, RMR will be positively correlated with
fitness, such as when higher RMR represents increased capacity and the higher maintenance costs
associated with a fast metabolism are outweighed by fitness benefits (‘increased intake’
hypothesis). Other times (e.g., under resource limitation), RMR will be negatively correlated with
fitness if lower RMR represents lower maintenance costs and greater allocation of energy to fitness-
related traits (‘compensation’ hypothesis). We found that many fitness-related traits and
reproduction were positively correlated with RMR, which provides stronger support for the
‘increased intake’ hypothesis (13 out of 16 estimates were positive and five of these were clearly
different from zero). Another recent meta-analysis also found generally positive covariation
between MR and behaviour, providing greater support to the ‘increased intake’ hypothesis (Mathot
et al. 2019). Although different types of behaviours altered the covariation with MR, these findings
are congruent with our general findings that also include performance traits and fitness proxies.
Below, we outline some testable hypotheses to explain our findings.

Unsurprisingly, we found that active MR was positively and significantly correlated with
RMR. Another recent meta-analysis that investigated the relationship between minimum MR and
maximum MR across vertebrate taxa found positive intra- and inter-specific correlations between
the traits (Auer et al. 2017). This correlation is hypothesized to arise due to a mechanistic link
between resting and maximum metabolic rates (Killen et al. 2016). Importantly, the exclusion of
this mechanistic correlation between RMR and active MR did not significantly change the overall
positive RMR-fitness relationship, despite active MR being one of the most frequently studied
fitness-related traits in our meta-analysis. Although RMR and active MR are positively correlated,
their relationship is allometric (less than proportional) (Killen et al. 2016) and consequently
individuals that have a high RMR relative to their active MR could have a reduced aerobic scope.
Across both ectotherms and endotherms, the relationship between RMR and aerobic capacity (here
which includes aerobic scope and costs of transport) is negative but also overlaps with zero. The

different relationships between active MR and RMR (positive) and aerobic capacity and RMR
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(negative but overlapping with zero) suggests that the positive relationship between RMR and
aerobic capacity may arise because active MR represents and additive combination of RMR and an
“activity energy expenditure (AEE)” component of active MR (e.g. active MR = RMR + AEE;
Portugal et al. 2016; White et al. 2011). In such a scenario, active MR and RMR may be positively
correlated even when there is no correlation between AEE and RMR (White et al. 2011; Portugal et
al. 2016).

‘Boldness’ is not a single trait, but rather a complex axis of personality (Réale et al. 2007).
Here, we categorized a range of traits that includes exploration-avoidance, escape behaviour, and
‘boldness’ measures because sample size was too low to make meaningful comparisons if boldness
was subdivided into different personality axes or proactive-reactive behaviour categories. The
significant positive RMR-boldness correlation in endotherms could imply that individuals that have
an increased energy intake to maintain high RMR are those that are in relatively good condition and
have less to fear (Careau et al. 2008), however this correlation had large associated error and is
estimated from a small sample (n = 8). Although the association between RMR and boldness was
weakly positive for ectotherms, this was less consistent between studies. For example, in our dataset
there were opposing signs of effect sizes for the association between RMR and latency to emerge
from a shelter into a novel habitat and time remaining in an open arena (e.g., Herrera et al. 2014;
Martins et al. 2011). In contrast, dominance was clearly positively correlated with RMR for both
ectotherms and endotherms. Dominant individuals are often those that can acquire more resources
(territory, food, or mates), and in accordance with the increased intake hypothesis, these individuals
should be able to maintain high RMR in non-limiting conditions (Careau et al. 2008; Careau and
Garland 2012; Turbill et al. 2013). However, the relatively large effect size may be inflated by early
studies that found large effects from small samples (e.g., Raskaft et al. 1986), as more recent studies
with much larger samples sizes typically identify far smaller effects (e.g., Radwan et al. 2004).

The correlation between RMR and movement/activity was significantly affected by

thermoregulatory strategy; it was negative for endotherms and positive for ectotherms. Transport
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costs do not differ between endotherms and ectotherms (White et al. 2016), but reptiles expend a
smaller proportion of their non-resting daily energy expenditure on locomotion than mammals
(Christian et al. 1997), presumably because reptiles travel shorter distances each day. The different
relationships between RMR and movement/activity for endotherms and ectotherms therefore might
arise because of the differences in energy allocation to movement/activity between these groups.
For example, RMR and activity levels might be correlated in ectotherms because they expend
relatively little on movement/activity such that they can increase their intake to facilitate a more

productive lifestyle (Careau et al. 2008; Le Galliard et al. 2013).

Patterns of RMR correlations with direct measures of fitness are non-significant

The two categories that are most direct measures of fitness, reproduction and survival, both
exhibited non-significant correlations with RMR. The weak positive correlation of reproduction
with RMR, particularly in endotherms, again suggests that individuals that can maintain a high
RMR could sustain a more productive lifestyle and allocate more resources to reproduction,
however this is not a consistent correlation between studies. Genetic correlations have even
revealed positive associations between RMR and reproductive traits when phenotypic correlations
show the opposite association (Boratynski et al. 2013). Different reproductive traits within the same
study system can even show support for both positive and negative relationships with RMR within-
and between-individuals, illustrating the complexities of the bioenergetics of reproduction (Ameri et
al. 2020). Survival had an essentially zero correlation with RMR, which could be explained by
context-dependent probabilities for low and high RMR individuals to die. A high RMR individual
could die from engaging in risky activities or from shifts in conditions that limit resources to
maintain high RMR, and a low RMR individual might die from starvation or predation if they have
low performance values, as might be plausible for the RMR-fitness-related traits relationships we
have described above. Further, survival probability may simply be related to stochastic processes

that acts indiscriminately on individuals with any RMR, or because stabilizing selection removes
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414  individuals with extreme high or low RMR (e.g., Artacho and Nespolo 2009). Recent studies

415  published after our systematic search demonstrate a range of correlations that further suggest taxa-
416  and context-dependence; snails demonstrate a positive, stabilising correlation between RMR and
417  survival probability (Bech et al. 2020), many tropical birds show a negative correlation between
418 BMR and survival (Boyce et al. 2020; Scholer et al. 2019), and BMR has no correlation with

419  survival in root voles (Ksigzek et al. 2017). More pertinently, why more direct measures of ‘true’
420 fitness do not correlate with RMR remains to be tested, and these findings places the relevance of
421  statements about traits that are ‘fitness proxies’ in doubt as reasonable proxies for fitness, unless
422  they are validated within the study itself.

423

424  Moving forward with testable hypotheses in evolutionary physiology

425  Most explanations of the patterns we observe rely on the increased intake hypothesis; individuals
426  that can acquire and process adequate energetic resources to maintain a relatively high cost of

427  maintenance metabolism should also perform well or have higher fitness. Testing this hypothesis
428 relies on variation in resource availability, so that resource acquisition and intake can vary. Yet,
429 laboratory experiments (which constitute most studies in our meta-analysis) typically provide food
430 ad libitum, which is unlikely to cause trade-offs for energetic allocation (Burton et al. 2011). Even
431  if the experimental organisms have their RMR measured under a post-absorptive or food deprived
432  state, the general abundance of resources outside of this measurement period will likely not induce a
433  physiological response akin to resource limitation. RMR may not represent a substantial enough
434  energy cost that would cause these organisms to divide resource allocation between RMR and

435  fitness-enhancing traits. If sampling is inherently biased toward the tail of the distribution of fit (or
436  high condition) individuals, where only those that have already survived to adulthood and are

437  inherently more active are measured, then the true relationship between fitness and RMR could be

438  under- or over-estimated.
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Reconciling whether differences in RMR-fitness relationships across taxa are a function of
resource limitation (or lack thereof) or artefacts of other experimental conditions requires controlled
experiments to replicate conditions that are experienced by natural populations. Model systems
could measure the effects of fluctuating resource availability and environmental conditions on the
RMR-fitness relationship (Norin and Metcalfe 2019). Likewise, the relationship between RMR and
fitness has been postulated to be context-dependent (Burton et al. 2011), but explicit tests for the
effect of context within a study system are only recently gaining traction (e.g., Liu and Fu 2017;
Auer et al. 2018; Zeng et al. 2017; Killen et al. 2013). These empirical studies have so far
demonstrated support for the context-dependence of the MR and performance trait relationships,
particularly when food availability is manipulated, which might weaken the generally positive
relationship between RMR and fitness-related traits. To explore how context mediates the RMR-
fitness relationship, it needs to be assessed across a range of environments (e.g., thermal,
nutritional, or social) to disentangle contextual variation that is currently confounded by taxonomy,
variation in experimental conditions, and in methodology of both RMR and fitness measures. For
example, RMR-fitness component relationships can be sex-dependent, where males and females
could differ in their energetic requirements, which will also vary with age (Boratynski et al. 2018).
Important contextual information such as sex and age but likely contribute to residual variation, but
these are not often determined or reported. Experimental designs that test RMR-fitness relationships
within multiple environmental or treatment levels can also examine the slope of the RMR-fitness
relationship across these levels from a reaction norm perspective to identify whether the
relationship is plastic (Norin and Metcalfe 2019). Similarly, undertaking tests of the RMR-fitness
relationship for a single species at multiple points in space and time would make it possible to
determine if the RMR-fitness relationship shows spatiotemporal variability under natural
conditions.

Whatever approach is taken, our meta-analysis highlights the need for careful replication.

Some of the strongest RMR-fitness correlations were in earlier studies that used few samples; a
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compelling example of the ‘winner’s curse’, where early detection of a significant effect leads to
inflated estimates, and subsequent findings of similar effects are much reduced or closer to zero

(Button et al. 2013).

Conclusion: is metabolic rate related to fitness?

Through undertaking a systematic meta-analysis, we have identified substantial gaps in empirical
studies investigating the links between RMR and fitness traits for both ectotherms (i.e., growth,
reproduction, survival) and endotherms (i.e., boldness, growth, survival). Overall, we found a
positive relationship between RMR and fitness traits, which was inconsistent between different trait
categories. Two recent meta-analyses (Mathot et al. 2019; Auer et al. 2017) both demonstrate
positive but variable relationships between MR and aerobic performance traits and behaviours in
animals, to which our meta-analysis adds on other fitness-related traits and fitness directly and
substantiates their findings. We identified that biases include insufficient taxonomic representation
in empirical studies apart from mammals, birds, and fish, and a concerning magnification effect of
small sample sizes on the strength of correlations. Additional studies that are appropriately
replicated are required to reduce publication bias, and to achieve more precise estimates of the
effect sizes for these trait categories and within under-represented taxa.

‘Fitness’ has often been used as a vague term in comparative evolutionary physiology that
constitutes both direct measures of fitness (lifetime reproductive success) and a vast array of traits
that are more appropriately described as measures of performance, as well as proxies for fitness, or
components of fitness. Our meta-analysis demonstrates decisively that a given fitness-related trait
cannot be substituted for another ad hoc to necessarily retain a similar relationship with fitness and
nor should they explicitly be considered to be related to fitness. Reproduction and survival are also
not freely interchangeable measures of fitness (present findings; see also (Pettersen et al. 2015)).
Here, we have summarized the current state of knowledge from the available empirical literature:

RMR is often positively related to fitness-related traits, but we are unable to determine the
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relationship between RMR and fitness per se, because our systematic meta-analysis includes no
studies that determined the relationship between RMR and lifetime reproductive success. The only
study of the relationship between RMR and lifetime reproductive success that we are aware of
found that the relationship was complex, and that fitness was highest for individuals that exhibited
high RMR in one life stage and low RMR in another (Pettersen et al. 2016). More studies
examining the relationship between RMR and actual fitness (lifetime reproductive success) are
sorely needed. There is now opportunity for future studies to discern the conditions under which

RMR does and does not affect fitness and the mechanisms of these relationships.
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Figure legends

Fig. 1 Forest plot showing heterogeneity in effect size (Zr) among-studies on ectotherms included
in the meta-analysis. n = number of RMR-fitness relationships observed within each study, and
error bars show 95% Cls. The overall meta-analysis Zr value (+95% Cls) is shown with the dashed

black line and grey shaded area. Size of data points reflects n within each study

Fig. 2 Forest plot showing heterogeneity in effect size (Zr) among-studies on endotherms included
in the meta-analysis. n = number of RMR-fitness relationships observed within each study, and
error bars show 95% Cls. The overall meta-analysis Zr value (+95% Cls) is shown with the dashed

black line and grey shaded area. Size of data points reflects n within each study

Fig. 3 Effect size (Zr) estimates and 95% Cls of RMR-fitness relationships predicted from the
highest-ranked meta-regression model (see main text, Table S4 and Table S5) across eight fitness
categories (six fitness-related trait categories and two fitness categories) and between ectotherms

(blue) and endotherms (red)

Fig. 4 Relationship between sample size (n) and effect size (Zr) of the relationship between
metabolic rate and fitness components. Effect size is expressed as Fisher’s Z-standardized
correlation coefficients. Relationships reported as significant (p < 0.05) in their original publication
are shown in orange and non-significant (p > 0.05) are shown in blue. Dashed black line represents
Zr =0, solid orange line is the intercept of the null meta-regression for reported significant

relationships (+ 95% CI; dashed orange line, n = 133), and solid blue line is the intercept of the null

meta-regression for reported non-significant relationships (+ 95% CI; dashed blue line, n = 221)
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