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Synopsis  Metabolic rate (MR) usually changes (scales) out of proportion to body mass (BM) as MR = aBM?, where a is a nor-
malisation constant and b is the scaling exponent that reflects how steep this change is. This scaling relationship is fundamental
to biology, but over a century of research has provided little consensus on the value of b, and why it appears to vary among
taxa and taxonomic levels. By analysing published data on fish and taking an individual-based approach to metabolic scaling, I
show that variation in growth of fish under naturally restricted food availability can explain variation in within-individual (on-
togenetic) b for standard (maintenance) metabolic rate (SMR) of brown trout (Salmo trutta), with the fastest growers having
the steepest metabolic scaling (b & 1). Moreover, I show that within-individual & can vary much more widely than previously
assumed from work on different individuals or different species, from -1 to 1 for SMR among individual brown trout. The
negative scaling of SMR for some individuals was caused by reductions in metabolic rate in a food limited environment, likely
to maintain positive growth. This resulted in a mean within-individual b for SMR that was significantly lower than the across-
individual (“static”) b, a difference that also existed for another species, cunner (Tautogolabrus adspersus). Interestingly, the
wide variation in ontogenetic b for SMR among individual brown trout did not exist for maximum (active) metabolic rate
(MMR) of the same fish, showing that these two key metabolic traits (SMR and MMR) can scale independently of one another.
I also show that across-species (“evolutionary”) b for SMR of 134 fishes is significantly steeper (b approaching 1) than the mean
ontogenetic b for the brown trout and cunner. Based on these interesting findings, I hypothesise that evolutionary and static
metabolic scaling can be systematically different from ontogenetic scaling, and that the steeper evolutionary than ontogenetic
scaling for fishes arises as a by-product of natural selection for fast-growing individuals with steep metabolic scaling (b ~ 1)
early in life, where size-selective mortality is high for fishes. I support this by showing that b for SMR tends to increase with
natural mortality rates of fish larvae within taxa.

Introduction more than a century of research on metabolic scaling

Metabolic rate is intimately related to body mass, but
when mass increases, metabolic rate usually increases
less. This disproportionate scaling relationship between
metabolic rate (MR) and body mass (BM) can be de-
scribed by a simple power function, MR = aBM?, where
a is a normalisation constant and b the scaling expo-
nent that reflects how steep the change in metabolic
rate with body mass is (the linear slope on logarith-
mic axes). This metabolic scaling relationship is fun-
damental to biology and widely applied, but despite
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we still know surprisingly little about why metabolic
rate scales out of proportion to body mass, and why
there appears to be variation in b among taxa and tax-
onomic levels (Glazier 2005, 2010, 2014, 2018; White
et al. 2006; Capellini et al. 2010; DeLong et al. 2010;
White & Kearney 2013, 2014; Harrison 2017; Hatton
et al. 2019; Koztowski et al. 2020). A better knowledge
of metabolic scaling is fundamentally important for un-
derstanding biological patterns and ecosystem dynam-
ics, as it allows us to predict at what rates individuals
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Growth, mortality, and metabolic scaling

and species of different sizes expend energy and need
to consume resources such as food and oxygen from
the environment. For example, metabolic scaling is an
integral part of influential growth models (von Berta-
lanffy 1957; West et al. 2001; Hou et al. 2008) and of
size-based models predicting animal distributions and
responses to climate change (Dillon et al. 2010; Cheung
etal. 2013; Deutsch et al. 2015, 2020). The importance of
understanding metabolic scaling is clear, yet it remains
one of the most debated and controversial topics in bi-
ology (Glazier 2005, 2018; White 2010; Harrison 2017,
2018; Koztowski et al. 2020).

Metabolic rate was initially thought to scale in geo-
metric proportion to the surface area of animals, result-
ing in b ~ % (Rubner 1883), a value of b that has been
reiterated more recently for mammals and birds (White
& Seymour 2003; White et al. 2006; Roberts et al. 2010),
although not necessarily due to geometric constraints
on heat loss over the body surface (White & Seymour
2004). Later, however, an empirical value of b ~ ‘—31 was
repeatedly found and considered a scaling law in biol-
ogy (“Kleiber’s law”) (Kleiber 1932, 1947; Brody 1945;
Hemmingsen 1960), with later fractal network theory
explaining this 2-power scaling “law” as arising uni-
versally due to fixed physical constraints on the trans-
port of resources (e.g., oxygen and nutrients) through
branching vessels in the body (West et al. 1997, 1999).
While canonical %—power scaling of metabolic rate is
still widely promoted (e.g., Banavar et al. 2010; Sibly et
al. 2012; Brown et al. 2018) and applied (e.g., Dillon et al.
2010; Deutsch et al. 2020), there is increasing awareness
that b varies among different taxonomic groups (Glazier
2005; White et al. 2006; White et al. 2009; Capellini et
al. 2010), among endo- and ectotherms (White et al.
2007), across life’s evolutionary transitions (DeLong et
al. 2010; Uyeda et al. 2017), with temperature and life-
style (Killen et al. 2010; Glazier 2010, 2020), among dif-
ferent states of activity within the same animal (rest-
ing vs. active metabolic rates; Weibel & Hoppeler 2005;
White et al. 2007; Glazier 2008, 2009, 2020), and with
a suite of other physiological and ecological conditions
(Glazier 2010, 2014, 2018; Harrison 2017; Kozlowski et
al. 2020).

Variation in growth has also long been proposed as an
important driver of variation in metabolic rate and its
body-mass-scaling (Epp & Lewis 1980; Riisgaard 1998;
Glazier 2005, 2015; Czarnoteski et al. 2008; Hatton et
al. 2019), although this idea has been overshadowed
by the dominating view in the very influential fractal
network theory (West et al. 1997, 1999; Banavar et al.
2010), metabolic theory of ecology (Brown et al. 2004),
and ontogenetic growth models (West et al. 2001; Hou
et al. 2008), which is that growth adjusts to metabolic
rate rather than metabolic rate adjusting to growth. Still,
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many researchers have embraced the variation that ex-
ists in b and are now trying to explain it for what it is,
rather than explaining why it is not £ or 2. Despite this,
the causes of variation in b among taxa and taxonomic
levels remain debated.

Variation in scaling relationships among taxonomic
levels has received more attention in other branches of
allometry (Gould 1975; Lande 1979; Cheverud 1982;
Pélabon et al. 2013; Voje et al. 2013; Tsuboi et al. 2018).
For example, Tsuboi et al. (2018) have shown that the
scaling of mammalian and avian brain size with body
size across species (termed “evolutionary” scaling) is
steeper than scaling across individuals within species
(so-called “static” scaling). They interpret this reduc-
tion in scaling exponents at lower taxonomic levels
as a reduced allometric constraint on brain-body size
evolution, which has facilitated the encephalisation of
mammals and birds compared to other animal taxa
(Tsuboi et al. 2018). Thus, understanding how evolu-
tionary scaling of metabolic rate relate to metabolic
scaling at static and ontogenetic levels may also provide
important insight into constraints on the (co)evolution
of metabolic rate and body mass. However, the evolu-
tion of metabolic scaling and its constraints have only
been given attention relatively recently (Beaman et al.,
preprint; Czarnoteski et al. 2008; Glazier et al. 2011,
2020; Uyeda et al. 2017; White et al. 2019; Kozlowski
etal. 2020), and scaling of metabolic rate over ontogeny
has been investigated almost exclusively for different in-
dividuals at different life stages; variation between in-
dividuals in true ontogenetic scaling (scaling within an
individual as it grows) has received virtually no atten-
tion (e.g., Beaman et al., preprint; Maxwell et al. 2003;
Norin & Gamperl 2018; Ye et al. 2021), despite natural
selection acting on variation between individuals.

Using published data on fish, I here investigate
and compare how both the standard (maintenance)
metabolic rate (SMR) and the aerobic maximum (ac-
tive) metabolic rate (MMR) scale with body mass across
species (evolutionary scaling), across individuals of the
same age within species (static scaling), and within in-
dividuals as they grow (ontogenetic scaling). I do this
by combining phylogenetically-informed data on the
evolutionary scaling of SMR and MMR across 134 and
114 species of ray-finned fish, respectively, with data on
static and ontogenetic scaling of metabolic rate from
68 and 33 individuals of two of these species (cun-
ner, Tautogolabrus adspersus, and brown trout, Salmo
trutta, respectively). I also examine if variation in onto-
genetic metabolic scaling can be explained by variation
in growth rate among individuals, and if ecological fac-
tors such as natural mortality rates early in life (where
fish need to grow fast to escape size-selective mortality;
Sogard 1997) can explain variation in metabolic scaling
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later in life (of juveniles or adults for which metabolic
scaling has primarily been investigated before).

Materials and methods

Data were analysed using Rv. 4.0.2 (R Core Team 2020).
Data and R script, including model structures and val-
idations, were uploaded for reviewers and editors at
manuscript submission, and are archived in a citable
format on figshare: https://doi.org/10.6084/m9.figshar
€.19619895.

Evolutionary metabolic scaling

The literature-derived dataset used to assess evolu-
tionary (across-species) scaling of SMR and MMR
with body mass is an updated version of the dataset
from Killen et al. (2016), where criteria for including
metabolic rate data are described. The dataset contains
SMR and MMR values from 140 and 115 species, re-
spectively, of juvenile or adult ray-finned fish (class
Actinopterygii).

I analysed evolutionary metabolic scaling relation-
ships using phylogenetically-informed models. First, I
extracted phylogenetic information from The Fish Tree
of Life (Rabosky et al. 2018) and matched it to the
species in the metabolic rate dataset using the package
fishtree (Chang et al. 2019). There was no or dichoto-
mous information available for six species, which were
removed from the dataset, reducing it to 134 and 114
species for SMR and MMR, respectively. I then analysed
these data using phylogenetic generalised least squares
(PGLS) models in the package ape (Paradis & Schliep
2019). Each PGLS model had log;,-transformed whole-
animal SMR or MMR as a response variable, while
logo-transformed body mass and the temperature at
which metabolic rate was measured in the original study
were included as fixed effects. Phylogenetic correlation
was estimated using Pagel’s A (Freckelton et al. 2002).

For graphical presentation, metabolic rates of each
species were adjusted to a common temperature of 15°C
by adding residuals from the respective PGLS model for
SMR or MMR to the metabolic rates predicted by the
models when keeping temperature fixed at 15°C.

Since metabolic rate is most often estimated as oxy-
gen uptake rate, and researchers tend to favour smaller
individuals or species that are more easily accommo-
dated in respirometry chambers, it is possible that this
potential bias towards smaller-sized animals could af-
fect metabolic scaling relationships. To assess this, I ex-
tracted estimated asymptotic and maximum observed
lengths for the species in the dataset from FishBase
(Froese & Pauly 2019) and converted these to body
masses using the length—weight relationships also pro-
vided in FishBase. Since asymptotic and maximum ob-
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served sizes often differed, I took the mean of these two
measures as a single measure of maximum body mass.
I also calculated the relative body mass of each species
in the dataset by dividing the body mass at which the
species was measured for metabolic rate with its esti-
mated maximum body mass. Maximum body mass es-
timates were only available from FishBase for a subset
of the species in the metabolic rate dataset (121 species
for SMR, 109 for MMR), so I ran separate PGLS mod-
els on this reduced dataset to assess the influence of
species-specific maximum and relative body mass on
metabolic scaling. These PGLS models were structured
as the PGLS models already described above, except
that either log-transformed maximum body mass or
log;o-transformed relative body mass was included as
an additional fixed effect.

Static and ontogenetic metabolic scaling

Data allowing for analyses of both static (across-
individual) and ontogenetic (within-individual) scaling
of metabolic rate were available for two fishes: cun-
ner (Tautogolabrus adspersus) from Norin & Gamperl
(2018) and brown trout (Salmo trutta) from Norin
& Malte (2011). These cunner and brown trout were
hatchery-reared fish from wild-caught parents, with in-
dividuals from each species kept in the same tank and
being from the same respective cohorts and age. All fish
were kept and measured at the same temperature (15°C)
in the original studies.

Norin & Gamperl (2018) measured the metabolic
rates and body masses of the same 68 individual cun-
ner five times over a 10-month period. The full body
mass range of the cunner during this period spanned
from 0.45 g for the smallest individual at the first mea-
surement to 19.5 g for the largest individual at the fifth
measurement, with the mean body mass of the 68 fish
spanning a 4.0-fold range, from 1.63 g at the first mea-
surement to 6.46 g at the fifth measurement. The body
masses of individuals within each of the five measure-
ments spanned a 10.1-fold range on average across the
five trials.

Norin & Malte (2011) measured the metabolic rates
and body masses of the same 33 individual brown trout
four times over a 15-week period. The full body mass
range of individual trout during this period spanned
from 20.7 g for the smallest individual at the first mea-
surement to 68.2 g for the largest individual at the fourth
measurement, with the mean body mass of the 33 fish
spanning a 1.7-fold range, from 32.3 g at the first mea-
surement to 54.0 g at the fourth measurement. The body
masses of individuals within each of the four measure-
ments spanned a 1.9-fold range on average across the
four trials.
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Growth, mortality, and metabolic scaling

The data for brown trout were not analysed for scal-
ing relationships in the original study, and all data, in-
cluding those for cunner, were therefore re-analysed
here. I analysed ontogenetic (within-individual) and
static (across-individual) scaling simultaneously (in the
same model) using linear mixed-effects (LME) models
in the package Ime4 (Bates et al. 2015) and following
the “within-subject centring” method recommended by
van de Pol & Wright (2009). Each LME model had
log;o-transformed whole-animal SMR or MMR as a re-
sponse variable, logo-transformed body mass as pre-
dictor variable (fixed effect), and individual fish ID as
a random effect. Following the guidelines of van de Pol
& Wright (2009), body mass was included twice in each
model to tease apart within- vs. across-individual re-
lationships: each individuals mean body mass across
all five (cunner) or four (brown trout) trials was sub-
tracted from its body mass at the time of each trial, and
these mean-centred values were used as a fixed effect
to express within-individual variation; the overall mean
body mass of each individual (the same value repeated
for each trial) was included as a separate fixed effect to
express across-individual variation.

Comparing evolutionary, static, and
ontogenetic metabolic scaling

Statistical differences between evolutionary, static, and
ontogenetic metabolic scaling exponents (b; model-
estimated slopes) were evaluated at the P = 0.017 level
to account for multiple comparisons. Pairwise compar-
isons between b for SMR (bsyr) and MMR (byivr)
within each of evolutionary; static, and ontogenetic lev-
els were evaluated at the P = 0.05 level. Comparisons
between static and ontogenetic b were done directly
within each LME model, as in van de Pol & Wright
(2009). All other comparisons were done by evaluating
if the confidence interval for the difference between es-
timates of b excluded zero.

Ontogenetic metabolic scaling and growth
rates

Relationships between within-individual b and specific
growth rates (% daily increase in body mass) from the
original studies over the 10-month growth period for
cunner (Norin & Gamperl 2018) and 15-week growth
period for brown trout (Norin & Malte 2011) were eval-
uated using Pearson’s correlation analyses. The cunner
were maintained on an ad libitum feeding regime and
fed ~2.5% of their mean body mass daily, while the
trout were maintained on a restricted feeding regime
and fed ~0.6% of their mean body mass daily.
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Metabolic scaling and mortality rates

To assess the possible influence of natural selection
during early life stages on metabolic scaling later in
life, T extracted estimates of natural mortality rates of
marine fish larvae from the literature (McGurk 1986;
Pepin 1991; Davis et al. 1991; Houde & Zastrow 1993).
As only few data existed on larval mortality rates and
metabolic scaling of the same species, I performed
these analyses at the order level. This was done for
orders for which SMR or MMR data of at least six
species were available in the multi-species (evolution-
ary) metabolic rate dataset (99 species for SMR, 83
for MMR). Metabolic scaling exponents for these or-
ders were estimated using PGLS models with log;o-
transformed whole-animal SMR or MMR as a response
variable, and log;o-transformed body mass, the tem-
perature at which metabolic rate was measured in the
original study, and order as fixed effects, with an in-
teraction between logjo-transformed body mass and
order.

Larval mortality rates of species from four orders
matched the orders with six or more species in the
metabolic rate dataset: Gadidae (n = 4 species), In-
certae sedis in Eupercaria (n = 3 species), Pleuronec-
tiformes (n = 2 species), and Scombriformes (n = 3
species). Larval mortality rates also existed in the lit-
erature for one species from the order Sparidae, which
were included in the analyses to increase sample size
due to Sparidaes close evolutionary proximity to In-
certae sedis in Eupercaria (Supplementary Material Fig.
S1A), despite metabolic rate data being available for
only three species within Sparidae. The scaling expo-
nents for SMR and MMR of Sparidae were therefore
assumed to be the same as those for Incertae sedis in
Eupercaria because of these taxa’s close evolutionary
proximity, which appears to be reasonable based on
where the metabolic rates of species from Sparidae fall
on the scaling relationships for Incertae sedis in Euper-
caria (Fig. S1D). Mortality rates of species for which
more than one estimate was available in the literature
were averaged. Since very few mortality rate estimates
existed for freshwater species, only data for marine
species were included. Relationships between model-
estimated bgyg or byvr and mean larval mortality rates
within orders were assessed using Pearson’s correlation
analyses.

Results

Comparing evolutionary, static, and
ontogenetic metabolic scaling

Evolutionary metabolic scaling across the 134 (SMR)
or 114 (MMR) fishes is steeper (higher b) than the
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mean ontogenetic scaling of both cunner and brown
trout (Fig. 1), although the difference is not significant
for MMR of cunner (P = 0.159). Static scaling is also
steeper than ontogenetic scaling, except for MMR of
trout (P = 0.381; Fig. 1). Evolutionary scaling is differ-
ent from (steeper than) static scaling only for SMR of
cunner (P = 0.014; Fig. 1). Scaling exponents for SMR
and MMR are significantly different within both static
and ontogenetic levels for both cunner and brown trout
(P 0.05), while bsyr tends to be higher than bypr at
the evolutionary level (P = 0.077) (Fig. 1).

Effect of species body size on evolutionary
metabolic scaling

At the evolutionary level, there are no effects of either
maximum body mass or relative body mass (i.e., at what
body mass metabolic rate was measured, relative to the
species’ maximum body mass) on the scaling expo-
nent for either SMR or MMR (PGLS, interactions be-
tween measured mass and estimated maximum or rela-
tive mass; 0.664 > P > 0.171), or the scaling coeflicient
(intercept) for SMR or MMR (PGLS, effects of estimated
maximum or relative mass; 0.104 > P > 0.095).

Ontogenetic metabolic scaling and growth
rates

Metabolic scaling exponents for SMR of individual
brown trout, which were fed a restricted ration of ~0.6%
of their body mass daily, correlate positively with the
fish’s growth rates (r = 0.701, P 0.0001; Fig. 2D).
There are no significant correlations between bgyr and
growth rate for the ad libitum fed cunner, or for byir
and growth rate for either cunner or trout (r = —0.003
to 0.168, P = 0.351 to 0.983; Fig. 2A-C).

Metabolic scaling and mortality rates at the
order level

While there are only little data available on natural lar-
val mortality rates and metabolic scaling of the same
taxa, the order-level scaling exponent for SMR tends
to increase with the mean mortality rate of larvae from
species within those orders (r = 0.825, P = 0.086; Fig.
3A). There is less indication of a relationship between
bymr and mortality rate (Fig. 3B), although, if anything,
this relationship appears to be negative (r = —0.766,
P=0.131).

Discussion

I find that evolutionary (across-species) metabolic scal-
ing for more than 113 fishes is significantly steeper
than ontogenetic (within-individual) scaling for the two
fishes for which within-individual data on metabolic
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scaling were available (cunner and brown trout), in par-
ticular for SMR (Fig. 1). Within the two species, I fur-
ther find that ontogenetic scaling is shallower than static
(across-individual) scaling. I also show that variation
in ontogenetic scaling of SMR, but not MMR, of the
brown trout can be explained by variation in growth
rate among individuals (Fig. 2). This strong relation-
ship between metabolic scaling and growth rate existed
only for the brown trout that were maintained on a
restricted feeding regime, and not for the ad libitum
fed cunner. While more data on within-individual on-
togenetic scaling is needed to confirm if the relation-
ship between metabolic scaling and growth is species-
specific, or exists for all species when food availabil-
ity is naturally restricted, my analyses have revealed
that b can vary much more widely than previously as-
sumed from work on different individuals or different
species, from -1 to 1 for ontogenetic scaling of SMR
(mean bgyr = 0.27; Figs 1E and 2D); nearly all the-
ories for metabolic scaling predict that b should fall
between ~§ and 1 (reviewed by Glazier 2005, 2018).
The strong correlation between bgyr and growth rate
of individual brown trout indicates that the observed
variation is real and biologically meaningful, and that
negative scaling of metabolic rate (within individuals)
is an overlooked phenomenon. Publication bias could
have further accentuated our poor understanding of
this phenomenon, because shallowly positive or nega-
tive scaling relationships may be more likely to be non-
significant and therefore less likely to be published.

A reduction in SMR in response to reduced food
availability, as observed here for some trout, is a
common observation among fish and other animals
(Mueller & Diamond 2001; Fu et al. 2005; Wang et al.
2006; Van Leeuwen et al. 2012; Auer et al. 2016); how-
ever, this has previously been thought to increase b, as
an inverse relationship between metabolic rate and its
scaling exponent is predicted when energy availability
is low (sensu the “metabolic-level boundaries hypothe-
sis”; Glazier 2005, 2010). While this is found to be true
at the across-individual level where it has been stud-
ied in the past (reviewed by Glazier 2005), and con-
firmed here (high static bgyr of brown trout; Fig. 1E-
G), my extended focus on within-individual scaling has
revealed biological patterns that would have been over-
looked with a traditional species-level focus: metabolic
scaling can be shallow and even negative at one level of
biological organisation (within individuals) while being
steep and positive at others [among (the same) individ-
uals and across species; Fig. 1]. Based on these interest-
ing findings, I hypothesise that the steeper evolutionary
than ontogenetic scaling observed here for fishes could
be a result of natural selection on growth rate; mortal-
ity is often very high in the early life stages of fishes
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Figure |.Scaling of metabolic rate with body mass at evolutionary, static, and ontogenetic levels in fishes. Evolutionary scaling (A) of
metabolic rate with body mass (BM) is shown for standard metabolic rate (SMR) and maximum metabolic rate (MMR) of 134 and | 14
species of ray-finned fish, respectively. Each data point represents a species, and the presented data have been adjusted to a temperature of
15°C using residuals from the PGLS regression for SMR (logjo SMR = —1.386  0.953 log;o BM  0.022 T;r? = 0.893, A = 0.869) or
MMR (logjo MMR = —0.624  0.878 logjo BM  0.020 T;r? = 0.878, 1 = 0.911). The coefficients for temperature translate to thermal
sensitivities (Qo) of 1.66 for SMR and 1.60 for MMR. Scaling equations shown on the panel are for the temperature-adjusted data. Static
and ontogenetic scaling (B-E) at 15°C are shown for cunner (Tautogolabrus adspersus) (B-C) and brown trout (Salmo trutta) (D-E). Mean
scaling exponents (b) are noted on panels A-E and compared in F-G using the same colour coding. Different lower-case letters in F-G
indicate significant differences (P 0.017) between exponents for either SMR or MMR, while pairs of asterisks indicate significant
differences between bsmr and bymr Within each taxonomic level (P 0.05). Full LME regressions for panels B-E are: (B) logjo MMR =
—0.286 0.833 logio BMon:  0.941 logio BMse (mr? = 0.968, .r* = 0.977); (C) logio SMR = —0.880  0.735 logjo BMon:  0.869 logio
BMsua (mr? = 0.949, .r? = 0.956); (D) logio MMR = 0.181  0.693 logjo BMone  0.781 logio BMsea (mr? = 0.726, .r? = 0.797);and (E)
logio SMR = —1.260 0.271 log|o BMon:  1.143 logjg BMs,. (mr2 =0.528, .2 = 0.805). The coefficients for BMon: and BMseae
represent the ontogenetic (within-individual) and static (across-individual) scaling exponents, respectively,and ,r? and .r? are marginal and
conditional r?, respectively. The mean within-species bsvr of 0.89 recently reported for 16 fishes (Jerde et al.2019) is included for
comparison with the static bsmg of cunner and brown trout (grey diamonds and grey dashed lines) and supports a general decrease in bsmg
from evolutionary across static to ontogenetic levels. Values in square brackets (A-E) and error bars (F-G) are 95% Cls. Data in A-E are
presented on logarithmic axes to linearise the relationship between metabolic rate and body mass.

(Houde 1997; Almany & Webster 2006; Hatton et al. A possible explanation is that it is selection happening
2019), so strong natural selection for fast-growing indi-  during the larval or early juvenile stages that shape evo-
viduals with steep metabolic scaling (bsyr & 1; Fig. 2)  lutionary scaling relationships, due to a genetic corre-
could be driving the steep evolutionary scaling of SMR  lation (pleiotropy) between metabolic rate and growth
(b also ~1; Fig. 1). This has preliminary support from  rate that exists only early in life (discussed further be-
the data on natural mortality rates (Fig. 3), which in-  low). The relaxation of such a genetic correlation later in
dicate that bgyr tends to be higher in fish taxa that ex-  life could allow metabolic rate and body size to diverge
perience high early-life mortality. But why then, is vari-  due to differential effects of a heterogeneous environ-
ation in metabolic scaling maintained within species?  ment on individual metabolic and growth rates (Norin
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Figure 2. Relationships between metabolic scaling exponents and
growth rates of individual fish. The ontogenetic scaling exponents
(b) for MMR (A, C) and SMR (B, D) of individual fish (the same
individuals as shown in Fig. IB—E) are unrelated to growth rates
(A-C), except for SMR under restricted food intake (D). Cunner
(A, B) were fed an ad libitum ration of ~2.5% of their body mass
daily over the 10-month study (Norin & Gamperl 2018), while
brown trout (C, D) were fed a restricted ration of ~0.6% of their
body mass daily over the |5-week study (Norin & Malte 201 1).
Note that || out of 33 individuals in panel D exhibit negative
scaling whereby SMR is reduced despite the fish growing; this is
likely caused by the energetic constraint resulting from the
restricted feeding regime, which forced a reduction in SMR in
some individuals (negative b) to maintain positive growth.

etal. 2016; Pettersen et al. 2020), thereby causing (more)
variation in metabolic scaling in the life stages for which
evolutionary (across-species) metabolic scaling is most
often quantified (older juveniles or adults). In this con-

T. Norin

text, it is important to also bear in mind that metabolic
scaling is nearly always estimated for animals kept for
different durations in the laboratory, usually in the ab-
sence of all of selection, mortality, and constraints on
growth, meaning that the variation we observe may not
always be representative of that in nature.

While the idea of metabolic scaling patterns being
driven by variation in growth fits well with the find-
ings for SMR of brown trout here, which were kept on
a naturally realistic (restricted) food regime and were
likely competing for food, b was unrelated to growth in
the ad libitum fed cunner. It is possible that the release
from an energetic constraint in the cunner (possibly due
to relaxed competition for food) removed the relation-
ship between ontogenetic bgyr and growth rate in this
species, such that all individuals were able to grow un-
hindered, with no need to adjust metabolic rate. That
is, despite metabolic rate varying ~2-fold among same-
sized individuals (Burton et al. 2011; Norin & Malte
2011), the ad libitum food regime allowed all individual
cunner to cover their metabolic demands, regardless of
having a relatively low or high metabolic rate for their
size. Since growth of fishes is tightly related to SMR but
not MMR (Auer et al. 2015, 2016; Norin et al. 2016), this
could also explain why ontogenetic, static, and evolu-
tionary scaling are more similar for MMR than for SMR
(Fig. 1), and why evolutionary bgyr tends to be higher
than evolutionary bygr (i.e., the influence of growth
on bgyr does not affect bypyr). In turn, the reversal of
this pattern at the lowest taxonomic level, evidenced by
steeper ontogenetic scaling of MMR than SMR (Fig. 1),
could be explained by the fitness advantage of keeping
maintenance costs relatively low throughout an indi-
vidual’s life (shallow ontogenetic scaling of SMR) while
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Figure 3. Relationships between metabolic scaling exponents and natural mortality rates of fish larvae. Model-estimated b for SMR (A)
and MMR (B) of juvenile or adult fish from different bony fish (teleost) orders and their correlations with the mean (& SE error bars)
natural larval mortality rates of different species within the orders, estimated in each species’ native marine environment. See Fig. S| for

plots of the metabolic scaling relationships for each order.
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maximising scope for aerobic activity (steep ontoge-
netic scaling of MMR relative to SMR) (Killen et al.
2016).

Given that the majority of fishes, along with most
aquatic invertebrates, generally produce many (even
millions) offspring that are spawned into the water or
onto the substrate and left to fend for themselves, it
is possible that the hypothesis of steep evolutionary
metabolic scaling being driven by strong natural se-
lection for fast ontogenetic growth out of the vulner-
able early-life stage only applies to these aquatic ec-
totherms. Indeed, mortality rates in aquatic ectotherms
scale steeper than for eukaryotes in general, with dis-
proportionately high mortality rates of fish egg and lar-
vae (Hatton et al. 2019). On the other hand, it is also
possible that variation among taxa in natural selection
pressures on growth systematically shapes evolutionary,
static, and ontogenetic metabolic scaling patterns for all
animals (and perhaps all organisms), such that evolu-
tionary scaling within a taxonomic group reflects the
average ontogenetic scaling of the surviving individuals
within that group. For example, the progressively shal-
lower scaling of maintenance metabolic rate (SMR in
ectotherms; basal metabolic rate in endotherms) found
for reptiles (bsmr & 0.8) as well as mammals and birds
(bsyr ~ %), relative to fish and amphibians (bsyr ~ 0.9-
1) (White et al. 2006; Fig. 1), could be caused by a relax-
ation of the selection pressure on fast early-life growth,
resulting in higher offspring survival in these lineages
(e.g., due to parental care and relatively large offspring).
This fits well with what is known from amphibians,
which experience high natural larval (tadpole) mortal-
ity (~95%; Melvin & Houlahan 2012) and, like fishes,
have steep metabolic scaling across species (bsyr = 0.9;
White et al. 2006). Nonetheless, more data on early-
life mortality rates and among-individual variation in
both within-individual metabolic scaling and growth
(for selection to act upon) are needed to evaluate if
size-selective mortality in early life could be a univer-
sal driver of (variation in) metabolic scaling.

A less exciting possibility is that the steeper evolu-
tionary than ontogenetic metabolic scaling observed
here for fishes is a statistical artefact of ontogenetic scal-
ing being analysed over a much narrower body mass
range than evolutionary scaling, which could statisti-
cally reduce the slope (scaling exponent), since the co-
variance between the independent (body mass) and de-
pendent (metabolic rate) variables may decrease rela-
tively more than the variance in the independent vari-
able does when the range in the independent variable
decreases (and the slope is calculated as the covariance
between the independent and dependent variables, di-
vided by the variance in the independent variable). This
could potentially also explain why ontogenetic scaling
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of the cunner is shallower than static scaling, as the
mean body mass range for ontogenetic scaling of the
cunner (4.0-fold) is narrower than that for static scaling
(10.1-fold). However, this is not the case for the brown
trout, where ontogenetic and static scaling were eval-
uated over similar body mass ranges (on average 1.7-
fold for ontogenetic and 1.9-fold for static scaling) but
mean ontogenetic scaling of SMR (b = 0.27) was still
(much) shallower than static scaling (b = 1.14). The less
pronounced differences between ontogenetic and evo-
lutionary scaling of MMR, compared to that of SMR,
for both the cunner and brown trout also argue against
a statistical artefact, as scaling of MMR was analysed
over the same body mass ranges as for SMR. Moreover,
a recent study on Nile tilapia (Oreochromis niloticus)
has also found shallower ontogenetic (mean b = 0.714
[95% CI, 0.695-0.733]) than static (b = 0.770 [95% CI,
0.740-0.801]) scaling of resting metabolic rate over a
much wider (32-fold) range in ontogenetic body mass
(Yeetal. 2021) compared to the cunner and brown trout
data analysed here. Thus, the differences in ontogenetic,
static, and evolutionary metabolic scaling observed here
for fishes could indeed be real biological differences.
That real differences exist for scaling at different tax-
onomic levels is also in agreement with early arguments
that evolutionary brain size allometries arise from static
or ontogenetic allometries when there is strong selec-
tion on body size (Gould 1975; Lande 1979; Riska &
Atchley 1985). Steeper scaling of brain size at higher
taxonomic levels has recently been confirmed in mam-
mals and birds and attributed to selection on early
growth periods (Tsuboi et al. 2018), with brain size co-
evolving with body size likely because genes affecting
both brain and body size are expressed simultaneously
(under pleiotropic gene control) early in life, whereas
genes affecting only body size dominate later in life
where selection for fast growth is relaxed (Riska & Atch-
ley 1985). If the same applies to metabolic rate, this pro-
vides a genetic mechanism for how the steep evolution-
ary metabolic scaling observed here can be a by-product
of selection for fast ontogenetic growth (to achieve a rel-
atively large body size) in the larval or juvenile stages.
The existence of a strong genetic correlation between
metabolic rate and body mass has indeed been found re-
cently within three insect species, three bird species, and
a mammal (White et al. 2019). If this genetic correlation
between metabolic rate and body mass weakens during
ontogeny, which is unknown, this allows metabolic rate
and body mass to change independently of one another,
causing more variable and lower b at lower taxonomic
levels for older juveniles or adults for which metabolic
scaling has predominantly been investigated. Thus, for
organisms in general, it is possible that more or less se-
lection for fast-growing individuals in early life simul-
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taneously and indirectly selects for more or less steep
metabolic scaling, and causes more or less steep evolu-
tionary scaling, as both growth and body size are her-
itable traits (Beaman et al., preprint; Mousseau & Roff
1987) while metabolic rate and its scaling appear less so
(Beaman et al.,, preprint; Pettersen et al. 2018; Fossen et
al. 2019).

That high mortality in early life may select for fast
growth and cause steep scaling of metabolic rate has also
been proposed before (Epp & Lewis 1980; Glazier 1991,
2005), but with a focus on explaining static, species-
level, scaling patterns. Glazier et al. (2011, 2020) have
also found evidence of shallower scaling of metabolic
rate in freshwater amphipod populations naturally se-
lected for slow growth; amphipods from springs where
adult mortality is high (due to size-selective predation
on large amphipods by fish) exhibit lower b, relative
to conspecifics from fishless springs. This is the op-
posite of what I propose for the metabolic scaling of
fish, where larger and faster-growing individuals gen-
erally have higher survival (Hutchings 1991; Sogard
1997)—something that also applies to aquatic inverte-
brates (Moran & Emlet 2001, Marshall & Keough 2007,
2008)—but supports that size-selective mortality affects
metabolic scaling exponents in the predicted direction
(high mortality of slow growers = high b, low mortality
of slow growers = low b).

A handful of earlier studies on primarily birds (Daan
et al. 1989; Piersma et al. 1995; Scott et al. 1996;
Lindstrom et al. 1999; Kvist & Lindstrom 2001), but
also a bat (McLean & Speakman 2000) and a rep-
tile (Maxwell et al. 2003), have also analysed within-
individual metabolic scaling relationships but found
mixed results when comparing with scaling across in-
dividuals; the studies on endotherms report mainly
higher (Daan et al. 1989; Scott et al. 1996; McLean
& Speakman 2000) but also lower (Kvist & Lindstrom
2001) scaling exponents within compared to across
individuals, or did not compare within- and across-
individual scaling (Lindstrom et al. 1999), while the rep-
tile study finds within- and across-individual scaling to
be the same (Maxwell et al. 2003). However, common
for all these studies is that they had relatively low sam-
ples sizes in their analyses of within-individual scaling
(two to nine individuals), and all the endotherm studies
investigated scaling of primarily adults for which body
mass changed due to changes in body composition re-
lated to season (migration or moulting) or to feeding,
fasting, or flying. Thus, for all but the reptile study, these
within-individual scaling relationships do not represent
ontogenetic metabolic scaling of growing individuals
that are developing during ontogeny, and more data are
needed to evaluate if metabolic scaling differs systemat-
ically across taxonomic levels, from ontogenetic across

T. Norin

static to evolutionary levels of biological organisation.
If metabolic rate scales systematically steeper at higher
taxonomic levels, as observed here for fishes, it can po-
tentially also explain the continuing debate over % Vs. i—
power scaling for mammals and birds: studies that have
analysed metabolic scaling within these groups (i.e., at
a relatively low taxonomic level) have found shallower,
%—power scaling (e.g., White & Seymour 2003; White et
al. 2006), while those that have combined mammals and
birds (a higher taxonomic level) have found steeper, i—
power scaling (e.g., Kleiber 1932; Gillooly et al. 2017).

In conclusion, the observed effects of growth (under
restricted food availability) and natural mortality rates
on metabolic scaling exponents support that metabolic
scaling is shaped by ecological factors (Witting 1998;
Glazier 2005, 2014, 2018; Killen et al. 2010; White &
Kearney 2013, 2014; Harrison 2017; Uyeda et al. 2017;
Hatton et al. 2019; Glazier et al. 2020), rather than be-
ing fixed by physical or geometric principles (West et
al. 1997, 1999; Banavar et al. 2010) that, in turn, con-
trol ecological processes (Brown et al. 2004; Sibly et
al. 2012). While others have also promoted an ecolog-
ical view on metabolic scaling recently—and, among
other things, theorised that b is shaped by optimisa-
tion of adult body size through species-specific strate-
gies for allocation of energy to growth or reproduc-
tion (Kozlowski et al. 2020), or by life-history trade-
offs between fast-paced neurolocomotory performance
in small-bodied species and slow-paced risk-reducing
strategies in large species (Harrison 2017)—they have
primarily focused on final (adult) body size, given lit-
tle consideration to within-individual scaling, and one
theory predicts shallower metabolic scaling across than
within species [see Figure 5 in Koztowski et al. (2020)],
which is the opposite of what the empirical data on fish
I present here indicate (Fig. 1). I hope that the thoughts
and ideas I have expressed here will inspire more re-
search on metabolic scaling across all taxonomic levels,
including within individuals.
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