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EVOLUTIONARY ECOLOGY

Metabolic scaling is the product of
life-history optimization
Craig R. White*, Lesley A. Alton, Candice L. Bywater†, Emily J. Lombardi, Dustin J. Marshall

Organisms use energy to grow and reproduce, so the processes of energy metabolism and biological
production should be tightly bound. On the basis of this tenet, we developed and tested a new theory
that predicts the relationships among three fundamental aspects of life: metabolic rate, growth,
and reproduction. We show that the optimization of these processes yields the observed allometries
of metazoan life, particularly metabolic scaling. We conclude that metabolism, growth, and
reproduction are inextricably linked; that together they determine fitness; and, in contrast to
longstanding dogma, that no single component drives another. Our model predicts that
anthropogenic change will cause animals to evolve decreased scaling exponents of metabolism,
increased growth rates, and reduced lifetime reproductive outputs, with worrying consequences for
the replenishment of future populations.

M
etabolism and production (growth and
reproduction) affect every aspect of
biology, but attempts to understand
the relationships between these pro-
cesses often take very different ap-

proaches. Broadly speaking, two schools of
thought are applied to understand the inter-
play between metabolism and biological pro-
duction (usually growth): metabolic theory
and life-history theory. Metabolic theories
assume that the exchange or transport of wastes
or nutrients across surfaces and through dis-
tributionnetworks constrains patterns of energy
allocation to tissue synthesis (1–4). Metabolism
andbody size trajectories therefore emerge from
these theories as a consequence of assumed
physical and chemical constraints on resource
acquisition or usage. Life-history theory seeks
to understand ontogenetic trajectories through
the lens of evolution. It assumes that total
resource allocation to survival, growth, and
reproduction is limited, and thus allocation
to each life-history trait is constrained by
trade-offs among traits that have emerged as
an outcome of evolutionary selection (5, 6).
Metabolic and life-history theories each

have their own strengths and weaknesses. A
strength ofmetabolic theories is that they seek
to explore the relationship between metab-
olism and growth from first principles and
are explicit in terms of mass and energy. How-
ever, these strengths can also be a weakness if
they are applied with a rigid emphasis on the
role of intrinsic, absolute constraints without
incorporating the capacity of these constraints

to evolve in response to selection. A strength of
the life-history approach is that it focuses on
the ultimate driver of biological production,
evolution. An important weakness of this ap-
proach is that, for simplicity, overall rates of
energy expenditure and net allocation to
production are themselves assumed to be
evolutionarily inert. It is increasingly clear,
however, that metabolism itself is evolution-
arily labile and subject to selection (7). Here, in
contrast to metabolic and life-history theories,
we propose that the invocation of constraints
is unnecessary to explain the ontogenetic tra-
jectories of metabolism and growth. We explore
this idea by modeling how the relationships
amongmetabolism, growth, and reproduction
emerge from selection to maximize lifetime
reproduction.
Our approach builds on decades of work

investigating how metabolism (and its rela-
tionship to body mass), growth, and repro-
duction have coevolved (8–18). Our approach
does not assume that life is unconstrained by
physics and chemistry, but instead assumes
that there is substantial (and underappreci-
ated) opportunity for evolutionary optimiza-
tion within these constraints. For example,
the evolution of vascular distribution networks
has allowed organisms to increase in size be-
yond the physical and chemical constraints im-
posed by the slow diffusion of respiratory gases
through tissue. Similarly, the large and complex
surfaces of lungs, gills, and guts demonstrate
how evolution has increased the capacity for
exchange of resources beyond the Euclidian
geometric constraints imposed by simple sur-
face area-to-volume relationships. Here, we
apply that same logic but expand it to con-
sider how whole-organism metabolism might
coevolve with the other fundamental compo-
nents of life: growth and reproduction.

A model for metabolism, growth, and
reproduction
Ourmodel is built upon an energy-expenditure
budget for an animal in which the total rate
of energy expenditure (ET) is equal to the
sum of the rates of energy allocation to self-
maintenance (EM), production (EP), digestion
(ED), and activity (EA). EP is equal to the sum
of the rates of energy allocation to growth (EG)
and reproduction (ER). All energy expenditure
values are expressed as joules per hour. The
overhead costs of production continue when
an animal is postprandial (i.e., no longer spend-
ing energy on digestion) (19); therefore, for
an inactive postprandial animal when both
EA and ED are zero,

ET ¼ EM þ EP ¼ EM þ EG þ ER ð1Þ

The scaling of rates of energy expenditure
(metabolic rates) with body mass (m, in
grams) is usually well described by a power
function E ¼ aEmbE , where aE is the scaling
coefficient and bE is the scaling exponent, which
is typically <1 for ET and EM (7, 13, 20, 21) and ≥1
for ER (22, 23). Following Day and Taylor (24),
we partitioned total production among growth
and reproduction, with allocation to growth
occurring early in life and growth ceasing
when all of production is allocated to repro-
duction (e.g., Fig. 1A). Assuming that total
production scales allometrically (24) with an
exponent equal to bET ¼ bEM , it follows that
animals allocate a fraction (f) of ET to pro-
duction [f = [ET – EM]/ET)]. Growth rate (in
grams per hour) is the change inm over time
(t) (dm/dt) and is dictated by EG and a term
that represents the overhead cost of tissue
biosynthesis and serves to convert from units
of energy to units of mass (Cm, in joules per
gram). Before reproductive maturation at size
Mmat, ER = 0 and all of production is allocated
to growth. Growth rate is then calculated by
rearranging Eq. 1 to calculate EG, convert-
ing EG to the mass of tissue synthesized by
dividing by Cm, and substituting scaling rela-
tionships for ET as follows:

dm=dt ¼ fET=Cm ¼ faETm
bET =Cm ð2Þ

After maturation, production is divided among
growth and reproduction, and growth rate can
be calculated by rearranging Eq. 1 to calculate
EG (i.e., subtracting ER from f of ET allocated
to EP) and substituting scaling relationships
for both ET and ER

dm=dt ¼ fET � ER½ �=Cm

¼ faETm
bET � aERm

bER
� �

=Cm ð3Þ

Growth ceases at maximum mass (M, in
grams), when all of production is allocated
to reproduction (i.e., faETM

bET ¼ aERM
bER),

so aER can be estimated from f, aET , bET , bER ,
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A B C D

Fig. 1. Division of energy between growth and reproduction yields
ontogenetic growth trajectories. (A) Size-dependent allocation of energy to
production (EP), which is partitioned among growth (EG) and reproduction
(ER) and is equal to the difference between total metabolic rate (ET, solid line)
and maintenance metabolic rate (EM, dashed line). ER is represented by the

blue shaded area bounded by the dotted and dashed lines, and EG is represented
by the red shaded area. (B to D) Example fits of the growth model to
mass-for-age data for Atlantic horse mackerel (B), leopard geckos (C), and
gray field slugs (D) (25). Error bars in (B) are standard errors for the mean mass
of animals of identical age.
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Fig. 2. Life history covaries with metabolic scaling. Predicted and observed
effects of metabolic level and the metabolic scaling exponent on growth
performance (A to D) and annual reproduction (E to H). Metabolic level (a, in
milliliters of oxygen per hour) and the metabolic scaling exponent (b) are
estimated from the scaling of metabolic rate (E) with mass (m) where E = amb.
Dashed lines in (A), (B), (E), and (F) depict the directionality of predictions
derived from the model described in the text (see fig. S1 for further details).

Solid lines in (C), (D), (G), and (H) are empirical relationships estimated from
phylogenetic generalized least-squares models including mass and temperature
as covariates (tables S1 and S2). Points are shown adjusted for the effects
of all other predictors in the model. Phylogenetic heritability (l) was significantly
greater than zero, and the effect of metabolic level and the metabolic
scaling exponent was significant for all models (P values are shown in the
relevant panel, along with sample size, n).
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and M by rearrangement. By substituting
aER ¼ faETM

bET =MbER into Eq. 3 and rear-
ranging, growth rate can be estimated as
follows:

dm

dt
¼ f

Cm
aET mbET �MbET

m

M

� �bER
� �

ð4Þ

The integral of Eq. 4 yields a growth trajectory
but has no closed-form solution and so must

be solved by numerical approximation (e.g.,
Fig. 1, B to D). Our approach is philosophically
similar to that of Day and Taylor (24) (e.g.,
their equation 10) but differs in that we do
not fix the scaling exponent of production.
Instead, we assume that production is propor-
tional to metabolic rate and set the scaling
exponent of production equal to the scaling
exponent of metabolic rate. We formulated
Eq. 4 using a scaling relationship for repro-
duction so that it can be easily parameterized
using empirical data (e.g., 22). We note that
although the model is formulated for animals
that exhibit indeterminate growth, it can also
accommodate determinate growth. Determi-
nate growth occurs if animals allocate all of
production to reproduction immediately upon
reaching maturity (in model terms, determi-
nate growth can arise if the scaling exponents
of metabolism and reproduction are equal, or
if size at maturity is equal toM).

Conditions that optimize life history

To explore the relationships among metabolic
scaling parameters (aET and bET), growth, and
reproduction statistically, it is necessary to
derive an estimate of aET that is not correlated
with bET . To do so, we define metabolic level
(L) as the metabolic rate estimated at a com-
mon mass (m′) that results in a correlation
of 0 between log10L and b (L ¼ aETm

0bET) (25).
Defined in this way, L represents a mass-
independent estimate of the elevation of the
metabolic scaling relationship (i.e., animals
with a high L have a high ET at m′), and bET

represents the slope of the relationship be-
tween log10ET and log10m. If the assumptions
stated above hold, then Eq. 4 makes four
testable predictions, which are illustrated in
Fig. 2 and further elaborated in fig. S1: (i) For
a givenmetabolic scaling exponentbET, growth
will be positively correlated with metabolic
level L (Fig. 2A); i.e., animals with a higher
metabolic level grow faster [e.g., (17, 26, 27, 28)].
(ii) For a given L, growth will be negatively
correlated with bET (Fig. 2B); i.e., animals with
shallower metabolic scaling relationships allo-
cate more energy to production early in life
and therefore grow faster. (iii) For a given bET ,
maximum energy allocation to reproduction,
ERmax (=ER when m = M), will be positively
correlated with L (Fig. 2E); i.e., animals with a
higher metabolic level allocate more energy to
reproduction [e.g., (29, 30)]. (iv) For a given L,
ERmax will be positively correlated withbET (Fig.
2F); i.e., animals that have steeper metabolic
scaling relationships allocate more energy to
production later in life and therefore have
higher maximum reproduction.
To test these four predictions, we compiled

intraspecific metabolic scaling and life-history
data from the literature and analyzed them in
a phylogenetic generalized least-squares frame-
work (25). The dataset includes new compila-

tions of ontogenetic scaling relationships ex-
pressed as a function of live mass or wet mass,
growth trajectories, annual reproduction, and
longevity (31). We restricted our compilation
of growth data to animals that grow after
maturation and show growth patterns that
are reasonably well approximated by the von
Bertalanffy growth equation. We calculated
growth performance, a size-independent esti-
mate of growth rate, as Pauly’s (2) growth per-
formance index (f) from estimates of maximum
length (l∞) and the growth constant (k) derived
from fits of von Bertalanffy growth curves to
length-at-age data using the equation f =
log10k + 2log10l∞. Life histories for each species
were characterized by mean growth perform-
ance, mean annual reproduction, and maxi-
mum longevity.
The patterns in the data match all four

predictions from Eq. 4: Life histories have
been optimized such that growth performance
and reproduction both increase with meta-
bolic level (predictions 1 and 3, Fig. 2, C and
G), growth performance decreases with the
metabolic scaling exponent (prediction 2, Fig.
2D), and reproduction increases with themeta-
bolic scaling exponent (prediction 4, Fig. 2H).
The data also show that longevity decreases
withmetabolic level (fig. S2A), in keeping with
the predictions of bothmetabolic theory (1, 10)
and life-history theory (11, 32). Longevity is
not related to the metabolic scaling exponent
(fig. S2B).

Life-history optimization yields allometric
scaling of metabolism

After validating the predictions of our growth
model, we next explored the effects of meta-
bolic level and the metabolic scaling expo-
nent to determine whether any combination
of these parameters maximizes lifetime repro-
duction. To do this, we used Eqs. 3 and 4 to
generate growth trajectories and estimated life-
time reproduction from the time dependence
ofm and the scaling of ER withm for values of
m greater thanMmat

ER ¼ faETM
bET =MbER

� �
mbER ð5Þ

Weused a numerical model to estimate growth
and reproduction through 1 million time steps
frombirth tomaximum longevity (25). As a first
approximation, we modeled animals growing
from a starting mass of m = 1 to M = 100 and
assumed that bER = 1.137 (22, 23) and f = 0.43
(33). This estimate of f derived from growth
data is broadly consistent with estimates of
the energetic cost of egg biomass production
in female animals [~50% of basal metabolic
rate (34)]. The cost of gamete production is
lower for males than females (34), but costs
associated with mating effort can be higher
[e.g., (35)], and the overall costs associated
with reproduction can be similar for males
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Fig. 3. Allometric scaling of metabolic rate max-
imizes lifetime reproduction. (A) Predicted effects
of metabolic level (aET, in arbitrary units) and the
metabolic scaling exponent (bET) on lifetime
reproduction (scaled from 0 to 1), where metabolic

rate scales with mass (m) as aETm
bET. (B to

E) Sensitivity of the optimal value of bET (the value
that maximizes lifetime reproduction) to variation
in key parameters describing growth and repro-
duction over the life of a hypothetical organism,
including: f, the fraction of total metabolism that is
allocated to production (growth and reproduction)
(B); Cl, a constant linking aET with life span
(C); bER, the scaling exponent of reproductive
output (D); and Mmat/M, the ratio of mass at
maturity to maximum mass (E). Shaded areas in
(B) to (E) represent percentile ranges of the
empirical distribution of bET (Fig. 4), with the darkest
shade bounding the 10th and 90th percentiles,
the intermediate shade bounding the 5th and
95th percentiles, and the lightest shade bounding
the 2.5th and 97.5th percentiles. The dashed line in
(D) is the line of unity where bET = bER.
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and females [e.g., (36)]. We assumed that
Mmat = 0.223 M on the basis of data for fish
showing that the mean length at maturity is
equal to 0.61 of maximum length (37) and as-
suming that, on average, mass is proportional
to length cubed. Finally, we assumed that life
span is proportional to a constant (Cl) divided
by aET and first report the results of these
analyses with Cl set to an arbitrary value of
120. The value ofCl = 120was selected because,
in combination with the other parameters
drawn from data (bER = 1.137, f = 0.43,Mmat =
0.223 M), this value yields an optimal value
of the metabolic scaling exponent (bET ) that
is broadly consistent with the mean value ob-
served in the data (Figs. 3 and 4). We then used
sensitivity analyses to explore how variations
in the values of bER, f, Mmat, and Cl alter the
optimal value of bET .
The model predicts that lifetime reproduc-

tion varies with themetabolic scaling exponent
bET but not with the metabolic level L. Lifetime
reproduction is independent of metabolic level
over a wide range (Fig. 3A) that far exceeds the
approximately three orders ofmagnitude range
of metabolic level observed at any given body
mass in the dataset (Fig. 5). Other factors that
are not included in our model probably set the
upper and lower limits of metabolism at any
given size. Such limits may be imposed by
resource availability in the environmentmedi-
ated by minimum viable population sizes (38)
or by constraints on the capacity of organisms
to ingest and process resources or expend
energy (39).
A key outcome of our study is that the

predicted metabolic scaling exponent that
maximizes lifetime reproduction is almost
always allometric and falls within the range
of observed data (Fig. 3; 90% of the observed
scaling exponents are <1; Fig. 4A). Our initial
parameter estimates for bER, f, andMmat were
drawn from published data, but the value of
Cl was selected to yield an estimate of the
optimal scaling exponent of metabolic ratebET

that closely matches the mean scaling expo-
nent of metabolic rate from the literature com-
pilation, which is ~3/4 (Fig. 4). However, the
model does not predict a universally optimal
bET, but instead predicts that the value of bET

that maximizes lifetime reproduction depends
on the values of f (Fig. 3B), Cl (Fig. 3C),bER (Fig.
3D), and Mmat (Fig. 3E). The model therefore
predicts that evolutionary or plastic changes
in energy allocation to production, the size
dependence of reproduction, the size at matu-
rity, or the relationship between longevity
and metabolism (and thereby production)
will yield changes in the scaling of meta-
bolic rate. This is consistent with empirical
studies showing that the scaling exponent
of metabolic rate varies in response to a
wide range of biotic and abiotic variables
[e.g., (12, 13, 20, 21)].
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Fig. 4. Metabolic rate scales allometrically with body mass. (A) Funnel plot showing the relationship
between the intraspecific scaling exponent of metabolic rate and mass range (orders of magnitude)
over which the scaling exponent was estimated for scaling exponents estimated from the relationship
between metabolic rate and live or wet body mass. The horizontal solid line is the mean of all
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maturity, or longevity will yield changes in the scaling exponent predicted to maximize lifetime
reproduction (Fig. 3, B to E). The error bars associated with the predicted scaling exponent show
the range of values over which lifetime reproduction is >99% of maximum.

Fig. 5. Scaling of metabolic rate (MR) with body mass. Black lines depict intraspecific scaling
relationships for endotherms (birds and mammals). Colored lines depict intraspecific scaling relationships
for ectotherms (fishes, amphibians, reptiles, and invertebrates), which are colored by measurement
temperature from 1.8° to 40°C.
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Our finding that allometric metabolic
scaling emerges from the optimization of
growth and reproduction within a finite
life span to maximize lifetime reproduction
offers a potential solution to one of the most
enduring controversies in biology (20, 21).
Metabolic theories have usually proposed ex-
planations for the allometric scaling of meta-
bolic rate on the basis of the assumption that
allometry arises as a consequence of physical
geometric constraints, such as those that are
imposed by the geometry of resource distri-
bution networks (3), the need to dissipate
heat produced as a by-product of metabolism
(18, 39, 40), and surface area–to-volume con-
straints on the fluxes of nutrients or wastes
(1, 18). Others have countered that variation
in metabolic allometry arises as a conse-
quence of selection rather than constraint
[e.g., (7, 9, 12, 15, 18, 21, 41–43)]. Our model
and data support the latter view, that allo-
metric scaling of metabolic rate is predicted
to arise if selection optimizes growth and
reproduction tomaximize lifetime reproduc-
tion (Fig. 4). Metabolic allometry can there-
fore be explained without the need to invoke
any of the assumed constraints tradition-
ally imposed by metabolic theories [e.g.,
(1, 4, 18, 39, 40)].
Allometries are characteristic of life and are

observed at the level of enzymes, mitochon-
dria, cells, whole organisms, populations, and
ecosystems (44–48). Kozłowski and colleagues
have shown how intraspecific allometries, such
as those predicted by our model, yield among-
species metabolic scaling patterns that are also
allometric (9, 41, 42). Thus, taken together,
the work of Kozłowski and colleagues and our
study offer a mathematically explicit expla-
nation for biological allometries at multiple
scales of organization. Intraspecific metabolic
allometries arise as a consequence of evolu-
tionary optimization of growth and repro-
duction (Fig. 3), and interspecific metabolic
allometries arise as a consequence of evolu-
tionary optimization of body size and meta-
bolic rate [e.g., (9, 41, 42)]. We therefore suggest
that the allometric scaling of metabolic rate
arises not because it is inevitable but rather
because it is advantageous.

Implications for life histories in
the Anthropocene

Elevated extrinsic mortality is a signature of
the Anthropocene (49). The framework that we
provide here not only offers new insight into
the origin of biological allometries but also
gives us the opportunity to explore and predict
how metabolism, growth, and reproduction
will respond to future changes in the envi-
ronment (25). Our model predicts that organ-
isms living in a future environment with a 10%
increase in mortality (an arbitrary but realistic
figure) are predicted to have substantially re-

duced lifetime reproductive output (–36%) and
to evolve lower metabolic scaling exponents
(decreased from0.76 to 0.73) that are associated
with more rapid growth and earlier matura-
tion (–1.5%). The substantial decrease in re-
production predicted by the model, and the
consequences of this for population replen-
ishment, is particularly concerning.

Conclusion

Our findings suggest thatmetabolism, growth,
and reproduction have coevolved to maximize
fitness (i.e., lifetime reproduction) and that
the observed patterns in these fundamental
characteristics of life can be explained by op-
timization rather than constraint. We offer
this as an alternative way of viewing the origin
of biological allometries at all scales, recogniz-
ing that it represents a profound departure
from classic thinking. Our viewpoint is analo-
gous to the concept of the Hutchinsonian
niche (50): Constraints define the range within
which life is possible (analogous to the funda-
mental niche), whereas optimization yields
the (smaller) range of possibilities exploited
by life (analogous to the realized niche). We
reiterate that this viewpoint does not deny
the existence of biophysical constraints and
does not call forth Darwinian demons (hypo-
thetical organisms thatmaximize all aspects of
fitness simultaneously and would exist if there
were no constraints on evolution). Rather, our
approach expands the phenotypic space in
which evolutionary optimization operates
and avoids giving primacy of causation to
any single pillar of multicellular life. It also
emphasizes that the pillars of metabolism,
growth, and reproduction have coevolved
to shape each other, and, consequently, ob-
served life-history strategies emerge from
the optimization of these to maximize life-
time reproduction within a finite life span
(8, 9, 15, 41, 42). Within this multivariate
optimization dwells the great diversity of life
histories in nature.
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Optimized strategies for life
Metabolic theory posits that physical constraints on energy uptake and allocation drive biological processes. This
theory predicts broad ecological patterns such as the observed allometric scaling relationship between animals’
metabolic rate and body size. White et al. developed a new theory showing that such patterns can also be explained
by evolution acting concurrently on organisms’ metabolism, growth, and reproduction. Using data from over 10,000
species from 12 animal phyla, they found support for the prediction that species’ lifetime reproduction is optimized, with
growth and reproduction both increasing with metabolic level. This work proposes a bridge between metabolic and life
history theory, two basic ways of understanding ecological patterns. —BEL
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