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REPRODUCTIVE COST

Metabolic loads and the costs of

metazoan reproduction

Samuel C. Ginther'*, Hayley Cameron®?, Craig R. White', Dustin J. Marshall

Reproduction includes two energy investments—the energy in the offspring and the energy expended
to make them. The former is well understood, whereas the latter is unquantified but often assumed to be
small. Without understanding both investments, the true energy costs of reproduction are unknown.
We present a framework for estimating the total energy costs of reproduction by combining data on the
energy content of offspring (direct costs) and the metabolic load of bearing them (indirect costs). We
find that direct costs typically represent the smaller fraction of the energy expended on reproduction.
Mammals pay the highest reproductive costs (excluding lactation), ~90% of which are indirect.
Ectotherms expend less on reproduction overall, and live-bearing ectotherms pay higher indirect costs
compared with egg-layers. We show that the energy demands of reproduction exceed standard

assumptions.

eproduction is energetically costly, but
these costs have been poorly quantified.
The energy invested by parents includes
a direct cost, which is the energy con-
tent within the offspring themselves, and
an indirect cost, which is the energy expended
to synthesize and carry offspring before their
release—the metabolic load of reproduction
(Fig. 1A). The direct costs of reproduction are
well understood, but the indirect costs remain
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unknown. Without a complete accounting of
the total energy costs of reproduction, it is im-
possible to reconstruct how metazoans allo-
cate energy to growth and reproduction across
their ontogeny. Despite our incomplete under-
standing, fundamental biological theory makes
strong assumptions about these energy flows
(1-3).

Different theories make conflicting assump-
tions about the metabolic load of reproduc-
tion. Most assume that it is relatively small,
whereas others do not distinguish between
metabolic loads and total reproductive energy
investment (table S1 and Fig. 1B). Life history
models tend to assume that the energy con-
tained in offspring represents most of the

energy devoted to reproduction, whereas the
indirect costs of synthesizing, packaging, and
carrying offspring are either unspecified or
assumed to be zero. Mechanistic theories, on
the other hand, include explicit estimates of
indirect costs but assume that they are tri-
vial, ranging from 5 to 25% of the total en-
ergy spent on reproduction. Unsurprisingly,
these different assumptions yield very differ-
ent conclusions about the fundamental drivers
of metazoan life histories.

Because growth and reproduction are inti-
mately linked by energy, fierce debates about
the evolution of life histories, metabolic scal-
ing, and the drivers of body size hinge on how
much energy mothers invest into reproduc-
tion (4-7). For example, some theories posit
that the redirection of energy from growth to
reproduction eventually decelerates growth
after maturation (3), whereas others maintain
that the energy devoted to reproduction is
minor and irrelevant to the slowing of growth
later in life (table S1). These debates are in-
soluble as long as the costs of reproduction
remain ambiguous, which hampers our ability
to predict how organisms will grow and re-
produce now and in the future (8).

The total costs of reproduction

In this work, we develop a quantitative
framework for estimating the total energy
costs of reproduction (Fig. 1) (9). Our approach
borrows from classic physiological methods
for estimating the costs of growth and the so-
called heat of gestation in mammals (10, I1).
Note that our use of the word cost here refers
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Fig. 1. The calculus of indirect costs of reproduction and contemporary
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(so the product of L and T is halved); this assumption was well supported

theoretical assumptions. (A) lllustration of our framework for calculating
indirect reproductive costs using empirical data from the sheep, Ovis aries, as an
example. The key equation is | = (L x T)/2 (Eq. 3), where [ is indirect cost

(in joules), L is the component of metabolic rate that is attributable to reproduction
[i.e., the difference between nongravid (black line) and gravid metabolism (red
line); joules per hour], and T is reproductive duration (hours). We assume that
reproductive metabolism increases as a linear function of reproductive duration

Ginther et al., Science 384, 763-767 (2024) 17 May 2024

by our data and was conservative (table S3) (9). (B) Relative indirect costs
(Ry; shown in red) are calculated as a proportion of total reproductive costs
(indirect + direct costs). Relative direct costs (Rp) are also shown in yellow.
Schematic shows assumed values of R, for several prominent theory bases and
the empirical value for the sheep example. DEB, dynamic energy budget theory.
See table S1 for a summary of theoretical assumptions regarding the indirect
costs of reproduction.
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Fig. 2. Total reproductive costs and relative indirect costs are greatest in mammals. (A) Distribution of total reproductive costs (R; joules) for oviparous
ectotherms (spp. = 37; shown in blue), viviparous ectotherms (spp. = 21; green), and mammals (spp. = 23; orange). Shaded boxes and whiskers represent
interquartile ranges, and horizontal lines show median values. Points represent individual species, and silhouettes of representative taxa correspond to the nearest
black point. Inset shows mean estimate (+SE) of mass-independent reproductive costs (joules) (9). (B) Indirect reproductive costs relative to R (means + 95%
confidence intervals; shown in red) for oviparous ectotherms, viviparous ectotherms, and mammals; mean direct costs relative to R are shown in pale yellow.

to energy costs in a physiological sense and
differs from classic life history considerations
that usually refer to reproductive costs as fit-
ness trade-offs [in the sense of Stearns (12)].
We consider the energy content of the off-
spring (i.e., direct costs) and the metabolic load
of reproduction (i.e., indirect costs) as

R=D+1 (1)
where R is the total energy expended on
reproduction (reproductive costs; measured in
joules). D (direct costs) is the total energy con-
tent of offspring (joules), estimated as the product
of the mass of offspring from a single repro-
ductive bout (J; grams) and the average energy
density of offspring tissue (E; joules per gram), or

D=MxE 2
I (indirect costs) is the metabolic load of
reproduction (joules), which is estimated as
the product of the increase in maternal
metabolic rate attributable to reproduction
(L; joules per hour) and reproductive dura-
tion (7; hours), or

e 0

where the product of L and T is halved based
on the assumption that reproductive meta-
bolic rate increases linearly with reproductive
duration (Fig. 1A) (9). Our definition of repro-
ductive metabolic loads and durations only
consider the phase of reproduction before off-
spring release and excludes postnatal care
(e.g., lactation in mammals). Using this frame-
work, we estimated the total costs of reproduc-

1
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91%

A Mammal

=144 kJ

76%

B viviparous ectotherm

R=189 kJ

C Oviparous ectotherm

tion (R) and its constituents (D and ) with data
for L, T, M, and E collated for 81 metazoans—
from rotifers to humans. Our analyses did
not include birds because we could only find
data for two species (but see supplementary
text 6).

Indirect costs of reproduction exceed direct
costs in most animals

Across the animal kingdom, the total energy
invested in reproduction spanned ~11 orders
of magnitude, from 0.000003 KJ in a rotifer
(Brachionus plicatilis) to 470,037 kJ in the

17 May 2024

1=384 kJ

Fig. 3. Schematic showing
the allocation of total
reproductive energy to
indirect and direct repro-
ductive costs. Reproductive
energy (R) is shown in
orange, indirect reproductive
costs (/) are indicated by
red arrows, and direct
reproductive costs (D) are
indicated by yellow arrows.
(A to C) Empirical estimates
are provided for three species

D=45kJ Of comparable size: the
0, 4p24% mammal, Glaucomys volans
%%% (squirrel) (A); the viviparous
%%% ectotherm, Tomodon dorsatus
(snake) (B); and the ovipa-
rous ectotherm, Mallotus
villosus (fish) (C). Percentages
D=63kJ describe the proportion of each

component of reproductive
costs (direct and indirect)
relative to R for each species.

white-tailed deer (Odocoileus virginianus).
Mammals expend more energy on reproduc-
tion compared with ectotherms (i.e., amphi-
bians, arthropods, fish, marine invertebrates,
and reptiles) overall—the energy invested in
reproduction in the period up to the release of
offspring is, on average, three times greater in
mammals than ectotherms, after accounting
for body size (Fig. 2A). In most species (48 of 81),
indirect costs represented more than half of the
total energy invested into reproduction, and in
the most extreme case, indirect costs represented
~98% of the total reproductive energy (Fig. 2B).
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Ectotherms pay lower indirect costs com-
pared with mammals (table S2, Fig. 2B, and
fig. S1). In live-bearing ectotherms, indirect
costs of reproduction were slightly higher
than direct costs [average ratio of indirect to
direct costs: 1.21:1 + 0.12 standard error (SE)],
but in egg-laying species, indirect costs were
relatively lower (0.44:1 + 0.20 SE). In other
words, viviparous species spend most (55%)
of their reproductive energy on indirect costs,
whereas oviparous species spend only 31%
(Fig. 2B and fig. S1).

In mammals, indirect costs are approximately
nine times greater than direct costs; offspring
energy contents account for only 10% of the
total energy spent on reproduction (average
ratio: 8.62:1 + 0.97 SE; table S2, Fig. 2B, and fig.
S1). Humans have some of the highest meta-
bolic loads of reproduction (96% of total costs),
whereas the brown bat, Myotis lucifugus, has
the lowest—yet, 75% of its reproductive en-
ergy is still spent on indirect costs (Fig. 2B
and fig. S1).

Our findings about the indirect costs of ges-
tation in mammals mirror those of the in-
direct costs of lactation: The energy expended
by mothers to produce milk can exceed the

Ginther et al., Science 384, 763-767 (2024)
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Fig. 4. The energy dynamics of reproduction differ across metazoans.
Empirical estimates for each component of reproductive costs are illustrated
for species of similar size from each group—the oviparous ectotherm

[M. villosus (fish); blue], the viviparous ectotherm [T. dorsatus (snake); green],

and the mammal [G. volans (squirrel); orange]. (A to C) The product of
reproductive metabolism (L; joules per hour) (A) and reproductive duration

(I + D).

energy contained in the milk itself (13-15).
Combining both pre- and postpartum invest-
ments, we find that the energy content of
weaned offspring represents only one-twentieth
of the total energy that is actually invested on
average by mammalian mothers (supplemen-
tary text 1). In other words, 95% of the energy
that mammalian mothers devote to reproduc-
tion is lost to metabolism.

Our framework shows that reproductive en-
ergy flows differ between mammals and
ectotherms. To illustrate, we compare three
representative species of similar size from
these groups (Fig. 3). Based on classic mea-
sures of direct reproductive costs, oviparous
ectotherms appear to invest the most in re-
production. But, by including indirect costs,
we reveal that mammals expend more than
triple the total reproductive energy of ovip-
arous ectotherms and more than double that
of viviparous ectotherms. Failing to account
for indirect costs of reproduction therefore
always underestimates the total energy ex-
pended on reproduction, particularly in
mammals.

Mammals pay higher (prepartum) indirect
costs than ectotherms, but within each of these

17 May 2024

(T; hours) (B) is used to calculate the indirect reproductive cost (/; joules) (C).
(D to F) The product of the mass of a single reproductive bout [M; grams

dry weight (gDW)] (D) and the energy density (E; joules per gDW) (E) is used to
calculate the direct reproductive cost (D; joules) (F). (G) Relative indirect
reproductive cost (R)) is calculated as a proportion of total reproductive cost
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© Viviparous ectotherm
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groups, reproductive metabolic loads (in-
direct costs) increase proportionally with
the energy content of offspring [direct
costs: ectotherms, scaling exponent (b) =
1.00 = 0.03 SE; mammals, b = 1.08 + 0.08 SE]
(table S2 and fig. S1). In other words, with-
in each of our broad taxonomic groups, the
ratio of indirect and direct costs remains
the same, regardless of total reproductive
investment.

The energy dynamics of reproduction and the
costs of viviparity

Although indirect costs are consistently pro-
portional to offspring energy content within
animal groups, the energy dynamics of repro-
duction fundamentally differ between mam-
mals and ectotherms (Fig. 4). Ectotherms and
mammals produce similar cumulative masses
of offspring per reproductive bout (Fig. 4D and
supplementary text 2), but mammalian litters
have lower energy densities (Fig. 4E and sup-
plementary text 3) such that total direct costs
are slightly lower for mammals on average (Fig.
4F). Nevertheless, these groups show stark dif-
ferences in indirect reproductive costs: Although
the time taken to produce and bear offspring
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is less for mammals than that for ectotherms
(Fig. 4B and supplementary text 4), mammals
have an approximately sixfold higher increase
in metabolism attributable to reproduction (Fig.
4A and supplementary text 5). When the du-
ration of gestation and reproductive metabolism
are combined, mammalian mothers experience
much higher reproductive metabolic loads
(indirect costs) compared with their ectother-
mic counterparts (Fig. 4C). On the other hand,
endotherms are generally more active and have
higher foraging and energy intake rates than
ectotherms; consequently, viviparous ectotherms
may commit the highest proportion of their
available energy budget to reproduction over-
all (16, 17).

We suspect that high indirect costs of re-
production in mammals emerge from the sy-
nergistic effects of endothermy and viviparity.
Endothermy increases energy expenditure per
unit time (3): Mammalian mothers have higher
absolute metabolic rates, as do their developing
embryos. Viviparity exacerbates reproductive
metabolic loads more generally: Indirect costs
were higher in viviparous relative to oviparous
ectotherms (table S2 and Fig. 4C). The increased
metabolic load of viviparity could be due to
offspring metabolism or metabolically expen-
sive matrotrophic structures, such as placentas
(18, 19). For the few birds for which we could
find data, indirect costs of reproduction were
comparable to those of live-bearing ectotherms
(supplementary text 6), which implies that
endothermy or viviparity alone do not incur
the high costs of having both (as in mammals).
More estimates of indirect reproductive costs
in birds and monotremes should further re-
solve this issue. Either way, viviparity incurs
higher indirect costs relative to oviparity within
both thermoregulatory modes, and theory on
the evolution of viviparity should be revised to
reflect this. Theorized benefits of viviparity
(e.g., higher rates of fertilization and reduced
vulnerability of offspring during development)
may be higher than has been appreciated to
offset the higher energy costs of viviparous
reproduction (20). Viviparous species have
long been recognized to have lower fecundity
relative to oviparous sister taxa (21, 22)—the
increased metabolic load due to viviparity may
contribute to this difference (23).

That mammals expend so much energy on
reproduction before the birth of their offspring
(relative to other clades) may shape their life
history. Because mammalian mothers expend
much more energy gestating their offspring,
selection for ensuring the survival of these
offspring should be stronger and may partially
explain the increased intensity of postpartum
care in mammals relative to other groups.
Consequently, life history strategies common
in other clades, such as brood reduction and
bet-hedging, may be less beneficial in mam-
mals (24, 25).

Ginther et al., Science 384, 763-767 (2024)

Reproductive costs are sensitive to

global warming

Our study identifies a pathway by which tem-
perature may affect the energy dynamics of
ectothermic reproduction. Warmer temper-
atures decrease reproductive duration (reduc-
ing costs) but increase metabolic rates (raising
costs) (26); their net effect depends on the
relative temperature dependencies of both
processes (27). Reproductive energy expendi-
ture will increase with warmer temperatures
whenever metabolic rate depends on temper-
ature more strongly than does reproductive
duration (27). For example, in the skink
Chalcides ocellatus, a 3°C increase in tem-
perature raises indirect costs by 20% (sup-
plementary text 7). Temperature-mediated
indirect costs may explain why mothers produce
smaller offspring at warmer temperatures—
higher reproductive metabolic loads reduce
the energy that mothers can directly invest
into their offspring unless resource acquisi-
tion also increases with temperature. Smaller
offspring are often lower quality (28), such
that changes in reproductive energy flows
have worrying implications for population
replenishment under global warming.

Reproductive costs shape life histories

Given that the energetic costs of reproduction
for females have been underestimated, some-
times by an order of magnitude, the same may
be true for males. A fundamental tenet of
sexual selection theory is that both sexes ex-
pend equivalent energy on reproduction, albeit
in different ways. Females spend energy on
bearing and nourishing offspring, whereas
males expend theirs on competition and at-
tracting mates (29-31). Assuming that the
tenet of equal energy expenditure between
sexes remains true, our results imply that
we have been underestimating the costs of
producing ejaculates, the costs of securing
mates, or both (32, 33). Estimating the metab-
olic load of sperm production seems like an
important next step.

Indirect costs of reproduction have long
gone unquantified and have traditionally been
assumed to represent a minor fraction of the
energy devoted to reproduction (table S1). We
show that for most species, the opposite is
true: Indirect costs account for more than
half of reproductive energy expenditure. In
other words, the total costs of reproduction
have been systematically underestimated
until now. That reproduction is more costly
than was previously thought fundamentally
challenges the calculus of biological models of
metazoan growth and life histories (7, 3, 5-8,
34-36). For example, some models of growth
assume that the fraction of total energy devoted
to reproduction remains constant through time
(I)-however, we show that it increases mark-
edly during any one reproductive bout (9).

17 May 2024

Other theories assume that the indirect costs of
reproduction (or even the total costs of re-
production) represent a minor fraction of an
organism’s energy budget (5, 6). Instead, we
show that the energy invested in reproduction
can be an order of magnitude higher than is
typically assumed. Our results imply that re-
production presents a massive energy demand,
and the initiation of reproduction alters the
energy flows within organisms profoundly. We
suspect that metazoan ontogenies have evolved
to anticipate and accommodate the substantial
energy demands of reproduction (37).
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Editor’'s summary

Reproduction is one of the biggest energy investments that an animal will make. It has also been well studied over
many years, leading to much knowledge about how much energy is directly invested in the production of offspring.
However, the other half of this investment, the cost of caring for offspring, was not clear. Ginther et al. developed a
framework for estimating the overall costs of reproduction across taxa and teased apart the factors that contribute to
the total. They found that caring for offspring is as much as 10 times more energy expensive than producing them, and
this higher expense is the case not just in mammals (in which costs are the highest), but in other taxa as well. —Sacha
Vignieri
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