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Energy Uptake and Allocation

736

During Ontogeny

Chen Hou,™ Wenyun Zuo,? Melanie E. Moses,® William H. Woodruff,%*

James H. Brown,*? Geoffrey B. West™*

All organisms face the problem of how to fuel ontogenetic growth. We present a model, empirically
grounded in data from birds and mammals, that correctly predicts how growing animals allocate
food energy between synthesis of new biomass and maintenance of existing biomass. Previous
energy budget models have typically had their bases in rates of either food consumption or
metabolic energy expenditure. Our model provides a framework that reconciles these two approaches
and highlights the fundamental principles that determine rates of food assimilation and rates of
energy allocation to maintenance, biosynthesis, activity, and storage. The model predicts that growth
and assimilation rates for all animals should cluster closely around two universal curves. Data for
mammals and birds of diverse body sizes and taxa support these predictions.

he “food of life” and the “fire of life”—
I the combustion of food to supply the
energy that fuels growth, maintenance,
and activity—is fundamental to animal sur-
vival (/). A large body of previous work used
energy budget models to understand ontoge-
netic growth (/—7). These models have contrib-
uted importantly to many conceptual and applied
problems, including life history theory, animal
husbandry, and biomedicine. Still largely missing,
however, is a complete quantitative framework that
specifies how food is transformed into metabolic
energy and stored biomass. Here, we present such
a framework, which quantifies explicitly how as-
similated food is transformed into biomass and
metabolic energy during ontogeny.

When an animal is growing, some fraction of
the assimilated food is oxidized to fuel the total
metabolic rate, By, whereas the remaining frac-
tion is synthesized and stored as biomass, S (Fig. 1).
Thus, the energy flux of assimilated food, 4, some-
times called the rate of intake of metabolizable
energy (1, 2), is expressed as

A=Byy+S= By + E.dm/dt (1)

where A is defined as the combustion energy
content of ingested food per unit time minus the
combustion energy content of excreta per unit
time, E. is the combustion energy content of a
unit biomass, and dm/dt is the rate of change in
biomass, m, at time, .

We build on an ontogenetic growth model
(OGM), which specifies the allocation of meta-
bolic energy between growth and maintenance
and views the scaling of metabolic rate with body
size as the primary constraint on growth (7). It
partitions the basal metabolic rate, By,s,1, between
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the rate of energy expenditure to maintain the ex-
isting biomass, Byaine and the rate to synthesize the
new biomass, By, (Fig. 1): 50, Bpasal = Bmaint +
Bgyn = Byym + Epdm/dt, where By, ~ M~ V4 is the
mass-specific maintenance metabolic rate, M is
the adult body mass, and E,, is the energy re-
quired to synthesize a unit of biomass.

It is difficult to measure By, Over ontogeny
because animals grow even while resting. There-
fore, for growing animals a more operational and
realistic parameter is resting metabolic rate, B,
which is the sum of B,,s, and specific dynamic
action (SDA), the increment resulting from diges-
tion. SDA is the energy expended for intestinal
absorption, nutrient transport, amino acid oxida-
tion, and protein synthesis (8, 9). Because some
fraction of metabolic rate is allocated to SDA dur-
ing growth (8—17), we modify the OGM to obtain

Brcst = Bmaint + Bsyn =Bm+ Emdm/dt (2)

where B, is larger here than in the OGM, which
ignored SDA.

It is important to recognize the difference be-
tween the terms S = E.dm/dt in Eq. 1 and By, =
E,..dm/dt in Eq. 2 and, consequently, the differ-

ence between E,,, and E... Energy expended during
growth is partitioned between the energy content
stored in the newly synthesized biomass and the
energy expended in synthesizing this biomass
from the constituent materials. So, S is the rate of
accumulated energy content of new biomass, and
E. is its combustion energy content. On the other
hand, By, is the metabolic power expended on
biosynthesis, and £, is the energy expended to
synthesize a unit of biomass. The term By, cor-
responds to the organizational work of growth (2)
and is completely dissipated as heat, not conserved
in stored biomass. In the OGM, the energy ex-
pended on biosynthesis was incorrectly estimated
by using the empirical combustion energy (7).

For adult mammals and birds, the total meta-
bolic rate is typically referred to as field meta-
bolic rate, and the relationship between total and
resting metabolic rates is expressed as By, (M) =
Bool(M) + Bres(M) = fBreg(M), Where By is the
rate of energy expenditure for locomotion, feed-
ing, and other activities and f, the activity scope,
is a dimensionless parameter (/2—/4). In adult
endotherms, fis about 2 to 3 and independent of
body mass (/2—14). Assuming that a similar
relationship holds during growth, we can write,
U—Sing Eq~ 2, Btot(m) :meaint(m) +styn(m)~ We
define the dimensionless storage coefficient, y =
S/Bsyn = E/Ep, as the ratio of the energy stored in
a unit of biomass to the energy expended to syn-
thesize this biomass. Substituting y and B into
Eqgs. 1 and 2 gives

A(m) = Bmaint(m) + Bact(m) + Bsyn(m) + S(m)

= (f + Y)Brest(m) - YBmaint(m) (3)

Equation 3 is quite general, independent of how
Biests Binain, OF f'scale with m. Empirical measure-
ments of metabolic rate over ontogeny and
theoretical evidence linking growth and metabo-
lism show that resting metabolic rate By (m) =
Bym>* over ontogeny, where By is constant for a
given taxon (/4, 15). The mass-specific mainte-
nance rate, taking into account SDA, is B, =
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BoM " (7). The use of these scaling relations in
Eq. 3 yields

A(m) = (f+Y)Bom™™ = yBoM ™m
= Brcst,adult[(f + Y)H3/4 - YH] (4)

where u (Em/M) is relative mass and Bies adult =
BoM” is the resting metabolic rate at the adult
size.

Note that Eq. 4 predicts that during ontogeny
the food assimilation rate, 4, unlike metabolic
rate, does not obey a simple power law as a
function of body mass, m. This prediction is well
supported (/4). In Fig. 2, we plot some examples
of the normalized assimilation rate (4/Bjestadul)
versus [ for six different animals and fit the data
with Eq. 4. Values of £, y, and R*> from the
nonlinear least squares regression for these and
several other bird and mammal species are in
table S1 (/4). The storage coefficient, y = E/E,,,
can in principle be determined independently from
the energetics of biosynthesis. The energy content
of biomass, £, averages about 24,000 J/g for dry
mass (/6), with fourfold variation across verte-
brates of different taxa and ontogenetic stages
(17). In contrast to E, E,,, the energy expended
to synthesize a unit of biomass, is difficult to
determine empirically [but see (/4)]. Theoretical
considerations suggest that the average energy re-
quired for biosynthesis of macromolecules from
monomers is about 2400 J/g (/4). This theoretical
value of E,,, gives an upper bound of y ~ 10, the
precise value depending on the additional energy
expended on biosynthesis, metabolism, and ex-
cretion (3). For mammals and birds, y averages

about 3 and ranges from 1 to 9 depending on
species, diet, and age (3, /4, 18). This result is
consistent with values ranging from 0.8 to 7 for
fish, birds, and mammals estimated from the
OGM (14, 15). We estimated from food assimi-
lation that y ranges from 0.6 to 5.3 with an
average of 2.71 + 1.18 (table S1), showing that,
despite some variation, the empirical measure-
ments are in agreement with the theoretical pre-
diction. Values of f vary somewhat, depending
on activity levels and behavior. The mean value
of f estimated from food assimilation is 2.67 +
0.61 (table S1), also in agreement with data for
adult mammal and bird species (/4).

When growth ceases, that is, u = 1 (m = M),
Eq. 4 predicts that the food assimilation rate equals
the total metabolic rate, which scales with mass,
M. So, A is equal to fBM>* across adults of
different species. Data for ad libitum energy in-
take from food of 120 species of zoo mammals
with body masses ranging from 0.025 kg to 3000
kg show 4 =7.07M"", supporting the prediction
(14, 19, 20). Taking the average value of B, for
resting metabolic rates of mammals, 3.92 W/kg”
(14), gives f'= 1.8. This is somewhat less than
that expected for wild animals, which may reflect
lower activity levels in captivity.

Our model predicts that growth rates of di-
verse animals should exhibit universal properties.
The fraction of energy assimilation rate allocated
to growth is the sum of S and Byy,,. With Eq. 2
and the definition of vy, this fraction becomes S +
Bsyn = (1 + Y)Brcst,adult(u3/4 - “) If we normalize
this quantity with respect to (1 +7Y)Byest, adur» then
all animal species, regardless of taxon or adult
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mass, should fall on the same parameterless uni-
versal curve, p** — . This further predicts that
the maximum energy utilization rate for growth
occurs when d/(u*/* —w)/dul,_, =0, which
gives o = (3/4)* = 0.316. Equation 3 suggests a
way to test these predictions. If we subtract the
rate of metabolism for activity, B,, and mainte-
nance, By, from the assimilation rate, A, the
difference gives the rate of energy assimilation
allocated to growth, S + By, This quantity, nor-
malized as above, is plotted as a function of the
relative mass | in Fig. 3A. The normalized assim-
ilation rates for mammals and birds of widely
varying body sizes and taxa show such universal
properties, clustering closely around the pre-
dicted parameterless curve with a peak at ~0.316.

Additionally, the rate of energy allocation to
growth must be proportional to the growth rate,
dm/dt, so the universal curve and the value of
1o = (3/4)* = 0.316 can be derived independently
from the growth rate equation, Eq. 2, dm/dt =
(By/Eyym®[1 — (m/M)"™). This can be re-
expressed as (EnM"4/Bo)dw/dt = p*** — . Data
for normalized growth rates, (EnM1/4/Bo)du/dt,
for diverse mammals and birds measured inde-
pendently from the above measurements of as-
similation rate support this prediction (Fig. 3B).
So, estimations from the rate of food assimilation
and the rate of change in body mass indepen-
dently predicted analogous universal curves with
a maximum at a normalized body mass of ~0.316.

The predicted allometric scalings of metabol-
ic energy allocation are summarized in Fig. 4A,
which shows the rates of food assimilation and
total, resting, and maintenance metabolism for
two individuals of different adult size depicted by
different colors. The figure illustrates the com-
plete energy budget during growth, A = Bpaine +
Byet + Bgyn + S, and allocation of energy at any
given size is shown by the colored vertical lines.
The assimilation rate, 4, of a growing individual
does not scale as a power law with mass, whereas
its rates of total and resting metabolism, B, and
Bhest, both scale as m>* and its maintenance rate,
Biaine = Bum, scales linearly. In contrast, for
adults of different sizes, rates of assimilation and
total (dashed line) and resting (maintenance, solid
black line) metabolism all scale as M**. Across
species of different adult masses, growth ceases
when all resting metabolism is allocated to main-
tenance (7) so that Biest = Bmaint, @S indicated in
Fig. 4A (circles) representing two different adult
masses, M) and M,. Lastly, if otherwise identical
individuals vary in energy allocated to activity,
thereby having different values of B, and By,
they must compensate by adjusting their assim-
ilation rates, A, if they are to mature at the same
adult mass, M.

One implication of the model is that when
two individuals with the same By, f, and y but
different adult body masses, M| and M, (M, >
M,), have the same body mass, m, during
growth, the assimilation rate of the one with
the greater adult mass, M;, must be larger than
the one with the smaller adult mass, M, that is,

www.sciencemag.org SCIENCE VOL 322 31 OCTOBER 2008

Downloaded from www.sciencemag.org on October 30, 2008


http://www.sciencemag.org

REPORTS

A(m, My) = A(m, M) o< (M " = My ym > 0.
To test this prediction, we plotted the assimilation
rates of three pairs of closely related animals

assumed to have the same By, f, and y as a
function of body mass m during growth. As
illustrated in Fig. 4B, when members of each pair

had the same body mass, m, during growth, the
one with larger adult size (M) had a higher
assimilation rate.
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Fig. 4. (A) Schematic illustrating the allometric scalings of energy
allocation during growth for two individual organisms (shown with
different colors) of different adult sizes, M, and M,. For each individual,
the colored vertical lines illustrate how, at any given body mass during
ontogeny, the rates of energy allocated to maintenance (Bnaint),
biosynthesis (Bsyn), activity (B,«), and storage (S) sum to equal the rate
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sizes are shown as dashed and solid black lines for total and resting
metabolic rates, respectively, with the colored dots corresponding to
these rates at the adult sizes, M; and M,. (B) Assimilation rate as function
of body mass for three pairs of mammals or birds. To facilitate
comparison, we assumed that f = 2.67 for all animals.
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Our quantitative, predictive model for the
energy budget of an individual during growth
differs from phenomenological models that fit
curves to data. It also differs from dynamic
energy budget theory (DEB), which assumes a
2/3 power scaling of food assimilation rate during
ontogeny, on the basis that energy uptake is lim-
ited by absorptive surface area, which scales like
any simple geometric surface (4). By contrast,
our model predicts that food assimilation rate
cannot have a simple power-law scaling relation
with body mass during ontogeny. Furthermore,
DEB assumes that food assimilation rate is supply-
limited, whereas our model views assimilation rate
as arising from the developing organism match-
ing food supply to metabolic energy demand.
Our model provides a point of departure for ad-
dressing pathological cases of imbalance between
supply and demand such as starvation or over-
eating. It captures the salient features of energy
acquisition and allocation during ontogenetic
development and quantitatively predicts univer-
sal assimilation and growth rate curves in agree-

ment with data for mammals and birds. How well
it captures the fundamental features of growth in
other organisms, such as ectothermic vertebrates,
insects, aquatic invertebrates, plants, and uni-
cellular algae and protists, remains to be seen.
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Experimental Evidence for Spatial
Self-Organization and Its Emergent
Effects in Mussel Bed Ecosystems
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Spatial self-organization is the main theoretical explanation for the global occurrence of regular
or otherwise coherent spatial patterns in ecosystems. Using mussel beds as a model ecosystem,
we provide an experimental demonstration of spatial self-organization. Under homogeneous
laboratory conditions, mussels developed regular patterns, similar to those in the field.

An individual-based model derived from our experiments showed that interactions between
individuals explained the observed patterns. Furthermore, a field study showed that pattern
formation affected ecosystem-level processes in terms of improved growth and resistance to
wave action. Our results imply that spatial self-organization is an important determinant of the
structure and functioning of ecosystems, and it needs to be considered in their conservation.

communities have been observed in arid
ecosystems (/-3), peat lands (4), tidal
wetlands (5), mussel beds (6), and rocky shores
(7-9). These patterns are thought to result from
local, nonlinear interactions between organisms
or between organisms and the environment, de-
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veloping even on completely homogeneous sub-
strates. Models predicted that self-organized
patterns can affect ecosystem-level processes, for
instance, by improving resilience to perturbation,
resistance to environmental change, and primary
or secondary production (3, 6). Most studies of
self-organization in ecological systems com-
bine observational studies with mathematical
modeling (2, /0) or experimentally test the
mechanisms that underlie the self-organization
process (/7). Experimental demonstrations of
self-organization—as have been accumulated
for physical, chemical (/2, 13), sociobiological
(14), and microbial systems (15, /6)—are rare
for ecological systems (17, 18).

We investigated the origin of regular pat-
terns in beds of the blue mussel Mytilus edulis
(in the Menai Strait near Bangor, UK) on inter-
tidal flats under wind-sheltered conditions (79).

M. edulis is a filter-feeding animal exploiting algal
plankton and detritus in the water column. Pat-
terns consist of regularly spaced clusters of 5 to
10 cm in width that form a coherent, labyrinth-
like pattern (Fig. 1A). In areas where mussel den-
sities are lower, clusters are more isolated (Fig.
1B), whereas beds are near-homogeneous in very
dense areas. Point pattern analysis based on
Ripley’s K (19) revealed clear, regularly spaced
mussel clusters of ~3 to 5 cm across at ~10 cm
distance from each other (fig. S1). Despite an
order of magnitude difference in mussel bio-
mass at the scale of meters, we found no signifi-
cant difference in within-cluster biomass (fig. S2),
suggesting that mussels self-organize to a certain
local, within-cluster density, possibly to mini-
mize predation or dislodgement losses (20). This
concurs with a number of mathematical studies
pointing at the possibility of self-organized pat-
tern formation in mussel beds (6-8) and ex-
perimental studies in other intertidal ecosystems
(18, 21). Because of their small spatial scale, fast
temporal development, and easy manipulation
and observation of individuals, mussel beds are
particularly suited for experimental testing of
self-organization principles.

We tested in the laboratory the hypothesis
that the observed patterns are self-organized and
hence would develop spontaneously from homo-
geneity. Mussels that were laid out evenly in
laboratory mesocosms developed coherent non-
random spatial patterns within a day. These pat-
terns were statistically similar to the patterns
observed in the field (Fig. 1, C and D; movie
S1; and see fig. S3, A and B, for a statistical de-
scription). When mussel densities in the labora-
tory were decreased, the spatial pattern became
more open and clumps became more isolated
(Fig. 1, E and F; movie S2; and fig. S3, C to D),
as was observed under natural conditions (fig.
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