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ABSTRACT: Energy stored as adipose fat is the primary endoge-
nous buffer against starvation among mammals, yet fat mass M, has
been understood to scale superlinearly with adult body mass M. De-
spite the importance of this pattern for hypotheses linking body size
to starvation resistance and its potential role in driving the evolution
of larger body sizes, its mechanistic origin remains unresolved. Here
we combine an expanded empirical synthesis with a minimal mecha-
nistic model to show that superlinear fat scaling is an inevitable conse-
quence of foraging in resource-limited environments. First, assembling
seven published datasets—spanning shrews to blue whales—con-
firms that adding marine mammals and recent terrestrial data pro-
duces a new measurement of the mass-fat exponent and leaves the
superlinearity unchanged. Second, we explore its origin with a sto-
chastic daily foraging model in which herbivores traverse a bite-
scale resource landscape, accruing size-dependent gains and costs.
When resources are plentiful and gut limited, gain surplus scales
sublinearly, but when resources are scarce and time limited, gain and
cost exponents diverge, driving a superlinear gain surplus, which
we equate with future fat stores. Matching the empirical exponent
requires a 37% daily energetic surplus above maintenance and demo-
graphic costs—independent of body size—consistent with popula-
tions living near the margin of resource depletion. Together, our
framework recasts the mass-fat allometry as a physiological imprint
of ecological scarcity rather than purely metabolic design.

Keywords: allometric scaling, fat reserves, foraging energetics,
starvation, fasting endurance.

Introduction

Finding enough food to survive and reproduce is a persis-
tent puzzle for most organisms in most environments.
Consumed calories must replenish accumulated costs dur-
ing food acquisition (Hou et al. 2008) in addition to those
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associated with growth, maintenance, and reproduction
(West et al. 2001; Roff 2002). What remains represents
an energetic surplus, which can be saved in different stor-
age tissues, depending on species, to be used at a later date
when food is less available. Whereas birds and fish store
surplus energy as lipids—in birds, within subcutaneous fat
pads and the liver, and in fish, within the liver, myosepta,
and buoyant lipid deposits like those in some swim blad-
ders (Weil et al. 2013)—mammals primarily store energetic
reserves in adipocyte cells that form adipose tissue (Pond
1992). Among caching species (e.g., some birds and mam-
mals, including humans), these stores can be coupled with
exogenous reserves, though the latter must be deposited
and left behind (Brodin 2010; Kelt 2011; Yeakel et al.
2020). For most species, endogenous stores alone represent
an individual’s entire energetic buffer against hard times.

Among mammals, larger species tend to have near-
isometric amounts of muscle, guts, and bone (Lindstedt
and Calder 1981). As such, these volumetric tissues
roughly scale o« M'?, where M (kg) is adult body mass.
Famously, mammalian fat mass M; = f,M" (kg) does
not follow this expectation and instead scales super-
linearly, where the most commonly accepted exponent
(£SE) is f, = 1.19 + 0.025 (Lindstedt and Boyce 1985).
This superlinear mass-fat scaling means that larger species
tend to carry a greater proportion of their body weight as
fat. It is this relationship that serves as the fulcrum for the
fasting endurance hypothesis (Millar and Hickling 1990),
which describes an evolutionary advantage of larger body
size arising from greater starvation resistance. Inclusion
of superlinear mass-fat scaling into models of starvation
dynamics has resulted in accurate theoretical predictions
of the largest terrestrial mammal body size (Yeakel et al.
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2018), the evolutionary advantages of grazing (Bhat et al.
2020), and megaherbivore extinction risk (Rallings et al.
2024). Although the superlinear mass-fat relationship clearly
has important consequences for selection and long-term
macroevolutionary trends, its origin has not been explored.
Here we reexamine the mass-fat relationship, assem-
bling seven published datasets to quantify the allometry
of fat. We then propose a theoretical framework for the or-
igin of the mass-fat relationship based on the intersection
of daily foraging mechanics and resource scarcity in differ-
ent types of environments. The physiological incorpora-
tion and synthesis of fat has received much attention;
however, the role that acquisition plays in governing the
energetic surplus that is later routed to fat is less well un-
derstood. Because the amount of fat carried by an organ-
ism reflects the limits of acquisition and maintenance
before hitting physiological or mechanical bounds, we
suggest that this perspective is necessary to understand the
superlinear scaling of body fat observed in nature.

Methods and Model Description
Empirical Analysis

Mammalian fat and body mass data were compiled from
a number of previously published sources, which have
heretofore not been assessed as a whole. The founda-
tional mass-fat relationship was derived from species
averages collected by Pitts and Bullard (1968), expanded
upon by Pond and Mattacks (1985), and reevaluated by
Calder (1996) and later Lindstedt and Schaeffer (2002).
In addition to data from these sources, we also include
a large dataset from Navarrete et al. (2011) primarily
composed of smaller-bodied rodents, primates, and car-
nivores from both wild and captive environments.

To address the lack of representation of marine mam-
mals, we included measurements of pinnipeds and mys-
ticetes from Rygetal. (1993) in addition to several individual
bowhead whales (George et al. 2007), where a relationship
was established between body fat and the number of bar-
rels harvested by commercial whalers. Using this barrel-
to-fat conversion, we included estimates for sperm whales,
right whales, and pilot whales, among others, based on
reports from the American Offshore Whaling Logbook
spanning 1784-1920 (Lund et al. 2025). These combined
datasets cover 57 families and span seven orders of magni-
tude in body size represented by mammals in both terres-
trial and aquatic environments as well as a handful of aerial
bat species (see app. S1; apps. S1-S5 are available online).

Foraging Model

We explored a potential origin for the superlinear mass-
fat scaling premised on daily foraging dynamics. This

framework is premised and parameterized for larger-
bodied terrestrial herbivores (e.g., small gazelles to mega-
herbivores) surface foraging within a resource volume, such
as a closed canopy forest or woodland where resources are
distributed both horizontally and vertically. Direct ex-
tensions to address constraints imposed by alternative en-
vironments, such as aquatic systems or even for organisms
functioning at different trophic levels, will require mini-
mal alterations, which we expand upon in “Results and
Discussion.”

Our minimal foraging model predicts the daily ener-
getic gain ¢ (k] day™") and costs ¢ (k] day ") of an individual
mammalian forager with body mass M as it accumulates
food within a daily foraging bout (table 1). Throughout
the foraging bout, we accounted for accumulated daily
gains and costs differently, depending on whether the her-
bivore fills its gut or reaches the end of the bout with its gut
partially full. If the forager’s gut is filled, gains are equiva-
lent to its gut capacity. If the forager’s gut is not filled, gains
are proportional to the number of resource encounters it
has within the bout. Energetic costs ¢ (k] day™") are simi-
larly accrued with respect to the different actions (travel,
chewing, and rest) taken during and outside the foraging
bout. We assume that the energetic cost accrued during
travel scales with the forager’s field metabolic rate, whereas
that accrued while chewing and postbout scale with the
forager’s basal metabolic rate, both of which «x M*”* (Nagy
2005). We next describe how encounters with resources

Table 1: Model parameters, definitions, and units

Parameter Definition Units

W Resource volumetric g-m”’
density

o Resource dispersion

¢ Resource patchiness
exponent

0 Resource energy density kj-g

M Forager body mass kg

M; = fM! Forager fat mass kg

B Forager bite size g - bite™!

v Forager velocity m-s'

= ulB Landscape bite density bites - m™*
n Competitive load individuals -
m*2

D Distance between bites m

g Forager daily energetic kJ - day™
gains

c Forager daily energetic k] - day™*
costs

¥ Mass-fat scaling
exponent

¢ = glc Reserve ratio

Note: For details, see appendix S2.



account for the gains a forager achieves within a bout in
environments with different patchiness effects, followed
by a description of the temporal constraints determining
the time allotted to each resource encounter and daily
foraging bouts as a whole.

Resource encounters. The forager encounters resources
drawn from a spatial resource distribution normalized to
the size of the forager’s bite, which we refer to as the bite
density field (bites m ™). The spatially implicit distribution
of resources is defined by the raw volumetric resource den-
sity u (g m™?) and resource dispersion « (unitless), which
captures spatial resource variability. A herbivore’s resource
encounters within that vegetative volume are then scaled to
the organism’s bite size 8 (g bite™"), which itself varies with
body mass and is roughly volumetric (i.e., near-isometric
with body volume), where 8 oc M** (Shipley et al
1994). Because one bite contains 3 grams of plant tissue,
bite density is ¢ = p/B. Thus, as body mass increases and
(3 grows, a fixed resource density translates into a lower bite
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density, reflecting the coarser sampling of larger herbi-
vores. Herbivores thus travel from bite to bite with velocity
v o M®® (m s™') (where speed increases sublinearly with
body size via limb length scaling; Kramer and Prins 2010)
across an implicit bite density field.

We assume that the focal herbivore must share the
resources contained in its instantaneous reaction cross
section, a body size-dependent plane of width w and
height h (purple and blue panes in fig. 1), with a local com-
petitor load n = d/(wh) (individuals m~?2), where d is the
number of conspecifics expected to share the daily forag-
ing corridor (along purple and blue trailing lines in fig. 1),
which, with the animal’s reaction cross section sweeping
through, defines the sampling volume (Carbone et al. 2014).
Because competitors follow broadly parallel daylong for-
aging trajectories, we treat their effect as a continuous
competitive load acting uniformly across the focal ani-
mal’s reaction cross section during the bout, thus includ-
ing a static competitive limitation on resource availability.

Bite-density field
distributions

Msmall Mlarge

Patchiness decreases with body mgss

o

Patchiness constant across body m;ss

N o0
A
o

Patchiness increases with body mgss

Figure 1: Schematic of foraging process, where foraging herbivores of different masses travel D meters from bite to bite as function of
their reaction cross section (purple and blue planes) and where bite size (8; orange and green circles) scales with mass (top left inset). The
bite density field distribution defines the mean, dispersion, and patchiness scaling of bites, respectively, across an implicit landscape. Right
inset panels show top-down views of the bite density landscape as a function of forager size M and patchiness exponent {. When { = 1,
patchiness decreases with forager mass M; when { = 2, patchiness is constant across M; when { > 2, patchiness increases with M.
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The spatial patchiness of resources changes as a function
of organismal body size. For example, a habitat with evenly
distributed foods may look heterogeneous to a small for-
ager but homogeneous to a large forager (Bhat et al. 2020).
On the other hand, foods that are very patchy, such as
some fruits, may be expected to retain their patchiness
with increasing body size. In some systems, the patchiness
of resource distributions may be expected to increase with
consumer size; for example, megaherbivores such as ele-
phants engineer nutrient-rich grazing islands in miombo
woodlands, intensifying clumping at the spatial scales
experienced by large foragers (Kohi et al. 2011; Kartzinel
et al. 2014; Coverdale et al. 2016). The interaction between
the mean and variability of encounters between a con-
sumer and its resources largely determines the gain re-
quired to replenish daily costs and whether a forager will
be in a state of energetic surplus or deficit by the end of
a foraging bout.

Following spatial-partitioning frameworks (e.g., Hol-
land et al. 2009; Bhat et al. 2020), the mean and variance
of bite encounters experienced by an individual is rescaled
by competitive load as g,y = gq/n and oy = ¢*/(n'a)
(such that a;g = anf™?), respectively, where the exponent
¢ modulates how much patchiness persists after resources
are subdivided among conspecifics (see inset of fig. 1).
The scaling of patchiness and size is thus determined by
the exponent {, and its effect on the scaling of the resource
distribution with body size can be observed with the coef-
ficient of variation (CV), expressed as

-t
Vo

From equation (1), we observe that when { = 1, resource
distributions become more homogenous as the herbivore
increases in size (i.e., CV ., declines with mass; see inset of
fig. 1), whereas when { = 2, resource distributions retain
their inherent patchiness (i.e., CV,. is constant with
mass). We also investigated a scenario where { > 2 such
that patchiness increases with consumer size (i.e., CV,,
increases with mass; app. S2).

For a homogeneous resource field, the distance be-
tween successive bites D is constant for a given body
mass. (Throughout, stochastic quantities are represented
by uppercase notation, whereas particular values of sto-
chastic quantities are denoted by lowercase notation.)
This interbite distance increases with body mass, as the
bite density field grows more coarsely divided with in-
creasing forager size. To capture spatial heterogeneity,
we invoke a maximum entropy argument and assume
that the bite encounter rate follows a gamma distribution,
where A ~ gamma(Qing, Gina/ina)> S0 that E{A} = gy,
and var{A} = ¢4/cune. We thus encode the minimum

CVres =

(1)

set of constraints on this distribution, including restrict-
ing A to positive values and constraining only its mean
and dispersion; other distributions with similar con-
straints are not expected to alter model results. Condi-
tional on A, the distance between resources is drawn from
D|A ~ exponential(rate = A). This gamma-exponential
mixture (a Lomax/Pareto type II distribution) captures the
heavy-tailed spacing that arises when food patches are
highly clumped. As the forager moves forward through its
environment bite by bite, it samples a vertical cross sec-
tion of resources sweeping through a three-dimensional
volume (fig. 1). The expected distance between bites
along the forager’s path (m) can then be expressed as

ont™!

(2)

Temporal constraints. Bites of resources accumulate
as the forager travels, with the expected travel time be-
tween each bite given by ¢, = E{D}v!, where v is the
forager’s velocity. With each encounter, the forager
pauses to chew its bite, where the time to chew is given
by t. o< M"*® (Zliobaité and Fortelius 2018). The travel,
encounter-bite-chew, travel sequence continues until one
of two end points: the forager either fills its gut or reaches
the end of its foraging bout. The temporal length of the
forager’s bout is assumed to follow the scaling relationship
observed for terrestrial megaherbivores, where t, ¢ M*'*
(Owen-Smith 1988). Thus, larger herbivores tend to spend
more absolute time chewing and foraging, even as mass-
specific energetic requirements decline with body size.
While the #, allometry is largely phenomenological, we
note that alterations to this exponent do not strongly im-
pact the nature of our results (app. S2). Here we assume
that each foraging bout is independent such that we do
not examine coupled dynamics across multiple days, nor
do we include the dynamics of gut passage and the poten-
tial for multiple foraging bouts within a day. Because gut
retention time is typically longer than the expected bout
length, particularly for larger-bodied herbivores, we make
the simplifying assumption that a full stomach marks the
end of the bout if the forager is able to fill it.

Herbivore gut capacity scales differently with body
mass, depending on the type of fermentation employed.
We examine four different modes of herbivory with
different gut capacity scalings: cecum fermenters (gut
capacity u, < M**), colon fermenters (u, o M**),
nonrumen foregut fermenters (u,s < M’*), and rumen
foregut fermenters (u; ©© M), where gut capacity is
measured in grams of dry mass (Miiller et al. 2013). Across
these four fermentation modes, the fitted gut capacity re-
lationships span a large range, corresponding to an enve-
10pe tpmas [ thmin = 1.64 x M** (~2.1-fold at M = 900 kg).



Throughout, we converted gut capacity to kilojoules as-
suming an energy density similar to that of grass, 6 =
182 (k] g ).

See appendix S2 for details on all included allometric
relationships. We note that although we do not include
the observed negative relationship between resource qual-
ity and biomass density (Fryxell 1991; Bergman et al.
2001), we demonstrate in appendix S2.D that its inclusion
does not alter our results.

Results and Discussion

The superlinearity of the mammalian mass-fat scaling re-
lationship has long been recognized for its impact on the
fitness advantages associated with larger body sizes, though
its origin is unknown. We first present a reevaluation of the
empirical mass-fat relationship, combining seven previ-
ously published datasets, where we assessed whether and
to what extent it is sensitive to phylogenetic relatedness,
dataset-specific biases, and/or differences between the for-
aging modes associated with included mammalian spe-
cies. Second, we describe the allometry of predicted daily
foraging gains and costs as a function of herbivore body
size under both resource-plentiful and resource-limited
environments and discuss under what conditions the gain
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surplus (which we argue is proportional to fat reserves) is
expected to be superlinear. Third, we show that the ob-
served mass-fat scaling suggests that mammalian popula-
tions are balanced near the edge of resource limitation,
and we evaluate the maximal energetic surplus required
to give rise to the observed scaling relationship. Finally,
we discuss extensions and applications of our framework
to different foraging environments and types of foragers,
including mysticete whales.

Reassessing the Empirical Mass-Fat Scaling

Integrating across datasets (number of species observa-
tions, nq,, = 218; fig. 2), we found that standard ordinary
least squares (OLS) regression gives a superlinear mass-fat
exponent of f7° = 1.134 + 0.015 (SE; t = 75.94, P <
.001). Cetacean species with fat mass extrapolated from
the barrel-to-fat conversion were excluded. To examine
whether phylogenetic relationships altered the observed
scaling, we repeated the analysis on the subset of records
for which genus- and species-level identifications were
available utilizing the Open Tree of Life R package rotL.R
(Michonneau et al. 2016). We fitted both the OLS model
and a phylogenetic generalized least squares (PGLS) model
under a Brownian motion error structure (i.e., Pagel’s A

T
10% b ® M>0.5kg
® M<05kg
O Estimated: Mf/M = 44%
Best fit: All
Best fit: M > 0.5 kg
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Figure 2: Empirical mass-fat relationship using OLS. Best fit for the full dataset has a slope of 1.134 + 0.015 (SE; red line). The OLS best fit
for species with M > 0.5 kg is 1.171 =+ 0.023 (SE; orange line); the PGLS best fit for larger species is 1.139 = 0.061 (not shown for clarity).
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fixed at 1 rather than estimated) on a pruned tree contain-
ing 158 tips and 848 internal nodes, scaled to time with
branch lengths in units of millions of years (McTavish
2025). For this matched subset, the PGLS fit yielded /7™ =
1.145 * 0.052. The PGLS 95% confidence interval en-
compasses the OLS estimate, so the phylogenetic correc-
tion did not materially change the exponent (app. S1).
Overall, accounting for shared evolutionary history did
not change the conclusion that mammalian fat mass scales
superlinearly with body mass.

To check whether this estimate is distorted by idio-
syncratic differences among studies, we fitted linear mixed
effects models with each of the seven datasets as a grouping
factor. A random intercept model of the full set of mea-
sures (using OLS) allows each dataset its own vertical oft-
set and yielded an exponent of f7™* = 1.118 + 0.017; the
between-dataset SD of those offsets was 0.20 log units
(approximately =22%), whereas within-dataset scatter
remained much larger (residual SD = 0.91). Adding
dataset-specific slopes did not improve fit (x3 = 2.91, P =
.23; ABIC = 7.86),so the simpler random intercept model
was retained. Likewise, a fixed effects ANCOVA that in-
cludes a full set of dataset-specific intercepts and slopes re-
duced residual variance (Fyy 55 = 3.07, P = .001) but left
the common slope within the mixed model 95% confi-
dence limits. Together, these analyses confirm that the ex-
ponent of approximately f7* = 1.13 was robust to model
specification and study-level variation.

Because the combined dataset spans terrestrial, aqua-
tic, and aerial mammals—foraging modes that confront
markedly different energetic regimes and mechanical con-
straints—we next tested whether habitat categorizations
altered the mass-fat scaling relationship. A mixed effects
model allowing mode-specific intercepts gave a virtually
identical slope (f{** = 1.122 = 0.018). Although adding
mode-specific slopes changed the log likelihood by less
than 0.03 units (x3 = 0.05, P = .97), the model was dis-
favored by information criteria (ABIC = 10.7), so we re-
tained the pooled line. Translating the coefficients into
mode-specific exponents using fixed effects ANCOVA
yielded f0'*** = 1.37 + 0.30 for aerial species, fi ¢ =
1.15 + 0.04 for aquatic species, and £ = 1.11 *+ 0.02
for terrestrial species. Pairwise Wald tests showed that
neither the aerial-terrestrial difference (t = 0.89, P = .37)
nor the aerial-aquatic difference (¢ = 0.74, P = .46) was
individually significant and that aquatic and terrestrial
slopes were statistically indistinguishable. It is possible that
the notably steeper slope for aerial species may represent a
true biological signal, but this will require a more rigorous
investigation given that our dataset is limited to 14 chirop-
teran species. We theorize that a steeper mass-fat relation-
ship for aerial species might be driven by the increased
energetic demands of flight, particularly for larger species

(Voigt et al. 2010). In contrast, similar mass-fat scaling re-
lationships for terrestrial and aquatic species is in line with
our primary hypothesis: that an organism’s fat is driven pri-
marily by limitations associated with foraging, even if grav-
itational constraints are relaxed, as is the case for aquatic
foragers.

Our theoretical model is primarily focused on mamma-
lian species acquiring food sequentially and stepwise on
the surface landscape. When we excluded the smallest spe-
cies (M < 0.5 kg), which are dominated by bats and bur-
rowing or caching rodents, whose foraging dynamics di-
verge from our model assumptions, we observed a steeper
mass-fat relationship for the OLS fit, while the PGLS fit re-
mained effectively the same. An ANCOVA contrasting the
small-bodied taxa (M < 0.5 kg) against the large-bodied
subset (M > 0.5 kg) indicated that small species followed
a shallower scaling of f7"**™" = 1.01 =+ 0.08. This slope
was 0.16 + 0.09 lower than that of the large-bodied class,
a difference that approaches but does not reach signifi-
cance (t,y = —1.88, P = .061). Size class had no detect-
able effect on intercepts (P = .71).

After removing the small-bodied species, the remaining
taxa yielded an internally consistent exponent of f7** =
1.171 £ 0.023, effectively reproducing the previously ob-
served 1.19 value (Pitts and Bullard 1968; Lindstedt and
Boyce 1985; Lindstedt and Schaeffer 2002), which com-
fortably overlapped the mass-fat slope estimate of f}°° =
1.14 £ 0.06 using PGLS. Throughout, we report both the
conventional OLS slope (for direct comparability with the
historical literature and our 138-species dataset) and
the phylogenetically corrected PGLS slope (to account for
nonindependence among related taxa), using these mea-
sures to bracket subsequent analyses (see app. S1 for ad-
ditional details).

An Origin for the Mass-Fat Scaling Relationship
from Foraging Dynamics

Mammalian bones, muscles, guts, and integument are
all structural and organ systems that have well-defined
and largely isometric scalings across species of different
body sizes (Lindstedt and Schaeffer 2002). It is clear that
fat does not follow the isometry typical of other volu-
metric anatomies and can vary dramatically depending
on the prevailing environmental conditions, life history
of the organism, and, in particular, whether a species is
aquatic or terrestrial (Lindstedt and Boyce 1985; Millar
and Hickling 1990). It is tempting to think of adipose fat
as a tissue that fills an implicit and bounded compart-
ment, and although there are certain biophysical bound-
aries where an organism would have so much fat that it
could no longer function, such boundaries are rarely ob-
served in nature. Instead, the observed limits of body fat



for mammalian individuals tend to be far from states ob-
served in resource-replete environments, such as in cap-
tivity, where health complications from fat accumulation
are common (Schook et al. 2015; Chusyd et al. 2021). If the
amount of fat that individuals carry is instead limited by
the environment, it stands to reason that the observed
superlinear mass-fat scaling may arise from the intersec-
tion of resource limitation and the mechanics of foraging.

To examine this intersection, we used our minimal
foraging model, which captures the daily energetics of
herbivores of different sizes traveling across a resource
landscape. We evaluated the accumulated daily gains g
and costs ¢ (k] day™') across 1,000 independent realiza-
tions for every environmental and body size combina-
tion, which we confirmed to be more than enough to
achieve stationarity in our results.

Anabolism of endogenous fat stores requires that the
foraging organism has, on average, gains that surpass
costs, which we formalize as the gain surplus, gg = ¢ — .
If foraged gain is only enough to replenish daily costs
(g = o), there is no excess from which to synthesize fat.
We might therefore surmise that the degree to which there
is surplus determines directly the degree to which an orga-
nism can add to its endogenous fat stores. If the propor-
tion of ingesta assimilated into the body (n) remains
constant across body mass, gs can be assumed to have the
same scaling as the mass-fat relationship. Digestive effi-
ciency, or the proportion of ingesta retained in the body,
best approximates this notion of # and has been shown
to be roughly constant across herbivore body mass, rang-
ing from n = 0.45-0.65, but with no clear allometric signal
(Clauss and Hummel 2005). Miiller et al. (2013) similarly
found little evidence that digestive efficiency increases
with body size, suggesting that larger herbivores instead
compensate for lower-quality forage primarily by increas-
ing intake.

Fat stores are accumulated over time from the gain
surplus, and it is the allometry of this integrated tissue
that is captured in the mass-fat relationship. We show
in appendix S3 that under most conditions where ener-
getic reserves are accumulated over seasonal periods of
gain followed by loss, fat storage is expected to have the
same exponent as the daily gain surplus. Given this ap-
proximate equivalence, throughout we use the exponent
of the gain surplus term to relate directly to the scaling
of fat tissue among mammals. We next investigate
whether gs scales with mass superlinearly such that g; o
M"" and under what conditions it may be expected to ap-
proach the observed mass-fat scaling, where v = f.

Gut capacity constrains gains in rich environments.
When resources are plentiful, individual foragers are
able to fill their gut prior to the end of a foraging bout.
In such environments, the travel time between bites is
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short, allowing individuals to achieve high rates of gain
at lower expense. In this case, we expect ¢ = §¢®", where
g is the herbivore’s gut capacity (g) such that g8 =
gﬁ“tMgf'm, with different exponents for different fermenta-
tion pathways.

We calculated the gain surplus exponent 7, where
gs ¢ M", from daily simulations of foragers with body
masses ranging from M = 50 to M = 25,000 kg, roughly
the size of a small gazelle to 1.5x the size estimates for the
largest terrestrial mammalian herbivores, which include
Paraceratherium and Deinotherium (Yeakel et al. 2018).
For each value of environmental richness u and patchiness
¢ and for each measured body mass M, gains and costs
were assessed and averaged across replicates. The simu-
lated gain surplus slope was measured across log(gs) and
log(M) for larger herbivores and evaluated as a function
of both environmental richness y and for the different cat-
egories of herbivore fermentation (see app. S2).

We found that in resource-plentiful environments,
the scaling of g; was equivalent to gut capacity scaling
as M — oo. For the mass range explored here, gs showed
a slightly steeper relationship with body mass compared
with gut capacity, where at the low end y = 0.9 for ce-
cum fermenters and at the high end v = 0.95 for colon
fermenters (app. S2). Because herbivore gut capacities
scale sublinearly with body mass, it is notable that the
gain surplus in these environments remained sublinear
and not superlinear as one would expect from the ob-
served mass-fat relationship.

Encounter rate constrains gains in poor environments.
As resource availability declines, foragers must travel
farther for each bite and are limited by the amount of
food encountered during the length of the foraging bout
rather than their gut capacity. In this case, the gain term
is bout limited and more complex but can be estimated
as g™ = §8n,, where n, is the expected number of bites
within the bout time f,. In our minimal foraging model,
time is accrued during two activities within the foraging
bout: the expected travel time #, and chewing time ¢, as-
sociated with each bite. As such, n, = t,(E{t} + o)™
where, as previously noted, E{t,} = E{D}v', with v
as the forager’s velocity. Importantly, because E{t} is
an expectation, we do not expect the calculation of #,
to be universally accurate because of Jensen’s inequality
(Denny 2017) and must instead treat this as an approx-
imation while relying on simulation results. Because
distance variance is of the same order as the distance
mean, approximations such as the delta method (Hilborn
and Mangel 1997) are unavailable.

With the decline in environmental richness, travel
time increases across the board (app. S2). Full calcula-
tion of the gain term resulted in a solution that cannot
be easily expressed, with the slope decreasing at large
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body masses (fig. 34, dashed blue line). Calculation of
the cost term revealed a shallower slope, with similarly
complex behavior in the large size class (fig. 3A, dashed
red line). However, our simulation results revealed that
the gain and cost terms were both well represented by
mass allometries with single exponents, where g™ =
goM?® and ™ = ¢, M.

In resource-limited environments, it is clear that the
gain term has a steeper slope than the cost term such
that g, > ¢,. Here, the costs ¢ o¢ M*’®, whereas g™ oc
M"%. From these relationships for gains and costs, we cal-
culate the effective slope v of the gain surplus g, = g*'—

Cbout as

(e — g1)coM"
CoMCl _ gOMgl :

y=&*t (3)
There are two behaviors of these gain and cost relation-
ships that are important for mass-fat scaling. First, it is
clear that when the gain and cost functions intersect, the
denominator of equation (3) goes to zero, and y — . For
body masses near but above this point, the slope of the
gain surplus achieves superlinearity. Second, the body size
defining this intersection increases as the richness of the
environment, u, decreases. So as the density of available
foods declines, so do gains, leaving only larger species—
with greater gain surpluses—to replace daily costs and
achieve g > 0.

Both simulation results and analytical approxima-
tions revealed that larger species have an advantage in
resource-limited environments given their ability to
consume a larger energetic surplus relative to costs de-
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spite not having reached gut capacity. This is due to a
number of intersecting relationships: larger species gen-
erally have longer foraging bouts (Owen-Smith 1988),
and although travel times between bites are somewhat
greater for larger species (app. S2) their larger per-bite
energetic yield promotes volumetric intake of forage
overall. As the threshold condition, g*" = ¢™™, moves
to higher masses with increasing resource scarcity
(lower u), the gain surplus for larger species takes on an
elevated and superlinear effective slope. In this resource-
limited regime, vy for herbivores of all gut types converges
to the same curve, rising above unity for u < 107% (fig. 4).

Spatial partitioning of resources. Resources that be-
come more uniform with increased body size ({ < 2;
app. S2) have less relative variability between encoun-
ters, ensuring that larger species have an inherent ad-
vantage in resource procurement. This mechanism has
been posited as a potential driver of the evolutionary in-
crease in body size observed among grazing mammals
following the expansion of C, grassland ecosystems (Bhat
et al. 2020). By increasing access to more uniform foods,
herbivores reduce the uncertainty associated with patchier
resources while elevating the probability that gains can re-
coup costs, though the immediate consequences of re-
source patchiness are size dependent.

Standardizing gains relative to costs clarifies how the
scaling of resource patchiness impacts foragers across
different size classes, which we define as the reserve ratio
¢ = g/c. In our framework, { < 2 means that the reserve
ratio has a roughly constant scaling exponent of ~0.15 such
that ¢ = 1.5 for gazelle-sized herbivores (M = 50 kg) and
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Figure 3: A, Daily gains (blue lines) and costs (red lines) versus forager body mass M in resource-limited environments under assumptions
of p =107, o = 4, { = 1. Solid lines indicate daily gains and costs; dashed lines indicate analytical approximations and show increasingly
poor fit as body size increases. B, Reserve ratio ¢ = g/c for different levels of patchiness { as function of forager body mass M. Low { means
that experienced resource distributions become more homogeneous with increasing body size; intermediate { = 2 means that experienced
patchiness is constant across body size; high { > 2 means that experienced patchiness increases with body size. The circle for { = 2.15

denotes the intermediate body size at which ¢ is maximized.
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Figure 4: Daily gain surplus exponent vy as function of environmental richness u for cecum, colon, nonrumen foregut, and rumen foregut
foragers, derived from simulations (500 replicates). Analytical approximation of +y is shown for resource-limited conditions where her-
bivores are bout limited (dashed line) and for enriched conditions where herbivores are gut limited (colored circles). Also shown are the

mass-fat scaling relationships reported here (f{" [black circle] and

PGLS

[black square]), as previously reported by Lindstedt and Boyce

(1985), Calder (1996), and Lindstedt and Schaeffer (2002; gray circles), and for captive mammals collected by Navarrete et al. (2011; white

circles).

increases to ¢ = 3.0 for elephant-sized herbivores (fig. 3B,
blue and orange lines). For resources that retain a patchy
distribution, irrespective of body size ({ = 2), ¢ drops sys-
tematically given that clustering increases the mean dis-
tance between resources (fig. 3B, green line). If resource
patchiness increases with body mass ({ > 2), as might
be expected in highly engineered landscapes or when large
species must travel between food islands, we observe ¢ to
increase more slowly with body mass, reaching a maxi-
mum at intermediate size class (at approximately M =
2,000 kg for ¢ = 2.15) before declining (fig. 3B, teal line;
app. S4).

Superlinear mass-fat scaling ensures that larger species
have an inherent advantage in weathering gaps in resource
availability given their greater resistance to starvation. This
advantage is maintained across different resource types:
from resources that become more uniformly distributed
with size (e.g., leaves in forests or grass in tall grass prairies)
to those that retain their patchiness (masting fruits, high-
quality browse). This aligns with prior work showing that
foragers with larger perceptual scales—a reasonable proxy
for larger body size—gain most when resources are aggre-
gated into a few large patches, whereas fine-scale foragers
optimize intake when resources are evenly distributed and
patch size is uniformly small (Ritchie 1998). Yet the advan-

tage of large size erodes if foragers themselves intensify
patchiness. Along similar lines, moderate grazing pressure
has been shown to create self-similar food island mosaics
through a slowdown-and-aggregate feedback between
consumers and vegetation (Ge and Liu 2022). In such
cases, the very feedbacks that build spatial heterogeneity
may undo the energetic advantages of large body size,
promoting instead intermediate size classes where we ob-
serve the reserve ratio to be maximized (fig. 3B, teal line).
Empirical intake and fat in captivity. Our prediction
of a steeper daily gain exponent relative to that of costs
is a requirement for superlinear mass-fat scaling emerging
from resource limitation. Seemingly in contrast, Clauss
et al. (2007) and later Miiller et al. (2013) compiled mul-
tiple datasets showing that dry matter intake o« M°*”
(though in the latter case, the authors note that intake may
be steeper for larger mammals). Whereas the methods by
which these data originate are numerous, they are in
nearly all cases from controlled experiments in captive set-
tings (as it would be nearly impossible to measure intake
accurately in the wild). As such, the food intake and resul-
tant fat storage would not be expected to reflect resource
limitation per se, and the extent to which this information
would be useful in deriving the mass-fat relationship based
on the arguments we have presented is likely minimal.
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In sharp contrast, the steeper gain relationship that we
have derived is entirely the result of the intersection of
the assumed foraging dynamics with resource scarcity.
Perhaps compellingly, we note that when resource avail-
ability is elevated (higher u), the scaling of the gain term
drops from g, = 0.94 to 0.86, approaching the lower val-
ues associated with intake exponents measured in con-
trolled settings.

Our minimal foraging model predicts that a range of
mass-fat scaling relationships is expected for herbivores
experiencing different degrees of resource limitation. For
herbivores in resource-limited environments, the mass-fat
relationship should scale superlinearly; for those in en-
riched environments, we would expect the scaling to be
lower, approaching gut capacity as intake saturates. There
is limited opportunity to examine this prediction directly,
though comparison of captive versus wild mammals of-
fers one such option. The detailed tissue measurements
performed by Navarrete et al. (2011) offer insight into
mass-fat scaling (Antol and Koztowski 2020; Wilkinson
et al. 2025) among captive versus wild mammals, though
they are limited to smaller species biased toward rodents,
primates, and carnivores (the largest being a captive tiger
at ~75 kg), with larger size classes primarily captive and
smaller size classes primarily wild. Despite these potential
biases, we observed the best-fit mass-fat exponent of wild
species in this dataset to be 1.05 + 0.06 and that of cap-
tive species to be 0.96 = 0.07. Though a pairwise Wald
test showed that their difference is not significant (ty; =
1.01, P = .31), the qualitative difference in wild versus
captive mass-fat exponents accords with model predic-
tions, where captive animals with ready access to re-
sources evince a shallower mass-fat relationship.

Populations on the Edge

The superlinear scaling of gain surplus with body size—
and, by proxy, the mass-fat relationship—is inevitable if
(1) gains have a steeper body mass scaling than that of
costs and (2) the environment is resource limited such
that species operate relatively close to the margin (close
to the intersection of gains and costs). Our minimal
model captures specific mechanisms underlying the forag-
ing process (fig. 1); however, the emergence of superlinear
mass-fat scaling from forage surplus is not bound by the
constraints of this particular representation. Yet the stated
preconditions of this general superlinear scaling rule raise
the following question: how close to the margin do indi-
vidual herbivores need to operate to express the observed
scaling of y?

We calculated the surplus required to achieve the ob-
served mass-fat scaling, investigating to what extent this
informs our understanding of resource limitation in

. . P S, .
natural environments. By setting v = f;°°° in equa-

tion (3), we solved for the reserve ratio ¢, where

bout

g

" bout
Cou

=1-2-8 (4)
=9 Y~ &

Y=Y

Here, ¢ represents the relative gain driving the observed
mass-fat scaling, which immediately communicates two
important messages: the reserves required (1) depend
on only the exponents of gains and costs and (2) are in-
dependent of body mass. The relationship in equation (4)
has some limitations. First, it is relevant only in resource-
limited environments, where herbivores do not accrue
enough gain to fill their gut. Second, the slopes of the gain
and cost terms are specific to the resource environment
giving rise to the observed mass-fat scaling, where g, =
0.93 and ¢, = 0.78 for environments where patchiness
scaling ¢ < 2.

Combining the (g, ¢,) values with the empirical mass-
fat scaling, we obtained ¢ = 1.61 (OLS) and 1.69 (PGLS),
suggesting that herbivores obtaining 61%—69% more en-
ergetic gain relative to costs will produce the observed
mass-fat superlinear scaling relationship. However, in a
stable population operating at or near carrying capacity,
daily foraging gains are not only used to account for daily
costs but also must, on average, account for the additional
costs associated with ontogenetic growth and reproduc-
tion. To estimate the minimal demographic costs that
must be subtracted from the surplus available for fat stor-
age, we used the mass balance framework defined by West
et al. (2001), presented as Bym** = E,,/in + B,,m, where
m is the mass of a growing animal and E,, and B,, repre-
sent the energetic costs of tissue synthesis and mainte-
nance, respectively. We calculate daily demographic
costs as

Em(eAM - mo) 2Em6]M
K= + s
t t

(5)

where e, = 0.99 specifies the proportion of a species’ as-
ymptotic mass M defining the adult size class, ¢, = 0.751is
the assumed proportion of asymptotic mass defining the
end of a juvenile’s reliance on parental care, m, is size at
birth, and ¢, is expected lifetime in days. The first term
in equation (5) is thus the per-diem lifetime energetic cost
associated with an individual growing to its adult mass,
whereas the second term is the per-diem energetic cost
of supporting two offspring (i.e., replacement) from em-
bryogenesis to size e,M.

Applying mammalian scaling relationships to equa-
tion (5) (see app. S2), we found that k = k,M*”>. We ac-
count for daily demographic costs in our reserve ratio as
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where /¢, = 0.24 in the regime where we attained the
observed mass-fat scaling. Together, ¢*™ ~ 1.37 (OLS)
to 1.45 (PGLS), meaning that if herbivores—regardless
of body size—reach a 37%—45% forage surplus, they are ex-
pected to meet the minimum conditions required to both
achieve population-level stability and attain the observed
mass-fat scaling relationship. It is important to note that
this surplus value is an upper bound, or ceiling, based on
the averaged demographic costs of growth and reproduc-
tion. With the additional costs of more than two offspring
and the energetic resynthesis costs of lost fat reserves fol-
lowing bouts of starvation (Yeakel et al. 2018) among other
costs, the per-diem demographic load (eq. [5]) will in-
crease, reducing the realized value of ¢

This surplus is sensitive to resource patchiness in addi-
tion to the scaling of gains and costs accrued by the forager
(fig. 5A). The scaling of resource patchiness ({) alters the
mean and variability of the distances separating a forager’s
bites, which in turn alters the energetic gains and costs
within foraging bouts. As patchiness increases (causing an
increase in both the mean and the variability of bite dis-
tances), the exponents associated with gains and costs
decline, which reduces the ¢*™ ceiling (fig. 3B). The elem-
ents governing bite distances determine the energetic edge
(where gains balance costs) and the distance from it re-
quired to express the observed fat scaling. The demography-
adjusted reserve ratio ¢*™ quantifies this distance, whereas
density-dependent feedbacks are expected to depress the
effective resource availability, pushing populations to-
ward the edge and steepening the slope. We therefore
read the empirical mass-fat exponent as a signal of how
tightly scarcity drives systems to that acquisition-limited
edge.

Importantly, the demography-adjusted reserve ratio is
fully general and independent of foraging models, requir-
ing only that gains and costs follow single-term power law
relationships and that gains are steeper than costs. After
paying both metabolic and demographic costs, individu-
als must still accumulate a surplus equal to a fixed fraction
of their total daily metabolic expenditure to accumulate
fat fast enough to achieve the observed mass-fat scaling.
If the mass-fat exponent is unconstrained to the empirical
value, our framework predicts that populations operating
within a slimmer margin (lower ¢) will exhibit a steeper
mass-fat slope (fig. 5B). Well-provisioned populations
on the other hand—such as those in captivity—will show
a more shallow relationship converging on gut capacity
limits.
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Figure 5: A, Demographic reserve ratio required to maintain ob-
served empirical mass-fat scaling relationship, ¢*|, _ .-, as function
of gain exponent g, and cost exponent c,. This ratio accounts for the
minimum demographic requirements to grow to adult body mass
and to maintain a population at carrying capacity (shown here from
the OLS fit). Colored circles denote ¢*™ values for gain/cost scaling
relationships emerging from patchiness exponents: { < 2 (nearly
overlapping; ¢*™ =~ 1.37) and { = 2.15 (¢*™ = 1.02). The dashed
line denotes where g, = ¢,. B, Unconstrained gain surplus exponent
7 as function of reserve ratio (with gain and cost exponents set as in
A for { = 1). The shaded region shows the ¢*™ = 1.37 to 1.45
reserve ratio predicted from the observed mass-fat exponents.
Arrows with letters denote empirical measures of surplus for three
ungulate species during periods of fat accumulation: K = kudu
(Owen-Smith 1997); M = moose (Renecker and Hudson 1989);
B = black-tailed deer (Parker et al. 1999).

Because energetic gains in natural settings are difficult
to measure, there are few opportunities to verify our an-
alytical ¢*™ against field observations. Some notable ex-
ceptions include estimated intake relative to expenditure
for black-tailed deer (Channel Island, Alaska; Parker
et al. 1999), semiwild moose (central Alberta; Renecker
and Hudson 1989), and semiwild kudu (northern South
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Africa; Owen-Smith 1997; arrows with letters in fig. 5B).
Both black-tailed deer and moose inhabit environments
with severe winters, where fat stores are accumulated dur-
ing the spring/summer. Although seasonal fluxes are less
intense for kudu, they must similarly accumulate stores
during the wet growing seasons. As we demonstrate in
appendix S3, mass-fat scaling is expected to match the scal-
ing of daily gain surplus during periods of fat accumulation
rather than expenditure. During these periods of accumu-
lation, black-tailed deer exceed their energetic demand by
~50% and moose by ~32% during spring, declining to
~17% by late autumn. Kudu exceed their requirements
by ~20% in the midwet season, declining to ~16% by the
early dry season. This lower value for kudu aligns with
more limited fat stores observed among African ungulates,
which may be associated with heat tolerance and/or pred-
ator avoidance (Owen-Smith 1997). Together, these obser-
vations—particularly for species in environments where
significant fat storage determines survival—straddle our
calculation of ¢*™, where the expected ceiling for surplus
is 37%—45%. This alignment supports the notion that the
observed superlinear mass-fat scaling originates from ani-
mals saving where they can while living on the edge.

Beyond Contemporary Terrestrial Herbivory

We show that across terrestrially, aquatically, and even ae-
rially foraging mammals, the superlinear mass-fat scaling
remains remarkably consistent (fig. 2). That the inclusion
of multiple extremely large-bodied mysticete and odon-
tocete taxa fall within the observed relationship is telling.
Free from gravitational limitations, one may suppose that
marine mammals would evince a mass-fat relationship
that is apart from that observed for their terrestrial coun-
terparts; however, their exponents are statistically indistin-
guishable. Yet if we instead follow the argument proposed
here—that the limitations of fat accumulation arise from
constraints induced by the mechanics of foraging and re-
source scarcity—one might expect terrestrial and aquatic
mass-fat scaling relationships to be aligned.

Our specific model focuses on evaluating herbivory
within a vegetative resource volume; however, it is general
in scope, and few adjustments would be needed to capture
different foraging environments or alternative trophic lev-
els. For example, revising the model for mysticete filter
feeders would require altering resource energy density
(Goldbogen et al. 2011), bite size scaling (Goldbogen et al.
2010; Kahane-Rapport and Goldbogen 2018), the metabolic
costs associated with lunge feeding (Goldbogen et al. 2008,
2012), and the scaling of velocity and reaction cross sections
(Cronin et al. 2017), much of which has been measured.

We expect these alternate maritime parameterizations
to impact scaling intercepts rather than exponents such

that the relative daily gain versus cost relationship will not
be markedly different than those estimated for terrestrial
species, though this deserves a thorough investigation. For
example, the volumetric scaling of a mysticete bite, mea-
sured as the mass of seawater engulfment M, o M"°
(Goldbogen et al. 2010), does not stray far from the bite
size scaling of terrestrial herbivores (8 oc M"*; Shipley
et al. 1994). Alternatively, the notion that metabolic costs
may scale more shallowly with large marine taxa, as has
been proposed on the basis of the observed enlargement—
and potentially lower metabolic rate—of adipocyte cells
(Pereira and Ribeiro 2022), would further serve to sup-
port the origin of superlinear mass-fat scaling described
here. Among nonmammalian marine species, we note
that the scaling of liver weight with body mass for lam-
niformes (specifically white sharks) is also superlinear
(Lingham-Soliar 2005). Liver serves as the primary energy
storage tissue for sharks, and that liver mass evinces a
superlinear exponent on par with mammalian fat mass
is perhaps compelling.

A potentially useful application of our framework is to
turn the problem on its head to investigate extinct spe-
cies. For example, the mechanics of foraging for sauro-
pod dinosaurs may be represented by minor changes
to our foraging model. Long sauropod necks enable aty-
pically large reaction cross sections (Clauss and Hummel
2005), sometimes referred to as feeding envelopes (Sander
etal. 2011), whereas the allometry of bite size can be esti-
mated from morphometrics (Hummel and Clauss 2011).
Although metabolic costs are likely rough estimates
(Sander and Clauss 2008), it would appear within reach
to leverage similar ecological models to explore whether
a superlinear mass-fat scaling is realistic for such enor-
mously large terrestrial herbivores, potentially allowing
one to address whether some dinosaurs were fat and, if
so0, how fat were they?

Conclusions

Mammals use fat in a variety of ways, from insulation,
buoyancy, and cognition to maintaining energetic re-
serves for use in times of scarcity. The adipose tissue from
which these reserves are composed famously scales super-
linearly with body mass, with a previously measured ex-
ponent of f; = 1.19 (Calder 1996), though its origin has
been a mystery. Here we have both reevaluated and added
to the original mass-fat relationship, confirming its super-
linearity (f, = 1.14 to 1.17 on the basis of PGLS and
OLS fits, respectively), despite recent investigations sug-
gesting isometry (cf. Antol and Koztowski 2020). We
make the case that the origin of the mass-fat scaling
can be explained by the mechanics of foraging within a
resource-limited environment, where a 37%—45% surplus,



regardless of size, is expected to produce the observed
relationship.

Although much can be gleaned from the energetics of
daily foraging processes, it is the coupled nature of daily
dynamics—in environments that fluctuate on different
scales—that impacts the selective landscape. Exploring
how energetic stores contribute to the success or failure
of species of different sizes occupying different positions
in food webs is clearly needed to understand how these
physiological limitations shape long-term macroevolu-
tionary processes.
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