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abstract: Foraging in uncertain environments requires balancing
the risks associated with finding alternative resources against potential
gains. In arid-land environments characterized by extreme variation
in the amount and seasonal timing of primary production, consumers
must weigh the risks associated with foraging for preferred seeds that
can be cached against fallback foods of low nutritional quality (e.g.,
leaves) that must be consumed immediately. Here, we explore the in-
fluence of resource scarcity, body size, and seasonal uncertainty on
the expected foraging behaviors of caching rodents in the northern
ChihuahaunDesert by integrating these elements with a stochastic dy-
namic program to determine fitness-maximizing foraging strategies.
We demonstrate that resource-limited environments promote depen-
dence on fallback foods, reducing the likelihood of starvation while in-
creasing future risk exposure. Our results point to a qualitative differ-
ence in the use of fallback foods and the fitness benefits of caching at
the threshold body size of 50 g.Above this 50-g body size threshold, we
observe large fitness gains associated with the maintenance of even a
modest-sized cache, whereas similar gains for smaller consumers re-
quire maintenance of unrealistically large caches. This suggests that
larger-bodied consumers that cache may be less sensitive to the future
uncertainties inmonsoonal onset predicted by global climate scenarios,
whereas smaller consumers, regardless of caching behavior, may be at
greater risk.

Keywords: foraging, caching, fallback foods, Sevilleta, stochastic dy-
namic programing.

Where he can’t save a cent and his whole life is
spent / Just waitin’ for the hard times to go. (Dave
Alvin, “Interstate City,” 1996)

Introduction

To survive, consumers must take risks as they seek rewards.
The strategies they employ must account for both the im-
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mediate costs of today and the uncertainties of tomorrow.
This entails weighing the costs and benefits of foraging in
a temporally and spatially stochastic environment, condi-
tioned on the energetic state of the individual (Mangel
and Clark 1986). While the rewards are energetic and ulti-
mately reproductive, the risks include exposure to preda-
tion and the potential that resources are not found, such
that foraging effort is wasted.
The potential fitness gains provided by specific resources

must be weighed in terms of their availability (Caraco et al.
1980), energy density (Emlen 1966), macronutrient content
and stoichiometry (Sterner and Elser 2002), and the me-
chanical and chemical costs associated with processing and
digestion (Dominy et al. 2008; Nersesian et al. 2011; Lucas
et al. 2014; Yeakel et al. 2014; Machovsky-Capuska et al.
2016). During times of plenty the quality of easily found
resources may be prioritized, whereas during times of scar-
city resource availability may be expected to play a larger
role. While food preference is a well-understood concept,
often less appreciated is the importance of those resources
targeted during critical use times when preferred high-
quality resources are limiting (Wrangham et al. 1998; Laden
and Wrangham 2005). During these periods, consumers
generally fall back on resources that are otherwise under-
utilized, which may be due to differences in energy density,
abundance, or the direct (e.g., predation) or indirect (e.g.,
competition) risks associated with acquisition or assimila-
tion. Such foods are sometimes referred to as “keystone re-
sources” (Leighton and Leighton 1983). However, this term
is problematic because it has connotations with community
stability and the assumption that a keystone resource’s out-
sized role varies inversely with its abundance (Constantino
and Wright 2009). To avoid this confusion, we refer to
these resources as “fallback foods,” a term oft used in pri-
mate ecology and paleoanthropology to describe those
foods “of low preference and high importance” (Marshall
et al. 2009; Lambert and Rothman 2015). While fallback
resources may be utilized only rarely, they are vital for en-
suring survival during hard times.
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To “save” for a terrestrial consumer means to accumulate
energy either endogenously as fat in the form of adipose tis-
sue or exogenously in a cache (Smith and Reichman 1984).
Because small mammals can save proportionately smaller
amounts of fat on their bodies than larger mammals, they
operate closer to the starvation threshold (Lindstedt and
Boyce 1985; Dunbrack and Ramsay 1993; Yeakel et al.
2018), meaning that hard times are never far away. In fact,
the effects of larger body size on starvation time can be dra-
matic. If a 10-g organism is expected to last only 12 h before
starvation, a 100-g organism would be expected to last two
and a half times as long, or∼30 h (Millar andHickling 1990;
McNab 2010). The limited endogenous storage afforded to
smallermammalsmeans that they aremore sensitive to spa-
tiotemporal fluctuations in resource availability (Bhat et al.
2020). Caching food resources can buffer against this forag-
ing uncertainty and is a particularly common behavior em-
ployed by small mammals and passerine birds (Smith and
Reichman 1984; Dunbrack and Ramsay 1993). While many
of the advantages of caching have been explored previously
(Mangel and Clark 1988; McNamara et al. 1990; Vander
Wall 1990; Lucas and Walter 1991; Brodin and Clark 1997;
Gerber et al. 2004), how this behavior advantages consum-
ers of different body sizes in highly seasonal environments,
particularly when seasonal transitions are uncertain, is not
well understood.
Desert ecosystems often support diverse and dynamic

small mammal communities in spite of low and unpredict-
able resource availability (Fox 2011). These communities
exemplify how resource-limited ecosystems can support
consumers with a diverse range of life-history modes and
functional traits associated with resource procurement. In
the arid Sonoran and Chihuahuan Deserts of the Amer-
ican Southwest, for example, heteromyid rodents are food-
hoarding (caching) granivores that range in body size from
∼5 to 150 g and have long gestation times and small litter
sizes, but they typically outcompete other species for high-
quality seeds. In particular, larger species, such as kangaroo
rats (Dipodomys spp.), use both scatter- and larder-hoarding
strategies to store food in caches that can persist across sea-
sons and even years to provide reliable sources of food dur-
ing periods of resource scarcity (Schroder 1979; Vander
Wall 1990). Smaller heteromyids, such as the silky pocket
mouse (Perognathus flavus), have highly plastic diets that
limit competitive overlap with co-occurring species (No-
ble et al. 2019).
The highly seasonal and interannual climate variabil-

ity in desert ecosystems provides an ideal system to quan-
tify the effects of resources on the functional and commu-
nity ecology of a diverse small mammal community. In
the northern Chihuahuan Desert of central New Mexico,
precipitation is bimodal, with on average 60% of annual
rainfall being delivered by the summer monsoon from
This content downloaded from 169.2
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July to October. Monthly averages for more unpredictable
winter and spring precipitation are lower than the mon-
soon, while the driest and hottest period of the year is typ-
ically in May and June. Another attribute of this system
is interannual variability in both the (annual or seasonal)
amount of precipitation and the timing of the transitions
between seasons, which impacts foraging strategies of des-
ert consumers (Orr et al. 2015). Overall, environmental
variation is a common attribute of precipitation regimes
in arid ecosystems, and it is one reason why such environ-
ments have served as the backdrop for field-based experi-
ments examining the influence of abiotic factors such as
precipitation and temperature on plant (McDowell et al.
2008) and consumer (Meserve et al. 2003; Chesson et al.
2004; Thibault et al. 2004; Kelt 2011) communities. In the
future, regional climate models predict rapidly increasing
air temperatures, significant decreases of 15%–20% in win-
ter precipitation, increased interannual variability in the
strength and onset of the summer monsoon, and higher
drought risk (Seager et al. 2007; Gutzler and Robbins 2011;
Cook et al. 2015).
These two distinct periods of annual precipitation pro-

duce resources of differing quantity and quality that can
be traced through the consumer community with carbon
isotope analysis of primary consumer tissues and the plant
resources they utilize. Highly unpredictable winter/spring
rains fuel a spring period of C3 primary productivity, namely,
annual forbs and perennial shrubs. Later in the summer, a
second, more reliable period of monsoonal precipitation
drives the production of C4 grasses and limited C3 growth.
C3 and C4 plants vary in their nutritional quality, energy
content, and persistence in the environment. The leaves
of C3 plants are more nutritious with higher nitrogen and
digestible carbohydrate content than C4 grasses (Caswell
et al. 1973; Caswell and Reed 1975, 1976; Barbehenn et al.
2004a, 2004b). In contrast, the leaves of C4 grasses are
harder for consumers to process and digest, but they are
more resistant to decomposition (Vanderbilt et al. 2008)
andmay serve as a fallback food for rodents during periods
of resource scarcity.
To what extent are seasonal rodent foraging strategies—

what to eat and how much to cache—determined by body
size and resource availability? How does increasing uncer-
tainty in seasonal transitions modify expected behaviors,
and will such changes to the climate system predispose cer-
tain species to increased extinction risk? Here, we explore
the influence of resource scarcity, body size, and seasonal
uncertainty on the expected foraging behaviors of caching
rodents in the northern Chihuahuan Desert in the Sevilleta
National Wildlife Refuge. We integrate these elements us-
ing a stochastic dynamic program (SDP) to determine
fitness-maximizing foraging strategies, where a strategy is
defined by the extent to which different resource functional
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groups are targeted within a heterogeneous and seasonal
landscape.
Our approach offers three important insights. First, we

show that resource-scarce environments promote consumer
dependence on fallback foods that are not cacheable, in-
creasing risk exposure and limiting the ability of a consumer
to absorb the effects of future hardship. Moreover, differ-
ently sized consumers are shown to adopt similar foraging
strategies in these environments, whichmay be expected to
increase competition. Second, we find that while uncertainty
in seasonal transitions lowers consumer fitness across the
board, maintaining a larger cache can compensate for these
effects. Finally, our results point to a qualitative difference
in the use of fallback foods and the fitness benefits of cach-
ing at the threshold body size of ∼50 g, affirming empirical
observations of cache use among rodents at the Sevilleta.
Above this 50-g body size threshold, we observe large fit-
ness gains associated with the maintenance of even a
modest-sized cache. Below this threshold, similar gains infit-
ness would require maintenance of unrealistically large
caches, reducing the value of caching to the consumer.
Methods

We use an SDP (Iwasa et al. 1984; Houston et al. 1988;
Mangel and Clark 1988; Clark and Mangel 2000) to quan-
tify the fitness-maximizing foraging strategies of rodent con-
sumers as a function of (i) endogenous energetic reserves
stored as body fat X(t) p x and (ii) exogenous energetic
reserves stored in a cache Y(t) p y. We maintain upper-
case notation for random variables and lowercase no-
tation for specific values of all stochastic quantities. The
time-step t varies between 1 and the time horizon tmax p
smax ⋅ dmax, where dmax is the number of days in a season
and smax is the number of seasons in a year. In our frame-
work a year is simplified to three seasons: the premon-
soon, the full monsoon, and the postmonsoon. First we
will describe how we simulate consumer-resource interac-
tions within a particular foraging bout across heteroge-
neous resource landscapes. The results from this simu-
lation will be used to numerically estimate a probability
distribution describing energetic returns for a consumer
implementing a specific foraging strategy. Second, we will
show how the energetic returns that result from a partic-
ular foraging strategy contribute to the dynamics of the
consumer’s energetic state, defined by the amount of fat
and cache stores accumulated by the consumer over tmax.
Third, we will describe how these dynamics are integrated
into a fitness equation, which will allow us to determine
the fitness-maximizing foraging strategy for a consumer
as a function of its energetic state (X(t) p x, Y(t) p y)
and time. See figure 1 for a conceptual illustration of the
model framework.
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Energetic Returns within a Foraging Bout

In our framework, consumers forage in an environment
where there are four resource functional groups—C3 leaves,
C3 seeds, C4 leaves, and C4 seeds—where a resource i has a
mean density mi characteristic of (i) the full-monsoon sea-
son and (ii) the pre- and postmonsoon seasons. Resource
mean densities mi (g m22) were estimated from seasonal
transects as part of the Sevilleta long-term ecological re-
search monitoring effort (table 1).
Most rodent consumers at the Sevilleta are central place

foragers with relatively small home ranges spatially con-
strained by competition. Because an individual consumer
can cover the same groundmultiple times within a foraging
bout, resource availability is assumed to scale with home
range area, such that larger home ranges promote increased
resource availability and, by extension, higher effective den-
sities and encounter rates. In contrast, the number of re-
sources intercepted by a forager unconstrained by a central
place would be expected to scale with velocity rather than
home range area.
To consider central place consumers of different body

sizes M (g) foraging over home ranges of different areas,
we set the mean encounter rate as mi p rmiM3=4 for re-
source i, where the unitless r scales resource availability
for all potential foods. We thus assume that home range
area scales allometrically with consumer body mass, such
that larger consumers have access to more resources during
a foraging bout. As r scales resource availability, we equate
it here with environmental quality. If r p 1, all observed
resource biomass is assumed to be available to the consumer.
Because resource availability is limited by productivity,
physical access, timing, and competition, we assume that
0 ! r ≪ 1, although the true value of accessible resource
density is not easily measured. We evaluate model results
with respect to a range of values of resource availability
r: the minimum value (poor conditions) was determined
by the point at which consumers no longer survive regard-
less of foraging strategy, and themaximum value (enriched
conditions) was determined by the point at which addi-
tional resource availability resulted in little or no change
to model results (app. A; apps. A–D are available online).
Each resource i is distributed according to a mean encoun-
ter rate mi and dispersion ai, where lower values of a cor-
respond to patchier distributions. Because we are consider-
ing resources that are expected to have similar spatial
clustering, we set a p 10 for C3 and C4 leaves and seeds.
We show in appendix A that alternative values of a, as well
as alternative scalings of home range area with body size,
do not have a significant influence on our results.
We estimated energetic return distributions for each for-

aging strategy. The energetic return distribution describes
the probability of gatheringK(t) p k kJ ofmixed resources
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during a foraging bout given only the consumer’s velocity
and foraging strategy. A foraging strategy is defined by
the targeting of a preferred resource i with probability t

or the closest resource j with probability (12 t). The dis-
tance from the consumer to a resource i is drawn from an
exponential distribution with mean 1=Li, where the ran-
dom variable Li ∼ Gamma(ai,mi=ai). A chosen resource
is approached by the consumer with body massM with ve-
locity v, after which the consumer moves on to the next re-
source on the basis of the next set of independently drawn
This content downloaded from 169.2
All use subject to University of Chicago Press Terms 
distances (fig. 1). This foraging process repeats until the
temporal window of the bout has closed. As resources ob-
tained during a foraging bout are assorted, they are added
to fat reserves X and/or to the cache Y, where we record
the proportional contribution of each resource to the total
kilojoule return as pi, and in particular we record those
that are cacheable as pcache p pC3 seeds 1 pC4 seeds. Impor-
tantly, the potential kilojoule return of a bout in season s,
K(t) p k, is proportional to the energy density gi of each
found resource i (table 1), such that k p N

P
ipigi, where
None
τ = 0

C3 leaves
τ = 0.5

C3 leaves
τ = 0.75

C3 leaves
τ = 1

C3 seeds
τ = 0.5

C3 seeds
τ = 0.75

C3 seeds
τ = 1

C4 leaves
τ = 0.5

C4 leaves
τ = 0.75

C4 leaves
τ = 1

C4 seeds
τ = 0.5

C4 seeds
τ = 0.75
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τ = 1
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Figure 1: Illustration of the model used to calculate fitness-maximizing foraging strategies. Foraging strategies are defined by targeting dif-
ferent resources i with weight t (f{i,t}) or by not foraging and relying instead on cached reserves (nf ). A consumer targeting resource i
approaches that resource with probability t regardless of distance and the nearest resource with probability (12 t). Histograms represent
energetic return probability distributions (in kilojoules) given a targeting strategy deployed on a given resource and are numerically deter-
mined. Shown here are distributions for the monsoon season in both poor (low r; gray) and enriched (high r; black) environmental con-
ditions. The consumer may also choose to not forage (nf ), whereupon it relies on cached reserves. We assess how all possible strategies (f{i,t},
nf ) change lifetime fitness by altering the consumer’s fat stores X and cache reserves Y. The fitness-maximizing foraging strategy is deter-
mined by the rules of the stochastic dynamic program (SDP).
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N is the grams of resources gathered in a bout. By simulat-
ing 106 independent replicate bouts, we calculate the prob-
ability ps(K(t) p k) of gathering a potential energetic re-
turn of k kilojoules for a given foraging strategy in season
s. Minimum and maximum bounds of k (kmin, kmax) are de-
termined numerically to capture the range of k where
ps(k) ⪆ 0. See table 2 for a description of parameters used
in the model and appendix B for additional notes on
parameterization.

Foraging Strategies

The complete set of alternative foraging strategies that we
explore includes (1) not foraging and relying instead on
cached reserves, (2) foraging without preference for specific
resources, and (3) targeting each of the four resource func-
tional groups with increasing preference (fig. 1). Fitness is
evaluated across different foraging strategies, where re-
sources i are targeted withweight t; if a resource i is targeted
with weight t, the consumer approaches its preferred re-
source with probability t regardless of distance; with prob-
ability (12 t), the consumer approaches the nearest re-
This content downloaded from 169.2
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source. We consider three targeting options for each of
the four resource groups, where targeting weights range
from partial targeting (t p 0:5, 0.75) to complete targeting
(t p 1) on each of the resources. If no resources are tar-
geted, the consumer approaches and consumes/gathers the
closest resource, and its final cumulative returns will mir-
ror the environmental resource distribution. If a resource
is targeted at t p 1, the consumer ignores all resources ex-
cept that which it is targeting. Given the targeting weights
t p (0:5, 0:75, 1:0), the universe of foraging behaviors
includes 14 options: stay home and consume cache, forage
without targeting, and forage according to the three tar-
geting weights for each of the four resources (fig. 1).

Consumer State Dynamics

A consumer of massM is assumed to be able to use its fat
mass as well as 10% of its muscle mass before starvation
results in death (cf. Gannes et al. 1998). A consumer’s max-
imumendogenous storage is thus bounded by themaximum
fat mass an organism of massM can carry plus 10% of its
muscle mass, both of which are determined by allometric
Table 2: Parameter definitions, units, and references used in the model
Definition
 Parameter
36.001.253
and Condi
Units
 on June 15, 2020 15:06:5
tions (http://www.journals
Reference(s)
Consumer fat state
 X p x
 kJ (variable)
 . . .

Consumer cache state
 Y p y
 kJ (variable)
 . . .

Energetic return
 K p k
 kJ (variable)
 . . .

Time
 t
 days
 . . .

Consumer mass
 M ∈ [15, 200]
 g
 . . .

Consumer home range
 ∝M3/4a
 m2
 Calder 1996; Lyons et al. 2019

Consumer velocity
 v p .008 M.21
 m s21
 Calder 1996

Time in bout
 hbout p 5
 h
 . . .

Resting metabolic rate
 bbasal p .065M3/4
 kJ h21
 Brown et al. 2004

Field metabolic rate
 bfield p .169M3/4
 kJ h21
 Brown et al. 2004

Energetic cost (nf)
 cnf p bbasalhday
 kJ
 . . .

Energetic cost (f)
 cf p bfieldhbout 1 bbasal(hday 2 hbout)
 kJ
 . . .

Stomach capacity
 xstm p 1.5cf
 kJ
 . . .

Cheek capacity
 xchk p 1.5cf
 kJ
 . . .

Resource availability
 r ∈ 2 [2# 1025, 1024]
 NA
 . . .

Targeting weight
 t ∈ [0, 1]
 NA
 . . .
Note: See appendix B for additional notes on model parameterizations. NA p not applicable.
a Intercept determined by r.
Table 1: Resource mean densities mi (g m22) estimated from seasonal transects as part of the Sevilleta National Wild-
life Refuge long-term ecological research monitoring effort as well as associated energy densities and digestibilities
C3 leaves
 C3 seeds
 C4 leaves
 C4 seeds
0 PM
.uchicago.edu/t-and
Units
Mean density mpre-/postmonsoon
 9,920
 1,240
 620
 78
 g m22
Mean density mfull monsoon
 4,650
 581
 15,500
 1,938
 g m22
Energy density g
 15
 21
 15
 21
 kJ g21
Digestibility ϵ
 33
 75a
 25
 75a
 %
Note: Seed and leaf densities were estimated from plant biomass using allometric relationships in Niklas and Enquist (2002a, 2002b).
Resource energy densities were obtained from Karasov and Levey (1990).

a Also the value of ϵcache.
-c).



000 The American Naturalist
relationships (Lindstedt and Schaeffer 2002) and assuming
an energy density of 20 kJ g21 (Stryer et al. 1995; Hou et al.
2008; see table 2 and app. B). In contrast, themaximum size
of the cache is set to last a consumer one season (100 days)
and, unlike fat stores, does not involve a critical value
resulting in mortality. For computational feasibility, all en-
ergetic variables (fat and cache stores) and parameters are
scaled to ensure that the consumer’s endogenous stores
are discretized to 20 units. As such, a unit of fat and a unit
of cache stores are equivalent for a consumer of a given body
size but differ for consumers across body sizes.
When an organism chooses not to forage (denoted by

the subscript “nf ”) and instead relies on its cache for re-
plenishment, the dynamics of endogenous and exogenous
energetic stores respectively are

Xnf (t 1 1) p X(t)2 cnf 1 ϵcache min[xstm,Y(t)],
Ynf (t 1 1) p Y(t)(12 d)2min[xstm,Y(t)],

ð1Þ
where xstm is the limit (in kilojoules) of the consumer’s
stomach, d is the decay rate of the cache, ϵcache is the digest-
ibility of seeds, and the energetic cost cnf is determined by
the basal metabolic rate bbasal applied across the hours in a
day hday p 24, such that cnf p bbasalhday. To state this in
words, if the consumer stays home, the energetic cost is
low, and it fills its stomach with the digestible portion of
its cache, while the cache is depleted by the amount eaten
plus per-period decay d.
Consumer foraging (denoted by the subscript “f”) with

a targeting weight t on resource i obtains a potential en-
ergetic return kfi, tg with probability ps(K p kfi, tg) in
season s. Given this potential return, the fat and cache
stores change as

X f (t 1 1jkfi, tg)
p X(t)2 cf 1

X4

jp1

ϵjpj min[xstm, kfi, tg],
Y f (t 1 1jkfi, tg)

p Y(t)(12 d)
1 min[xchk,pcache(kfi, tg2min[xstm, kfi, tg]|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

remainder

)],

ð2Þ
where xchk is the kilojoule limit of the consumer’s cheek
pouch and the energetic cost cf is determined by the sum
of the field metabolic rate bfield applied across the hours in
a foraging bout hbout p 5, with the basal metabolic rate ap-
plied across the remainder, such that cf p bfieldhbout 1
bbasal(hday 2 hbout). To state this in words, if the consumer
forages, it fills its stomachwith its energetic returns and saves
the cacheable portion of the remainder, limited by the stor-
age capacity of its cheek pouches. While the found resources
fill the consumer’s stomach irrespective of digestibility, only
the digestible portion can be added to fat reserves. Moreover,
This content downloaded from 169.2
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only the proportion of the energetic return attributable to
seeds is cacheable (pcache), and the cache grows by the amount
the consumer returns in its cheek after it fills its stomach.

Fitness-Maximizing Foraging Strategies

We consider a nonbreeding interval during which only for-
aging decisions influence fitness, where the interval has
length tmax p dmax ⋅ smax, where dmax p 100 is the length
of each season (in days) and smax p 3 is the number of
seasons in the year. We define the terminal fitness function
for the last day/season of the year for a consumer, which is
assumed to increase symmetrically with both fat and cache
reserves, such that

F(x, y, tmax) p

x1 ϵcachey
xmax 1 ϵcacheymax

if x 1 xcrit,

0 if x p xcrit:

8<
: ð3Þ

We scaled the terminal fitness function to unity, so it is easiest
to consider it as survival after the terminal time for an individ-
ual whose end state is X(tmax) p x, Y(tmax) p y. For times
previous to the terminal time, we define the fitness function

W(x, y, t)

p maxEfF(X(tmax),Y(tmax)jX(t) p x,Y(t) p y)g,
ð4Þ

where the maximization selects the foraging behavior that
maximizes fitness given fat and cache reserves at time t.
For time periods prior to the terminal time, an organism
must both survive and select the fitness-maximizing forag-
ing strategy given the stochasticity of energetic gains. Given
that the daily mortality probability is mnf for a consumer
that stays home and mf if the consumer forages (where
we assume thatmnf ! mf ),W(x, y, t) satisfies the equations
of the SDP such that

W(x, y, t) p max (12mnf )W(xnf , ynf , t 1 1)|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
stay home

,

max
(i,t)

(12mf )
Xkmax

kpkmin

ps(kfi, tg)W(xf , yf , t 1 1jkfi, tg)
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Qi,t(xf ,yf ,t11js)2

6664

3
7775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
target resource i with weight t

,

ð5Þ
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Caching in or Falling Back 000
where seasons are coupled such that for seasons prior to
the terminal season smax the consumer’s fitness on the last
day of season s is a function of the consumer’s fitness on
the first day of season s1 1. In this case, seasonal transi-
tions are deterministic and immediately result in changes
to resource distributions.
To implement uncertainty in seasonal transitions, we

assume that there is an increased probability that a mon-
soonal environment will transition to a pre- or postmon-
soon environment (or vice versa) as the deterministic sea-
sonal transition is approached. If s0 represents the alternative
season, we assume that the probability of transition
q(s → s0jt, j) increases with each day to a maximum value
of q p 1=2, such that

q(s → s0jt, j) p 1
2
exp 2

(t 2 dmax)
2

2j2

� �
: ð6Þ

As such, the uncertainty in transitions between seasons
increases with larger j and is deterministic if j ≪ 1.
With seasonal transition uncertainty, the fitness equation
becomes

W(x, y, tjj)
p max

�
(12mnf )W(xnf , ynf , t),
max
(i,t)

[(12 q(s → s0jt, j))Qi,t(xf , yf , t 1 1js)
1 q(s → s0jt, j)Qi,t(xf , yf , t 1 1js0)]�,

ð7Þ

where we use the Q notation defined in equation (5).

Results and Discussion

When to Cache and When to Fall Back

We first assessed general consumer behavioral trends over
the course of a year defined by the pre-, full-, and post-
monsoon seasonal sequence. This is a simplification of the
spring (premonsoon), summer (full monsoon), fall (post-
monsoon) transition characterizing the main pulse in
primary productivity in the Sonoran and Chihuahuan De-
serts each year. Behavioral trends were assessed by calcu-
lating the proportion of consumer states resulting in active
foraging or relying on cached resources, averaged over
both the consumer’s fat stores and the cache reserves in-
dependently (fig. 2). Assuming deterministic transitions
between seasons, we find that consumers employ four
primary foraging strategies depending on season and en-
vironmental condition.We define these strategies by com-
binations of two sets of alternative foragingmodes: (i) fall-
back versus replenish (whether foraged foods consist of
fallback resources or those that can be used to replenish
the cache) and (ii) use versus save (whether cached re-
sources are used or saved against future hardship). We
assessed when these strategies were implemented across
the pre-, full-, and postmonsoon seasons in response to
This content downloaded from 169.2
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poor (low r) and enriched (high r) resource availability.
We note that the qualitative relationships of our model
results hold even when multiple sets of seasonal transi-
tions are coupled, suggesting that these findings are gener-
ally relevant for systems that cycle between nonmonsoon
and monsoon seasons regardless of the number of tran-
sitions (app. C).
When resource availability is poor, more conservative

strategies are promoted. The strategy in which fallback re-
sources are consumed and cached resources are saved (“fall-
back and save”) is used only when fat stores are very high
and when consumption of cached resources is avoided
(fig. 2A, 2B). Under these conditions, only fallback foods
are targeted (fig. 3A). Fallback foods (leaves) are more com-
mon but have lower energy density and are not cacheable,
such that they can only replenish body reserves. These qual-
ities mean that such foods are not preferred and in turn are
never heavily targeted (fig. 3B), allowing for the opportu-
nistic incorporation of more preferred foods (seeds). We
observe this strategy during the premonsoon season in
poor environments, where the consumer faces a year of
survival in an unforgiving landscape. The “fallback and
use” strategy is similar in that foraging for fallback foods
is carried out only when consumer fat stores are high but
differs in that cached resources are used if available (fig. 2A,
2B). We observe this strategy when resource availability
is low during the postmonsoon season, where conserving
cache savings carries little reward as the consumer ap-
proaches the time at which fitness is assessed (i.e., the ter-
minal time tmax).
When resource availability is high, consumers can either

take advantage of food abundance in the present or prepare
for future hard times. In enriched environments during the
pre- and postmonsoon seasons, consumers adopt a “replen-
ish and use” strategy where the cache is used if it is avail-
able and replenished if it is not (fig. 2C, 2D). In these cases,
only cacheable seeds are targeted (fig. 3C, 3D). Finally,mon-
soonal conditions are characterized by not only greater
densities of C4 foods but greater resource abundance over-
all, such that the risk of foraging and returning with an
empty stomach is lower. During the productive monsoon
season when resource availability is either low or high,
consumers adopt a “replenish and save” strategy where for-
aging occurs liberally unless fat stores are nearly extin-
guished, and the cache is not used unless it is full.
Short-term hoarding strategies used by Carolina chicka-

dees (Poecile carolinensis; Paridae) demonstrated that for-
aging to replenish cache stores is expected to increase as
consumer fat reserves decline. When the consumer is near
starvation, effort is redirected to restore body fat (Lucas
and Walter 1991). Our model supports this expectation but
only in themonsoon season, when cacheable foods (seeds)
are common. In the pre- and postmonsoon environments,
36.001.253 on June 15, 2020 15:06:50 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).



000 The American Naturalist
cacheable foods are rare, and this reverses the expected pat-
tern. During periods of resource limitation, we find that
foraging effort increases only when the cache is low or, al-
ternatively, if consumer fat stores are high. In these cases,
foraging effort is directed toward fallback rather than
cacheable foods.
Body Size and the Nature of Fallback Foods

While fallback foods often appear to play a small role in
diet, they may have a contrastingly large influence on the
evolution of traits facilitating acquisition (Ungar 2004;
Vogel et al. 2008;Marshall et al. 2009) andmay have played
a prominent role in human evolution (Ungar 2004; Laden
andWrangham2005; Yeakel et al. 2007, 2014; Constantino
and Wright 2009). However, a general theoretical under-
standing of how and when consumers utilize fallback foods
is lacking. At the Sevilleta, fallback foods such as C3 and
C4 leaves are targeted to replenish fat stores when overall
resource abundance is low. Because the monsoon is char-
This content downloaded from 169.2
All use subject to University of Chicago Press Terms 
acterized by overall higher resource abundance, fallback
foods are of primary importance during the pre- and
postmonsoon seasons. Larger mammals store a larger per-
centage of their body weight as fat, such that fatmass scales
superlinearly with body mass (Lindstedt and Schaeffer
2002; Yeakel et al. 2018). As a consequence, starvation risk
differs across body size, suggesting that the role of fallback
foods may vary as well.
Rodent species at the Sevilleta vary in body mass by

more than an order of magnitude, from ∼8–10 g (e.g., Pe-
rognathus) to ∼125–200 g (e.g.,Dipodomys andNeotoma).
Altering consumer body size influences a number of rela-
tionships in the foragingmodel, including the total amount
of fat a consumer can store (∝M1.19), the metabolic costs
associated with foraging and resting (∝M3/4), velocity
(∝M0.21), and the area used to search for food (∝M3/4; ta-
ble 2 and apps. A, B). We find that these consumers utilize
fallback foods to different degrees during the pre-, full-,
and postmonsoon seasons depending on body size and en-
vironmental quality, which we suggest has a number of
Figure 2: Proportion of states that result in active foraging versus not foraging and relying on cached reserves. Values range from 100%
states that result in actively foraging (white) to 0% (dark); 0% active foraging implies 100% relying on cached reserves. To observe the de-
pendence of foraging/not-foraging strategies on consumer fat (X) and cache (Y ) states as well as resource availability, values are averaged
across cache states in poor environments (A), averaged across fat states in poor environments (B), averaged across cache states in enriched
environments (C), and averaged across fat states in enriched environments (D). Fat and cache stores have equivalent units, scaled to bound
xmax p 20. Note that the color scale is logged to emphasize smaller differences in consumer strategies. R&S p replenish and save; R&U p
replenish and use; F&S p fallback and save; F&U p fallback and use.
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important implications for the Sevilleta rodent community
in the context of future environmental change.
First, we find that reliance on fallback foods is nonlin-

ear across consumer body size (fig. 4). Smaller consumers
This content downloaded from 169.2
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rely on fallback foods heavily, regardless of environmental
quality r. This is due to the unaffordable risk of starvation
associatedwith foraging for higher-quality seeds. However,
this reliance is lessened for the smallest (15-g) consumer in
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the poorest environment, where it targets a larger propor-
tion of higher-quality seeds than expected. In fact, the small-
est member of the northern Chihuahuan desert community,
P. flavus, is a granivorous food-caching heteromyid (Noble
et al. 2019), whereas other species !40 g are noncaching
cricetids. That high-quality yet risky returns maximize fit-
ness for consumers near starvation—and small consumers
are closer to starvation than larger consumers—supports both
theoretical and empirical expectations for risk-sensitive for-
aging (Caraco et al. 1980; Craft 2016). For all but the poor-
est environments, a greater reliance on fallback foods means
that fewer fat/cache states result in foraging behaviors that
promote cache maintenance and replenishment. Greater
reliance on more ubiquitous foods lowers the uncertainty
associated withmaintaining adequate energetic reserves, and
this becomesmore important for smaller consumers with a
lower percentage of body fat. Given that smaller consumers
have a limited energetic tolerance and cannot afford to con-
serve a substantial cache, it is likely that additional sources
of uncertainty may disproportionately impact these species.
Intermediate to large consumers (30–200 g) tend to tar-

get preferred foods for a greater proportion of energetic
states but increase their reliance on fallback foods as envi-
ronmental conditions deteriorate. That smaller consumers
rely more on fallback foods over a larger range of environ-
mental conditions is in general agreement with recent work
showing that resource homogeneity provides greater fitness
gains to smaller consumers, whereas larger consumers can
more readily target resources that are harder to find with-
out high fitness costs (Bhat et al. 2020). In very poor envi-
ronments, larger consumers that have a higher proportion
of their body mass devoted to fat storage (e.g., Neotoma) are
expected to be less risk sensitive. In these cases, our model
affirms general expectations that such consumers target the
lower-quality, more ubiquitous fallback foods. Specifically
to Southwest desert ecosystems, this prediction is in line
with observations of Neotoma dependence on lower-quality
leaves (Thompson 1982; Kohl et al. 2014).
The rodent communities of the American Southwest

have long inspired ecologists to ask, How do so many spe-
cies with seemingly overlapping niches coexist in stochastic
resource-limited environments (Brown 1975)? We suggest
that diverse use of fallback versus preferred foods among
consumers of different body sizes may, over the course of
a year, point to an important axis of differentiation that sep-
arates consumer niches. While some species are expected
to target C3 or C4 seeds, others are expected to target leaves
or rely on their caches, and these proclivities vary with fat
and cache state in addition to body size and time of year.
When fallback foods are targeted, consumers prioritize
their fat stores over cachemaintenance and replenishment.
It follows that lowering reliance on fallback foods promotes
a greater proportion of energetic states devoted to targeting
This content downloaded from 169.2
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seed resources, which by extension results in cachemainte-
nance and larger cache sizes. That larger species maintain
larger caches is a well-known phenomenon in diverse ro-
dent communities and may promote coexistence of many
species that share similar resources (Price et al. 2000). In-
deed, the two largest species at our field site, Dipodomys
spectabilis andNeotoma albigula, are known to rely heavily
on large caches (Koontz and Simpson 2010).
Competition impacts resource availability and directly

structures rodent communities in the American South-
west (Lemen and Freeman 1983; Heske et al. 1994; Brown
et al. 2002) and elsewhere (Kelt 2011). Although we assess
the effects of resource availability on expected foraging
strategies, we do not include the dynamic feedback be-
tween consumers and their foods because of the computa-
tional limitations of our approach. Such feedback, both
from the consumer itself and from intra- and interspecific
competitors, would serve to limit access to certain resources
if the cumulative rate of acquisition exceeded the rate of leaf
or seed regeneration. Regardless, we can estimate the ex-
pected competitive overlap of differently sized consumers
by comparing the similarity of fitness-maximizing forag-
ing strategies between consumers as a function of resource
availability.
We observe that resource availability has a large effect

on the similarity of foraging strategies employed by con-
sumers across a range of body sizes, where it is expected
that increased similarity between two consumers promotes
competition. When resources are scarce (low r), strategy
similarity is maximized, particularly for consumers of sim-
ilar body size (fig. 5). That similarly sized consumers are
expected to utilize similar foraging strategies and compete
more strongly is supported by observed patterns of com-
petitive exclusion in desert rodent communities (e.g., Bo-
wers and Brown 1982). In resource-limited environments,
fallback foods are prioritized for nearly all consumers. As
r increases to intermediate values, strategies become more
diverse—particularly for consumers of different body sizes—
suggesting that intermediate resource availability serves to
lower competitive overlap.
In environmentswith abundant resources, foraging strat-

egies once again converge, as all consumers opt for nutri-
tionally dense and cacheable seeds (figs. 4, 5). Interestingly,
while empirical observations of rodent populations in con-
trolled removal experiments reveal a strong competitive
limitation between certain species, competitive effects do
not appear to increase during periods of resource scarcity
(Heske et al. 1994) or so-called ecological crunches (Wiens
1977). While our model does predict that competition in-
creases in environments where resources are severely lim-
iting, the predicted similarity of foraging strategies between
consumers is shown to vary widely with body size and
nonlinearly across resource availability. This suggests that
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the competitive effects between a particular pair of species
at the Sevilleta may be multidimensional and therefore
difficult to anticipate, which may explain why species’ re-
sponses to altered competitive landscapes are often surprising
(Heske et al. 1994).
Uncertain Seasons

We next examine how uncertainty in seasonal transitions,
which is predicted to increase with climate change, impacts
the expected foraging behaviors of rodent consumers. We
find that elevated uncertainty in the timing of seasonal
transitions (j p 20) has three important effects on the
expected foraging strategies of rodent consumers. First,
as the uncertainty in predicting the resource landscape
increases, the transitional periods between seasons (e.g.,
May–June) promote nontargeted foraging. Specifically,
we find that foraging without targeting a specific resource
maximizes fitness in poor environments once the uncer-
tainty in the monsoonal onset begins (ca. day 80; app. D)
and remains an important strategy until uncertainty in
the onset of the postmonsoon season ends (ca. day 220).
In enriched environments, this foraging strategy is ob-
served tomaximize fitness only when seasonal uncertainty
This content downloaded from 169.2
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is highest (app. D). Foraging without a targeted resource
means that the forager scans the environment only for
the nearest resource, therebyminimizing travel costs with-
out regard to resource quality or cacheability. In environ-
ments without seasonal transition uncertainty, this strategy
is rarelyfitnessmaximizing (fig. 3), indicating that it isworth-
while only when resource distributions are unpredictable.
Second, seasonal transition uncertainty lowers the rela-

tive importance of fallback foods. For consumers of all
body sizes, the targeting of fallback foods averaged over en-
ergetic and cache states declines with increasing seasonal
transition uncertainty (fig. 6). During the premonsoon, the
decline in fallback food utilization is the most extreme,
especially for smaller consumers in intermediate environ-
ments. During the postmonsoon, the decline in fallback
food utilization is greatest for larger consumers in poor en-
vironments. This change in the use of fallback foods with
increasing seasonal transition uncertaintymeans thatmore
effort is spent foraging for cacheable resources that can be
used to maintain larger caches. Previous modeling efforts
focused on daily timescales have shown that increasing un-
certainty in foraging returns leads consumers to build fat
rather than cache reserves (Pravosudov and Lucas 2001).
In contrast, our results show that longer-term uncertainty
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associated with seasonal transitions leads to strategies
promoting cache maintenance. That the largest redirection
in effort is realized by smaller species during the premon-
soon season suggests that it is these consumers most im-
pacted by seasonal uncertainty; however, as we show next
this can be measured directly.
Third, seasonal transition uncertainty reduces consumer

fitness, but the extent to which fitness is reduced largely
depends on both the body size of the consumer and the size
of its initial cache. To measure the effect of seasonal uncer-
tainty on expected fitness, we compare the probability of
survival for a consumer foraging in an environment with
deterministic seasonal transitions at the beginning of the
year, W(x, y, t p 1jj ≈ 0), to that of a consumer foraging
in an environment with uncertain seasonal transitions,
W(x, y, t p 1jj p 20).
Our results reveal that while seasonal uncertainty lowers

consumer fitness, a large enough initial cache can compen-
sate for these negative effects (fig. 7). The cache size at
which fitness gains compensate for seasonal transition un-
certainty depends on both consumer body size and envi-
ronmental quality. In poor environments, the probability
of survival is so low that when seasonal transitions are un-
certain, compensation is accomplished only if the cache is
160% the maximum value, or the amount needed to sur-
vive a single season (100 days; fig. 7, solid lines). Above this
threshold, additional cache reserves have an exponential
effect on fitness, fully compensating for the effects of sea-
sonal uncertainty. In contrast, the cache stores needed to
compensate for the detrimental effects of seasonal uncer-
tainty for consumers of M ! 100 g must be much larger
than the maximum allowed in our framework. Because
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such a cache is unrealistically large for these consumers,
we suggest they will be most likely to suffer the fitness costs
of seasonal uncertainty.
In enriched environments, the cache threshold required

to compensate for the negative effects of seasonal uncer-
tainty is much lower (fig. 7, bubble lines). In this case, the
fitness advantage of a larger cache ismore gradual but again
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primarily benefits larger consumers. Consumers of M !

50 g require close tomaximum cache reserves for compen-
sation. Together, our findings suggest that while caches can
compensate for seasonal transition uncertainty, they will
provide a greater advantage to larger consumers. While
increased resource availability is expected to increase the
range of body sizes over which the compensatory effects
of a cache are realized, the smaller consumers remain most
prone to the fitness costs of seasonal transition uncertainty.
Brodin and Clark (1997) showed in a related model for

willow tits (Poecile montanus; Paridae) that even small
amounts of cached resources are expected to have a large
impact on survival during hard times. Parids are scatter
hoarders and store seeds in both short-term and long-
term stores that require costly memorization and recall
(Brodin 1992). While we focus here on the dynamics of
central place caching (larder hoarding), the rodents in
the American Southwest practice both forms (Schroder
1979), and which strategy is utilized may depend on the
ability of a species to defend its cache (Daly et al. 1992).
Multiple models of hoarding behaviors for birds in the
family Paridae have shown that during resource-depleted
seasons, consumers redirect their efforts toward main-
taining greater body fat stores (Brodin and Clark 1997;
Clark andMangel 2000).While the risks and demands as-
sociated with memorizing hidden caches are less impor-
tant for central place foragers, our results support both of
these findings. Seasons that bring hard times require con-
sumers to focus on body fat rather than cache mainte-
nance, and it follows that those species that can endoge-
nously store greater proportions of energy in the form of
body fat are expected to have a survival advantage, which
we show ismagnifiedwhen seasonal transitions are uncertain.
Our model predictions point to a qualitative difference

in the use of fallback foods and the fitness benefits of cach-
ing at the threshold body size of M ≈ 50 g. Below this
threshold fallback foods play a significant role even in
enriched environments, whereas above this threshold fall-
back foods are utilized only in very poor environments,
where resources are scarce (fig. 4).Moreover, for consumers
below this threshold caches must be very large—equivalent
to the energy needed to survive half a season—to compen-
sate for uncertain seasonal transitions. Above this thresh-
old, the fitness benefits of smaller caches are greater (fig. 7).
This prediction affirms empirical observations of cache
use among rodents at our Sevilleta field site in the northern
Chihuahuan Desert. For example, nearly all of the four
species of commonly caught food-caching granivorous het-
eromyids haveM ≥ 50 g in body size, including three spe-
cies of kangaroo rats (Dipodomys spp.). The only excep-
tion is the small (8–10 g) silky pocket mouse (Perognathus
flavus). In contrast, the noncaching Cricetids that include
members of the Peromyscus, Onychomys, and Reithrodon-
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tomys genera are well below this threshold and range in
size from ∼20 to 35 g. Body condition data show that the
Cricetids have body fat mass ranging from 8% to 12% of
their body weight, while the larger caching heteromyids
have body fat estimates of only 4%–6%. Interestingly, Pe-
rognathus have body fat estimates (8%–10%) that are sim-
ilar to those of the slightly larger noncachingCricetids, sug-
gesting that the smallest species in the community use a
combination of stored fat and cached reserves to persist
in this uncertain resource landscape. Overall, our results
support a size-dependent energetic basis for observed pat-
terns in caching versus noncaching foraging strategies
among members of the small mammal community in the
northern Chihuahuan Desert.
Beyond the Sevilleta

Here, we consider only the fitness differences between
alternative foraging strategies during a nonbreeding in-
terval, where fitness is defined in terms of survival after
the terminal time. However, organisms must invest in
both somatic growth and maintenance as well as repro-
duction. Given the varying nature of reproductive sched-
ules among rodent species in the Chihuahuan Desert
(Brown and Zeng 1989), we do not include these effects
in our model. As survival after the terminal time is ex-
pected to increase with both endogenous and exogenous
stores (eq. [3]), reproductive output after the terminal
time may be expected to correlate similarly. Inclusion of
reproductive investment within the considered time in-
terval may promote riskier behaviors, such as foraging
for seeds when they are rare. Moreover, increased body
fat may expose consumers to greater predation risk
(Houston andMcNamara 1993), and it is well known that
predation is a major cause of mortality among desert
rodents (Sullivan et al. 2001). How these correlated risks
and rewards integrate with the foraging dynamics ex-
plored here will be the subject of future investigations.
Desert rodent communities outside theAmerican South-

west exhibit strategies that reveal diverse responses to arid-
ity and seasonal resource availability. For example, many
mole rat species throughout southern Africa are under-
ground storage organ specialists that maintain caches in
shared burrows (Lovegrove and Jarvis 1986; Lovegrove
and Painting 1987). And while caching behavior among
mole rats is more common in arid regions (Davies and
Jarvis 1986; Bennett et al. 2000), such strategies are often
mixed with cultivation of living tubers (Jarvis and Sale
1971). Seed specialization is a dietary strategy of central
importance to desert rodent species across multiple con-
tinents, although caching behaviors vary. Scatter-hoarding
and larder-hoarding behaviors are found among arid-land
granivores in South America and the Old World (Kelt
36.001.253 on June 15, 2020 15:06:50 PM
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2011) but are absent in Australia (Mares 1993). A better
understanding of the diversity and utility of such strategies
would require a careful examination of resource availabil-
ity and the uncertainties governing acquisition in these
different environments, in addition to consumer traits
(see Mares 1993). While we do not consider it here, we sub-
mit that our framework could be adopted to explore the
fitness advantages of different foraging strategies in these
diverse desert ecosystems.
Hard times are expected to become not only “harder”

in a future defined by climate change but more uncertain
as well. We have shown that consumers in a highly sea-
sonal stochastic environment, characteristic of many tem-
perate regions around the world, enact foraging strategies
that utilize less available, nutrient-rich, and cacheable (pre-
ferred) foods differently from those that are more ubiqui-
tous and noncacheable (fallback), depending on consumer
body size and resource availability. Our framework sug-
gests that it is the smaller-bodied consumers that benefit
least from maintaining cached reserves and are subject
to the largest fitness detriments associated with seasonal
uncertainty. Moving into an uncertain future where hard
times are all too common, there is much value in knowing
which species are most prone to the fitness costs of addi-
tional uncertainty. In the northern Chihuahuan Desert, it
may be those species that cannot save a cent.

Acknowledgments

We thank Irina Birskis Barros, Jean Philippe Gibert,
Christopher P. Kempes, Taran Rallings, Megha Suswaram,
Ritwika VPS, Blair Wolf, David Vasseur, and two anony-
mous reviewers for ideas and comments that greatly im-
proved the quality of this article. The formation and devel-
opment of this project benefitted from a travel award to
J.D.Y. funded by the Santa Fe Institute. Both J.D.Y. and
S.D.N. were supported by a grant from the National Sci-
ence Foundation to the University of New Mexico for
long-term ecological research (SEV-LTER, NSF-1655499).
Additional support came from University of California,
Merced, startup funds to J.D.Y. and University of New
Mexico startup funds to S.D.N.

Statement of Authorship

J.D.Y. and S.D.N. conceived of the study; J.D.Y., S.D.N.,
and U.B. developed the theoretical framework; J.D.Y. and
U.B. performed the analyses; and all authors participated
in writing the original draft and multiple revisions of the
manuscript.

Literature Cited

Barbehenn, R., Z. Chen, D. Karowe, and A. Spickard. 2004a. C3

grasses have higher nutritional quality than C4 grasses under
This content downloaded from 169.2
All use subject to University of Chicago Press Terms 
ambient and elevated atmospheric CO2. Global Change Biology
10:1565–1575.

Barbehenn, R., D. Karowe, and A. Spickard. 2004b. Effects of ele-
vated atmospheric CO2 on the nutritional ecology of C3 and C4

grass-feeding caterpillars. Oecologia 140:86–95.
Bennett, N., C. Faulkes, and J. Jarvis. 2000. African mole-rats: ecol-

ogy and eusociality. Cambridge University Press, Cambridge.
Bhat, U., C. P. Kempes, and J. D. Yeakel. 2020. Scaling the risk

landscape drives optimal life-history strategies and the evolution
of grazing. Proceedings of the National Academy of Sciences of
the USA 117:1580–1586.

Bowers, M. A., and J. H. Brown. 1982. Body size and coexistence in
desert rodents: chance or community structure? Ecology 63:391–
400.

Brodin, A. 1992. Cache dispersion affects retrieval time in hoard-
ing willow tits. Ornis Scandinavica 23:7–12.

Brodin, A., and C. W. Clark. 1997. Long-term hoarding in the Pa-
ridae: a dynamic model. Behavioral Ecology 8:178–185.

Brown, J. H. 1975. Geographical ecology of desert rodents. Pages
315–341 in M. Cody and J. Diamond, eds. Ecology and evolution
of communities. Belknap, Cambridge, MA.

Brown, J. H., J. F. Gillooly, A. P. Allen, V. M. Savage, and G. B.
West. 2004. Toward a metabolic theory of ecology. Ecology
85:1771–1789.

Brown, J. H., D. A. Kelt, and B. J. Fox. 2002. Assembly rules and
competition in desert rodents. American Naturalist 160:815–818.

Brown, J. H., and Z. Zeng. 1989. Comparative population ecology
of eleven species of rodents in the Chihuahuan desert. Ecology
70:1507–1525.

Calder, W. A., III. 1996. Size, function, and life history. Courier
Dover, Mineola, NY.

Caraco, T., S. Martindale, and T. S. Whittam. 1980. An empirical
demonstration of risk-sensitive foraging preferences. Animal Be-
haviour 28:820–830.

Caswell, H., and F. C. Reed. 1975. Indigestibility of C4 bundle
sheath cells by the grasshopper, Melanoplus confusus. Annals
of the Entomological Society of America 68:686–688.

———. 1976. Plant-herbivore interactions. Oecologia 26:151–156.
Caswell, H., F. Reed, S. N. Stephenson, and P. Werner. 1973. Pho-

tosynthetic pathways and selective herbivory: a hypothesis.
American Naturalist 107:465–480.

Chesson, P., R. L. E. Gebauer, S. Schwinning, N. Huntly, K.
Wiegand, M. S. K. Ernest, A. Sher, A. Novoplansky, and J. F.
Weltzin. 2004. Resource pulses, species interactions, and diversity
maintenance in arid and semi-arid environments. Oecologia
141:236–253.

Clark, C. W., and M. Mangel. 2000. Dynamic state variable models
in ecology: methods and applications. Oxford University Press,
New York.

Constantino, P. J., and B. W. Wright. 2009. The importance of fall-
back foods in primate ecology and evolution. American Journal of
Physical Anthropology 140:599–602.

Cook, B. I., T. R. Ault, and J. E. Smerdon. 2015. Unprecedented
21st century drought risk in the American southwest and cen-
tral plains. Science Advances 1:e1400082.

Craft, B. B. 2016. Risk-sensitive foraging: changes in choice due to
reward quality and delay. Animal Behaviour 111:41–47.

Daly, M., L. F. Jacobs, M. I. Wilson, and P. R. Behrends. 1992. Scat-
ter hoarding by kangaroo rats (Dipodomys merriami) and pilfer-
age from their caches. Behavioral Ecology 3:102–111.
36.001.253 on June 15, 2020 15:06:50 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=28309259&crossref=10.1007%2FBF00582893&citationId=p_15
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1111%2Fj.1365-2486.2004.00833.x&citationId=p_1
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=19890867&crossref=10.1002%2Fajpa.20978&citationId=p_19
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=19890867&crossref=10.1002%2Fajpa.20978&citationId=p_19
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F1938957&citationId=p_5
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1890%2F03-9000&citationId=p_9
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&system=10.1086%2F282851&citationId=p_16
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=26601131&crossref=10.1126%2Fsciadv.1400082&citationId=p_20
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=15118901&crossref=10.1007%2Fs00442-004-1572-9&citationId=p_2
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F3676420&citationId=p_6
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1016%2FS0003-3472%2880%2980142-4&citationId=p_13
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1016%2FS0003-3472%2880%2980142-4&citationId=p_13
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=15069635&crossref=10.1007%2Fs00442-004-1551-1&citationId=p_17
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1016%2Fj.anbehav.2015.09.030&citationId=p_21
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&system=10.1086%2F343882&citationId=p_10
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1093%2Fbeheco%2F8.2.178&citationId=p_7
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1093%2Faesa%2F68.4.686&citationId=p_14
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1093%2Faesa%2F68.4.686&citationId=p_14
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1093%2Fbeheco%2F3.2.102&citationId=p_22
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=31848238&crossref=10.1073%2Fpnas.1907998117&citationId=p_4
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=31848238&crossref=10.1073%2Fpnas.1907998117&citationId=p_4
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F1938209&citationId=p_11


Caching in or Falling Back 000
Davies, K. C., and J. U. Jarvis. 1986. The burrow systems and
burrowing dynamics of the mole-rats Batherygus suillus and
Cryptomys hottentotus in the fynbos of the south-western Cape,
South Africa. Journal of Zoology 209:125–147.

Dominy, N. J., E. R. Vogel, J. D. Yeakel, P. Constantino, and P. W.
Lucas. 2008. Mechanical properties of plant underground storage
organs and implications for dietary models of early hominins.
Evolutionary Biology 35:159–175.

Dunbrack, R. L., and M. A. Ramsay. 1993. The allometry of mam-
malian adaptations to seasonal environments: a critique of the
fasting endurance hypothesis. Oikos 66:336–342.

Emlen, J. M. 1966. The role of time and energy in food preference.
American Naturalist 100:611–617.

Fox, B. J. 2011. Review of small mammal trophic structure in dry-
lands: resource availability, use, and disturbance. Journal of Mam-
malogy 92:1179–1192.

Gannes, L., C. del Rio, and P. Koch. 1998. Natural abundance
variations in stable isotopes and their potential uses in animal
physiological ecology. Comparative Biochemistry and Physiology
A 119:725–737.

Gerber, L. R., O. J. Reichman, and J. Roughgarden. 2004. Food
hoarding: future value in optimal foraging decisions. Ecological
Modeling 175:77–85.

Gutzler, D. S., and T. O. Robbins. 2011. Climate variability and
projected change in the western United States: regional downscal-
ing and drought statistics. Climate Dynamics 37:835–849.

Heske, E. J., J. H. Brown, and S. Mistry. 1994. Long-term experimen-
tal study of a Chihuahuan desert rodent community: 13 years of
competition. Ecology 75:438–445.

Hou, C., W. Zuo, M. E. Moses, W. H. Woodruff, J. H. Brown, and
G. B. West. 2008. Energy uptake and allocation during ontogeny.
Science 322:736–739.

Houston, A., C. Clark, J. McNamara, and M. Mangel. 1988. Dynamic
models in behavioural and evolutionary ecology. Nature 332:29–34.

Houston, A. I., and J. M. McNamara. 1993. A theoretical investi-
gation of the fat reserves and mortality levels of small birds in
winter. Ornis Scandinavica 24:205–219.

Iwasa, Y., Y. Suzuki, and H. Matsuda. 1984. Theory of oviposition
strategy of parasitoids. I. Effect of mortality and limited egg
number. Theoretical Population Biology 26:205–227.

Jarvis, J. U. M., and J. B. Sale. 1971. Burrowing and burrow patterns
of East African mole-rats tachyoryctes, heliophobius and hetero-
cephalus. Journal of Zoology 163:451–479.

Karasov, W. H., and D. J. Levey. 1990. Digestive system trade-offs
and adaptations of frugivorous passerine birds. Physiological
Zoology 63:1248–1270.

Kelt, D. A. 2011. Comparative ecology of desert small mammals: a
selective review of the past 30 years. Journal of Mammalogy
92:1158–1178.

Kohl, K. D., R. B. Weiss, J. Cox, C. Dale, and M. Denise Dearing.
2014. Gut microbes of mammalian herbivores facilitate intake
of plant toxins. Ecology Letters 17:1238–1246.

Koontz, T. L., and H. L. Simpson. 2010. The composition of seed
banks on kangaroo rat (Dipodomys spectabilis) mounds in a Chi-
huahuan Desert grassland. Journal of Arid Environments 74:1156–
1161.

Laden, G., and R. Wrangham. 2005. The rise of the hominids as an
adaptive shift in fallback foods: plant underground storage organs
(USOs) and australopith origins. Journal of Human Evolution
49:482–498.
This content downloaded from 169.2
All use subject to University of Chicago Press Terms 
Lambert, J. E., and J. M. Rothman. 2015. Fallback foods, optimal
diets, and nutritional targets: primate responses to varying food
availability and quality. Annual Review of Anthropology 44:493–
512.

Leighton, M., and D. R. Leighton. 1983. Vertebrate responses to
fruiting seasonality within a Bornean rain forest. Pages 181–196
in S. T. C. Whitmore and A. C. Chadwick, eds. Tropical rain forest:
ecology and management. Vol. 2. Blackwell, Cambridge.

Lemen, C., and P. W. Freeman. 1983. Quantification of competi-
tion among coexisting heteromyids in the southwest. South-
western Naturalist 28:41–46.

Lindstedt, S. L., and M. S. Boyce. 1985. Seasonality, fasting endur-
ance, and body size in mammals. American Naturalist 125:873–
878.

Lindstedt, S. L., and P. J. Schaeffer. 2002. Use of allometry in pre-
dicting anatomical and physiological parameters of mammals.
Lab Animal 36:1–19.

Lovegrove, B., and J. Jarvis. 1986. Coevolution between mole-rats
(bathyergidae) and a geophyte,Micranthus (iridaceae). Cimbebasia
8:79–85.

Lovegrove, B., and S. Painting. 1987. Variations in the foraging behav-
iour and burrow structures of the Damara molerat Cryptomys
damarensis in the Kalahari Gemsbok National Park. Koedoe
30:149–163.

Lucas, J. R., and L. R. Walter. 1991. When should chickadees
hoard food? theory and experimental results. Animal Behaviour
41:579–601.

Lucas, P. W., A. van Casteren, and K. Al-Fadhalah. 2014. The role
of dust, grit and phytoliths in tooth wear. Annales Zoologici
Fennici 51:143–152.

Lyons, S. K., F. A. Smith, and S. K. M. Ernest. 2019. Macroecological
patterns of mammals across taxonomic, spatial, and temporal
scales. Journal of Mammalogy 100:1087–1104.

Machovsky-Capuska, G. E., A. M. Senior, S. J. Simpson, and D.
Raubenheimer. 2016. The multidimensional nutritional niche.
Trends in Ecology and Evolution 31:355–365.

Mangel, M., and C. W. Clark. 1986. Towards a unified foraging
theory. Ecology 67:1127–1138.

———. 1988. Dynamic modeling in behavioral ecology. Princeton
University Press, Princeton, NJ.

Mares, M. A. 1993. Desert rodents, seed consumption, and conver-
gence. BioScience 43:372–379.

Marshall, A. J., C. M. Boyko, K. L. Feilen, R. H. Boyko, and M.
Leighton. 2009. Defining fallback foods and assessing their im-
portance in primate ecology and evolution. American Journal of
Physical Anthropology 140:603–614.

McDowell, N., W. T. Pockman, C. D. Allen, D. D. Breshears, N.
Cobb, T. Kolb, J. Plaut, et al. 2008. Mechanisms of plant survival
and mortality during drought: why do some plants survive while
others succumb to drought? New Phytologist 178:719–739.

McNab, B. K. 2010. Geographic and temporal correlations of mam-
malian size reconsidered: a resource rule. Oecologia 164:13–23.

McNamara, J. M., A. I. Houston, and J. R. Krebs. 1990. Why
hoard? the economics of food storing in tits, Parus spp. Behav-
ioral Ecology 1:12–23.

Meserve, P. L., D. A. Kelt, W. B. Milstead, and J. R. Gutiérrez. 2003.
Thirteen years of shifting top-down and bottom-up control. Bio-
Science 53:633–646.

Millar, J., and G. Hickling. 1990. Fasting endurance and the evolu-
tion of mammalian body size. Functional Ecology 4:5–12.
36.001.253 on June 15, 2020 15:06:50 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1007%2Fs00382-010-0838-7&citationId=p_30
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F1312045&citationId=p_56
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1093%2Fbeheco%2F1.1.12&citationId=p_60
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1093%2Fbeheco%2F1.1.12&citationId=p_60
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F3670590&citationId=p_45
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F3670590&citationId=p_45
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F3676736&citationId=p_34
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1111%2Fj.1469-7998.1986.tb03570.x&citationId=p_23
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.4102%2Fkoedoe.v30i1.508&citationId=p_49
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=26993666&crossref=10.1016%2Fj.tree.2016.02.009&citationId=p_53
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1644%2F10-MAMM-S-238.1&citationId=p_38
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=16085279&crossref=10.1016%2Fj.jhevol.2005.05.007&citationId=p_42
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1644%2F10-MAMM-S-227.1&citationId=p_27
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1644%2F10-MAMM-S-227.1&citationId=p_27
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F1939547&citationId=p_31
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=19890868&crossref=10.1002%2Fajpa.21082&citationId=p_57
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=19890868&crossref=10.1002%2Fajpa.21082&citationId=p_57
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1641%2F0006-3568%282003%29053%5B0633%3ATYOSTA%5D2.0.CO%3B2&citationId=p_61
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1641%2F0006-3568%282003%29053%5B0633%3ATYOSTA%5D2.0.CO%3B2&citationId=p_61
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&system=10.1086%2F284385&citationId=p_46
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1016%2FS0003-3472%2805%2980898-X&citationId=p_50
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=6548841&crossref=10.1016%2F0040-5809%2884%2990030-3&citationId=p_35
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1007%2Fs11692-008-9026-7&citationId=p_24
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F1938669&citationId=p_54
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1146%2Fannurev-anthro-102313-025928&citationId=p_43
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=9683412&crossref=10.1016%2FS1095-6433%2898%2901016-2&citationId=p_28
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=9683412&crossref=10.1016%2FS1095-6433%2898%2901016-2&citationId=p_28
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=18974352&crossref=10.1126%2Fscience.1162302&citationId=p_32
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=18422905&crossref=10.1111%2Fj.1469-8137.2008.02436.x&citationId=p_58
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F2389646&citationId=p_62
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=11833526&crossref=10.1258%2F0023677021911731&citationId=p_47
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.5735%2F086.051.0215&citationId=p_51
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.5735%2F086.051.0215&citationId=p_51
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1111%2Fj.1469-7998.1971.tb04544.x&citationId=p_36
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=25040855&crossref=10.1111%2Fele.12329&citationId=p_40
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F3544822&citationId=p_25
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1016%2Fj.ecolmodel.2003.10.022&citationId=p_29
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1016%2Fj.ecolmodel.2003.10.022&citationId=p_29
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1038%2F332029a0&citationId=p_33
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=20364270&crossref=10.1007%2Fs00442-010-1621-5&citationId=p_59
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1093%2Fjmammal%2Fgyy171&citationId=p_52
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&system=10.1086%2Fphyszool.63.6.30152643&citationId=p_37
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&system=10.1086%2Fphyszool.63.6.30152643&citationId=p_37
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1016%2Fj.jaridenv.2010.03.008&citationId=p_41
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&system=10.1086%2F282455&citationId=p_26


000 The American Naturalist
Nersesian, C. L., P. B. Banks, and C. McArthur. 2011. Titrating the
cost of plant toxins against predators: determining the tipping
point for foraging herbivores. Journal of Animal Ecology 80:753–
760.

Niklas, K. J., and B. J. Enquist. 2002a. Canonical rules for plant or-
gan biomass partitioning and annual allocation. American Jour-
nal of Botany 89:812–819.

———. 2002b. On the vegetative biomass partitioning of seed plant
leaves, stems, and roots. American Naturalist 159:482–497.

Noble, J. D., S. L. Collins, A. J. Hallmark, K. Maldonado, B. O.
Wolf, and S. D. Newsome. 2019. Foraging strategies of individ-
ual silky pocket mice over a boom-bust cycle in a stochastic dry-
land ecosystem. Oecologia 3:569–578.

Orr, T. J., S. D. Newsome, and B. O. Wolf. 2015. Cacti supply limited
nutrients to a desert rodent community. Oecologia 178:1045–1062.

Pravosudov, V. V., and J. R. Lucas. 2001. A dynamic model of short-
term energy management in small food-caching and non-caching
birds. Behavioral Ecology 12:207–218.

Price, M. V., N. M. Waser, and S. McDonald. 2000. Seed caching
by heteromyid rodents from two communities: implications for
coexistence. Journal of Mammalogy 81:97–106.

Schroder, G. D. 1979. Foraging behavior and home range utilization
of the bannertial kangaroo rat (Dipodomys spectabilis). Ecology
60:657–665.

Seager, R., M. Ting, I. Held, Y. Kushnir, J. Lu, G. Vecchi, H.-P.
Huang, et al. 2007. Model projections of an imminent transition
to a more arid climate in southwestern North America. Science
316:1181–1184.

Smith, C. C., and O. J. Reichman. 1984. The evolution of food
caching by birds and mammals. Annual Review of Ecology,
Evolution, and Systematics 15:329–351.

Sterner, R. W., and J. J. Elser. 2002. Ecological stoichiometry: the
biology of elements from molecules to the biosphere. Princeton
University Press, Princeton, NJ.

Stryer, L., J. Berg, J. Tymoczko, and G. Gatto. 1995. Biochemistry.
4th ed. Freeman, New York.

Sullivan, H. L., C. G. Curtin, C. A. Reynolds, and S. G. Cardiff. 2001.
The effect of topography on the foraging costs of heteromyid
rodents. Journal of Arid Environments 48:255–266.

Thibault, K. M., E. P. White, and S. K. M. Ernest. 2004. Temporal
dynamics in the structure and composition of a desert rodent
community. Ecology 85:2649–2655.

Thompson, S. D. 1982. Spatial utilization and foraging behavior of
the desert woodrat, Neotoma lepida lepida. Journal of Mammal-
ogy 63:570–581.
This content downloaded from 169.2
All use subject to University of Chicago Press Terms 
Ungar, P. 2004. Dental topography and diets of Australopithecus
afarensis and early Homo. Journal of Human Evolution 46:605–
622.

Vanderbilt, K., C. White, O. Hopkins, and J. Craig. 2008. Above-
ground decomposition in arid environments: results of a long-
term study in central New Mexico. Journal of Arid Environments
72:696–709.

Vander Wall, S. 1990. Food hoarding in animals. University of
Chicago Press, Chicago.

Vogel, E. R., J. T. van Woerden, P. W. Lucas, S. S. Utami Atmoko,
C. P. van Schaik, and N. J. Dominy. 2008. Functional ecology and
evolution of hominoid molar enamel thickness: Pan troglodytes
schweinfurthii and Pongo pygmaeus wurmbii. Journal of Human
Evolution 55:60–74.

Wiens, J. A. 1977. On competition and variable environments:
populations may experience “ecological crunches” in variable
climates, nullifying the assumptions of competition theory and
limiting the usefulness of short-term studies of population pat-
terns. American Scientist 65:590–597.

Wrangham, R. W., N. L. Conklin-Brittain, and K. D. Hunt. 1998.
Dietary response of chimpanzees and Cercopithecines to sea-
sonal variation in fruit abundance. I. Antifeedants. International
Journal of Primatology 19:949–970.

Yeakel, J. D., N. C. Bennett, P. L. Koch, and N. J. Dominy. 2007.
The isotopic ecology of African mole rats informs hypotheses
on the evolution of human diet. Proceedings of the Royal Soci-
ety B 274:1723–1730.

Yeakel, J. D., N. J. Dominy, P. L. Koch, and M. Mangel. 2014.
Functional morphology, stable isotopes, and human evolution:
a model of consilience. Evolution 68:190–203.

Yeakel, J. D., C. P. Kempes, and S. Redner. 2018. Dynamics of star-
vation and recovery predict extinction risk and both Damuth’s
law and Cope’s rule. Nature Communications 9:657.
References Cited Only in the Online Enhancements

Lindstedt, S. L., and W. A. Calder III. 1981. Body size, physiolog-
ical time, and longevity of homeothermic animals. Quarterly
Review of Biology 56:1–16.
Associate Editor: David Vasseur
Editor: Russell Bonduriansky
36.001.253 on June 15, 2020 15:06:50 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=17412920&crossref=10.1126%2Fscience.1139601&citationId=p_71
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=29440734&crossref=10.1038%2Fs41467-018-02822-y&citationId=p_86
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1006%2Fjare.2000.0760&citationId=p_75
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=21665681&crossref=10.3732%2Fajb.89.5.812&citationId=p_64
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=21665681&crossref=10.3732%2Fajb.89.5.812&citationId=p_64
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1016%2Fj.jaridenv.2007.10.010&citationId=p_79
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1023%2FA%3A1020318102257&citationId=p_83
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1023%2FA%3A1020318102257&citationId=p_83
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1093%2Fbeheco%2F12.2.207&citationId=p_68
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1146%2Fannurev.es.15.110184.001553&citationId=p_72
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1146%2Fannurev.es.15.110184.001553&citationId=p_72
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&system=10.1086%2F412080&citationId=p_87
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&system=10.1086%2F412080&citationId=p_87
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1890%2F04-0321&citationId=p_76
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&system=10.1086%2F339459&citationId=p_65
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=17472915&crossref=10.1098%2Frspb.2007.0330&citationId=p_84
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=17472915&crossref=10.1098%2Frspb.2007.0330&citationId=p_84
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1644%2F1545-1542%282000%29081%3C0097%3ASCBHRF%3E2.0.CO%3B2&citationId=p_69
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F1380261&citationId=p_77
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F1380261&citationId=p_77
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=18243275&crossref=10.1016%2Fj.jhevol.2007.12.005&citationId=p_81
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=18243275&crossref=10.1016%2Fj.jhevol.2007.12.005&citationId=p_81
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.1007%2Fs00442-019-04432-x&citationId=p_66
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&crossref=10.2307%2F1936601&citationId=p_70
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=24372604&crossref=10.1111%2Fevo.12240&citationId=p_85
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=21366564&crossref=10.1111%2Fj.1365-2656.2011.01822.x&citationId=p_63
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=15120268&crossref=10.1016%2Fj.jhevol.2004.03.004&citationId=p_78
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709019&pmid=25842296&crossref=10.1007%2Fs00442-015-3304-8&citationId=p_67

