
Mamm Res (2017) 62:129–140
DOI 10.1007/s13364-016-0290-0

ORIGINAL PAPER

Hierarchical trade-offs between risk and reward mediated
by behavior

D. R. Visscher1 ·E. H. Merrill2 · P. K. Martin3

Received: 26 October 2015 / Accepted: 4 August 2016 / Published online: 22 August 2016
© Mammal Research Institute, Polish Academy of Sciences, Białowieża, Poland 2016

Abstract Understanding the distribution of individuals in
space is a primary concern to ecologists and managers. With
the advent of remote monitoring technology, we have been
able to answer where individuals are but we often lack an
understanding of why they are located in a particular place
from a behavioral perspective. Increasingly, ecologists are
becoming aware of the crucial role individual behavior may
play in ecological processes. The movement of individuals
within fragmented landscapes is no exception. We used a
dynamic state variable model to explicitly account for the
behavioral trade-off between acquiring forage and predation
risk in a spatial context. We found that when individuals
were able to become behaviorally unavailable for predation
within a patch as a result of their energetic state, forag-
ing strategy, or the effectiveness of anti-predator behaviors,
they were able to mitigate the potential travel costs associ-
ated with the spatial configuration of patches to use riskier
patches. However, when this was not possible, patch choice
became an effective way of minimizing the risk of preda-
tion. Individuals appear to trade-off predation risk and the
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acquisition of forage in a hierarchical fashion depending
on whether or not the spatial arrangement and context of
patches constrained their anti-predator behavior. We sug-
gest that a better understanding how patch selection and the
behavioral trade-offs associated with predation risk occur
at multiple scales may help bridge the gap between animal
behavior and landscape ecology.
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Introduction

A fundamental interest in ecology is the abundance and
distribution of individuals on the landscape. Landscapes
provide the backdrop for the ecological processes that lead
to a distribution of animals (Southwood 1988). Natural
landscapes are rapidly becoming fragmented by human
activities. To better conserve and manage species inhabiting
altered landscapes, an understanding of how patch config-
uration affects animal distributions is required (Wilcox and
Murphy 1985; Saunders et al. 1991; Huxel and Hastings
1999; Palomares 2001). At the same time, ecologists have
become aware of the important role that scale and individ-
ual behavior plays in the distribution of populations (Belisle
2005; Zollner and Lima 2005; Railsback and Harvey 2013;
Basille et al. 2015; Berger-Tal and Bar-David 2015; Bonnot
et al. 2015; Eggeman et al. 2016). With an increasing ability
to remotely monitor individuals in landscapes with tech-
nologies such as global positioning collars, spatial data at
the level of the individual animal is now plentiful. However,
whereas we have become very good at saying where animals
are, we have often fallen short of explicitly answering why
they are where they are. Static species-habitat relationships
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(e.g., Boyce and McDonald 1999) and utilization distri-
butions (Worton 1989; Marzluff et al. 2004) are often
used to infer the reasons for the distributions we observe
(Hebblewhite et al. 2005; Wolf et al. 2009; Godvik et al.
2009). However, if we want to truly address the underly-
ing motivations of why animals make particular choices,
an approach that explicitly incorporates behavioral decision
making is required (Lima and Zollner 1996; Roitberg and
Mangel 1997; Zollner and Lima 2005).

A major determinant in the allocation of time by large
herbivores within and among patches is determined by for-
aging opportunities and requirements to avoid predation
(Frair et al. 2007; Creel et al. 2005; Courbin et al. 2014).
Where forage and predation risk are positively related, her-
bivores will need to make behavioral choices that reflect
trade-offs in net energy acquisition and predator avoidance
at several scales (Brown 1999; Rettie and Messier 2000;
Dussault et al. 2005; Searle et al. 2008; Hebblewhite and
Merrill 2009; Martin et al. 2015). Rettie and Messier (2000)
argue that avoidance of predation occurs primarily at a
large spatial scale and, therefore, necessarily constrains for-
aging opportunities. These discussions of landscape level
space use may often ignore the behaviors that individu-
als can use to mitigate predation once in a patch such as
inactivity or vigilance that may occur within a patch (Anholt
and Werner 1995; Caro 2005; Fortin et al. 2004; Creel and
Winnie 2005; Dussault et al. 2005; Winnie and Creel 2007;
Searle et al. 2008; Robinson and Merrill 2013; Schmidt and
Kuijper 2015). Indeed, Schmidt and Kuijper (2015) discuss
the potential for “death traps” within landscape when land-
scape conditions are not heterogeneous and the role that
behavior may play in determining an individual’s response
to predation risk at the fine scale within a patch relative to
between patches. The ability to optimize fitness by moving
among patches may be constrained by energetic costs or pre-
dation risk (Johnson et al. 2002; Belisle 2005; Zollner and
Lima 2005; Frair et al. 2008; Resetarits and Binckley 2009).
The cost incurred in moving between patches depends not
only on the magnitude of the risk but also on the dura-
tion of risk exposure. In most cases, individuals that move
quickly between patches will minimize predation exposure,
but at the same time they will incur higher energy costs
(Parker et al. 1984; McAdam and Kramer 1998; Johnson
et al. 2001; Zollner and Lima 2005). The real cost of these
behaviors depends not only on the immediate consequences
to an individual’s state but also on the strategies used
to meet overall fitness goals (Kohler and McPeek 1989;
Zollner and Lima 2005; Winnie and Creel 2007; Hay et al.
2008; Wojdak 2009). As a consequence, individuals in
patchy landscapes have an array of options for trading-
off risks and rewards, both within and between patches,
contingent on their cumulative well-being or fitness.

To address how individuals hierarchically trade-off
acquiring energy and avoiding predation within and
between patches, we constructed a dynamic state vari-
able model following the general approach of Houston and
McNamara (1999) and Clark and Mangel (2000) that incor-
porated a set of behaviors available to a large ruminant
herbivore when deciding to use patches in the landscape.
In developing the model, we focused on (1) how varia-
tion in energy availability and predation risk associated with
patch use and moving among patches were traded-off to
meet fitness goals specified by two different fitness func-
tions, (2) how individuals altered patch use contingent on
trade-offs between energy acquisition and risk avoidance
within and between patches, and (3) how energetic state
(state-dependence) of an animal mediated trade-offs in for-
aging and risk avoidance. We addressed these questions
by comparing the relative amount and evenness in animal
use among five patches under varied patch configurations,
different contrast in the cost that influenced costs of mov-
ing between patches and within patch predation risk and
energy intake rates, and efficiency of anti-predator behavior
within patch. We hypothesized that when patch configu-
ration imposed cost constraints on traveling to the most
profitable patches, patch use was most evenly distributed
among patches but only when within patch anti-predator
behaviors were effective. As a first assessment of these
landscape trade-offs, we did not directly address the effect
of conspecifics even though animal aggregation in a patch
may alter per capita resource gain and risk of predator
due to higher vigilance or the dilution effect (Krause and
Ruxton 2002; Shrader et al. 2007; Thaker et al. 2010;
Murthy et al. 2016). Instead, we indirectly assessed these by
altering levels of energy intake and predation risk within
a patch. Second, we assumed forage depletion was insuf-
ficient to alter the probability of finding food in a patch
and therefore it remained constant. Although bite mass can
decline due to depletion, increasing bite rate may initially
compensate for it (Illius et al. 2002; Illius and Fryxell 2002;
Searle et al. 2005). Thus, our immediate goal was to assess
specific trade-offs in foraging and predation avoidance in
the context of two set strategies for achieving fitness goals
rather than understand the dynamics that lead to evolving
strategies.

Methods

We developed a dynamic state model representing a rumi-
nant herbivore moving in a heterogenous environment,
within a home range consisting of five patches. The her-
bivore made decisions that reflected trade-offs in foraging
opportunities and predation risk that positively co-varied
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among patches. At each time step, the behavior influenced
the gut-fill and energetic state, which reflected fitness.

Behavioral model

The simulated individual had three distinct state-related
traits (g,gut fill, e,energy reserves, and i,location) that were
updated based on the consequences of the decisions it made.
At every time step, the individual had the option of three
behaviors (b). First, the individual could ruminate (b = 1),
converting its gut contents into energy reserves. Second,
the individual could refrain from either of these two activ-
ities and rest (b = 2). Resting in essence delays the need
to return to foraging, and the potential predation risk asso-
ciated with foraging (see below for further details) that is
brought on by gut emptying through rumination. Third, it
could actively forage (b = 3), increasing its gut fill but at
an energetic (metabolic) cost associated with foraging (m).
Metabolic costs (m) were assumed to be behavior specific
and did not differ among patches. Intake resulted in gut con-
tents increasing based on intake rate (βi) with a probability
of λ (and increasing by 0 with probability 1- λ). This repre-
sented the probability of finding food, which because there
was no depletion, was assumed to be constant and set to
0.95 for all simulations. Both rumination and resting had an
associated metabolic cost of activity that was half the cost
of active foraging. The simulated individual was able to pur-
sue any of these three behaviors in one of the five patches
in the home range, which were indexed as i = 1, 2, 3, 4, 5.
Each patch presented unique combination of intake rate and
predation risk (pi , Table 1). Rumination (αi) rates were con-
stant for all patches. In all cases, i indexes the patches and
i = 1, 2, 3, 4, 5. Patches were assigned intake values and
predation rates such that the patch with the highest intake
rate also had the highest predation risk and the reverse was
true for the safest patch (Table 1). As a result, we compared

Table 1 Conditions of the five patches located within the home range,
representing the trade-off between the risk of predation and intake

Patch Condition Predation risk Intake rate

p1 Safest 0.002 2

p2 – 0.004 4

p3 – 0.006 6

p4 – 0.008 8

p5 Most productive 0.01 10

Thus, the safest patch has the lowest intake and the lowest predation
rate while the most productive patch has both the highest intake rate
and predation risk. Predation risk is given as the patch-specific proba-
bility of death during each time step spent foraging, while intake rate
is measured as the state unit increase in gut fill with each time step
spent foraging. Rumination rate was held constant across all patches

patch use along a gradient in patch conditions from the most
safe and least profitable to the least safe and most profitable.
This caused the individual to make patch selection decisions
that involved trading-off forage and predation risk (Lima
and Dill 1990). To move among patches, the simulated indi-
vidual incurred an energetic cost (c) of movement and an
in-transit risk of predation (u), both of which increased with
inter-patch distance (dij ; energetic cost = 1 x d and preda-
tion risk = d/1000). Where i indexes the current location
and j the subsequent patch, thus when i = j the inter-
patch distance was 0 (the individual remained in its current
location). To explore the effect of within-patch trade-offs
between foraging and predation avoidance on patch use, we
assigned resting and ruminating (i.e., inactivity) three val-
ues of predation avoidance that reflected the completeness
of the behavior as a predation refuge: complete predation
refuge, incomplete refuge, and ineffective where predation
risk was similar to foraging (Table 1). As a result, predation
risk to an animal inhabiting a patch at any point in time was
a function of both the inherent risk of being in the patch and
the behavior of the animal (Banks et al. 2000; Zollner and
Lima 2005).

Stochastic dynamic programming was used to solve for
the optimal decisions (both behavior in the patch and patch
selection) through time, based on state as:

F(i, b, g, e, t) = max(Vmax(i=1,2,3...n),1,

Vmax(i=1,2,3...n),2, Vmax(i=1,2,3...n),3)

(1)

where

Vi,1 = (1 − udi,j )F
(
i, 1, g − αi, e + αi − m

2
− cdi,j , t + 1

)

Vi,2 = (1 − udi,j )F
(
i, 2, g, e − m

2
− cdi,j , t + 1

)

Vi,3 = (1−udi,j )

[
(1−pi)(λ)F (i, 3, g+βi, e−m−cdi,j , t+1)+
(1−pi)(1−λ)F (i, 3, g, e−m − cdi,j , t+1)

]

(2)

where Vi,b refers to the fitness accrued in the ith patch
(i=1,2,3...n) by selecting the bth behavior (1; ruminating, 2;
resting or 3; foraging) and pi is the probability of preda-
tion (and therefore survival is 1 − pi) occurring in patch i.
Additionally, we allowed the individual to incur an instan-
taneous risk of predation (u) when making the decision to
travel between patches, which increased with inter-patch
distance di,j . Likewise, energy reserves were decreased by
a cost (c) accrued when traveling over the inter-patch dis-
tance upon reaching the new patch. While transit between
patches occurred instantaneously, the costs and risks associ-
ated with it were incorporated into the individual’s decision
to make use of a new patch by discounting its potential gains
and adding to its patch-specific costs.
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Thus, the fitness function at any time is calculated as:

F(li, b, g, e, t) =
{

F(li, b, g, e, t) if t < T

�(e, T ) if t = T
(3)

where the terminal fitness function �(e, T ) of an individ-
ual indicates the strategy of the forager, prioritizing safety
or the acquisition of energy. As such, it was expected to
affect patch use and behavior in a state-dependent fashion.
We simulated all scenarios with both a linear and sigmoid
fitness function. The linear fitness function prioritized the
acquisition of energy until the fitness of gaining additional
forage multiplied by the risk of predation was less than the
fitness of resting behavior, given as:

�(e, T ) = eT (4)

or defined as a sigmoid fitness function as:

�(e, T ) = exp(−rep + eT )

1 + exp(−rep + eT )
(5)

where rep is a reproductive threshold that must be met by
the energy reserves to gain a fitness benefit (Cook et al.
2001). The strategy of an individual modeled with a sig-
moid fitness was determined by the fitness of the animals
on the the sigmoidal curve, based on its state. While located
in the convex portion of the sigmoid curve, where it was
far from reaching its fitness threshold, the individual priori-
tized forage acquisition, much like a linear fitness function.
However, in the concave portion of the curve, individuals
are expected to prioritize safety (Stephens and Krebs 1986).
Over the long term, individuals modeled with the sigmoid
fitness function minimized their exposure to predation more
then animals using a constant maximization strategy. In all
cases when t = T , fitness was dependent only on energy
reserves and not gut fill. We assumed that any remaining
forage in the gut at the end of the time horizon, i.e., at time =
T , did not convey a fitness benefit. A full list of parame-
ters and variables, their description, and values are given in
Table 1. The scenarios for the form of the fitness function
and the extent of the behavioral refuge are given in Table 2.

Patch configuration and contrast

We represented landscape configuration with five patches
within the home range to keep the model computationally
reasonable (Fig. 1). Landscapes were created to represent
a range of aggregations (or meta-patches) while holding
landscape inter-patch distances approximately equal (within
10 % of the same average distance among patches). The
first landscape contained five patches arranged in two local
aggregations, consisting of two and three patches, where the
inter-aggregate distance was greater than the average inter-
patch distance within each local aggregate (aggregated;
Fig. 1a). The second landscape consisted of an aggrega-
tion of four patches and a single isolated patch (isolated;

Table 2 Simulated scenarios and conditions used to investigate the
effect of spatial configuration, patch contrast, the shape of the fitness
function, and the effectiveness of the behavioral refuge on the variation
in patch use across the home range

Scenario Simulated conditions or values

Spatial configuration Isolated, aggregated, uniform, no cost

Patch contrast 5 rotations of conditions

Fitness function Linear, sigmoid

Extent of behavioral refuge Complete, incomplete, ineffective

Spatial configuration represents the distribution of patches within the
home range (see Fig. 1). Patch context refers to the relative position
of the patches to one another. In the case of uniform and no cost spa-
tial configurations, varying the context has no effect so only a single
simulation for each of the other scenarios was conducted. The shape
of the fitness function was compared for fitness modeled as either a
linear function or a sigmoid function of increasing energy reserves.
In general, linear fitness prioritized the acquisition of energy while
sigmoid fitness prioritized safety. The extent of the behavioral refuge
relates to the degree of predation experienced by the simulated indi-
vidual while undertaking inactive (resting and ruminating) behaviors
relative to active foraging. This is analogous to the effectiveness of
anti-predator behaviors (such as vigilance), ranging from perfectly
effective (complete refuge), partly effective (incomplete refuge), and
ineffective (resulting in the same predation rate as foraging)

Fig. 1b). The third landscape contained five patches with
equal inter-patch distances (even; Fig. 1c). Lastly, as a

Fig. 1 Representative landscapes containing five patches within a
simulated individual’s home range. Patches were located to repre-
sent a gradient of configuration from a aggregated, b isolated, c even
(uniform), and d zero inter-patch distance (where movement between
patches comes at no cost or risk)
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baseline, a five-patch landscape was created where the inter-
patch distances were 0 (no cost; Fig. 1d). We varied patch
contrast by altering the variation in quality (intake rate and
predation risk) of a patch relative to its neighbors found in
the same local aggregation (e.g., whether or not the safest
or most productive patches are found next to one another in
the same local aggregation). The contrast effect was simu-
lated by systematically varying the order of the patches in
the home range while maintaining configuration. The land-
scape scenarios for spatial configuration and spatial contrast
are given in Table 2.

Simulations

The Monte Carlo forward iteration method (Clark and
Mangel 2000) was used to simulate the decisions of 100
replicated individuals at all combinations of gut fill (0–
100) and energy reserves (0–100) such that the use of
patches types (p1–p5) were based on 1,000,000 realizations.
The individuals of the same gut fill and energy state were
replicated 100 times to account for the stochastic risk of
predation in the simulation. An individual was initialized
in a randomly assigned patch and subsequently followed
the optimal policy; no other individuals were present dur-
ing the simulation (i.e., we did not model the influence of
conspecifics on behavioral decision making). An individ-
ual’s behavioral decisions, state, and survival was recorded
at every time step. Due to computational limitations, simu-
lations were limited to 100 time steps for individuals using
a linear fitness function and 200 time steps for individu-
als using a sigmoid function. An ANOVA was calculated to
assess the relative influence of categorical factors for patch
configuration, patch contrast, completeness of the behav-
ioral refuge, and the form of the fitness function on the
evenness of patch use (using η2 = SSfactor/SStotal). The
evenness in patch use for each individual was calculated as
the standard deviation in use among patches, were first arc-
sine square root transformed to increase normality as they
were necessarily bound between 0 and 0.45 (where a low
value indicates even patch use and a value approaching 0.45
indicates that a single patch was used preferentially).

Results

Activity within patches

Behavior within the patches was dependent on the patch-
specific rates not the spatial arrangements of patches per
se. When the rumination rate was greater than intake
rate, individuals required more foraging time per bout to
ensure sufficient forage in the gut for subsequent process-
ing. Conversely, when intake rate exceeded rumination rate,

individuals were able to acquire forage rapidly in short
bouts, gaining enough gut contents that required multiple
time steps to ruminate. The effect of the ratio of intake to
rumination rate on bout length and dynamics was the same
for both fitness functions; however, individuals modeled
with a sigmoid fitness function spend more time inactive
relative to those modeled with a linear fitness function.
The effect of patch-specific predation risk on fitness was
to devalue the potential energetic gains of foraging by the
expectation of survival. As foraging became increasingly
risky, the fitness benefits of remaining inactive outweighed
the benefit of foraging at the cost of potential death. Fur-
thermore, the metabolic cost changed the bout dynamics not
patch choice as it was constant across all patches (i.e., it was
behavior specific not patch specific) and therefore did not
effect the relative value of a patch. Examples of the patterns
of within-patch behaviors and their effect on energetic state
are given in the Supplementary Information (Figs. 6 and 7).

Magnitude and evenness of patch use

Across all conditions, patch use was most influenced by the
completeness of the within-patch behavioral refuge and the
nature of this response depended on the shape of the fitness
function (Table 3 and Fig. 2).

Linear fitness function

Under a linear fitness function, if individuals could com-
pletely mitigate predation risk by being inactive in a patch
(Fig. 3: gray boxes), patch use was relatively uneven
because individuals concentrated their use in the most prof-
itable patches (highest energy intake rate) despite the high
predation risk associated with these patches. The most prof-
itable patch, regardless of configuration and where it was
located within a configuration, provided the fastest way to
increase energy reserves, and therefore fitness. When there

Table 3 Factors influencing the evenness in patch use

Source DF Sum of squares η2

Patch contrast 4 249.4 0.019

Spatial configuration 3 488.0 0.037

Fitness function 1 889.3 0.067

Extent of behavioral refuge 3 2673.5 0.202

Fitness x refuge 2 5226.3 0.394

The relative influence of the (categorical) factors was compared as
η2, calculated as the SSfactor/SStotal in an ANOVA framework. Only
interactions explaining greater than 5 % of the variation in the evenness
in patch use are included. For the ANOVA, the evenness patch use
was arcsine square root transformed. p values are not given due to the
effect of the large number of simulations on significance
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Fig. 2 The influence of the
effectiveness of anti-predator
activity on the evenness in patch
use (variation in patch use (sd))
within the home range for the
landscape where patches were
evenly spaced. The effectiveness
of anti-predator behavior formed
a complete refuge, incomplete
refuge (predation risk = foraging
- 0.002), and ineffective refuge
(predation risk = foraging)
during inactivity. This same
pattern was evident in all
scenarios. The white boxes refer
to the distribution of individuals
simulated with a sigmoid fitness
function while the gray boxes
represent the distribution of
individuals simulated with a
linear fitness function

were no costs to moving among patches (Fig. 3d; gray
boxes), individuals used the safest patch the most, foraged
exclusively in the most profitable patch and then spent their
non-foraging time (i.e., resting and rumination) in the safest
patch. In contrast, when individuals were not efficient at

modifying within patch predation risk, patch use was more
variable and evenly distributed across patches except when
costs among patches were either non-existent or similar
among patches (Fig. 4). In these cases, use was highest in
the most profitable patches.

Fig. 3 Proportional patch use and the evenness in patch use (variation
in patch use (sd)) when the behavioral refuge is complete (predation
risk while inactive = 0) and the patches are configured to form a an
isolated landscape, b an aggregated landscape, c an even landscape,
and d a no cost landscape. The white boxes refer to the distribution of

individuals simulated with a sigmoid fitness function while the gray
boxes represent the distribution of individuals simulated with a linear
fitness function. These are a summary of all contrast scenarios, where
pX (X=1, 2, 3, 4, 5) refers to the patch on the landscape
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Fig. 4 Proportional patch use and the evenness in patch use (variation
in patch use (sd)) when the behavioral refuge is completely ineffective
(predation risk while inactive = foraging) and the patches are con-
figured to form a an isolated landscape, b an aggregated landscape,
c an even landscape, and d a no cost landscape. The white boxes

refer to the distribution of individuals simulated with a sigmoid fitness
function while the gray boxes represent the distribution of individuals
simulated with a linear fitness function. These are a summary of all
contrast scenarios, where pX (X=1, 2, 3, 4, 5) refers to the patch on the
landscape

Sigmoid fitness function

When the fitness function was defined with a sigmoid func-
tion and individuals were able to use inactivity to avoid
predation while in the patch (Fig. 3: white boxes), patch
use was more even and less variable across patches. In gen-
eral, individuals remained in their initial, randomly assigned
patch to avoid the cost of inter-patch movements, instead
they used inactivity to minimize exposure to predation
risk. When individuals incurred no cost for moving among
patches, under the sigmoid fitness function, they could com-
pensate for foraging costs even in the patch with the lowest
level of intake that we simulated. Therefore, they spent
almost all their time in the safest patch (i.e., p1; Fig. 3d).
When individuals could no longer modify predation risk
through inactive behaviors, they increased use the safest
patch. As a result, patch use was most uneven and always
concentrated in the safest patch (Fig. 4; white boxes).

Patch contrast

Patch configuration influenced patch use dependent on
patch contrast and differed among fitness functions (Fig. 5).
For example, the effect of the arrangement of safe and pro-
ductive patches within the home range was most obvious

when the safest patch (for individuals modeled with a sig-
moid function) and highest intake patch (for individuals
modeled with a linear fitness function) were located within
the local aggregation with the fewest number of patches or
a single isolated patch. In this case, some individuals were
not able to afford the transit costs to the distant patch or
patches; instead, they used the next best patch found in the
same local aggregation. As a result, there was typically more
even use of patches within the home range as individuals
were required to “make do” with the next best patch located
in their current local aggregation (Fig. 5). When the most
desirable patch was located in the largest local patch aggre-
gation within the home range, the variation in patch use
increased as a reduced travel cost within the aggregation
made this patch more accessible, thereby concentrating use.
The influence of the spatial context of patches was a direct
result of the inter-aggregation distance exceeding the inter-
patch distance within the local aggregation and the resulting
accessibility of the most desirable patch.

Discussion

Large-scale movements and patch use by ungulates have
been attributed to the hierarchical decision making of
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Fig. 5 Example of the effect of
patch contrast on patch use
(right panels) and the evenness
in patch use (variation in patch
use (sd); lower left panel) in an
isolated landscape. Two
different context scenarios are
given where the shading of the
representative “map” of the
patches (upper left panel)
indicates the degree of risk on
the left side of the patch (darker
= safer) and rate of intake on the
right hand side of the patch
(darker = higher intake). The
white boxes refer to the
distribution of individuals
simulated with a sigmoid fitness
function while the gray boxes
represent the distribution of
individuals simulated with a
linear fitness function. pX (X=1,
2, 3, 4, 5) refers to the patch on
the landscape indicated by the
number next to the patch on the
“map”

processes that scale up from foraging bites to landscape dis-
tribution (Senft et al. 1987; Bailey et al. 1996). Nonetheless,
studies investigating decision rules for patch residence time
typically have focused on the forage resources at one spatial
scale (Jiang and Hudson 1993; Laca et al. 1994; Schaefer
and Messier 1995; Searle et al. 2005). However, evidence
now exists that individual responses at fine spatial scales
interact with the heterogeneity of foraging at larger spa-
tial scales (Searle et al. 2006). Similar patterns may emerge
for animals making trade-offs for foraging in risky habitats.
Rettie and Messier (2000) hypothesized that because preda-
tion occurred across large spatial scales, it would be avoided
on the largest scales, and lower scales would be domi-
nated by the acquisition of forage or other limiting factors.
Dussault et al. (2005) found evidence supporting this view:
moose tended to avoid predation by avoiding low snowfall
areas, whereas their selection of patches within the home
range were consistent with increased foraging opportuni-
ties. Hebblewhite and Merrill (2009) found that in partially
migratory elk herd, trade-offs could occur at the large scale
via migratory behavior, while resident elk accessed a spatial
refuge at the small scale to reduce the risk of predation.

When predation risk is spatially structured, herbivores
have several behavioral options for avoiding predation while
meeting foraging requirements: using patches of low preda-
tor risk, using patches of high risk but employing anti-
predator behaviors that reduce predation risk (Brown 1999;
analogous to pre- and post-encounter behaviors in Mitchell
2009). Our results show that ruminant herbivores can

trade-off these behaviors in the context of patch use and
that optimal trade-offs in patch use are contingent on patch
configuration and animal state. When anti-predator behav-
iors within patches were effective (i.e., behavioral refuge),
an individual was able to “afford” the foraging costs of
the patch-specific predation risk through inactivity and ben-
efiting from the reduced risk of predation afforded by
anti-predator activity during inactivity, except when they
were constrained by their low energetic state or fitness
maximizing strategy specified by the fitness function. In
contrast, when ruminants were unable to employ effective
anti-predator behaviors or employed an energy maximizing
foraging strategy, patch selection became a vital component
of optimal behavior.

The motivation of the individual either to avoid preda-
tion or acquire forage was defined by the fitness function
and the shape of the fitness function was held constant for
the entire simulation. However, in nature, individuals may
have shifting strategies for meeting fitness goals that influ-
ence the behavioral trade-offs they make. Evidence from
seasonal changes in habitat selection suggest that individ-
uals may differentially prioritize safety and the acquisition
of energy at various times of the year (Main 2008; Long
et al. 2009). Likewise, differing fitness goals based on sex
and reproductive status may also indirectly affect the abil-
ity of individuals to trade-off predation risk and foraging
opportunities either with anti-predator behaviors within a
patch or with patch selection . For example, Dussault et al.
(2005) noted that there was variation in patch selection
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between individual caribou, which they attributed to the sex
and reproductive status of the individual, which represented
their motivations for the trade-off between predation risk
and foraging opportunities. Similarly, Gustine et al. (2006)
noted that the ability of individual caribou to respond to
predation risk was condition-dependent: females in poor
condition took higher risks in order to access forage, as they
could not afford to avoid predation. These results highlight
the importance of sampling trade-offs in foraging and pre-
dation risk multiple scales and the need to integrate between
scales through the inclusion of behavioral motivation, which
may facilitate trade-offs between predation risk and for-
aging opportunities (Johnson et al. 2004; Bowyer and Kie
2006; van Beest et al. 2013; Gravem and Morgan 2015).

The spatial configuration of patches within the home
range provides the template on which movement occurs
and patch choices are made, potentially constraining the
movement of individuals through movement costs or the
risk of predation during transit (Visscher and Merrill, in
revision). While many models of ecological processes have
focused on the effect of spatial configuration (Andreassen
et al. 1998; McIntyre and Wiens 1999), individual behavior
may potentially mitigate the effects that spatial pattern have
on fitness (Roitberg and Mangel 1997; Reed and Levine
2005; Fraterrigo et al. 2009). If behavior can alter the trade-
offs, apparent “death traps” in homogenous landscapes may
not be as problematic as they may appear (Schmidt and
Kuijper 2015). We found that individual state-dependent
behavior minimized the difference in evenness in patch use
and was dependent on fitness specification, despite config-
uration differences. Individuals prioritizing safety used the
safest patch regardless of where it was located, whereas
individuals prioritizing forage acquisition often used the
next most productive patch when the patch offering the
highest intake was isolated. In addition to spatial configu-
ration, the contrast of patch attributes within a “landscape
of fear” may also influence their use where proximity to
high forage or high risk area may increase or decrease
the motivation for an individual to use a particular patch
(Laundre et al. 2001; Haynes et al. 2007; Searle et al. 2008).
We found that when both productive and safe patches were
found within the same local aggregation, the overall use of
the local aggregation tended to increase subject to its iso-
lation. The composition and contrast of patches within a
meta-patch has been noted to influence patch use by inver-
tebrates (Haynes et al. 2007; Resetarits and Binckley 2009),
birds (Shriver et al. 2004), and ungulates (Weckerly 2005;
O’Brien et al. 2006; Hins et al. 2009). Even if behavioral
refuges such as inactivity and anti-predator behavior are
employed, the spatial adjacency of refuge habitat has been
shown to increase the use of otherwise risky patches (e.g.,
ibex in Hochman and Kotler 2007). The results from our
model support the findings of these studies and highlight

the need for managers to consider spatial context when
planning future management actions in already fragmented
landscapes. By ensuring refuge habitat or hiding cover in
close proximity to foraging patches, managers may be able
to facilitate the anti-predator behaviors used by herbivores
to minimize predation within patches.

While our model was a first assessment of the influ-
ence of state-dependence on patch choice and within-patch
behaviors, we did not directly address two potentially
important considerations in our model, namely the influ-
ence of patch depletion and conspecifics. Patch depletion
with increasing residency times has been assumed to reduce
the motivation of a forager to remain in the patch, necessi-
tating movement between patches (i.e., the marginal value
theorem, MVT; Charnov 1976, Nonacs 2001). The inclu-
sion of patch depletion should not be discounted and may
result in a reduction in the variation in patch use among
individuals as the patches become depleted until they reflect
the energetic equivalence of risk associated with each patch,
thereby reflecting the “landscape of fear” (Brown 1999;
Laundre et al. 2001; Nonacs 2001; Brown and Kotler 2004;
Harvey and Fortin 2013). However, measurement of patch
residency times from the field often do not match model
predictions (Stephens and Krebs 1986; Searle et al. 2005).
This discrepancy has been attributed to the role of infor-
mation and foraging experience on decision making (i.e.,
Bayesian foraging, Dall et al. 2005; Berger-Tal et al. 2014),
or the restrictive assumptions of the MVT for large herbi-
vores in natural environments (i.e., decelerating gain func-
tions, Searle et al. 2005). We observed individuals leaving
patches due to changing prioritization of forage acquisition
or the avoidance of predation that arose from changes in
the individual’s state-dependent motivation in the absence
of depletion despite being constrained by movement costs.
Similar shifts in patch use may occur due to state-dependent
changes in motivation, such as having achieved a fitness
goal or resulting from dietary or digestive constraints, or
from the risk of predation alone (McNamara and Houston
1990; Mitchell and Lima 2002; Searle et al. 2005; van Gils
and Piersma 2004; van Gils et al. 2006; Mitchell 2009).
Within the context of predation risk, the influence of con-
specifics on foraging results in costs and benefits for an
individual (Caro 2005; Creel and Winnie 2005; Murthy et al.
2016). In our model, the relative patch utility was deter-
mined by the combination of foraging opportunities and
the risk of predation; the inclusion of conspecific effects
may erode some benefits of an individuals foraging while
enhancing some of the anti-predator effects. Indeed, the
inclusion of conspecific effects effectively re-weights the
utility of a patch in a dynamic setting. The inclusion of these
game-theoretic responses to state-dependent models is com-
putationally intensive and often abstracted to the dynamics
of a dyad (Rands et al. 2003, 2008; Noonburg et al. 2007).
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We made the assumption that patches within our simulated
landscapes represented a trade-off gradient from safe rela-
tively unproductive patches to risky and productive patches;
this gradient may also represent situations where other fac-
tors, such as conspecifics, might influence overall patch util-
ity. While simplified, our model presents a first assessment
of how individual foragers might respond to a landscape
containing multiple patches in a state-dependent fashion.
The addition of patch depletion and conspecific influences
into patch-based state-dependent models remains a fruitful
area for future research (Kie 1999).

The application of a multi-scale approach to trade-offs
between foraging and predation risk is likely to increase
our understanding of the distribution of individuals in het-
erogeneous landscapes (Rettie and Messier 2000; Bowyer
and Kie 2006; Searle et al. 2008; Bastille-Rousseau et al.
2015; Eliassen et al. 2015). The inclusion of state-based
behavior into models of patch use can provide a framework
for determining the relative importance of patch selection
and within-patch anti-predator behaviors, such as vigilance,
grouping, or inactivity to mediate the effect of a landscape
of fear and mitigate “death traps” (Schmidt and Kuijper
2015; Gravem and Morgan 2015). The simulations pre-
sented here are a first step in explicitly incorporating behav-
ioral decision making into models of foraging at multiple
scales in fragmented landscapes. Dynamic state variable
models provide a rich theoretical context for understanding
patch selection and behavior at two scales for free-ranging
individuals, thus helping to bridge the gap between animal
behavior and landscape ecology (Lima and Zollner 1996;
Belisle 2005; van Gils 2010; Sainmont et al. 2015).
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