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ABSTRACT

Theory suggests that animals make hierarchical, multiscale resource selection decisions to address the hierarchy of factors limit-
ing their fitness. Ecologists have developed tools to link population-level resource selection across scales; yet, theoretical expecta-
tions about the relationship between coarse- and fine-scale selection decisions at the individual level remain elusive despite their
importance to fitness. With GPS-telemetry data collected across California, USA, we evaluated resource selection of mountain
lions (Puma concolor; n=244) relative to spatial variation in human-caused mortality risk. With hierarchical resource selection,
coarse-scale selection determines availability at finer scales. This simple relationship allowed us to demonstrate that functional
responses in resource selection explicitly link individual-level resource selection decisions across scales. We show that individu-
als proactively avoiding risk when selecting home ranges are freed to relax this avoidance when making decisions within home
ranges. However, individuals also exhibit reactive avoidance of risk at the finest scales along movement paths.
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1 | Introduction

Resource selection is a hierarchical process where the decisions
an individual makes at coarse scales constrain what is available
when making finer scale decisions (Johnson 1980). Importantly,
theory predicts that these decisions correspond to the hierarchy
of factors limiting an individual's fitness, such that factors with
the greatest potential to reduce fitness should be addressed at
the coarsest scale at which they are encountered (limiting fac-
tors hypothesis; Rettie and Messier 2000). Pressures that limit
fitness should dominate selection decisions at successively finer
scales until their effects are overcome (Rettie and Messier 2000).
Most often, ecologists evaluate selection of home ranges from
the larger landscape (second-order; Johnson 1980) or selection
of locations within home ranges (third-order; Johnson 1980;
Manly et al. 2002). While studies evaluating multiscale resource
selection are common (e.g., Boyce 2006; Mayor et al. 2009), ex-
plicitly linking and evaluating selection decisions by individuals
across scales remain a challenge that has limited understanding
of the strategies that animals use to address the hierarchy of fac-
tors influencing their fitness.

Traditionally, multiscale resource selection studies have evalu-
ated relative probability of use separately at each order of selec-
tion (e.g., Dussault et al. 2005; Johnson, Parker, and Heard 2001;
McGarigal et al. 2016; Van Beest et al. 2010). This approach
allows ecologists to identify differences in resource selection
across scales (e.g., Anderson et al. 2005; Boyce et al. 2003;
Ciarniello et al. 2007), but such comparisons are largely descrip-
tive and often fail to explicitly consider that coarse-scale selec-
tion constrains fine-scale selection (Mayor et al. 2009). More
recently, DeCesare et al. (2012) developed the scale-integrated
resource selection function (SRSF), which incorporates a hier-
archically nested design wherein locations used at coarse scales
serve as available locations at fine scales. SRSFs are an effective
tool for modelling habitat suitability that links resource selec-
tion across scales at the population level (DeCesare et al. 2012,
2014; McLoughlin, Dunford, and Boutin 2005). However, in-
corporating a hierarchically nested design that explicitly links
responses of animals at the individual level to factors limiting
their fitness across multiple spatial scales is an important next-
step in the continued development of methods for evaluating
multiscale resource selection.

For prey species, predation and forage are among the most im-
portant factors limiting fitness (McNamara 1987). When food
availability and predation risk are positively correlated in space
and time, individuals must balance the benefit of increased food
availability with the cost of increased risk of mortality (Lima and
Dill 1990; Sih 1980). Demonstrating that individuals can navi-
gate forage-predation risk trade-offs across scales, Hebblewhite
and Merrill (2009) found that elk (Cervus canadensis) that mi-
grated to avoid predation risk were able to forage more freely at
the cost of reduced access to high quality forage. Animals nav-
igating forage-predation risk trade-offs also frequently exhibit
functional responses in resource selection, where selection of
a resource varies as a function of its availability (Godvik et al.
2009; Mysterud and Ims 1998). Despite the frequency with
which functional responses are reported as strategies for navi-
gating forage-predation risk trade-offs and the strong theoretical
basis for the hierarchical nature of resource selection, functional

responses in resource selection at a given scale have yet to be
explicitly linked to coarser resource selection decisions that de-
termine fine-scale availability.

Foraging efficiency of predators is influenced not only by prey
availability, but also susceptibility of their prey to predation
(Sih 2005; Smith et al. 2019). For instance, ambush predators
(e.g., large felids) often prioritise selection of stalking cover re-
quired to kill prey, rather than areas with the greatest prey avail-
ability (Coon et al. 2020; Hopcraft, Sinclair, and Packer 2005).
Theoretical and empirical understanding of forage-predation
risk trade-offs was developed primarily for prey species (Lima
and Dill 1990); however, the risk-disturbance hypothesis sug-
gests human disturbance acts similarly to predation risk and
stimulates anti-predator behaviours that elicit indirect fitness
costsin manyspecies (Frid and Dill 2002; Ordiz et al. 2021; Suraci
et al. 2019). Indeed, there is increasing empirical evidence that
large carnivores face similar trade-offs in the presence of sub-
stantial anthropogenic mortality risk (Basille et al. 2013; Ripari
et al. 2022). Human-caused mortality negatively impacts popu-
lations of large carnivores worldwide and often appears to be a
greater limiting factor than prey availability (Bleyhl et al. 2021;
Chapron et al. 2008; Darimont et al. 2015; Lamb et al. 2020).
As individual-level behavioural responses to forage-risk trade-
offs may scale up to population-level effects (Gaynor et al. 2021;
Lima 1998; Preisser and Bolnick 2008), understanding how
large carnivores balance foraging efficiency with anthropogenic
risk as they make resource selection decisions across scales is of
both theoretical and practical importance.

Mountain lions (Puma concolor) are fully protected from hunt-
ing in California, but human-caused mortality exceeds natural
mortality and contributes to lower survival rates for populations
with higher rates of human-caused mortality (Benson et al. 2023).
Intentional mortality associated with livestock depredation man-
agement is the leading known cause of death for mountain lions
in California, although vehicle collisions and other forms of un-
intentional mortality also contribute to reduced survival (Benson
et al. 2023). Mountain lions can only be legally killed while ac-
tively attacking livestock or if the California Department of Fish
and Wildlife (CDFW) issues a permit following livestock depreda-
tion. When a permit is issued, mountain lions are generally killed
via gunshot if they return to the site where the depredation inci-
dent occurred (see Appendix S1 for additional details regarding
mortality rates, depredation management policies and methods
of lethal removal). Importantly, cues associated with this method
of take may be difficult for mountain lions to reliably perceive,
and their behavioural responses to depredation mortality risk are
not well understood (Montgomery et al. 2022; Nisi, Benson, and
Wilmers 2022). Mountain lions generally avoid humans, but exhibit
behaviours to balance mortality risk with the benefits of increased
availability of their primary prey, mule deer (Odocoileus hemio-
nus), in urban and peri-urban environments (Furnas et al. 2020;
Knopff et al. 2014). In greater Los Angeles, mountain lions ap-
peared to trade off increased risk of human-caused mortality and
prey availability by killing prey closer to development, although
they rarely actually entered development (Benson, Sikich, and
Riley 2016). However, similar trade-offs may be more difficult to
navigate in sparsely developed areas (Lowry, Lill, and Wong 2013;
Nisi, Benson, and Wilmers 2022). Indeed, survival rates were low-
est and human-caused mortality rates were highest in regions of
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California characterised by intermediate levels of human presence
(Benson et al. 2023). Evaluating responses of mountain lions to
landscape characteristics influencing both mortality risk and for-
aging efficiency, and linking these responses across scales at the
individual level, provides a valuable opportunity to advance our
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FIGURE 1 | A conceptual figure of the hypothesised relationship
between coarse- and fine-scale response to depredation mortality risk
where the strength of selection or avoidance of risk at each scale influ-
ences the level of risk that an individual is exposed to (purple = low risk,
yellow = high risk). Our first prediction is best reflected by the top left
panel, where strong avoidance of depredation mortality risk at a coarse
scale frees an individual to relax avoidance of risk when making fine-
scale selection decisions.
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understanding of how animals respond to multiple fitness-limiting
factors when making hierarchical resource selection decisions.

We investigated mountain lion movement and resource selec-
tion relative to spatially varying risk of intentional human-
caused mortality associated with livestock depredation
(hereafter depredation mortality risk) and landscape features
associated with foraging success across their distribution in
California. We hypothesised that stronger avoidance of dep-
redation mortality risk at coarse scales frees large carnivores
to relax their avoidance of risk and direct behaviour towards
accessing limiting resources when making fine-scale selec-
tion decisions (consistent with the limiting factors hypothesis;
Rettie and Messier 2000; Figure 1). If supported, we predicted
that mountain lions would exhibit a functional response to
depredation mortality risk such that there would be a nega-
tive relationship between fine-scale responses to depredation
mortality risk by individuals and the mean level of depreda-
tion mortality risk across their home ranges (P1; Figure 1).
This prediction highlights that population-level functional
responses in resource selection should provide an explicit link
between resource selection decisions across spatial scales for
individual animals because decisions at coarse scales (e.g.,
landscape level) determine availability at finer scales (e.g.,
within home range) within the framework of hierarchical re-
source selection (Johnson 1980). We also predicted that strong

Study Areas
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|

High
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FIGURE2 | Relative depredation mortality risk for mountain lions across California. Derived from predictions of relative probability of use from

conditional logistic regression models comparing landscape features at locations where mountain lions were killed following livestock depredation

(n=466) with those available across the home ranges of the mountain lions that were killed in California, USA, 2016-2020.
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avoidance of depredation mortality risk at coarse scales should
free individual mountain lions to focus fine-scale selection on
features associated with foraging success (i.e., selection of
stalking cover used to kill prey, P2; Murphy and Ruth 2009;
Smith et al. 2019). Because it is unlikely that they can escape
depredation mortality risk entirely, we also hypothesised
that large carnivores adopt context-dependent selection be-
haviour to mitigate risk they encounter at the finest (local)
scales along movement paths. Here, we predicted mountain
lions would modify avoidance of depredation mortality risk
and selection of cover as a response to variation in risk along
movement paths (P3). Our work enhances understanding of
how individual animals make hierarchical resource selection
decisions to balance the demands of multiple factors assumed
to limit fitness by providing a novel framework for linking
coarse- and fine-scale resource selection.

2 | Materials and Methods
2.1 | Study System and Field Methods

Between 2001 and 2020, we captured mountain lions and de-
ployed GPS collars that obtained locations at fix rates ranging
from 1 to4hin 16 study areas throughout California (Figure 2;
Field Methods described in Appendix S2). The Sierra Nevada
Mountains, Modoc plateau and north coast retain large ex-
panses of habitat that support large, genetically diverse pop-
ulations (Figure 2; Dellinger, Cristescu, et al. 2020). Southern
California and the Central Coast contain several major met-
ropolitan areas (e.g., greater Los Angeles, San Francisco and
San Diego; Figure 2) and an expansive network of freeways
that have contributed to substantial habitat loss and fragmen-
tation. As a result, mountain lion populations in these regions
persist within relatively small habitat patches that are below
thresholds required to maintain suitable effective population
sizes (Dellinger, Cristescu, et al. 2020), which increases risk of
extinction from genetic and demographic processes (Benson
et al. 2016, 2019).

2.2 | Overview of Analytical Framework

We used locations where mountain lions were legally killed
on depredation permits to predict spatially varying depreda-
tion mortality risk throughout California (Figure 2). We then
used location data from GPS collared mountain lions to eval-
uate multiscale resource selection relative to predicted dep-
redation mortality risk. Specifically, we used second-order
resource selection functions (RSFs) to evaluate selection of
home ranges from the larger landscape (hereafter coarse-
scale resource selection) and step-selection functions (SSFs)
to evaluate movement-based resource selection within home
ranges (hereafter fine-scale resource selection). Coarse-scale
resource selection decisions should determine fine-scale re-
source availability. Thus, we evaluated whether individu-
als exhibited functional responses in resource selection to
demonstrate the relationship between coarse- and fine-scale
resource selection. Where relevant, we considered support for
differences in resource selection by sex, time of day and move-
ment state using interactions (details in Appendix S2). We

also conducted an exploratory analysis to evaluate whether
multiscale resource selection decisions of individuals that
were killed on depredation permits differed from those of
individuals that were not killed on depredation permits. Our
intention was to understand whether behaviour of individual
mountain lions influenced this important component of fit-
ness. However, the results of this analysis were inconclusive
and uncertain given that the relatively low sample size of GPS
collared animals killed on depredation permits may not have
been representative (see Appendix S3 for details on explor-
atory analyses).

2.3 | Depredation Mortality Risk

We investigated landscape features influencing spatial vari-
ation in risk of mountain lions being killed on depredation
permits using a use-availability resource selection framework
similar to Johnson's (1980) third-order (within home range)
selection. Specifically, we used conditional logistic regression
to compare landscape attributes at used locations where 466
mountain lions were killed on depredation permits to those
at available locations distributed across estimated or approx-
imated home ranges. We estimated home ranges using 100%
adaptive local convex hulls (a-LoCoH; Getz et al. 2007) for in-
dividuals killed that were tracked with GPS telemetry (n = 23).
For individuals not tracked with GPS telemetry (n=443), we
approximated home ranges based on age- and sex-specific
distributions of empirical home range size from our larger
mountain lion telemetry dataset collected across the state
(n=244, details in Appendix S2). We used results from the
most strongly supported models to generate a probability sur-
face representing spatially varying depredation mortality risk
throughout California and included predictions from this sur-
face in subsequent second-order RSFs and SSFs (see below;
details of depredation mortality risk estimation and validation
described in Appendix S2).

2.4 | Coarse-Scale Resource Selection

We evaluated coarse-scale resource selection for 244 moun-
tain lions across California as they selected home ranges from
the larger landscape (second-order selection; Johnson 1980).
We estimated 100% a-LoCoH home ranges and defined the
larger landscape as the 100% minimum convex polygon de-
rived from telemetry data of all study animals in each study
area (Figure 2; Appendix S2, Table S1). We estimated resource
conditions at the centre of every fifth 30-m? pixel within
home ranges (used) and the larger landscape (availability;
Benson 2013; DeCesare et al. 2012; Spitz, Hebblewhite, and
Stephenson 2020). At each used and available location, we
extracted values for predicted depredation mortality risk, el-
evation and slope (Farr et al. 2007), and distance to forest,
shrub and herbaceous cover (Dewitz and U.S. Geological
Survey 2021).

After rescaling all continuous variables by subtracting their
mean and dividing by two standard deviations (Gelman 2008),
we fit generalised linear mixed models using the ‘glmmTMB’
R package (Brooks et al. 2017) with a binary response variable
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(1=used, 0=available) to estimate the probability of each re-
source being used relative to its availability. We included a ran-
dom intercept for each individual nested within study area,
which accounted for unbalanced sample sizes of locations
among individuals and potential lack of independence of data
from the same individuals and areas (Gillies et al. 2006). Lastly,
we fit a model including a random slope that allowed the re-
sponse to depredation mortality risk to vary among individuals
to derive individual-level coefficients for their response to risk
(Gillies et al. 2006).

2.5 | Fine-Scale Resource Selection

We used SSFs to evaluate movement decisions within the home
ranges of the same 244 mountain lions with respect to anthro-
pogenic features that increased their depredation mortality risk
(Fortin et al. 2005). Selection and avoidance inferred from SSFs
are strongly influenced by GPS collar fix-rates (Nisi et al. 2021;
Thurfjell, Ciuti, and Boyce 2014). Thus, we based our main in-
ference on models with 2-h fix-rates to maximise the number of
individuals we could include in the model (n =144) while main-
taining relatively short temporal intervals between locations.
However, we present results from models with other fix rates
for comparison.

We used hidden Markov models (HMMs) to identify stationary,
meandering and directed movement states (HMM methods
described in Appendix S2). To address variation in movement
characteristics between different states, we generated avail-
able steps from individual-specific distributions of empirically
observed step lengths and turning angles that were specific
to the movement state of the individual at a given step. We
generated five available steps for each used step, which was
sufficient to achieve stabilisation of coefficients in our SSFs
(Appendix S2, Figure S1). At the endpoint of each used and
available step (Thurfjell, Ciuti, and Boyce 2014), we extracted
values for predicted depredation mortality risk, elevation and
slope (Farr et al. 2007) and distance to forest, shrub and herba-
ceous cover (Dewitz and U.S. Geological Survey 2021). After
rescaling continuous covariates, we fit conditional logistic
regression models with a binary response variable (1 =used,
O0=available) using the ‘survival’ package (Therneau and
Lumley 2015) in R version 4.3.2 (R Core Team 2023). We used
a stratum that linked time-dependent used and available loca-
tions for each individual (Fortin et al. 2005), and also included
a cluster term to address possible biases in variance associ-
ated with temporally autocorrelated telemetry data and un-
balanced sample sizes among individuals (Prima, Duchesne,
and Fortin 2017).

2.6 | Functional Responses in Resource Selection

We explored whether mountain lions exhibited functional re-
sponses in resource selection such that their response to dep-
redation mortality risk or other resources varied as a function
of depredation mortality risk within its home range (Mysterud
and Ims 1998). First, we fit separate SSFs for each individ-
ual to obtain coefficients representing individual responses
to depredation mortality risk, forest, shrub and herbaceous

cover. We then fit linear models with coefficients for each
resource from the individual SSFs as the response variable
and mean depredation mortality risk within the individual's
home range as a predictor variable. We also fit linear models
with individual-level coefficients derived from a Poisson gen-
eralised linear mixed model (GLMM) with stratum-specific
fixed intercepts and random slopes for individual (Muff,
Signer, and Fieberg 2020) to verify that our results were ro-
bust to our choice of method for deriving individual-level re-
sponses (see Appendix S3 for details).

Including individual-level coefficients from the SSFs as predictor
variables in functional response models without accounting for
uncertainty surrounding coefficient estimates could introduce
bias (Hadfield et al. 2010). Thus, we evaluated whether observed
functional responses were robust to this uncertainty (details in
Appendix S2). We used functional response models to test our
prediction that differences in the level of depredation mortal-
ity risk within an individual's home range influenced variation
in their fine-scale responses to risk and stalking cover. We as-
sumed that selection of home ranges defined risk within home
ranges. If true, the functional response provides an explicit link
between coarse-scale (second-order) and fine-scale (third-order)
resource selection of individuals. To verify, we estimated cor-
relation coefficients between mean values of depredation mor-
tality risk within home ranges and individual-level coefficients
derived from second-order RSFs.

The functional response described above is a change in selection
across individuals within a population as a function of variation
in their home range-level availability (i.e., a population-level
functional response). Next, we evaluated whether individual
mountain lions altered selection as a function of spatial vari-
ation in risk along movement paths (Mason and Fortin 2017).
Specifically, we fit SSFs with interactions between mean dep-
redation mortality risk at available steps and distance to forest
cover, shrub cover, herbaceous cover and depredation mortality
risk. Here, we concluded mountain lions exhibited a functional
response if interactions were statistically supported and coeffi-
cients indicated mountain lions selected resources as a function
of local availability of risk. This would represent a functional
response exhibited by individual animals that change their
selection as a function of variation in local availability (i.e.,
an individual-level functional response). We refer to the two
types of functional responses throughout as population-level
(change in selection across individuals within a population) and
individual-level (change in selection within individual animals)
functional responses in resource selection to avoid confusion.

3 | Results
3.1 | Depredation Mortality Risk

Risk of mountain lions being killed following livestock depreda-
tion increased on gentler slopes (mean f=-0.58, SD=0.04) and
closer to low-intensity development (mean §=-1.87, SD=0.21),
local roads (mean B=-4.39, SD=0.43), buildings (mean
f=-7.11, SD=0.42) and vegetative cover (mean f=-0.39,
SD =0.13; n=466, Figure 2; Figure S2). Our models had good
predictive ability (mean p=0.87) and results were consistent
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FIGURE3 | (A) Coefficient plot from the second-order resource selection function investigating California mountain lions' (n =244) population-
level responses to landscape features when selecting home ranges from the larger landscape. (B) Coefficient plot from the 2-h step-selection function
investigating California mountain lions' (n = 144) population-level responses to landscape features when making selection decisions along movement
paths. For classification-based variables (depredation mortality risk, elevation, slope), values less than 0 indicate avoidance, whereas values greater

than 0 indicate selection. For distance-based variables, values less than 0 indicate selection, whereas values greater than 0 indicate avoidance.

when we restricted the model to individuals with empirically
derived home ranges (n =23, Table S3).

3.2 | Coarse-Scale Resource Selection

When selecting home ranges from the larger landscape, moun-
tain lions selected forest cover (§=-0.459, 95% CI: —0.464,
—0.455), shrub cover (§=-0.315, 95% CI: —0.319, —0.311) and
herbaceous areas (=—0.106, 95% CI: —0.109, —0.103), whereas
they avoided higher elevation (8=-0.300, 95% CI: —0.306,
—0.294), steeper slopes (§=-0.089, 95% CI: —0.091, —0.086) and
depredation mortality risk (f=-0.542, 95% CI: —0.546, —0.539,
n=244, Figure 3A). Interactions between sex and resource

variables were statistically supported but did not change infer-
ence on resource selection (Tables S4 and S5).

3.3 | Fine-Scale Resource Selection

When making fine-scale resource selection decisions, moun-
tain lions selected forest cover (§=-0.55, 95% CI: —0.69, —0.40)
and shrub cover (f=-0.15, 95% CI: —0.22, —0.07), while they
avoided higher elevations (§=-0.91, 95% CI: —1.34, —0.49),
steeper slopes (f=-0.47, 95% CIL: —0.61, —0.34), herbaceous
areas ($=0.08, 95% CI: 0.01, 0.15) and depredation mortal-
ity risk (8=-0.30, 95% CI:-0.45, —0.15, n=144, Figure 3B).
Despite statistical support, models containing interactions
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Beta Coefficient for Fine—Scale Selection

-3

0.0 0.1

02 03
Mean Mortality Risk in Home Range

0.4 0.5

FIGURE4 | Radio collared mountain lions tracked across their distribution in California, USA from 2004 to 2020 (n = 144) exhibited a population-
level functional response to depredation mortality risk as there was a linear relationship between coefficients representing individual mountain li-

ons' fine-scale responses to depredation mortality risk and mean values of depredation mortality risk within their home ranges. Coefficient values

less than 0 indicate avoidance, whereas values greater than 0 indicate selection.
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FIGURE S5 | Radio collared mountain lions tracked across their distribution in California, USA from 2004 to 2020 (n = 144) exhibited individual-
level functional responses to depredation mortality risk wherein they avoided risk more strongly when there was higher risk at locations available to

them along movement paths. Shown is conditional probability of use for low- (0.25), moderate- (0.50) and high-risk (0.75) locations at varying levels

of local depredation mortality risk along the movement paths of mountain lions.

between resource variables and time of day, movement state,
or sex did not change inference on fine-scale resource selection
(Tables S6-S9). Thus, we made inference on the simpler model
without interactions. Results from SSFs with 1-, 3- and 4-h inter-
vals were generally consistent with results from models with 2-h
intervals reported here (Figure S3).

3.4 | Functional Response Models

Mountain lions exhibited a population-level functional re-
sponse in resource selection where individuals with higher
levels of mean depredation mortality risk within their home
ranges avoided depredation mortality risk more strongly when
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making fine-scale selection decisions (8=-1.50, 95% CI:
—2.02, —0.97). The observed functional response was robust
to uncertainty around individual-level coefficients from the
SSFs (mean 8=-1.50, 95% Highest Posterior Density Interval
(HPD): —1.74-1.24, n=144, Figure 4). We did not find support
for sex-specific functional responses to depredation mortality
risk, as model fit was best for the model without interactions
(AAICc=0.26). In each study area, mean depredation mortal-
ity risk within home ranges of individual mountain lions was
highly correlated with individual-level coefficients from the
second-order RSF, which verified the assumption that coarse-
scale resource selection decisions determined availability at
finer scales (mean correlation=0.88, SD=0.14, all p<0.05,
n=14 study areas; Table S10). Mountain lions did not exhibit
population-level functional responses to forest cover (=0.16,
95% CI: —0.46, 0.78), shrub cover (8=-0.27, 95% CI: —0.65,0.11)
or herbaceous areas (§=0.30, 95% CI: —0.16, 0.75) as there were
no significant relationships between response to these resources
and mean depredation mortality risk within home ranges.
However, mountain lions also exhibited individual-level func-
tional responses where they avoided depredation mortality risk
(f=-1.84,95% CI: —2.07, —1.60) and herbaceous areas (§=0.17,
95% CI: 0.01, 0.32) more strongly and selected shrub (§=-0.16,
95% CI: —0.29, —0.03) more strongly along their movement paths
in areas of locally higher levels of risk (AQIC =6934.61, n=144,
Figure 5; Table S11).

4 | Discussion

According to the limiting factors avoidance hypothesis (Rettie
and Messier 2000), animals making hierarchical resource se-
lection decisions are expected to exhibit patterns of selection
and avoidance that reflect the hierarchy of factors limiting their
fitness. Unfortunately, elucidating these behavioural responses
across multiple scales has been limited by the absence of a quan-
titative framework that explicitly links selection decisions by
individual animals at both coarse- and fine scales. We quan-
tified the response of mountain lions to depredation mortality
risk and stalking cover that influences their foraging efficiency
to test theoretical predictions about resource selection relative
to fitness limiting factors associated with risk-forage trade-offs
across multiple scales (Hebblewhite and Merrill 2009; Rettie
and Messier 2000). Mountain lions across the state of California
avoided depredation mortality risk more strongly than they se-
lected resources that influence how effectively they can stalk
and kill their primary prey (forest and shrub cover; Elbroch and
Wittmer 2012; Murphy and Ruth 2009) when selecting home
ranges (Figure 3A). Within home ranges, mountain lions avoided
depredation mortality risk and selected vegetation that provided
stalking cover with similar intensity (Figure 3B). Previous work
has suggested that human-caused mortality is the most import-
ant factor limiting fitness of large carnivores (Bleyhl et al. 2021;
Chapron et al. 2008). Strong population-level avoidance of dep-
redation mortality risk when selecting home ranges is consistent
with theoretical and empirical work suggesting that animals
focus coarse-scale resource selection decisions on the most im-
portant factors limiting their fitness (Gaillard et al. 2010; Owen-
Smith, Fryxell, and Merrill 2010; Rettie and Messier 2000). Still,
theoretical expectations about hierarchical resource selection
relative to fitness-limiting factors cannot be explicitly tested

without first establishing a link between coarse- and fine-scale
selection at the individual level.

Our hypothesis that stronger avoidance of depredation mor-
tality risk at coarse scales would free individuals to relax their
avoidance of risk when making fine-scale selection decisions
was supported, as mountain lions across California exhibited a
functional response in resource selection (P1). This functional
response occurred because individuals that selected home
ranges with lower depredation mortality risk had effectively
reduced the availability of risk relevant to their finer scale re-
source selection decisions. Functional responses in resource
selection have mainly been used to understand how resource se-
lection decisions at a single scale (usually within home ranges)
vary among individuals within populations relative to differ-
ent environmental context (Mysterud and Ims 1998; Northrup
et al. 2022). Classic functional responses in predation describe
the relationship between consumption rate of prey and prey den-
sity, whereas functional responses in resource selection describe
the general relationship between selection of any resource and
its availability (Dupke et al. 2021; Mysterud and Ims 1998). As
noted by Mysterud and Ims (1998), functional responses in re-
source selection bear some resemblance to functional responses
in predation, although the two concepts were only formally
linked more recently (Dupke et al. 2021). Measures of resource
availability used to evaluate functional responses in resource
selection have been linked to home range size and composition
(Herfindal et al. 2009; Paolini et al. 2019). However, functional
responses have not been used to quantify the relationship be-
tween selection decisions across scales by individual animals,
despite the fact that selection at coarse scales constrains or en-
hances resource availability at finer scales. Indeed, our results
reflect the fact that resource attributes of an individual's home
range represent both resource use for second-order selection
and resource availability for third-order selection (DeCesare
et al. 2012; Johnson 1980). In California, the mean level of
depredation mortality risk for a mountain lion within its home
range was conditional on its response to risk when selecting a
home range from the larger landscape (Table S10). In demon-
strating this relationship, we show that a population-level func-
tional response in resource selection provides an empirical link
between coarse- and fine-scale resource selection decisions by
individual animals. With this link established, future research
may be able to draw robust conclusions about the relationship
between hierarchical resource selection and key components of
fitness (see Appendix S3 for our exploratory analysis).

In addition to human-caused mortality, prey availability and
vulnerability are important factors influencing mountain lion
fitness. Herbaceous areas, such as grasslands, are likely asso-
ciated with increased prey availability, as they provide criti-
cal forage for mule deer and other ungulates (Bose et al. 2018;
Forrester and Wittmer 2019). However, they may not provide
suitable cover to successfully stalk and kill prey (Elbroch and
Wittmer 2012; Murphy and Ruth 2009). Forest and shrub cover
should increase hunting success, especially if foraging prey con-
centrate in highly productive areas where they are more suscep-
tible to predation (Sih 2005; Smith et al. 2019). Mountain lions
consistently selected forest and shrub cover across both scales,
but only selected herbaceous cover when selecting home ranges
from the larger landscape (Figure 3). Divergent responses to
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a limiting factor across scales suggest that its influence was
overcome at a coarse scale (Rettie and Messier 2000). Thus,
our results suggest that mountain lions effectively address prey
availability by selecting home ranges that provide access to her-
baceous areas, whereas the importance of prey vulnerability per-
sists across scales as dense stalking cover must be present within
home ranges and at specific sites where deer are killed. When
the influence of limiting factors persists across scales, animals
frequently trade-off between forage quality and risk (Dussault
et al. 2005; Hebblewhite and Merrill 2009; Lima and Dill 1990).
Across California, mountain lions selected vegetation classes in-
fluencing their foraging efficiency independently of the level of
depredation mortality risk within their home ranges (Figure 3).
Thus, while strong coarse-scale avoidance of depredation mor-
tality risk allowed individuals to relax their avoidance of risk at
finer scales, we did not find evidence that it freed them to select
features associated with foraging efficiency more strongly (P2).
Trade-offs are expected when forage and predation risk are cor-
related in space and time (Lima and Dill 1990). While depreda-
tion mortality risk increased slightly with proximity to stalking
cover, spatial variation in risk was influenced more strongly by
proximity to anthropogenic features. Thus, mountain lions were
often able to select locations where their prey were most vulner-
able with little consideration for depredation mortality risk.

Coarse-scale resource selection decisions are believed to have
the largest impact on fitness (Gaillard et al. 2010; Owen-Smith,
Fryxell, and Merrill 2010; Rettie and Messier 2000). Thus,
mountain lions should select home ranges that provide access
to prey, contain suitable habitat for successfully killing prey
and minimise risk of human-caused mortality. While mountain
lion populations are unlikely to persist where individuals are
unable to efficiently meet their energetic demands (Dellinger,
Cristescu, et al. 2020; Dellinger, Gustafson, et al. 2020), indi-
viduals frequently select home ranges that expose them to risk
of being killed by humans following livestock depredation. Our
second hypothesis, that mountain lions would exhibit context-
dependent selection to mitigate depredation mortality risk at
fine scales was supported, as they avoided risk more strongly
and directed movements towards vegetation classes providing
increased cover as they encountered greater risk along their
movement paths (P3, Figure 5). Mountain lions therefore exhib-
ited a hierarchically nested functional response to depredation
mortality risk, a primary factor limiting their fitness (Benson
et al. 2023). The population-level functional response demon-
strates that the level of depredation mortality risk across an in-
dividual's home range (availability of risk), which is determined
by second-order selection decisions, exerts a strong influence on
their response to risk within the home range. Prey species often
exhibit proactive strategies to control exposure to predation risk,
but reactive antipredator responses also play an important role
in mitigating elements of unpredictable risk (Creel 2018). For
mountain lions, human-caused mortality risk may be less pre-
dictable in areas with intermediate levels of development where
behavioural cues used to assess risk are unreliable (Nisi, Benson,
and Wilmers 2022). Although population-level responses were
consistent with strong proactive avoidance of depredation mor-
tality risk, all mountain lions encountered some level of risk re-
gardless of the strength of their avoidance at the landscape scale
and within their home ranges. Thus, responding to risk encoun-
tered in ‘real-time’ at the finest scales along movement paths

with individual-level functional responses is likely an important
reactive component of risk-avoidance strategies of animals.

Results from our analysis of spatially varying depredation mor-
tality risk are consistent with previous research suggesting that
mountain lions are at greatest risk of being killed following
livestock depredation in areas characterised by intermediate
levels of human presence (Benson et al. 2023; Nisi, Benson, and
Wilmers 2022). Indeed, local roads, buildings and low-intensity
development are landscape features that are likely associated
with the small-scale hoof stock operations where the majority
of depredation incidents that result in retaliatory killings occur
(Dellinger et al. 2021). A limitation in our analysis was the lack
of direct information about prey availability. However, prey
vulnerability influences foraging success of ambush predators
like mountain lions and other felids more strongly than avail-
ability (Hopcraft, Sinclair, and Packer 2005; Coon et al. 2020).
Therefore, as stalking cover facilitates successful killing of prey,
it effectively represented spatial variation in foraging efficiency
of mountain lions (Elbroch and Wittmer 2012; Murphy and
Ruth 2009) in our analysis of forage-risk trade-offs.

Mountain lions exhibited divergent responses to herbaceous
areas across scales, suggesting open-structure habitat may be
undervalued in assessments of habitat suitability that are de-
rived from analyses of within home range resource selection that
do not explicitly consider landscape-level selection. Maintaining
landscapes with productive herbaceous areas interspersed be-
tween patches of forest and shrub cover should enable mountain
lions to select home ranges providing adequate access to their
primary prey, and to effectively stalk and kill prey within their
home ranges. For populations that persist within fragmented
landscapes that do not provide sufficient habitat to main-
tain suitable effective population sizes (Dellinger, Cristescu,
et al. 2020), human-caused mortality can lower population-level
survival rates and increase the risk of local extinction (Benson
etal. 2016, 2019, 2023). Our results suggest coarse-scale resource
selection decisions are important for mountain lions to mitigate
depredation mortality risk and that familiarity of surroundings
within home ranges enables more efficient avoidance of risk as
it is encountered along movement paths. Recent policies in por-
tions of California mandate that nonlethal methods of livestock
depredation management must be attempted before a permit for
lethal removal of a mountain lion is issued (see Appendix S1 for
details). These policies, along with investment in infrastructure
(e.g., road crossing structures) to reduce rates of vehicle mortal-
ity, are likely to play an important role in reducing mortality of
this species of conservation concern.

Johnson's (1980) hierarchy of resource selection is a founda-
tional framework shaping our understanding of the spatial
ecology of animals. Viewed through Johnson's (1980) orders
of selection, scale has been widely recognised as a fundamen-
tal consideration in animal resource selection that affects
inference on the relationship between selection and fitness
(Boyce 2006; DeCesare et al. 2014; Mayor et al. 2009). Rettie
and Messier (2000) hypothesised that an individual's resource
selection decisions across scales should reflect the hierarchy
of factors limiting their fitness. However, difficulty connect-
ing individual-level resource selection decisions across scales
has limited understanding of whether coarse-scale selection
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decisions can address limiting factors such that their influ-
ence does not persist at finer scales. Our work establishes that
a functional response provides an intuitive, empirical link
between individuals' coarse- and fine-scale resource selec-
tion decisions. In support of Rettie and Messier's (2000) hy-
pothesis, we showed that individuals that proactively avoided
depredation mortality risk strongly when making coarse-scale
resource selection decisions were able to relax their avoidance
of risk at finer scales. However, individuals also made context-
dependent decisions along movement paths within their home
ranges, providing a reactive mechanism by which they re-
sponded to risk not overcome through coarse-scale selection
decisions.
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