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Group living has well-known costs and benefits. Large groups may experience
greater competition for resources, while simultaneously benefit from reduced
risk through predator dilution. When there is a tradeoff between forage
acquisition and predation risk, the ability to congregate into large groups may
unlock access to previously unavailable habitat with high risk of predation,
thereby increasing forage available to the population. We evaluated whether
forage availability increased with population size and how it was mediated
through changes in group size. There was a tradeoff between forage
availability and predation risk. Larger groups used areas with more forage
biomass and greater predation risk than smaller groups. Group size also
increased with population abundance, meaning bighorn sheep used gentler
terrain and areas with more forage biomass at greater population abundance.
Group size functionally increased carrying capacity by yielding access to more
resources for growing populations of gregarious ungulates.
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1 Introduction

To enhance fitness, living organisms must acquire resources, while simultaneously
avoiding mortality risk to themselves and their offspring (Moran et al., 2021). Given the
diversity of life forms, there is no one single strategy to maximize fitness; rather, a suite of
environmental factors-which are constantly changing-determine the viability of life-
history strategies at any one time and place (Acasuso-Rivero et al, 2019). Although
certain aspects of animal behavior are thought to be canalized traits to some degree (e.g.,
boldness), other aspects of behavior are plastic (Bell et al., 2009; Ducatez et al., 2020).
Plasticity in behavior often is the first mechanism animals employ to balance tradeoffs in
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resource acquisition and mortality risk as environmental conditions
change (Ducatez et al., 2020; Moran et al., 2021).

One behavior that can increase fitness is group living
(Hamilton, 1971). According to selfish herd theory, risk of
predation decreases with increasing group (i.e., herd) size
(Hamilton, 1971). Collective detection of predators increases with
group size, allowing each animal to devote more time to resource
acquisition (e.g., foraging) and less time to vigilance behavior
(Pulliam, 1973). Once a threat has been detected, many group-
living animals provide conspicuous cues alerting their conspecifics
to the presence of danger (Pulliam, 1973; Smith, 1991). The alarm
calls in capuchin monkeys (Cebus apella) which alerts other troop
members to the specific type (i.e., feline, snake, or raptor) of danger
detected, is one example (Wheeler, 2008). The positive benefits
derived from group living continue after detection of danger in the
form of diluted risk of predation and smaller domain of danger
(Hamilton, 1971; van Deventer and Shrader, 2021). Only animals
on the outside perimeter of a tightly formed group are accessible to
predators, whereas animals scattered across the landscape lack the
safety provided at the center of a group (van Deventer and Shrader,
2021). Lastly, residing in a group of conspecifics provides animals
with cues about the distribution of food resources allowing them to
spend less time searching and more time handling food items
(Caraco and Giraldeau, 1991).

Although group living comes with several positive attributes,
there are also downsides to living in a group (Manlove et al., 2014;
Markham et al., 2015). Indeed, competition for resources among
conspecifics is a common phenomenon that produces negative
density-dependent responses in almost all facets of biology
(Clutton-Brock et al., 1987; Kvalnes et al., 2022). Classic examples
of density-dependence, often focus on the 3 central tenets of
biology-survival, growth, and reproduction (Clutton-Brock et al.,
1987). When density-dependent feedback, mediated through
resource competition, affects survival and reproduction, it
establishes an upper limit on population growth, a concept called
nutritional carrying capacity (McCullough, 1979).

Although both positive (selfish herd theory) and negative
(density-dependent competition for resources) attributes of group
living are common themes in biology, the combined influence of
both on nutritional carrying capacity is an underexplored topic.
Habitat selection can be a density-dependent process (van Beest
etal, 2014). According to the ideal free distribution theory, animals
should be forced to use lower quality habitat as conspecific density
increases (Smith et al., 2023). Habitat quality, however, is a
multifaceted metric (Morrison et al, 2006); rarely can ideal
elements of predation and parasite risk, or food quality and
abundance, be achieved without balancing tradeoffs among them
(Becker et al, 2021; Smith et al, 2023). Therefore, there is an
opportunity for animals to balance the tradeoffs between different
components of habitat quality with changes in behavior (Becker
et al,, 2021). As population size increases, it is easier for animals to
aggregate into large groups (Mooring et al.,, 2004; McLellan et al.,
2010). In turn, large groups, which have lowered per capita risk of
predation, potentially leads to animals venturing into previously
unoccupied areas that provide high reward, in the form of plentiful
resources, but come at an elevated risk of mortality (Schroeder et al.,
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2010). By altering group size, per capita risk may remain unchanged
while the group accesses more forage resources; thus, expanding the
resources available to the population and functionally increasing
nutritional carrying capacity. Although theory suggests that
sociality, in the form of group size, should hold consequences for
the realized measure of nutritional carrying capacity, little
consideration has been given to the implications of
this phenomenon.

Bighorn sheep (Ovis canadensis) provide an ideal organism to
evaluate hypotheses pertaining to density-dependent changes in
nutritional carrying capacity. Bighorn sheep inhabit rugged terrain
throughout western North America and seek refuge in steep terrain
(i.e., escape terrain) when frightened, even in the absence of
coursing predators (Mckinney et al., 2006; Schroeder et al., 2010).
Slope gradient, or terrain steepness is, thus, an easily defined metric
of safety that may force a tradeoff with forage availability, because
bighorn sheep live in resource depauperate environments with little
to no forage. Bighorn sheep live in variable group sizes (Schroeder
et al, 2010), and may exhibit density-dependent changes in group
size that would in turn, mediate risk of predation and increase their
willingness to venture into risky terrain with more forage.

We evaluated the hypothesis that for group-living ungulates,
changes in sociality, or group size, as a population grows will alter
habitat use providing animals with access to more forage,
functionally increasing the carrying capacity of an area. We
developed 4 testable predictions stemming from our hypothesis:
1) herbaceous biomass and slope angle exhibit a negative
relationship creating a tradeoff between safety and forage
acquisition; 2) group size is related positively to population
abundance; 3) bighorn sheep use gentler terrain with greater
forage availability when in larger groups; 4) bighorn sheep lessen
their avoidance of high-risk areas with more forage resources as
population size grows.

2 Materials and methods

2.1 Study area

We studied Sierra Nevada bighorn sheep (O. canadensis
sierrae), a federally endangered subspecies, in the Sierra Nevada
mountain range (37°24’N, 118°41'W), located in California, USA.
Within the Sierra Nevada, bighorn sheep occurred primarily along
the Sierra Crest and Great Western Divide. The Great Western
Divide was a secondary mountain range within the Sierra Nevada
with peaks >4,000 m in elevation and was separated from the Sierra
Crest by the Kern River. The eastern side of the Sierra Nevada was
characterized by an abrupt change in elevation quickly increasing
from ~1,000 m above sea level in the Owens Valley to peaks >4,000
m and passes of >3,000 m along the Sierra Crest (Forshee et al,
2022). The western slopes of the Sierra Crest and Great Western
Divide had gentler slopes (2-5%) with more abundant and dense
vegetation and forest cover (Monteith et al,, 2014). Bighorn sheep
inhabited a mixture of alpine areas, xeric slopes, and canyon slopes
along rivers and creeks. Much of the topography was created during
the Pleistocene glacial period, resulting in the numerous waterfalls,
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cirques, and U-shaped valleys in the area (Wehausen, 1980). The
crest of the Sierra Nevada mountains created a rain shadow and
most precipitation east of the crest was received as snow between
November and April (Johnson et al., 2010). Much of the eastern
escarpment was covered in talus fields and steep exposed granite
slabs which were largely devoid of vegetation.

Flora of the region largely followed elevation gradients. Low
elevation vegetation communities were characterized by shrub
dominated communities, with species such as big sagebrush
(Artemisia tridentata) and bitterbrush (Purshia tridentata) being
common (Schroeder et al., 2010). Mid-elevations with sufficient soil
depths were dominated by subalpine forest (Wehausen, 1980).
High-elevation areas were dominated by alpine vegetation
including various sedges (Carex spp.) and willows (Salix spp.;
Schroeder et al., 2010). Water birch (Betula occidentalis) and
white fir (Abies concolor) were common along the mountain
streams found in canyon bottoms. Fauna that regularly interacted
with bighorn sheep in the Sierra Nevada included mule deer
(Odocoileus hemionus), mountain lions (Puma concolor), coyotes
(Canis latrans), bobcats (Lynx rufus), black bears (Ursus
americanus), and golden eagles (Aquila chrysaetos).

2.2 Data collection

We used data on group size, population size, locations of
bighorn sheep from global positioning system (GPS) collars,
locations from field necropsies of bighorn sheep killed by
mountain lions, annual herbaceous biomass, and slope angle for
our analyses. Personnel with the California Department of Fish and
Wildlife have recorded group size and composition of Sierra
Nevada bighorn sheep as part of ongoing recovery and
monitoring efforts for >20 years. Although many observations of
group size and composition were associated with population
surveys, any visual observation of bighorn sheep, incidental or
otherwise, was recorded. We used minimum counts of female
bighorn sheep as an index of population size. We obtained
minimum counts from ground-based surveys conducted by
systematically hiking through herd units (defined by the United
States Fish and Wildlife Service for the purpose of subspecies
recovery as geographically distinct populations with minimal
immigration and emigration; U.S. Fish and Wildlife Service, 2007;
Conner et al,, 2018) and scanning for bighorn sheep with binoculars
and spotting scopes (Johnson et al., 2010). We used radio telemetry
to aid in survey efforts, because of logistical constraints associated
with monitoring endangered ungulates (Clement et al.,, 2022).
Survey efforts were focused on the female segment of the
population, because adult females were responsible for population
dynamics and recovery goals tied to legal protection were, therefore,
based on minimum counts of female bighorn sheep (U.S. Fish and
Wildlife Service, 2007; Johnson et al., 2010).

We used location data from GPS collars deployed as part of
ongoing recovery and monitoring efforts. Collars were of various
makes (Advanced Telemetry Solutions, Isanti MN, USA; Lotek,
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Newmarket, ON, Canada; North Star Science and Technology,
Oakton, VA, USA; SirTrack, Hawkes Bay, New Zealand;
Telemetry Solutions, Concord, CA, USA; Televilt, Lindesberg,
Sweden; Vectronics Aerospace, Berlin, Germany) and models.
Our GPS collar data was collected for many objectives since 2004
and as a result we had numerous fix schedules to work with. We
removed erroneous GPS collar locations when the absolute value of
the turning angle created by 3 consecutive locations was >3 radians,
the distance between sequential points was >3 standard deviations
from the mean distance between sequential points, and the value of
the distance between sequential points divided by the following step
length was <0.9 (Villepique et al., 2008; Glass et al., 2022). We also
removed GPS locations with a dilution of precision >10 (Glass et al.,
2022). We only used GPS collar locations collected between sunrise
and sunset, as astronomically defined, because we were interested in
tradeoffs in habitat selection while bighorn sheep were foraging,
rather than general habitat selection. Bighorn sheep research was
approved under University of Montana Institutional Animal Care
and Use Committee (024-07MHWB-071807 and 46-11), California
Department of Fish and Wildlife Animal Welfare Policy (Sierra
Nevada Bighorn Sheep Capture Plan 2006-10-2018-10), and United
States Fish and Wildlife Service Recovery Permit TE050122-6.

We created a raster layer of slope angle with a spatial resolution of
10 m using a United States Geological Service digital elevation model
(Horn, 1981). Bighorn sheep possess evolutionary adaptations that
make steep terrain (often referred to as escape terrain) safer than
gentler terrain for them (Geist, 1971). The use of gentler terrain has
previously been shown to have increased predation risk for bighorn
sheep (Jones et al., 2022). We ensured that the well-known relationship
between terrain steepness (i.e., slope angle) and predation risk was true
in our specific system, using locations from bighorn sheep killed by
mountain lions. We used the equation:

1
(1 + e—(1A51—0A065 X Slope))

Probablity of predation =

derived from Bayesian logistic regression. We used the slope at
locations of bighorn sheep killed by mountain lions as the successes
and the average value of all locations obtained for each bighorn
sheep wearing a GPS collar as the failures in our model.

To represent available forage, we summed above-ground
herbaceous biomass with new stem growth and leaves of shrubs,
because bighorn sheep consume diets ranging from >90%
graminoids to >90% browse (Smith, 1992; Kissell, 1996). As our
estimate of above-ground herbaceous biomass for each year, we
used raster layers with a spatial resolution of 30 m available from
the Rangeland Analysis Platform (Robinson et al., 2019; Jones et al.,
2021). We estimated annual biomass of shrub leaf and new stem
growth rasters with a 30 m spatial resolution using predictive
equations based on crown volume measurements (Cleary et al,
2008). We calculated crown volume of shrubs by multiplying crown
area rasters (i.e., annual shrub cover downloaded from the
Rangeland Analysis Platform; Robinson et al., 2019; Jones et al,
2021) by a shrub height raster from the National Land Cover
Database (Xian et al., 2015; Rigge et al., 2020).
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2.3 Statistical analyses

To test our prediction that forage biomass decreased with
increasing slope angle, which would create a tradeoft between
safety and resource acquisition for bighorn sheep, we regressed
herbaceous biomass against slope. We extracted paired slope and
forage biomass values from our slope and biomass raster layers at
100,000 random points. We determined the relationship between
slope and herbaceous biomass using a Bayesian Tweedie generalized
linear model, implemented within the R package cplm (Zhang,
2013), with a log link function with the form:

Herbaceous Biomass; = e * Pislorei + e

We used the non-informative priors: ﬁj~N(O, 10,000), ¢~U(0, 100),
p~U(1.01, 1.99), and 6;>~Inv-Ga(0.001, 0.001) (Zhang, 2013). We
estimated parameters using 3 chains of 110,000 draws each with an
initial burn-in period of 10,000 draws. We retained every tenth
draw for a sample of 10,000 draws per chain.

We regressed group size against the minimum count of female
bighorn sheep using a generalized linear mixed model with a
negative binomial distribution of errors in a Bayesian framework,
to test our prediction that group size increased with increasing
bighorn sheep abundance. We paired group size observations with
annual population indices across 14 herd units for our analysis. We
included a crossed random intercept term with unstructured
variance-covariance matrices for year and herd unit in our model
to account for possible serial autocorrelation and non-
independence of observations. Our model had the following form:

Group SiZE,-jk — e(ﬁo + Py Population Size; + u o+ ou tegi)

We used non-informative priors [3j~N(0, 1,000,000) and O'b]-2~N(O,
1,000,000) for our model, so our data would largely dictate model
parameter estimation. We estimated parameters using 3 chains of
105,000 draws each with an initial burn-in period of 5,000 draws.
We retained every tenth draw for a sample of 10,000 draws
per chain.

To test our prediction that bighorn sheep increase their use of
gentler terrain and areas with more forage with increasing group
size, we paired bighorn sheep locations of known group size with
remotely sensed data on forage biomass and slope. We used
locations obtained from GPS collars within 48-hours from when a
marked bighorn sheep was recorded as part of a group observation
to extract the corresponding slope and herbaceous biomass values
from our raster layers. We implemented a Bayesian linear mixed-
effects model with the following form:

Slopejj = By + BiGroup Size; + u;+ e

to assess how group size affected the slope of used locations. To
account for non-independence in repeated observations of the same
bighorn sheep, we included a random intercept term with an
unstructured variance-covariance matrix in our model. We
specified the non-informative priors f;~N(0, 1,000,000) and
O'b2~N(0, 1,000,000) for our model. To describe the relationship
between group size and herbaceous biomass of locations used by
bighorn sheep we used a Bayesian Tweedie generalized linear
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mixed-effects model with a log link function with the form:

Herbaceous Biomass = ¢Po + PiGroup Size + uj + ep)

Tweedie generalized linear models are well suited for zero-inflated
continuous data, such as biomass data encountered in many ecological
settings (Lecomte et al., 2013). We included a random intercept term
with an unstructured variance-covariance matrix in our model to
account for non-independence in repeated observations of the same
bighorn sheep. We implemented our model using an MCMC
procedure using the random walk Metropolis-Hastings algorithm in
the R package cplm (Zhang, 2013). We used the non-informative
priors: Bj~N(0, 10,000), ¢~U(0, 100), p~U(1.01, 1.99), and 0'b2~Inv-Ga
(0.001, 0.001) (Zhang, 2013). For both models, we estimated
parameters using 3 chains of 105,000 draws each with an initial
burn-in period of 5,000 draws. We retained every tenth draw for a
sample of 10,000 draws per chain.

Nutritional carrying capacity is the number of animals that the
nutritional resources in an area can support (Robbins, 1973;
DeYoung et al., 2000; Monteith et al., 2014; Smythe et al., 2019).
Though we did not estimate nutritional carrying capacity directly,
we approximated the proportional change in nutritional carrying
capacity for Sierra Nevada bighorn sheep across the range of group
sizes we observed. To estimate nutritional carrying capacity we used
the range supply method constrained by habitat (e.g., terrain
steepness; Beck et al., 2006). We summed the total amount of
estimated biomass for all areas within the 14 herd units for all areas
with a terrain steepness greater than or equal to the average terrain
steepness used by collared bighorn sheep at the desired group size.
We were only interested in the magnitude of change in nutritional
carrying capacity, thus, there was no need to convert total forage
biomass values into a different unit of measurement (e.g., Animal
Unit Month, total bighorn sheep, etc.).

To test our prediction that bighorn sheep will increase use of
gentle terrain and areas with high forage biomass with increasing
conspecific density, we used a combination of resource selection
analysis and Bayesian linear regression. We analyzed winter
(October-April) and summer (May-September) data separately to
account for potential differences in seasonal habitat use. We used a
binomial generalized linear model for each animal and year
combination with fixed effects terms for herbaceous biomass and
slope, based on data from our slope and biomass raster layers. We
coded used GPS collar locations from collared bighorn sheep as
successes (1) and a random sample of available locations within a
95% minimum convex polygon drawn around all GPS collar
locations for a given herd unit as failures (0). We used a ratio of
100 available locations to each used location, because diagnostic
plots showed that this sampling ratio accurately captured the
variation in availability. Beta coefficients for slope and herbaceous
biomass from each binomial generalized linear model were used to
exponentiate Euler’s number to yield a relative selection coefficient.
We averaged repeated measures of the same bighorn sheep, when
present, to account for serial autocorrelation. Additionally, we
removed one outlier that was >3.5 standard deviations from the
next closest observation. We then used the relative selection
coefficients as the response variable in a Bayesian general linear
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model to test if selection for gentler terrain and higher forage
biomass was related positively to conspecific abundance. We
included availability of slope, or biomass as appropriate, as a fixed
effect term in our models, to account for functional responses in
habitat selection, that would have otherwise masked the
relationship between population size and selection strength. We
specified the non-informative priors ﬁj~N(0, 1,000,000) and 01,2~N
(0, 1,000,000) for our models. For both models, we estimated
parameters using 3 chains of 105,000 draws each. Our models
had an initial burn-in period of 5,000 draws and we retained every
tenth draw for a sample of 10,000 draws per chain. Our model to
test if selection for gentler terrain was related negatively to
population abundance had the following form:

Selection for Slope; = By + B, Population Size;
+ ByAvailability of Slope; + e

and our model testing if selection for higher forage biomass was
related positively to population abundance had the following form:

Selection for Biomass; = B, + B, Population Size;

+ ByAvailability of Biomass; + e

We surmised that models had converged properly, if trace plots
showed even mixing of the chains, all parameters had unimodal
posterior distributions, and the Gelman-Rubin convergence
diagnostic was <1.1 (Gelman and Rubin, 1992; Brooks and
Gelman, 1997). To provide readers with an easily interpretable
metric of confidence, we report probability of direction values,
which is simply the probability that the relationship between an
independent and dependent variable is positive or negative. We
used the R package brms to run all models, unless otherwise noted,
via a Hamiltonian Monte Carlo algorithm within Stan (version
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2.26.1; Biirkner, 2017). We ran all statistical analyses in the R
computing environment (version 4.2.1) and QGIS (version 3.16.5).

3 Results

Estimated forage biomass was related negatively to terrain
steepness across the 14 herd units that Sierra Nevada bighorn
100,000, Probability of Direction = 100%).
Mean estimated forage biomass ranged from 18 kg/ha at a terrain

sheep inhabit (n
steepness of 78 degrees to 179 kg/ha on level ground-a 10-fold
increase in forage with a concomitant 30-fold increase in predicted
predation risk (n = 804, Probability of Direction = 100%). Group
size increased with number of female bighorn sheep (a proxy for
population size; n = 6,459, Probability of Direction = 100%). Mean
group size grew from 6 at a minimum count of 1 female bighorn
sheep to 10 at a minimum count of 55 females.

Steepness of terrain used by bighorn sheep decreased by 0.02
10,485,
Probability of Direction = 95.03%, Figure 1), thereby increasing

degrees for each additional sheep in the group (n =
useable area by 9% and the nutritional carrying capacity by 13%
(Figure 2). Furthermore, estimated forage biomass at locations used
by bighorn sheep increased from 38 kg/ha at a group size of 1 to 52
kg/ha at a group size of 65 (n = 10,485, Probability of Direction =
100%, Figure 1). Lastly, the expansion in habitat used, along with
changes in group size as population abundance grew (indexed using
minimum counts of female bighorn sheep), resulted in a change in
habitat selection (Figure 2). A combination of resource selection
analyses and Bayesian general linear regression revealed that
relative strength of selection for steep terrain by bighorn sheep
was related negatively to population abundance in both winter (n =
344, B = -0.006, Probability of Direction = 99.30%) and summer

70
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FIGURE 1

GPS collared bighorn sheep in the Sierra Nevada mountains of California, USA, increased their use of risky areas (quantified by terrain steepness with
less steep terrain being riskier; black) with more forage (green) as group size grew larger. Lines represent estimated marginal mean prediction (+ 95%
Cl) from a Bayesian linear mixed-effects model (black; terrain steepness — n = 10,485, Probability of Direction = 95.03%) and a Bayesian Tweedie
generalized linear mixed-effects model (green; forage biomass — n = 10,485, Probability of Direction = 100%).
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Population Size (N)

As population size grows:
Group sizeincrease
Habitat use expands

Providing access to:
9% more space
13% more forage

—
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Population Size (N)

Time

FIGURE 2

There was a tradeoff between safety and forage resources, which allowed bighorn sheep habitat use to expand (from gray to both green and gray
areas) as population size increased and was mediated through changes in group size. The ability to expand into the areas depicted in green
increased the useable space by 9% but came with a 13% increase in the amount of forage, because of the exponential relationship between safety
and forage on the landscape. Results are a synthesis of the multiple Bayesian regression analyses. The example map at bottom was the Sawmill
Canyon Herd Unit, which was 1 of 14 herd units included in the analyses and was in California, USA.

(n =262, B =-0.011, Probability of Direction = 99.99%, Figure 3).
Relative strength of selection for estimated forage biomass by
bighorn sheep was related positively to population abundance
during the winter (n = 344, 3 = 0.004, Probability of Direction =
99.13%), but not during the summer (n = 262, f§ = -0.001,
Probability of Direction = 68.63%, Figure 3).

4 Discussion

Habitat is defined as the components of the environment that
provide animals with the food, water, cover, and environmental
conditions that are necessary for survival, growth, and reproduction
(Morrison et al., 2006). The components of habitat also must be
accessible to animals, rather than simply present on the landscape

Frontiers in Ecology and Evolution

(Dwinnell et al., 2019); both risk and sociality interact with the
abiotic landscape to shape the habitat that is functionally available
for an animal (Figure 1). Risk may alter habitat use in diverse taxa
ranging from mountain lions to brown anoles (Anolis sagrei) and
have fitness costs linked to energy and mate acquisition (Steinberg
et al., 2014; Nickel et al., 2021). Response to real or perceived risk
(ie., fear) can affect areas that animals are willing to use on the
landscape (Brown et al., 1999). Although risk altered habitat use of
bighorn sheep, they use group size to modulate the risk. Thus,
changes in sociality, which often has been ignored in the context of
wildlife management and conservation, affects where group-living
animals, such as ungulates (Figure 1), primates (Eppley et al., 2022),
and fishes (Orpwood et al., 2008), will forage. Reductions in group
size associated with declines in abundance can reduce the amount of
useable space and consequently, render previously useable habitat
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FIGURE 3

Relative selection strength for areas with high risk (quantified by terrain steepness; black; n = 344, B = -0.006, Probability of Direction = 99.30%) and
plentiful forage resources (green; n = 344, = 0.004, Probability of Direction = 99.13%) by bighorn sheep increased as population size grew in the
winter (A). In the summer (B) relative selection strength for areas with high risk (black; n = 262, B = -0.011, Probability of Direction = 99.99%)
increased as population size grew, but there was no change in relative selection strength for forage biomass (green; n = 262, f = -0.001, Probability
of Direction = 68.63%). Lines represent estimated marginal mean predictions (+ 95% CI) from Bayesian linear mixed-effects models. Resource
selection analyses used data from GPS collared Sierra Nevada bighorn sheep collected between 2004 and 2021 inhabiting California, USA.

functionally unavailable with potential implications for vital rates in
small populations (Allee and Bowen, 1932). Behaviorally induced
habitat loss (Figure 2) can hold insidious consequences as an
underrecognized problem (Dwinnell et al., 2019), that may occur
in protected areas frequently thought to be strongholds for
endangered species conservation (Anderson et al., 2023).

The social context of nutritional carrying capacity, while having
potentially large ramifications, remains underappreciated and rarely
quantified. Nevertheless, changes in behavior may restrict habitat
use, and therefore, functionally affect carrying capacity (Dwinnell
et al,, 2019). All habitat is not created equally and small changes in
behavior can have outsized impacts on the carrying capacity of an
area (Figure 2). Although there will always be an upper limit on
population growth, the ability to exploit previously unavailable
resources as a population grows and group sizes increase will
dampen the effect of intraspecific competition for forage. Sociality
in the form of group size modulating the amount of forage bighorn
sheep have access to is a specific example of access to food resources
being buffered by behavior, which is in line with the general theory
outlined in the ecology of fear framework (Brown et al., 1999).
Although we only examined how sociality reduces the negative
consequences of density-dependent competition for food, we expect
other behaviors, such as timing and propensity to migrate may also
affect intraspecific competition for food (Mysterud et al., 2011). Our
study was observational in nature; therefore, we were unable to
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determine if bighorn sheep used high risk and high reward habitat
because they could form large groups, or if they grouped together to
use riskier habitat and alleviate competition. Regardless of the
underlying cause, the positive relationships among population
abundance, group size, and increased access to forage have the
same impact on carrying capacity and should apply to terrestrial
(Figure 2), arboreal (Eppley et al., 2022), and aquatic (Orpwood
et al., 2008) group-living animals.

The finding that group size, and thereby population size,
modulate habitat use in group-living ungulates holds potential
insight into understanding the conundrum that exists between
historical reports and more recent research on the distribution
and habitat use of bighorn sheep throughout western North
America. For example, historical reports from early European
explorers, described groups of more than 1,000 bighorn sheep,
that ventured into the plains surrounding steep terrain (Buechner,
1960). In contrast, modern research based on GPS collar locations
indicates bighorn sheep are dependent on steep terrain (Lula et al.,
20205 Forshee et al., 2022). A conundrum that has led some
biologists to suggest that some now extinct subspecies of bighorn
sheep had phenotypic differences more suitable for gentler terrain
(Buechner, 1960). Alternatively, we suggest differences in habitat
use by bighorn sheep arise from declines in bighorn sheep
populations since the onset of European colonization. Although
estimates are imprecise, it is thought between 1,500,000 and

frontiersin.org


https://doi.org/10.3389/fevo.2024.1417970
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Rankins et al.

2,000,000 bighorn sheep inhabited North America around the year
1800, but rapidly declined to <20,000 in the United States around
1960 (Buechner, 1960; Whiting et al., 2023). Certainly, a change in
population size large enough to create a dramatic shift in
habitat use.

Bighorn sheep and their closest relatives, Dall’s sheep (O. dalli)
and snow sheep (O. nivicola), have evolutionary adaptations for
predator evasion in steep terrain with short vegetation (Geist, 1971).
Predation is considered one of the most important factors shaping
the realized niche of bighorn sheep in the wild (Mckinney et al,
20065 Lula et al, 2020). Like other sub-species of bighorn sheep
(Jones et al., 2022), Sierra Nevada bighorn sheep were more likely to
be preyed upon by mountain lions in gentler terrain compared with
steep terrain. Mountain lions are currently the primary predator of
adult Sierra Nevada bighorn sheep and bighorn sheep select habitat
(e.g., steep escape terrain) where the relative probability of
encountering mountain lions is lessened (Gammons et al., 2021;
Forshee et al, 2022). Although the predator guild that Sierra
Nevada bighorn sheep co-occur with now differ from the
predators they evolved with (Zielinski et al., 2005; Dellinger et al.,
2021; Mychajliw et al,, 2024), we expect the relationship between
steep terrain and predation risk would be even stronger if coursing
predators (e.g., wolves) were still present in the system (Festa-
Bianchet, 1991). Furthermore, bighorn sheep inhabiting areas that
historically had the same predators found currently in our study
system have thriving populations of bighorn sheep that rely on steep
terrain for predator evasion (Carroll et al., 2006; Cox, 2021; Marcus
et al, 2022; but see Rominger, 2018). Thus, we consider it
reasonable to presume that bighorn sheep we studied possess
similar physical adaptations and behaviors for predator avoidance
to bighorn sheep in other locales and time periods, meaning the
patterns we observed are likely broadly generalizable.

In accordance with selfish herd theory, predation risk is related
negatively to group size (Hamilton, 1971; Bowyer et al, 2020).
Consistent with that theory, areas with greater risk of predation by
bighorn sheep were more likely to be used by larger groups than
were safer places (Figure 1). Although group living comes with a
cost to fitness through increased competition for limited resources
and greater exposure to pathogenic organisms (Manlove et al., 2014;
Markham et al,, 2015), corresponding benefits through access to
more forage and reductions in per capita risk of predation outweigh
the costs in some scenarios. Theoretically, there should be an
optimal group size that balances the cost and benefits of group
living (Markham et al., 2015). Group sizes <5 represent a safety
threshold for bighorn sheep, where increased vigilance, and changes
in habitat use, are unable to compensate for increased predation risk
(Mooring et al., 2004).

Fitness enhancing tradeoffs, including the tradeoft created by
residing in a group, are hypothesized to be a mechanism through
which genetic diversity and biodiversity are maintained (Darwin,
1859; Agrawal et al., 2010). Tradeoffs, such as the one between
resource acquisition and safety, can give rise to divergent
evolutionary stable strategies (Darwin, 1859; Agrawal et al., 2010).
Bighorn sheep can exploit more space and access more forage when

Frontiers in Ecology and Evolution

10.3389/fevo.2024.1417970

traveling in larger groups, as opposed to smaller groups (Figure 2).
Some bighorn sheep remain in small groups, however, even at the
largest population sizes we observed. Restricting their movements
to steeper terrain allows bighorn sheep in small groups to lessen
their exposure to predation risk and intraspecific competition for
resources, but also comes at a cost to resource acquisition.
Presumably, neither behavioral strategy produces consistently
higher fitness, as both behaviors are common in populations of
bighorn sheep and is potentially an example of divergent
evolutionary stable strategies. Natural selection can only act on
existing phenotypic variation; meaning natural variation in
expressed traits, including behavior, are important for species
persistence as environmental conditions change.

Herein we demonstrated that nutritional carrying capacity
encompasses both the physical supply of forage and the access to
said forage. Consequently, nutritional carrying capacity of group-
living animals increases with animal abundance and is mediated
through changes in group size and behavior (Figure 2). By
expanding selfish herd theory to incorporate the tradeoff between
resource acquisition and predation risk, we identified a behavioral
paradigm that modulates access to forage and functionally increases
the carrying capacity of an area as the population grows. The same
behavior simultaneously restricts the suitable habitat of animals that
live in groups in dwindling populations, further exacerbating the
risk of extinction.
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