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Abstract: Knowledge of how predation risk affects population survivorship is important for understanding preda-
tor–prey relationships and designing effective conservation strategies. The Allee effect (inverse density dependence)
can be generated when antipredator strategies become inefficient in small groups of prey, thus making the popula-
tion more susceptible to catastrophic population collapse and extinction. Many populations of desert bighorn sheep
(Ovis canadensis) are declining, and predation is, in many cases, a major mortality factor. We studied desert bighorns
at the Red Rock Wildlife Area, New Mexico, USA, to assess predation risk in different group types (ram, ewe, mixed)
and age–sex classes. Multiple regression analysis revealed that predation risk (as estimated by individual vigilance)
increased with smaller group size and greater inter-individual distance for all bighorns, with groups of <5 individuals
subject to the greatest risk. Although rugged terrain is thought to provide refuge from predators, habitat ruggedness
did not influence vigilance. The biggest males in ram groups experienced the greatest predation risk in that they were
in the smallest groups, were most likely to be solitary, and were spaced farther apart from conspecifics. Although big
rams spent twice as much time vigilant as other age–sex classes, collective alertness was lowest for ram groups. The
conclusion that big rams were most at risk from predation was partially supported by the recent predation history of
the population and previous studies in which mountain lion (Felis concolor) kills were biased toward rams. We discuss
the management implications of these results for small populations subject to Allee effects, including reintroduction
and/or translocation practices and selective removal of problem predators. We suggest that the use of multivariate
techniques to simultaneously explore the influence of multiple factors and the use of vigilance as a correlate of
predation risk would be useful management tools for assessing seasonal and class-specific vulnerability to predation. 
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Many animal species exhibit a decrease in the
per capita birth rate at small population size or
density (inverse density dependence), a phenom-
enon known as the Allee effect (Allee 1931).
Under Allee conditions, many of the factors at
work in small populations (genetic drift, loss of
genetic variability, demographic fluctuations, envi-
ronmental stochasticity) begin to work additively,
and the population is unable to avoid an extinc-
tion vortex (Courchamp et al. 1999, Stephens
and Sutherland 1999). An often-cited example is
the analysis by Berger (1990, 1993) showing that
populations of <50 bighorn sheep have a very
high probability of extinction within 50 years.
One way that an Allee effect can be generated is
by the reduction of beneficial social interactions
in populations with fewer individuals, such as
when antipredator strategies (vigilance, dilution
effect) become inefficient in small groups of prey
(Courchamp et al. 1999, Stephens and Sutherland

1999). Because species subjected to a strong Allee
effect may be more susceptible to catastrophic
population collapse with only a slight increase in
mortality (Courchamp et al. 1999), wildlife man-
agers need to understand the potential impact of
predation on small populations. Knowledge of
predation risk factors and antipredator behavior
can be used to predict which individuals are most
vulnerable and help generate methods to con-
serve wild populations (Blumstein 2000). 

Overwhelming evidence suggests that mam-
mals modify their behavior in the presence of
predators, including increased vigilance, site
abandonment, selection of safe habitat, and
greater wariness (e.g., Kie 1999, Berger et al.
2001). In particular, a large body of evidence
indicates that the proportion of an animal’s activ-
ity budget devoted to vigilance reflects its overall
risk of predation. Vigilance behavior is positively
correlated with increasing predation risk as
determined by body size, presence of young, habi-
tat structure, distance from cover, group size, and
position within a group (e.g., Kie 1999, Steenbeek1 E-mail: mikemooring@ptloma.edu



J. Wildl. Manage. 68(3):2004520 BIGHORN SHEEP PREDATION RISK •  Mooring et al.

et al. 1999, Altendorf et al. 2001, White et al. 2001,
Childress and Lung 2003, Wolff and Van Horn
2003). Importantly, vigilance has consistently been
found to increase in populations subjected to pre-
dation compared to populations with reduced or
no natural predators (e.g., Boving and Post 1997,
Berger et al. 2001, Laundre et al. 2001, Wolff and
Van Horn 2003). Because actual predation events
are seldom—if ever—observed, vigilance level can
be a useful surrogate measure of predation risk. 

Desert Bighorn Sheep
Desert bighorn populations have been reduced

in numbers by disease, predation, habitat loss, and
introduced species (Wehausen 1996, Valdez and
Krausman 1999, Krausman and Shackleton 2000).
They occur in naturally fragmented terrain (Bleich
et al. 1990) and usually number <50 individuals,
thus putting them at risk of rapid extinction (Berg-
er 1990, 1993; also see Goodson 1994; Krausman
et al. 1993, 1996; Wehausen 1999). Transplanted
sheep from reintroduction efforts or small rem-
nant populations are highly vulnerable to moun-
tain lions and other large predators, and predation
has led to population declines or setbacks in rein-
troduction programs (Broadbent 1969, Kilpatric
1982, Creeden and Schmidt 1983, Krausman et
al. 1999). Because of its impact on population
structure and recovery efforts through Allee
effects, determining the linkage between preda-
tion risk factors and survivorship is important for
the conservation of desert bighorn populations. 

Although bobcats (Lynx rufus) and coyotes
(Canis latrans) prey on bighorn lambs (Hass 1989),
mountain lions are the predominant predator of
adult sheep (Krausman et al. 1999). Earlier
authors believed that predation rarely had a sig-
nificant effect on bighorn populations (Buechner
1960, Hornocker 1970, Kelly 1980), but more cur-
rent information indicates that mountain lions are
a major cause of mortality in many populations of
desert bighorn sheep (Krausman et al. 1999). For
example, in the San Bernardino Mountains and
the Peninsular Ranges of southern California,
USA, 75 and 69% of bighorn deaths, respectively,
were caused by mountain lion predation (Hayes
et al. 2000, Schaefer et al. 2000). Wehausen (1996)
reported that mountain lion kills caused a 38%
annual mortality rate leading to the decline of
bighorn sheep in the Granite Mountains of Cali-
fornia, and mountain lions virtually extirpated a
population in the Sierra Nevada of California,
thereby reversing a successful restoration pro-
gram. Finally, studies of bighorn populations in

New Mexico reported mortality rates from moun-
tain lion predation ranging from 5 to 38% of total
mortalities (Munoz 1982, Hoban 1990, Logan et al.
1996), with lion predation being the major limit-
ing factor of the remnant San Andres population
(Munoz 1982, Logan and Sweanor 2001). 

Vulnerability of animals to predation depends on
a constellation of organismic, demographic, eco-
logical, and behavioral factors (Hornocker 1970).
Bighorn sheep live in 3 types of groups: males and
females segregate into separate ram and ewe herds
outside of the rut, and during the mating season,
mature rams join ewe groups to form mixed herds.
Throughout most of the year, males and females
tend to occupy separate seasonal ranges (with
some temporal and spatial overlap), which may
differ in predation risk (Bleich et al. 1997, Kraus-
man et al. 1999, Shackleton et al. 1999). Variation
in body size and weaponry is extreme between
the sexes, with sexual selection having favored
large, powerful males with massive horns that, at
full size (x– = 90 kg), are almost twice the mass of
adult ewes (x– = 48 kg; Hansen and Deming 1980).
Six or 7 distinct age–sex classes are readily distin-
guished in the field, ranging in mean mass from
15 to 90 kg (Hansen and Deming 1980). Thus,
groups and age–sex classes of bighorn sheep
either do, or could, vary in factors that contribute
to predation risk.

Our goal was to (1) use antipredator vigilance
behavior to assess the importance of multiple fac-
tors on predation risk of desert bighorn sheep,
(2) predict which segment of the population is
most at risk, and (3) to compare our prediction
with the published literature. We predicted that,
in order to scan for predators and to monitor
group members for signs of alertness to danger,
vigilance rate of individual bighorns would
increase with decreasing group size, increasing
inter-individual distance, declining ruggedness,
and reduced visibility (Hamilton 1971, Vine 1971,
Pulliam 1973, Turner and Pitcher 1986, Mooring
and Hart 1992). We further predicted that the
collective vigilance of the entire group would
increase with larger group size (Pulliam 1973).

METHODS

Study Area
We studied Mexican bighorns (Ovis canadensis

mexicana) in the Red Rock Wildlife Area (RRWA),
New Mexico, USA. The wildlife area (32°44′N,
108°41′E) consists of 5.4 km2 of rolling hills and
steep cliffs along the western banks of the Gila
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River at 1,280–1,495 m elevation. The desert
scrub habitat at RRWA is dominated by scattered
juniper ( Juniperus monosperma) and mesquite
(Prosopis glandulosa, P. velutina) trees, and shrubs
of whitethorn (Acacia constricta), catclaw (A.
gregii), wait-a-minute bush (Mimosa biuncifera),
sotol (Dasylirion wheeleri), ocotillo (Fouquieria
splendens), yucca (Yucca baccata), and cholla and
prickly pear cacti (Opuntia spp.). The RRWA is
surrounded by a 2.6-m woven game fence, with
interior fences that divide the area into 5 sec-
tions; bighorns pass freely though gates in the
interior fencing and thus have access to all 5 sec-
tions. A ground survey conducted in late April
2000 by the New Mexico Department of Game
and Fish (NMDGF) indicated a population of 76
bighorns (20 males, 39 females, 17 juveniles).
Measurements taken on captured sheep during
1995 and 1997 provided a mean mass of 60 kg for
females (n = 37) and 84 kg for males (n = 44),
indicating that the average male weight was
about 140% that of the average female weight (W.
M. Boyce, NMDGF, unpublished data). 

Because sheep in the RRWA are confined by the
perimeter game fence, population density tends
to be high for desert bighorns (14–20 sheep/km2

in recent years). This allowed us to locate and
observe a significant proportion (>50%) of the
population on a daily basis and provided a
unique opportunity to collect behavioral data on
a wild population. The high density of sheep at
RRWA resulted in larger group sizes than nor-
mally seen in desert bighorns (Hansen 1980,
Krausman et al. 1999). Still, the relative sizes of
the group types were the same as in free-ranging
populations, in which ram groups have the small-
est mean group size (1–3), mixed groups the
largest (4–12), and ewe groups are intermediate
in size (2–9). Other factors (e.g., predators, habi-
tat, forage) were similar to that of free-ranging
bighorns, indicating that insights from our study
should apply to other populations. 

Although the presence of the game fence pre-
vents bighorns from leaving the RRWA, the fence
does not prevent other animals from entering.
Peccaries (Pecari tajacu) regularly dig under the
perimeter fence to the reserve, providing
entrance for predators such as coyotes, bobcats,
and mountain lions. Mountain lions also can
jump over the fence by climbing the wooden
posts making up the major supports. Despite
attempted predator control by NMDGF, signifi-
cant bighorn mortalities attributable to preda-
tion occur regularly. Mountain lions have been

the most important predators of RRWA adult
bighorns in recent years; of the 20 confirmed
mountain lion predations since 1982, 8 occurred
during 1999–2000. Thus, predation risk is very
real in this population, and predator avoidance
strategies function to minimize current threat
rather than being adaptations to past predation
pressure (Byers 1997). 

Behavioral Observations
We conducted fieldwork from 1 June to 4

August 2000, generally in teams of 2. Work was
done primarily on foot, using the 30 km of prim-
itive road system, or hiking cross-country. We
sometimes used a 4-wheel-drive vehicle and a
quad all-terrain vehicle (ATV). Whenever we
sighted a herd of bighorns, we recorded group
size, composition, and map reference location of
the group. Individuals that were located on aver-
age 0–10 bodylengths from one another and
moved together in a coordinated fashion were
considered to be members of the same group. We
recorded the following age–sex classes based on
body size and horn configuration (Geist 1971,
Hansen and Deming 1980): juveniles (<1 yr),
yearling females (1 yr), yearling males (1 yr =
Class 1 rams), adult females (≥2 yr), and adult
males (≥2 yr = Class 2, 3, and 4 rams). We further
cateogorized males by horn curl as either Class 2
(1/2 curl), Class 3 (3/4 curl), or Class 4 (3/4 to full
curl), with horn thickness and brooming (wear)
of tips assisting in identification. Because of over-
lap between Class 3 and 4 horn structure, we later
combined these oldest males into a single cate-
gory (Class 3/4). We catalogued bighorn herds as
ewe, mixed, or ram groups. Ewe groups consisted
of adult females, juveniles, and yearlings; mixed
groups included Class 2, 3, or 4 rams with adult
females and young; and ram groups consisted of
males only, primarily mature Class 2, 3, and 4
rams. During summer 2000, 83% of males in ram
groups (n = 96) were Class 3/4 rams, with Class 2
rams and male yearlings each contributing about
8%. All members of a given age–sex class could
be found in at least 2 types of groups during our
study. Mature males were in ram and mixed
groups; adult females, yearling females, and juve-
niles were found in both ewe and mixed groups;
and yearling males might at different times be
members of ewe, ram, or mixed groups. 

We conducted behavioral observations primari-
ly during the morning hours when sheep were
most active; bighorns use an energy-minimizing
strategy to avoid heat stress during the hot summer
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months and spend most of the afternoons bedded
down in shade (Simmons 1969, 1980; Krausman
et al. 1999; Krausman and Shackleton 2000). We
made observations with 10X binoculars and
15–60X telescopes; sheep were unmarked, and we
were usually far enough away (500–1,000 m) for
telescopes to be required. We chose sheep ran-
domly from the herd to observe during 10-min
focal animal samples, and we recorded activity by
instantaneous sampling at 1-min intervals (Altman
1974). We chose 10-min samples because sheep
often did not stay in view for very long. Wrist
watches with a repeating alarm function were used
to announce instantaneous scans. We defined
nearest neighbor distance (NND) as the distance
from the focal animal to its nearest neighbor in
sheep bodylengths (mean body length of adults =
1.5 m; Hansen 1980). We could not compare vig-
ilance rates of animals in the center and periph-
ery of groups for 2 reasons: (1) many groups were
strung out in a linear fashion with no clear center
or edge, and (2) animals tended to move about
frequently and often did not stay in 1 region
(e.g., center or periphery) of the group long
enough to complete a focal observation. Activity
categories we recorded included foraging, mov-
ing, standing, lying down, and vigilant. For each
activity, we noted whether the head was up
(above shoulder level) or down (below shoulder
level). We defined individual vigilance (alert pos-
ture) by the following criteria: the focal animal
(1) had its head raised above shoulder level, (2)
was standing and not moving, (3) had stopped
other activities, such as feeding, (4) surveyed its
surroundings with its attention fixed on the envi-
ronment, and (5) had its ears cocked forward.
Additional data recorded for each sample includ-
ed focal animal age–sex category, time and date,
group size and type, and any relevant comments. 

In addition to observing the activity budget of
focal animals, we also conducted group observa-
tions to assess collective group alertness using all
behaviors observed. To do this, the entire group
was kept under surveillance, and we recorded the
activity category of each animal at each scan for 10
or more scans. Scans were conducted at either 
1-min or 2-min intervals, depending on the group
size. We later computed a “Group Vigilance
Index” by weighting the activities of each group
member according to a presumed hierarchy of
attentiveness to their environment. The hierarchy
of attentiveness from least to most attentive was
coded as follows: (1) individuals with their heads
down (feeding, lying down, or moving), (2) indi-

viduals feeding with head up or standing head
down, (3) individuals moving with head up, (4)
individuals standing or lying down with heads up,
and (5) individuals in vigilant (alert) posture. We
summed the number of individuals recorded in
each of the 5 categories for all scans and then
multiplied each sum by its category number (1 =
least attentive to 5 = most attentive). We summed
all categories to produce the Group Vigilance
Index. This procedure made the assumption that
individual vigilance is additive and thus the alert-
ness of each group member enhances overall
group vigilance. The Group Vigilance Index
allowed us to compare groups that differed in
individual vigilance rates and group size.

Observers underwent a 1-week training period
prior to data collection. Inter-observer reliability
tests were conducted to assess the level of agree-
ment among observers (Caro et al. 1979). For reli-
ability tests, all 4 observers collected data on the
same focal animal at the same time for 15 10-min
samples. Pearson correlations revealed a mean
correlation coefficient of 0.93 (range r =
0.82–1.0) among observers. Focal animal and
group activity observations totaled 193 hr. 

Habitat Evaluation
To record the location of each group, we used

a map overlaid with a grid reference system in
which each quadrat corresponded to 100 × 100 m
on the ground. Reference locations could be
specified to 10-m increments north–south or
east–west, with possible error in visually mapping
the locations ≤50 m. We overlaid the grid system
on a topographic map to measure terrain rugged-
ness. Locations where groups were observed were
later measured in the field for ruggedness and
visibility. We sampled 46 quadrats throughout the
reserve, and the random sampling location was
recorded using a Global Positioning System (GPS)
unit. We estimated ruggedness in 2 ways. First, for
each 100 × 100-m quadrat, we used a random
number table to choose a starting point and, with
a clinometer, measured the slope at 40 m to the
north, east, south, and west. The slopes were aver-
aged to give the mean slope. Second, we placed
the map grid system over a 1:17,600-scale U.S.
Geological Survey topographic map (40-m con-
tour intervals) and counted the number of arcs
formed by the contour lines within each quadrat
as an index of ruggedness (Bleich et al. 1997).
Greater numbers of contour lines indicated more
rugged terrain. At RRWA, contours per quadrat
ranged from 1.0 for gentle terrain (slope approx
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15°) to 8.0 for extremely rugged terrain (slope
approx 55°). We measured visibility using a mod-
ification of the technique of Risenhoover and
Bailey (1985). We placed a “visibility stick” (yard
stick demarcated into 10-cm segments) at the
starting point used for slope measurement, and
recorded the percentage of the stick visible to an
observer at 20 and 40 m along the 4 compass
directions (8 measurements). We computed
mean visibility for each quadrat. Measures of
ruggedness and visibility were associated with
each group location according to its quadrat.

Statistical Analysis
We analyzed data using the SPSS 8.0 statistical

package for Windows (Norusis 1998). Behavioral
data typically are non-normally distributed (Mar-
tin and Bateson 1986), thereby not meeting the
assumptions of parametric tests. We therefore
used ranked, nonparametric statistical tests for
regression, analysis of variance (ANOVA), corre-
lation, and comparison of means (Siegel and
Castellan 1988). The level of significance was set
at 0.05, and tests were 2-tailed unless otherwise
stated. Because the direction of the relationship
was predicted, we used 1-tailed correlations for
individual vigilance against group size (predict
negative correlation) and NND (predict positive
correlation), and between collective alertness
(Group Vigilance Index) and group size (predict
positive correlation). 

Analysis could not be based on focal samples
because this would have inflated the sample size
and created a pseudoreplication problem by
repeat sampling of the same individuals. We could
not calculate individual means because most big-
horns were not individually recognizable at the
distances that observations were conducted (usu-
ally >500 m). Desert bighorn sheep typically are
intolerant of close approach. Therefore, follow-
ing the approach of Mooring (1995) for analysis
of behavior (activity budgets), we computed
means for each observation day for each age–sex
class or group type. Analysis using daily means
greatly reduced sample sizes, and because the
sampling unit was a composite measure repre-
senting the characteristic activity budget of each
class or group of bighorns, repeat sampling of
individuals was not an issue (provided that some
individuals are not overrepresented in the focal
samples, which we avoided by random sampling). 

Analyses in which dependent variables were
nonbehavioral (group size, NND, ruggedness, vis-
ibility), as well as exploration of effects shown to

be significant by analysis with daily means (thresh-
old effects, changes of group type), made use of
data from all focal observations and habitat mea-
surements. For figures and means, vigilance values
were based on all focal observations because they
more accurately reflected the vigilance of indi-
vidual animals. We explored whether a threshold
group size existed at which individual vigilance sig-
nificantly changed by dividing the data set for all
focal observations into the following group size
classes: 1, 2–4, 5–9, 10–19, 20–29, and 30–49. To
explore threshold effects of NND on individual
vigilance, we divided the dataset of all focal obser-
vations into the following NND classes: zero (<1
bodylength apart), 1–2, 3–4, 5–7, and 8–20. 

RESULTS
Group Size.—Mixed groups had the largest

group size (x– = 24.5), followed by ewe (x– = 12.2)
and ram groups (x– = 3.0; Ranked ANOVA: F2,156
= 85.56, P < 0.001; Scheffe multiple comparisons:
P < 0.001 for all contrasts; Fig. 1). Class 3/4 males
in all groups were consistently found in much
smaller groups (x– = 14.1) compared with all other
classes (x– = 22.3–29.4; Ranked ANOVA: F5,1024 =
27.79, P < 0.001; Scheffe: P < 0.001 for all pairwise
comparisons except Class 2 rams, which was P >
0.08). Only Class 3/4 rams were commonly sight-
ed alone (7% of observations), whereas other
age–sex classes were rarely, if ever seen alone (x– =
0.3% for all other classes). 

Nearest Neighbor Distance (NND).—Mean inter-
individual distance (Fig. 2) in ram groups (x– =
2.84 bodylengths) was significantly greater than
for ewe (x– = 1.71) and mixed groups (x– = 1.87;
F2,1000 = 6.84, P < 0.001; Scheffe: ram–ewe, P <
0.001; ram–mixed, P < 0.006). Nearest neighbor
distance did not differ between ewe and mixed
groups (Scheffe: P > 0.54). Mean NND was great-
est for Class 3/4 rams (x– = 2.6 bodylengths), which
was about a bodylength greater than the mean
NND for all other age–sex classes (x– = 1.7, range
= 1.5–1.9; F5,997 = 3.63, P < 0.003; Scheffe: P <
0.001 for all pairwise comparisons with the excep-
tion of Class 2 rams, which was P > 0.26). 

Habitat Ruggedness.—Ewe groups were found in
more rugged areas than other groups (Fig. 3). Ewe
group sites were located on steeper slopes (x– =
23.4°) compared with rams (x– = 19.8°; Ranked
ANOVA: F2,158 = 4.15, P < 0.02; Scheffe: ewe–ram,
P < 0.02). Quadrats where ewe groups and mixed
groups were sighted enclosed more contour lines
(ewe and mixed: x– = 4.1) compared with those of
ram groups (x– = 3.4; F2,158 = 4.72, P < 0.01;
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Scheffe: ewe–ram, P < 0.02; mixed–ram, P < 0.04).
We found no difference between ewe and mixed
group sites (Scheffe: P > 0.98). 

Visibility Effects.—Analysis of variance revealed
no significant difference in visibility among the 3
group types (P > 0.14). We therefore did not exam-
ine visibility effects on vigilance. However, compari-
son between ram and ewe groups showed that rams
were found in areas with significantly greater visibil-
ity at 40 m (x– = 34 cm of visibility stick) compared
with sites used by ewe groups (x– = 27 cm; Mann-
Whitney: Z = 1.97, n = 119, P < 0.05). We found a sig-
nificant negative correlation between slope and vis-
ibility for the 46 habitat quadrats (Spearman rank
correlation: rs = –0.30, n = 46, P < 0.04), indicating
that more rugged sites tended to have less visibility. 

Vigilance of Groups and Classes.—Vigilance (Fig. 4)
of males in ram groups was much greater (x– =
22.2% of scans vigilant) than members of ewe (x– =
9.8%) and mixed (x– = 4.5%) groups (Ranked
ANOVA from daily means: F2,70 = 10.15, P < 0.001;
Scheffe multiple comparisons: ram vs. ewe, P <
0.01; ram vs. mixed,  P < 0.001; ewe vs. mixed,  P >
0.36). Class 3/4 rams in all groups spent the great-
est amount of time vigilant (x– = 18.7% of scans vig-
ilant), being 3 times more vigilant than the mean
of all other age–sex classes (x– = 6%, range = 3.6–8.1;
Ranked ANOVA on daily means: F5,168 = 6.31, P <
0.001; Scheffe: P < 0.03 for all pairwise compar-
isons except female adults, which was P > 0.47). 

For each age–sex class, individual vigilance sig-
nificantly declined when observed in larger group

Fig. 1. Mean (±SE) group size for group types (above) and
age–sex classes in all groups (below) of bighorn sheep ob-
served at Red Rock Wildlife Area, New Mexico, USA, summer
2000. Different letters indicate a significant difference between
groups (P < 0.006). The smallest groups sizes were in ram
groups (P < 0.001) and Class 3/4 males (P < 0.001). Abbrevia-
tions: JUV = juvenile, FY = female yearling, FA = female adult,
MY = male yearling, M2 = class 2 male, M3/4 = class 3/4 male.

Fig. 2. Mean (±SE) number of sheep bodylengths (nearest
neighbor distance) for group types (above) and age–sex
classes in all groups (below) of bighorn sheep at Red Rock
Wildlife Area, New Mexico, USA, summer 2000. The largest
nearest neighbor distances were found in ram groups (P <
0.001) and Class 3/4 males (P < 0.003). Abbreviations: JUV =
juvenile, FY = female yearling, FA = female adult, MY = male
yearling, M2 = class 2 male, M3/4 = class 3/4 male.

Age–sex class Age–sex class
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types, based on all focal observations. The change
in vigilance was most dramatic for adult males,
who spent twice as much time vigilant when in
small ram groups (x– = 23.3%) compared with large
mixed groups (x– = 9.6%; Mann-Whitney: n = 175,
Z = 3.81, P < 0.001). Adult females were more vigi-
lant in ewe groups (x– = 11.8%) compared with
mixed groups (x– = 5.0%; Mann-Whitney: n = 409,
Z = 3.09, P < 0.002). Male yearlings were more vig-
ilant in both ram (x– = 10.9%) and ewe (x– = 10.2%)
groups compared with mixed groups (x– = 3.1%;
Ranked ANOVA: F2,146 = 5.83, P < 0.004). Female
yearlings were more vigilant in ewe (x– = 10.4%)
than in mixed (x– = 2.5%) groups (Mann-Whitney:
n = 192, Z = 3.81, P < 0.001). Juveniles were sig-
nificantly more vigilant in ewe groups (x– = 5.8%)
compared with mixed groups (x– = 2.0%; Mann-
Whitney: n = 246, Z = 2.93, P < 0.003). 

Association Between Vigilance and Predation Risk Fac-
tors.—Multiple regression models were fitted with
vigilance as the dependent variable and group size,
NND, and ruggedness (contours or slope) as the
independent variables. Backward stepwise analysis
on ranked data for all age–sex classes revealed a sig-
nificant effect (Model with contours: F2,167 = 18.0,
R = 0.42,  P < 0.001; Model with slope: F3,166 = 12.5,
R = 0.43,  P < 0.001). Both group size (P < 0.001)
and NND (P < 0.006) influenced vigilance behav-
ior, but neither measure of ruggedness was signif-
icant. Group size was negatively associated with
vigilance, whereas NND was positively associated.

Bivariate correlations (based on daily means)
indicated that the effect of group size on vigi-

Fig. 3. Mean (±SE) slope (above) and contours per quadrat
(below) for the 3 group types of bighorn sheep observed at
Red Rock Wildlife Area, New Mexico, USA, summer 2000. Dif-
ferent letters indicate a significant difference between groups
(P < 0.02). Ram groups were found in less rugged areas than
other groups, whether ruggedness was estimated from slope
(P < 0.02) or from the number of contour lines bisecting a map
quadrat (P < 0.01).

Fig. 4. Mean (±SE) individual vigilance for group types (above)
and age–sex classes in all groups (below) of bighorn sheep
observed at Red Rock Wildlife Area, New Mexico, USA, sum-
mer 2000. Vigilance values are based on all focal observa-
tions. Different letters indicate a significant difference between
groups (P < 0.01). The highest levels of individual vigilance
were exhibited in ram groups (P < 0.001) and by Class 3/4
males (P < 0.001). Abbreviations: JUV = juvenile, FY = female
yearling, FA = female adult, MY = male yearling, M2 = class 2
male, M3/4 = class 3/4 male.

Age–sex class
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lance depended on group type. Ram groups
(which were smallest) showed the strongest cor-
relation between group size and vigilance (n = 22,
rs = –0.61, P < 0.001). Ewe groups (intermediate
in size) exhibited a weak, nonsignificant correla-
tion (n = 27, rs = –0.30, P < 0.06), and mixed
groups (largest in size) exhibited no association
between group size and vigilance (n = 24, rs =
–0.26, P > 0.11). 

We explored whether a threshold group size
existed at which individual vigilance significantly
changed (Fig. 5). Solitary sheep (x– = 48% of time
vigilant) and individuals in groups of 2–4 sheep
(x– = 30%) devoted far more of their activity bud-
get to vigilance than sheep in groups of ≥10 (x– =
5.6%). The vigilance of solitary bighorns and
those in groups of 2–4 was significantly greater
than sheep in all larger group size classes
(Ranked ANOVA: F5,1024 = 29.76, P < 0.001;
Scheffe multiple comparisons: P < 0.001 for all
contrasts with groups ≥5), but vigilance did not
differ significantly (P > 0.66) between groups of 1
and 2–4. We found no difference in vigilance
among group size classes of ≥10 sheep (P > 0.98).
Regression analysis on group daily means
revealed that the decrease in vigilance with
increasing group size was nonlinear, with the best
fit being an inverse regression model (R 2 = 0.40,
F1,71 = 47.4, P < 0.001). 

We explored threshold effects of NND on indi-
vidual vigilance (Fig. 6). Individual vigilance in-

creased significantly with increasing NND
(Ranked ANOVA: F4,998 = 17.12, P < 0.001). Indi-
viduals that were <1 bodylength apart from each
other spent very little time vigilant (x– = 2.4%),
whereas sheep that were spaced >8 bodylengths
apart exhibited a 10-fold increase in vigilance (x– =
23.5%; Fig. 6). Scheffe multiple comparisons
revealed that the vigilance of sheep spaced <1
bodylength apart was less than that of sheep
spaced >1 bodylength apart (P < 0.001), while vig-
ilance of sheep spaced >8 bodylengths apart was
greater than those spaced <8 bodylengths apart
(P < 0.05). The vigilance of sheep that were
spaced 1–7 bodylengths apart was not significant-
ly different (P > 0.14). Regression analysis showed
that the increase in vigilance with increasing
NND was a linear function (R = 0.21, F1,1001 =
48.2, P < 0.001).

Group Vigilance.—In contrast to the decline of
individual vigilance by all age–sex classes in larger
groups, collective vigilance, as measured by the
Group Vigilance Index, was strongly and positive-
ly correlated with group size (Fig. 7; Spearman
rank correlation, 1-tailed: n = 80, rs = 0.94, P <
0.001). The Group Vigilance Index was greatest
for mixed groups (x– = 69.2) compared with ewe
(x– = 32.8) and ram (x– = 8.4) groups (F2,77 = 32.99,
P < 0.001; Scheffe: P < 0.004 for all contrasts). 

Fig. 5. Mean (±SE) individual vigilance for group size classes
of bighorn sheep (all age–sex classes) at Red Rock Wildlife
Area, New Mexico, USA, summer 2000. Groups of <4 individ-
uals engaged in higher rates of vigilance compared with
groups of ≥5 (P < 0.001), but we found no difference in vigi-
lance among sheep in groups of >10 (P > 0.98).

Fig. 6. Mean (±SE) individual vigilance for number of sheep
bodylengths (nearest neighbor distance) of bighorn sheep (all
age–sex classes) at Red Rock Wildlife Area, New Mexico, USA,
summer 2000.Vigilance increased with increasing nearest neigh-
bor distance (P < 0.001). Sheep that were spaced <1 bodylength
apart were less vigilant than sheep spaced >1 bodylength apart
(P < 0.001), while sheep spaced >8 bodylengths apart were
significantly more vigilant than those spaced <8 bodylengths
apart (P < 0.05); the vigilance of sheep spaced 1–7
bodylengths apart was not significantly different (P > 0.14).
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DISCUSSION

Vigilance and Predation Risk Factors
According to multiple regression analysis,

group size and inter-individual spacing were the
primary determinants of predation risk (as indi-
cated by vigilance) for bighorn sheep. Bighorns
spent less time vigilant as group size increased, as
predicted by theory (Pulliam 1973, Turner and
Pitcher 1986, Mooring and Hart 1992). Our
results indicated that the threshold above which
bighorns benefited substantially from group
membership was 5 individuals (Fig. 5). The
antipredator benefit of larger group size reached
a “hinge point” at n ≥ 5 and an asymptote at n ≥
10. This agrees with other studies of bighorn
sheep, which found that individuals in groups >5
gained little in the way of decreased vigilance
(Berger 1978, Berger and Cunningham 1988).
Studies of other ungulates have also found a
hinge point at which individual vigilance dropped
sharply and rapidly reached an asymptote in
which individuals no longer decreased their vigi-
lance (Lipetz and Bekoff 1982, Berger and Cun-
ningham 1988, Quenette 1990, Burger and
Gochfeld 1994). As group size decreases, bighorn
sheep respond to disturbance with increased
heart rates (MacArthur et al. 1982), suggesting
that greater anxiety is a proximate mechanism
for increased vigilance in smaller groups.

The decline in vigilance with increasing group
size was nonlinear. Both the dilution effect and
the detection model predict nonlinear and asymp-
totic relationships between group size and vigi-
lance (Blumstein et al. 1999, 2001). Nonlinear-
group size effects suggest that the time allocated
to vigilance was influenced by predation risk,
rather than other factors (Blumstein et al. 1999).
A nonlinear-group size effect on vigilance also
was observed in other studies of ungulates (Ala-
dos 1985, Quenette 1990, Bednekoff and Ritter
1994, Toigo 1999). 

In addition to group size effects, bighorn sheep
at RRWA were more vigilant as the distance
between nearest neighbors increased, with vigi-
lance time increasing 10-fold as sheep moved
from <1 to >8 bodylengths apart (Fig. 6). Thus,
sheep experienced thresholds in which individ-
ual alertness was intensified at NND >1 and >8.
This result is predicted by the selfish herd effect
(Hamilton 1971). Although often presented in
terms of seeking the center of a group, individu-
als that draw closer to conspecifics also can pass
on some of the risk of predation to their neigh-

bors (Hamilton 1971, Mooring and Hart 1992).
Although few studies of ungulates have investi-
gated the relationship between vigilance and
NND, increased vigilance with greater inter-indi-
vidual distance has been observed in marmots
(Marmota caligata) and primates (Cebus, Presbytis;
Quenette 1990, Treves 2000). Most evidence for
the antipredator benefits of selfish herding in
ungulates has involved observations that periph-
eral individuals are more vigilant than central
animals (e.g., Underwood 1982, Berger and Cun-
ningham 1988, Burger and Gochfeld 1994). 

Although individual vigilance increased with
declining group size or greater NND, collective
vigilance of the group was positively correlated
with group size. Although counterintuitive, high
individual vigilance did not indicate greater safety
(rather, greater danger), while larger group size
was associated with decreased risk of predation.
Because vigilance exacts a cost in terms of time
not available for other important activities (e.g.,
foraging), we presume that individuals gain some
benefit by increasing the proportion of their
activity budget committed to scanning the envi-
ronment (otherwise, they would not do so). As
long as an individual is more vigilant than other
group members, the animal may be relatively safe
(Fitzgibbon 1989). For example, although preda-
tion risk of small groups remains high, more vig-
ilant individuals can pass some of the risk on to

Fig. 7. The relationship between group size and collective alert-
ness, as measured by the Group Vigilance Index, for all age–sex
classes of bighorn sheep at Red Rock Wildlife Area, New Mexi-
co, USA, summer 2000. The Group Vigilance Index was strong-
ly and positively correlated with group size (rs = 0.94, P < 0.001).
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less alert groupmates. Our results indicate that
bighorns are much safer if they join conspecifics
to form a larger, more compact group in which
predation risk is diluted among group members. 

Rugged, precipitous terrain is considered a
major habitat requirement for bighorn sheep
because it may provide refuge for escape from
predators (Krausman et al. 1999, Krausman and
Shackleton 2000). Ram groups in our study area
were sighted in significantly less rugged areas
compared with ewe or mixed groups. Habitat
ruggedness did not, however, have an effect on vig-
ilance. This suggests that bighorns at RRWA pri-
marily used group size and inter-individual spac-
ing as behavioral mechanisms to assess their risk of
predation. If predation risk is primarily a function
of group properties, rather than habitat charac-
teristics, rugged terrain may not be very effective
in deterring ambush predators such as mountain
lions (despite assumptions to the contrary). How-
ever, studies of other populations of mountain
sheep have reported an interaction between
habitat ruggedness and correlates of predation
risk (Risenhoover and Bailey 1985, Frid 1997). 

Predation Risk of Big Rams
Our results indicate that during the summer

months of sexual segregation Class 3/4 males at
RRWA were exposed to the greatest risk of pre-
dation of all age–sex classes. Class 3/4 males were
in smaller groups and separated by greater inter-
individual distances from nearest neighbors than
any other age–sex class. These oldest males also
were solitary 7% of the time compared with other
age–sex classes, which were rarely—if ever—
alone. The collective alertness of ram groups was
significantly less than that of larger ewe and
mixed groups. These factors made Class 3/4
males more vulnerable to ambush predation by
mountain lions than females and young through
the combined action of the encounter-dilution,
selfish herd, and detection effects (Mooring and
Hart 1992, Roberts 1996). The larger body size
and horns of big rams may ameliorate predation
risk for this class. However, Class 3/4 rams
appeared to be the most at risk from predation
overall. Apparently perceiving their vulnerability,
adult males were much more vigilant than other
age–sex classes. Nonetheless, the lower Group
Vigilance Index suggested that ram groups as a
whole were less likely to detect a predator com-
pared with sheep in larger ewe and mixed
groups. Risenhoover and Bailey (1985) also
found that the combined alertness of small

groups of bighorn sheep was much less than that
of larger groups.

Recent predation history at RRWA suggests that
the largest bighorn males suffered a higher level
of predation than would be expected based on
their proportional numbers in the population.
Over a 2-year period overlapping our study
(1999–2000), 6 of 8 (75%) known mountain lion
kills were of adult males (NMDGF, unpublished
data); the other kills involved 1 female and 1
juvenile. If mountain lions killed indiscriminately
in proportion to population numbers, the
expected mortality rate would be 2 males (25%),
plus 4 females and 2 juveniles (chi-squared test:
df = 2, χ2 = 103.7, P < 0.001). Thus, mountain
lions active during this period appeared to take
advantage of the greater vulnerability of Class
3/4 males indicated by our results. 

Previous studies of mountain lion predation on
bighorn sheep have produced conflicting results
regarding prey selection. Mountain lions in
British Columbia concentrated on killing male
bighorn sheep, with males constituting 47% of
lion kills despite representing only 10% of the
available prey population (Harrison and Hebert
1988). Preferential selection of bighorn males
was attributed in part to poor post-rut body con-
dition. In addition, restricted rear and peripher-
al vision was thought to make large males with
full-curl horns particularly vulnerable to the stalk-
ing form of attack practiced by mountain lions
(Harrison and Hebert 1988). Schaefer et al.
(2000) reported mortality rates of male sheep
were significantly higher than that of females in a
California bighorn population in the San
Bernardino Mountains heavily preyed upon by
mountain lions. The authors attributed this bias
to the use of riskier habitats by males. 

In contrast to the studies indicating a bias for
killing males, mountain lion predation was greater
on female bighorns in the Harquahala Moun-
tains of Arizona (Krausman et al. 1989). In the
Peninsular Ranges of California, mountain lion
predation on male and female bighorns was very
similar (Hayes et al. 2000). In Alberta, mountain
lions preferentially selected bighorn lambs, where-
as adult males and female bighorns were killed in
proportion to their representation in the popula-
tion (Ross et al. 1997). However, in the Ross et al.
(1997) study, 1 female lion was responsible for
most (74%) bighorn predation, and because her
home range did not overlap with the winter range
of most adult male bighorns, she had little oppor-
tunity to prey upon males. Ross et al. (1997) con-
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cluded that successful predation on bighorn
sheep is a specialized skill learned over time. If
only certain mountain lions specialize in hunting
bighorn sheep, predation rates on bighorns
would be expected to vary widely and unpre-
dictably from 1 year to another (Ross et al. 1997). 

The discrepancies among these studies may be
attributed to at least 2 factors. First, individual
predators vary in their hunting style and learn to
selectively hunt and kill particular prey animals
(Logan et al. 1996; Logan and Sweanor 2000,
2001). For example, Pierce et al. (2000) found that
female mountain lions rearing kittens selected
female and young mule deer (Odocoileus hemionus)
as prey, probably due to the constraints of lacta-
tion, whereas solitary male and female mountain
lions killed deer in proportion to their availability.
Second, predation risk of age–sex classes may vary
in different seasons. Females and lambs should be
more vulnerable to predation in the spring when
ewes isolate to give birth, whereas males should be
more at risk in summer during pre-rut and rut
when they may take greater risks to establish high
dominance rank and attain matings with ewes.
This second point is speculative, and current evi-
dence is insufficient as to whether class-specific
predation risk varies from season to season.

MANAGEMENT IMPLICATIONS 

Transplants and the Allee Effect
Our results have significant relevance to the

fate of small populations and the role of Allee
effects in promoting extinction risk. Our data
indicate that bighorn sheep groups of <5 individ-
uals suffer reduced group vigilance and higher
per capita risk of predation in the event of attack
despite greatly increased individual vigilance
time. Bighorn sheep managers should therefore
be aware of the potential impact of predation on
small populations in which group sizes fall below
5 individuals. Managers should also consider the
susceptibility of certain age–sex classes to preda-
tion. Because male bighorns form the smallest
groups and are preferred by trophy hunters,
males in harvested populations are subject to
mortality from both predators and hunters. We
suggest that the catastrophic outcome of Allee
effects on small populations subject to mountain
lion predation may require radical conservation
action. In some cases, the best hope for prevent-
ing small populations from rapid extinction may
be to establish fewer but larger populations by
relocating entire populations into a single area. 

Our study has practical implications for translo-
cations and reintroductions (i.e., transplants).
Transplants currently are the primary manage-
ment tool for attempting to reverse the trend of
small, declining populations at risk of extinction.
The small size of most bighorn reintroduction
schemes means that Allee effects will depress
early growth rates and reduce the probability of
successfully establishing the population. Thus,
Allee effects should be incorporated into deci-
sions regarding founder population sizes, release
sites, and release procedures (Stephens and
Sutherland 1999). We suggest that wildlife man-
agers consider the following guidelines when
contemplating transplants of bighorn sheep.

Group Size.—Larger group size may lead to
higher individual survival rates in reintroduced
bighorns. Small-scale transplants into areas of
high predator activity will not be cost-effective
because the necessarily small groups would be at
high risk of predation. Evidence suggests that the
probability of successful reintroduction increases
with the number released (Stephens and Suther-
land 1999). Because we found that vigilance
reached an asymptote at ≥10 individuals and sex-
ual segregation leads to the formation of separate
groups, the ideal release group would contain at
least 10 females and 10 males. In some cases, arti-
ficially increasing group size prior to release by
captive propagation may be desirable (Cour-
champ et al. 1999). Although political and eco-
nomic factors often dictate transplant exercises
as much as scientific considerations, managers
must at least consider the inherent risks of trans-
planting small groups into areas where mountain
lions are a factor. 

Sex Ratio.—Because of the disproportionate risk
faced by males, high male to female ratios in
transplanted groups should be considered to en-
sure reintroduction success. Because bighorn
sheep are sexually segregated during most of the
year (Mooring et al. 2003), the oldest and largest
males tend to be found in the smallest groups
and with the greatest inter-individual distances.
Transplanting bighorn males into high predation
risk areas would thus be counterproductive if the
males form small or solitary groups that quickly
succumb to predation (Rominger and Weisen-
berger 2000). 

Predator Control
Precise knowledge of seasonal predation risk of

age–sex classes would allow more effective imple-
mentation of selective predator removal policies.
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Because males and females in most bighorn popu-
lations occupy separate seasonal ranges through-
out most of the year, with some temporal and spa-
tial overlap (Krausman et al. 1999; Shackleton et
al. 1999), removal efforts could be more efficient-
ly concentrated on those parts of the home range
utilized by the class or sex at risk. A policy of selec-
tive removal of those lions posing the greatest
threat to bighorns would be the most effective
approach to predator control (Logan et al. 1996,
Blejwas et al. 2002, Ernest et al. 2002, Katnik 2002). 

Future Research
Predation risk contributes to the probability of

individual survival, thereby influencing popula-
tion parameters such as growth rate, size, and
persistence time via the Allee effect. Studies of
predator–prey relations will continue to be criti-
cal to bighorn sheep conservation. We therefore
suggest that future studies consider seasonal dif-
ferences in class-specific risk of predation and its
impact on the dynamics and extinction risk of
populations. The use of vigilance behavior to
assess perceived predation risk is a novel applica-
tion that can be a useful management tool. The
use of multiple regression to explore vigilance in
relation to multiple risk factors could help deter-
mine class-specific vulnerability of age–sex classes
in each season. Data on antipredator vigilance
behavior can offer an important contribution to
understanding the suite of factors influencing
vulnerability to predation and extinction proba-
bility in small populations of bighorn sheep and
other ungulate species subject to Allee effects.
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