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ABSTRACT

Mountain lions (Puma concolor) and mule deer (Odocoileus hemionus), which
share a winter range in the Eastern Sierra Nevada in Round Valley, California, USA,
were fitted with radio-telemetry collars and tracked to determine their movements and
cause of mortality. The mountain lion population of Round Valley refers to a group of
individuals that lived in close proximity to one another, essentially isolated from similar
groups during the winter, and fed on the migratory herd of mule deer that overwinter in
Round Valley. Mountain lions migrated seasonally with the deer population, and two
distinct patterns for coping with variability in abundance of prey were observed. The
unique migratory behavior identified for the mountain lions in this study indicates a more
flexible social system for mountain lions than previously described. Tests of whether the
presence of another mountain lion affected where individuals to killed deer indicated that
social interactions had no effect and that social behavior was not regulating the
population of mountain lions via spatial partitioning of prey. Examination of habitat
selection by mule deer and mountain lions revealed that mule deer selected habitat at
higher elevations (P < 0.001) with more bitterbrush (Purshia tridentata) and less
rabbitbrush (Chrysothamnus nauseosum) than random locations. Mountain lions killed
deer in relatively open areas with more desert peach (Prunus andersonii) than locations
in which deer foraged. Those results indicated that deer were not confronted with a
tradeoff in terms of habitat selection on the winter range because habitat with the best

forage (e.g. bitterbrush), also provided the least predation risk. Comparisons of mule
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deer killed by mountain lions, coyotes, and automobiles indicated that mountain lions
selected young (< 1 year old) deer and both predators selected older age classes among
adults. Furthermore, there was no selection by either predator for animals in poor
condition. Among mountain lions in different social categories, female mountain lions
with kittens selected more young deer than did other social categories. This study
indicated that ambush predators (mountain lions) may be as selective for prey as coursing
predators (coyotes) and that lactation in mountain lions may play a role in determining

prey selection.
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THESIS INTRODUCTION

Round Valley (37°24'N, 118°34'W), located on the east side of the Sierra Nevada
in eastern California, is the winter range for a migratory population of mule deer
(Odocoileus hemionus) and the mountain lions (Puma concolor) that prey upon them.
The mountain lion population of Round Valley refers to a group of mountain lions that
lived in close proximity to one another, essentially isolated from similar groups during
the winter, and feeding on the migratory herd of mule deer that overwinter in Round
Valley.

The predominant vegetation association in Round Valley is characteristic of the
Great Basin. Bitterbrush (Purshia tridentata), sagebrush (4rtemisia tridentata), and
rabbitbrush (Chrysothamnus nauseosum) predominate in a mosaic where patches of
blackbrush (Coleogyne ramosissima) and mormon tea (Ephedra nevadensis) are
common. The deer inhabiting Round Valley migrate to high elevations (> 2500 m) on
the west side of the Sierra Nevada to take advantage of high-quality forage during the dry
summer. Mule deer accomplish this crossing by moving north or south of the valley and
traversing several passes at elevations > 3,000 m. Deer remain on the summer range until
autumn when winter storms push these herbivores back over the crest and down to the
valley floor.

The mule deer population wintering in Round Valley declined steadily from about
6,000 (66/km?) animals in 1985 to < 1,000 (10/km?) deer in 1991. That decline

corresponded with a severe drought and a subsequent reduction in forage availability.

1
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The end of the drought coincided with the beginning of our study in 1991. Following the
decline of the deer population in the 1980s, estimated numbers of deer on the winter
range increased gradually over the period of the study from 1,344 (15/km?) in 1993 to
1,913 (21/km?) in 1997. During that same period, average numbers of adult mountain
lions located on the winter range by telemetry flights conducted weekly, plummeted from
6.1 in winter 1992-1993 to 3.0 in 1996-1997.

We studied the mule deer and mountain lion populations that inhabited Round

Valley from November 1991 to December 1998. The movements of mountain lions
between subpopulations in response to migration by mule deer raised questions about the
social organization of those mountain lions, and suggested a more flexible social system
than previously described for these solitary felids. Criteria necessary to invoke social
behavior as a mechanism for regulating a population were outlined by Watson and Moss
(1970) and emphasized by Seidensticker et al. (1973). Their first two criteria required
that reproduction be limited in individuals that could otherwise breed if social
interactions with conspecifics did not inhibit them from doing so. The third requirement
emphasized that resource limitation must be eliminated as a contributing factor, and that
mortality or depressed recruitment attributed to social behavior must be inversely
correlated with other causes of mortality or depressed recruitment. Although we do not
address the potential for mortality resulting from intraspecific aggression to regulate the
population of mountain lions in our study because young mountain lions may have been

killed without our knowledge, the hypothesis of social regulation in mountain lions,
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however, is generally reliant on a scenario where transient individuals are excluded from
becoming permanent members of the population regardless of the availability of prey.
For this reason we examined the role of social behavior in the acquisition of prey by
mountain lions and tested the hypothesis that social interactions could limit a population
of mountain lions through territoriality and limited access to prey.

Tests for the effects of social interactions among mountain lions in the acquisition
of prey indicated that the distribution of mule deer killed by mountain lions in
comparison to the distribution of mule deer throughout Round Valley differed. We
hypothesized that mule deer on the winter range did not forage randomly among habitats
but selected habitat in response to a predation risk:forage ratio. Furthermore, we
hypothesized that mountain lions did not kill deer randomly among the habitats in which
they occurred, but selected to kill deer in habitat with significant cover to facilitate
stalking of prey. If deer in Round Valley faced a trade-off in their forage
benifit:predation risk ratio then mountain lion predation might have an additional effect
on mule deer reproduction by limiting access to high quality forage for mule deer on the
winter range.

Finally, we tested hypotheses of prey selection between mountain lions and
coyotes, and among different social categories of mountain lions. We hypothesized that
coyotes, a coursing predator, would exhibit selection for young, old and weak individuals
whereas mountain lions, which ambush prey, would not be able to select among age class,

sex or condition of mule deer they killed. Furthermore, we hypothesized that, because
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mountain lions were much larger than coyotes, they would have less tendency to be
selective for small prey than coyotes. Finally, we tested the null hypothesis that different
social categories of mountain lions did not differ in selection of prey. Thus, this thesis
integrates the ecology and behavior of both mountain lions, and their primary prey, mule

deer, to answer questions concerning predator-prey dynamics of large, vagile mammals.
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'CHAPTER 1.

MIGRATORY PATTERNS OF MOUNTAIN LIONS: IMPLICATIONS FOR

SOCIAL REGULATION AND CONSERVATION

We studied movements of mountain lions (Puma concolor) in the southern Sierra Nevada
of California from 1992--1997. We observed two distinct patterns, which likely represent
strategies of mountain lions for coping witi variability in abundance of their primary
prey, mule deer (Odocoileus hemionus). Some mountain lions migrated together, often
slowly, following movements of mule deer from winter range toward the summer range
of their prey. Those mountain lions remained together on the eastern scarp of the Sierra
Nevada and overlapped in distribution throughout the year. Other mountain lions
exhibited rapid movements to disjunct summer ranges, on the western side of the Sierra
Nevada, shared with mountain lions that did not occur on their winter range. Mountain
lions that moved more slowly and overlapped in distribution had large annual home
ranges (95% adaptive kernel; X = 817 km?), whereas mountain lions with distinct
summer (X = 425 km?) and winter (¥ = 476 km?) distributions had smaller home ranges.
Such disparate patterns of movement may lead to difficulties in sampling population size

for mountains lions. Moreover, maintaining corridors that would allow for both patterns

1

Pierce, B. M., V. C. Bleich, J. D. Wehausen, and R. T. Bowyer. 1999. Migratory
patterns of mountain lions: implications for social regulation and conservation. Journal of

Mammalogy, 80:in press.
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of movement may be critical for the conservation of these large felids. Finally, extensive
overlap in the distribution of mountain lions, especially the association of one group of
individuals on winter range and another on summer range for mountain lions with

disjunct distributions, indicates a more flexible social system than previously described.

Key words: Puma concolor, mountain lion, home range, migration, conservation,

behavior, social organization, Sierra Nevada, California

Mountain lions (Puma concolor) that feed on nonmigratory populations of
ungulates can have distributions and sizes of home ranges that change little over time
(Hopkins, 1989; Sweanor, 1990). Nonetheless, populations of mountain lions that feed
on migratory mule deer (Odocoileus hemionus) and elk (Cervus elaphus) exhibit seasonal
movements, particularly elevational shifts, with those primary prey (Anderson et al.,
1992; Rasmussen, 1941; Seidensticker et al., 1973). Most periodic movements noted in
those studies, however, were gradual, and seasonal home ranges of mountain lions
usually remained contiguous. Little attention has been given to the relatively long-range
migrations made by some mountain lions within subpopulations or the potential
significance of those movements between subpopulations.

Social regulation of mountain lions may occur in populations with high densities
of prey as a result of territorial behavior among resident adults (Lindzey et al., 1994;

Seidensticker et al., 1973). Those studies proposed that populations of mountain lions
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often exhibited a land-tenure system of resident adults that shared space but avoided each
other temporally. Hornocker (1969) termed that behavior, mutual avoidance. In those
systems, resident adults had overlapping home ranges but did not allow younger
mountain lions that were transient to establish residency unless a vacant home range
became available. Thus, density of mountain lions was independent of the density of
their primary prey (Seidensticker et al., 1973). Such intrinsic limitation of the population,
however, is reliant on a system where individual mountain lions are familiar with other
conspecifics with which they share space. Under a land-tenure system, spatial
arrangement and social behavior of mountain lions would be expected to be relatively
stable. For populations of mountain lions that are dependent on a migratory prey base,
however, such a social system could pose problems when prey leave an area.

For many species, migratory behavior has evolved in response to seasonal changes
in availabilities of habitat and food (French et al., 1989). In ungulates, mixed strategies
of migration occur within populations as a result of variation in food availability in
different areas among years (Loft et al., 1984; Nicholson et al., 1997). Because
populations of deer can comprise individuals with different migratory patterns, mountain
lions also may have evolved flexibility in social behavior that allows them to cope with
changes in prey density.

Migratory behavior in mountain lions may have important implications for
management and conservation of this large felid. Track censuses often have been

proposed for mountain lions as a reliable method for detecting trends in population
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change (Beier and Cunningham, 1996; Van Dyke et al., 1986; Van Sickle and Lindzey,
1992). An understanding of differences in migration strategies within a population or
between subpopulations is imperative for such techniques to provide accurate
information.

We quantified timing of migration in mountain lions and tested for differences in
size and distribution of their home ranges in summer and winter. In addition, we
described several strategies of movement by mountain lions within a single subpopulation
and tested for differences in the size of home ranges by animals following those disparate
patterns. We also discuss potential implications of home-range dynamics in mountain
lions for social regulation and conservation of this solitary carnivore.

MATERIALS AND METHODS

Study area.---Round Valley, located on the eastern side of the Sierra Nevada, a
major mountain range in California (37°24N, 118°34'W), was the winter range for a
migratory population of mule deer. Most of those deer migrated to the west side of the
Sierra Nevada mountains in spring and returned to Round Valley each autumn (Kucera,
1992). The crest of the Sierra Nevada provided a distinct boundary between the east and
west sides of that mountain range, with many peaks >4,000 m above mean sea level.
Migration of deer occurred via several mountain passes >3,000 m. Most deer moved to
summer ranges over the crest of the Sierra Nevada in mid-June and returned to winter
range by mid-November. The White Mountains, ca. 25 km E of Round Valley, also rise

to 4,000 m and were inhabited by a resident population of mule deer.
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Analyses of home ranges.---We monitored the population of mountain lions
associated with the deer herd in Round Valley from February 1992 to October 1997. We
captured 21 adult mountain lions using hounds or snares (Davis et al., 1996; Pierce et al.,
1998) and fitted them with radiotelemetry collars during November 1991--May 1995.
We used a fixed-wing aircraft to locate mountain lions each week. A maximum density
of 10 adults (ca. 1 mountain lion/25 km?) was recorded within the boundary of the study
area in 1992--1993. Density of mountain lions was likely highest in winter 1991--1992
before several adults died. These deaths occurred prior to our collaring all known
individuals, and we could not confirm their presence on the study area during
aerial-telemetry flights; therefore, we did not include that period in our analysis of
mountain lion density. All methods used in this research were approved by the
Institutional Animal Care and Use Committee at the University of Alaska Fairbanks.

The CALHOME (Kie et al., 1996) program was used to calculate 95% home
ranges using the adaptive-kernel method (Worton, 1989) for nine adult mountain lions
with locations (X'= 29.2, SD = 5.8) that spanned >12 months. For females that made
extensive seasonal movements, we estimated annual home ranges using the first location
of an individual on winter range (east side of the Sierra Nevada) through the last location
of that individual on summer range (west side of the Sierra Nevada, or in the White
Mountains). For some of those females, analysis of home range resulted in separate 95%
contours for winter and summer. Therefore, discontinuities between home ranges in

winter and summer were not the result of pre-selecting dates but were based on adaptive-
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kernel analyses. For instances where mountain lions had disjunct home ranges, we tested
for differences in sizes of winter and summer home ranges using the Wilcoxon matched-
pairs signed-ranks test (Siegel, 1956).

Some females followed the beginning of the deer migration N but remained on the
east side of the Sierra Nevada throughout summer. In most instances, there were not
dramatic movements to and from seasonal home ranges, and those females periodically
returned to winter range during summer. Because no distinct migrational movements
were identified, analyses of annual home ranges were based on the first location obtained
in November through the last one recorded in the following October. That period
coincided with the arrival of deer on winter range. For periods that did not span 12
months prior to November or following October, data were excluded. Two males also
were included in the analyses using the same criterion.

Percent overlap of seasonal home ranges was measured for females that had
discontiguous seasonal home ranges on opposite sides of the Sierra Nevada and returned
to those home ranges in consecutive years. Percent overlap was calculated as the area of
overlap for two consecutive seasonal home ranges, divided by the area of the smallest of
the two home ranges. We calculated that measure using 95% contours from 2
consecutive years for one female and 4 consecutive years for the other.

RESULTS
Mountain lions exhibited two distinct patterns of movement in response to

migration of mule deer. Some mountain lions moved gradually, remaining on the eastern
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11
scarp of the Sierra Nevada and often having home ranges that overlapped throughout the
year. Analysis indicated a single annual home range for those mountain lions. Other
mountain lions made two long-range movements each year, also corresponding with the
migration of the deer herd. Those mountain lions moved across the crest of the Sierra
Nevada or to the White Mountains. Analysis of home ranges for that pattern of
movement generally defined two distinct areas, one each for summer and winter. Those
mountain lions that crossed the crest of the Sierra Nevada or migrated to the White
Mountains likely overlapped with other subpopulations of mountain lions known to
inhabit that region of their summer distribution.

Five of nine mountain lions moved north (three females and one male) or south
(one male) with the deer herd as it dispersed from Round Valley to summer range. One
of those females did not return to the winter range during one summer and had disjunct
home ranges in summer and winter. Movements were gradual for four individuals and
did not result in discontiguous home ranges between seasons in eight of nine instances;
the male that moved southward had distinct summer and winter home ranges in 1 of 4
years. Mean (+ SD) size of annual home ranges was 817 + 379 km®. Three female
mountain lions followed the migration routes of the deer in spring through high mountain
passes, and established summer ranges west of the crest of the Sierra Nevada (Fig.
1.1a,1.1b,1.1d). A fourth female moved eastward in spring after leaving Round Valley

and established a home range in the White Mountains during summer (Fig. 1.1c). The
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FIG. 1.1---Winter and summer home ranges (95% adaptive kernels) for four
female mountain lions (a, b, ¢, d) that migrated from winter range in Round Valley,
California, to summer ranges on the west side of the crest of the Sierra Nevada and the

White Mountains. For clarity, only 4 of 6 consecutive years are shown for the female in

Fig. 1d.
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following year, that female switched her pattern and moved N of Round Valley, had a
single annual home range and raised a litter of young (Bleich et al., 1996). That female
remained in close proximity to other females inhabiting the east side of the crest of the
Sierra Nevada during summer.

Timing of migration by mountain lions corresponded with the mrigration of mule
deer. All four mountain lions that made extensive movements (Fig. 1.1) migrated by July
and returned to Round Valley by November every year, except one individual that crossed
the crest of the Sierra Nevada in December 1993 and August 1994. Of the three female
mountain lions that migrated westward over the Sierra Nevada, two traveled with single
male offspring.

Seven of nine migrations of mountain lions over the crest of the Sierra Nevada
resulted in winter and summer home ranges that were not contiguous (Fig. 1.1), and
movements of those mountain lions occurred after migrations of deer in autumn and
spring. Mean (3 SD) size of summer (292 + 120 km?) and winter (307 + 152 km?) home
ranges for two mountain lions with disjunct seasonal ranges on opposite sides of the
Sierra Nevada did not differ significantly (Z=-0.169, d.f = 6, P = 0.87). Mean (+ SD)
size of summer (425 + 475 km?) and winter (476 + 465 km?) home ranges for all
mountain lions with disjunct ranges also did not differ (Z=-0.612, d.f =9, P =0.54).
The two mountain lions that crossed the crest of the Sierra Nevada and returned to
summer home ranges in consecutive years exhibited strong fidelity to home-range in

summer and winter (Fig. 1a,1d). Overlap of home ranges was 33% in summer and 100%
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in winter for one of those females. Mean (+ SD) overlap for the other female was 71 +
15% for summer, and 83 + 15% in winter.

Both males included in analyses also remained on the east side of the Sierra
Nevada throughout summer. One moved northward and had a single annual home range
that overlapped those of the females that remained on the east side. One repeatedly
moved southward along the Sierra Nevada and into the Owens Valley adjacent to the east
side of those mountains.

DISCUSSION

Our results indicate that mountain lions that depend on migratory prey may have
multiple strategies of migration that allow them to cope with changing densities of prey.
Mountain lions that wintered with a migratory deer herd on the east side of the Sierra
Nevada exhibited two general patterns of movement. Most remained on the east side of
the Sierra Nevada during summer, extending their winter range but returning to it
periodically throughout the year. Most mountain lions exhibiting that pattern of
movement had singular annual home ranges that tended to overlap those of other lions.
Because those mountain lions moved together with the herd of mule deer and remained in
close proximity to one another, they may not have interacted with mountain lions from
other winter ranges. Mountain lions that migrated to the west side of the Sierra Nevada
or to the White Mountains tended to make long-range movements that resuited in distinct
summer and winter ranges. Three mountain lions that migrated over the crest of the

Sierra Nevada and one that migrated to the White Mountains became members of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15
different subpopulations during summer and winter. Furthermore, the female that
migrated to the White Mountains in one summer changed her pattern of movement and
overlapped extensively with mountain lions on the east scarp of the Sierra Nevada the
following summer. Although sample size of locations was too small for making
inferences about home-range sizes for some individuals, our results demonstrated distinct
patterns in movement among mountain lions and indicated multiple patterns of migration
and flexibility in social behavior in response to changing densities of prey.

Track censuses have been proposed as a meaningful method for estimating trends
in populations of mountain lions throughout much of their range (Beier and Cunningham,
1996; Currier, 1976; Koford, 1978; Van Dyke et al., 1986), including the eastern Sierra
Nevada (Smallwood, 1994). Where some mountain lions migrate seasonally and others
do not, investigators cannot be certain of the population being monitored; survey results
also may vary with season and, hence, lead to spurious conclusions. The potential for
mountain lions to migrate needs to be considered in planning such surveys.

Knowledge and understanding of migration patterns have fundamental importance
for conservation of mountain lions. Migration is an adaptive strategy that likely evolved
in response to variability in the environment (Baker, 1978). Multiple strategies, where
some segment of a population migrates while another remains resident, have been
observed for mule deer (Nicholson et al., 1997), and that same behavior was evident
among mountain lions inhabiting Round Valley. Therefore, viability of some populations

of mountain lions may rely on seasonally distinct geographic regions that allow
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individuals to cope with environmental fluctuations. Furthermore, because migration
often requires suitable habitat for movement between seasonal ranges, maintenance of
corridors for migration by mountain lions may be essential for maintenance of some
subpopulations, as has been suggested for dispersél corridors for mountain lions in
southern California (Beier, 1993, 1995, 1996). Moreover, gene flow among populations
of mountain lions may be as dependent on patterns of migration of adults as it is on
dispersing juveniles. Thus, migratory behavior by this large felid may play a critical role
in metapopulation structuring (Levins, 1970).

Several mountain lions repeatedly migrated into areas that they had left vacant for
>6 months. During summer, home ranges of those individuals were in areas inhabited by
subpopulations of mountain lions that spent each winter in areas isolated from Round
Valley (Bleich and Taylor, 1998; Torres et al., 1996). In winter, those individuals
reestablished home ranges in Round Valley among mountain lions with which they had
not interacted throughout summer. Extensive movements of mountain lions suggest that
the social system thought to play a role in regulating populations of mountain lions
(Seidensticker et al., 1973) may be far more flexible than previously recognized.
Extensive overlap of home ranges of mountain lions occurred on a seasonal basis.
Migratory populations of prey and their resultant shifts in density likely caused numbers
of mountain lions to fluctuate seasonally.

Factors promoting social regulation (Watson and Moss, 1970) may operate

differently in populations of mountain lions that feed on migratory prey compared with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17
populations where densities of prey do not vary seasonally. In situations such as our
study area, mountain lions can reach high densities and potentially have a strong
influence on populations of mule deer (Bleich and Taylor, 1998). Rescarch on the
potential for social regulation to limit densities of mountain lions must include detailed
information about distribution of their primary prey (Anderson et al., 1992). Whether the
patterns of distribution for mountain lions we observed can lead to social regulation
requires further study, but these patterns certainly raise questions about existing
paradigms of social behavior of mountain lions.
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*CHAPTER 2
SOCIAL ORGANIZATION OF MOUNTAIN LIONS:

DOES A LAND-TENURE SYSTEM REGULATE POPULATION SIZE?

Abstract. Mountain lions (Puma concolor) are thought to regulate their
populations via social behavior. The proposed mechanism is a land-tenure system that
results in exclusion of individuals from the population through intraspecific aggression or
mutual avoidance. In the absence of mortality from intraspecific aggression, social
behavior can regulate a population only by limiting reproduction. Hence, several
predictions can be made for a population that is regulated by social behavior via a land-
tenure system: 1) individuals should not be distributed randomly but each should have its
own distinct distribution, and these individuals should maintain regions of exclusivity; 2)
the use of food resources within the distribution of an individual should not be random,
but should be clumped as individuals try to exclude each other from access to prey; 3)
these clumps of prey must not be simply the result of prey distribution but of social
interactions; and 4) social interactions and defense of food resources should occur in
regions where distributions of individuals overlap; therefore, prey use by individual lions
in areas of overlap should be less than expected based on the distribution of prey.

We tested hypotheses regarding social regulation for a group or “population” of

2
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mountain lions that co-occurred, on a winter range with a population of mule deer
(Odocoileus hemionus) in the eastern Sierra Nevada, California from 1991 to 1997.
Individual mountain lions (# = 10) exhibited distinct distributions, and deer killed by
individuals (n = 112) were not randomly distributed within the distribution of the lion that
did the killing. Furthermore, the nonrandom distribution of lion-killed deer could be
explained by the distribution of deer alone, but this result was marginally not significant
(P = 0.06) and suggested that something else affected the location of kills made by lions.
Results of tests of whether the presence of another mountain lion affected where
individuals chose to kill prey indicated that social interactions had no effect. The
distribution of deer killed by individual mountain lions in areas of exclusive use and areas
of overlap was identical to what was expected based on the distribution of deer alone.
This outcome indicated social behavior was not regulating the population of mountain
lions via partitioning of prey, and that temporal differences in use of space could not
explain the distribution of mountain lions we observed.

Key words: Puma concolor, Odocoileus hemionus, predation, social behavior,

land-tenure, population regulation.

INTRODUCTION
Social behavior and organization has been proposed as a mechanism for
regulating populations of mountain lions (Puma concolor). Hornocker (1970) indicated

that numbers of mountain lions did not increase with increases in populations of mule
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deer (Odocoileus hemionus) and elk (Cervus elaphus), suggesting that territoriality
limited the population of mountain lions independent of prey density. Further
investigation of this same population lead to the hypothesis that mountain lions exhibited
a land-tenure system where individuals used common areas but separated temporally by
maximizing distances between individuals through visual and olfactory cues
(Seidensticker et al. 1973). Indeed mountain lions can be territorial and resulting
aggression often leads to death of conspecifics (Anderson et al. 1992). Population density
was thought to be limited because individuals could not establish residence unless a home
area became vacant (Seidensticker et al. 1973). This behavior, termed “mutual
avoidance” (Homocker 1969), has become the paradigm for how biologists view the
social organization of mountain lions, and some other large felids (Smith et al. 1987).

Criteria necessary to invoke social behavior as a mechanism for regulating a
population were outlined by Watson and Moss (1970) and emphasized by Seidensticker
et al. (1973). Their first two criteria required that reproduction be limited in individuals
that could otherwise breed if social interactions with conspecifics did not inhibit them
from doing so. The third requirement emphasized that resource limitation must be
eliminated as a contributing factor, and that mortality or depressed recruitment attributed
to social behavior must be inversely correlated with other causes of mortality or
depressed recruitment. Although we do not address the potential for mortality resulting
from intraspecific aggression to regulate the population of mountain lions in our study

because young mountain lions may have been killed without our knowledge, the
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hypothesis of social regulation in mountain lions, however, is generally reliant on a
scenario where transient individuals are excluded from becoming permanent members of
the population regardless of the availability of prey. Populations of mountain lions are
believed to be self-regulating because several studies reported that these large felids
remained below the prey-based carrying capacity, suggesting that food was not regulating
their populations (Hornocker 1970, Seidensticker et al. 1973, Lindzey et al. 1994).
Although mountain lions may partition space and avoid one another temporally, spatial
partitioning and mutual avoidance cannot reduce passive competition for resources and
therefore, alone, cannot explain population limitation. If social regulation does operate in
mountain lions through spatial partitioning of their distributions, then there also must be
partitioning of prey. Individuals must exclude conspecifics from enough food to limit
reproduction while maintaining more than enough for themselves. This interaction
necessarily would occur in areas of distributional overlap, resulting in fewer prey being
killed in such areas than would be expected based on resource availability, as Mech
(1977) reported for territorial wolves (Canis [upus). Furthermore, not only must this
prediction hold to invoke social behavior as a mechanism of population regulation, but
exclusion from prey also must be demonstrated to explain density limitation of mountain
lions through spatial partitioning and mutual avoidance.

The spatial pattern of individuals in a population is the result of adaptive

strategies by those individuals ostensibly to maximize reproductive success (Macdonald

1983). For females especially, the patterns observed are often a result of the dispersion
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and abundance of food, whereas distributions of males are strongly influenced by the
spatial organization of females (Clutton-Brock and Harvey 1978). Understanding the
patterns of spatial organization requires information on the arrangement of individuals
across the landscape, how they partition space, and the role of sex and age class on such
relationships (Kruuk 1995).

For mountain lions to regulate their population or density through a land-tenure
system in conjunction with mutual avoidance, the distribution of individuals and their use
of prey within an area cannot be random. Individuals must partition space and prey so
that each individual has a unique distribution; otherwise, use of food resources would be
a result of scramble competition. With such partitioning of food, competition is
necessary to account for population regulation.

Gittleman (1989) argued that home ranges that are totally exclusive can develop
only where resources are evenly distributed and extremely stable. Each home range must
contain adequate food to sustain the individual through the most critical periods while
also supplying enough for the remainder of the year. If food resources vary in time and
space, an individual may use a region larger than necessary for a particular period of time
because resources in that area were necessary at other more-limiting times. This spatial
pattern provides opportunities for other conspecifics to make use of the extra space. Such
a scenario often leads to a system of overlapping home ranges for solitary carnivores that
is a direct result of competition for food resources despite the apparent lack of food

limitation (Gittleman 1989). Therefore, distinct distributions of individuals and prey in a
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population are necessary to invoke social regulation, but such distributions also can arise
in a population regulated by competition.

In addition, if mountain lions were preventing conspecifics from gaining access to
prey, we predicted that deer killed by mountain lions would not be randomly distributed,
but rather would be clumped within the distribution of individual lions. For social
behavior to act as a mechanism allowing mountain lions to sequester prey, individuals
should limit the ability of conspecifics to kill prey in that portion of shared distributions.
That outcome would result in a nonrandom distribution of kills for the population even if
several individuals were so dominant they could use prey within their own distribution at
random. A clumped distribution of kills within the distribution of a mountain lion,
however, is not evidence of social interactions. A mountain lion distribution may be the
result of a variety of needs for that individual resulting in some habitats being used
independent of the distribution of prey. Moreover, the behavior of prey alone could
cause a clumped distribution of kills within the area used by an individual mountain lion.
Therefore, a clumped distribution of deer killed by individual mountain lions within their
own distributions would be expected for a population regulated by social behavior but
also could be explained by the distribution of habitats or prey. Thus for social regulation
to occur, spatial partitioning by mountain lions must be the result of social interactions
and not just a function of the distribution of prey. Furthermore, if lion and prey
distributions differ, factors other than social behavior, such as different needs and habitat

selection, should be considered.
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If social interactions between individuals are limiting access to food, then the
abundance of prey available to an individual mountain lion in an area shared with another
lion should be less than in an area of exclusive use. Even if one individual is dominant in
the area of overlap, the result for the population would be fewer prey available in arcas of
overlapping distributions than in areas of nonoverlap. Finally, if prey are being defended
by mountain lions through social interactions to an extent sufficient to limit numbers or
density of the lion population, then fewer prey than expected should be killed by
mountain lions in areas that they share with conspecifics when compared with areas of
exclusive use. Although tests of behavioral regulation of populations have been
conducted for a large herbivore (Berger 1986), critical tests of this hypothesis in large
carnivores are few.

We tested hypotheses related to how the social organization of the mountain lions
might lead to the regulation of their population using an hierarchical approach. We first
tested for differences in the spatial distribution of lions within and between the sexes.
The absence of spatial differences between individuals would falsify ideas about potential
partitioning of prey. We also tested for spatial differences in the distribution of mountain
lions and mule deer killed by these predators to assess the potential for competition for
food in relation to social organization. Likewise, we examined the clumping of deer kills
within the distribution of individual lions to test whether lions might preclude
conspecifics from obtaining food. We examined this same relationship for the

distribution of lions and live deer. We determined if lions had more deer available within
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zones of exclusive use than in areas of overlap. Finally, we tested for differences in the
proportion of deer killed in regions of overlap and nonoverlap, controlling for the
availability of deer in each area. The failure to find differences in these zones of use
would falsify the hypotheses that mountain lions partitioned space to obtain exclusive use
of prey. Such sequestering of prey is necessary to posit regulation of the population via
social organization.

METHODS
Study area

Round Valley (37°24'N, 118°34'W), located on the east side of the Sierra Nevada
in eastern California, is the winter range for a migratory population of mule deer and the
mountain lions that prey upon them. The Sierra Nevada casts a rain-shadow over the
region to the east of that mountain range. Annual precipitation is highly variable: the
coefficient of variation of annual precipitation was 68% during 1951-1987, and
precipitation ranged from 3.8 to 45.8 cm (Kucera 1988). Precipitation is strongly
seasonal, with about 75% occurring between November and March (Kucera 1988).
Temperatures range from -18° C in winter to 37° C in summer.

The predominant vegetation association in Round Valley is typical of the
sagebrush (4rtemisia tridentata) belt described by Storer and Usinger (1968) and is
characteristic of the Great Basin. Bitterbrush (Purshia tridentata), sagebrush, and
rabbitbrush (Chrysothamnus nauseosum) predominate in a mosaic where patches of

blackbrush (Coleogyne ramosissima) and mormon tea (Ephedra nevadensis) are
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common. Salix sp., Rosa sp., and Betula occidentalis occur in riparian areas. Forbs
generally are unavailable in winter, but include Eriogonum kennedyi, and Lomatum sp.
Grasses include Stipa speciosa, Oryzopsis hymenoides, Sitanion jubatum, S. histrix, and
Bromus tectorum (Kucera 1988).

The western edge of Round Valley is bounded by Wheeler Ridge (3,640 m) and
Mount Tom (4,161 m), and is characterized by steep, precipitous slopes that are abutted
by rocky alluvial fans. Round Valley is bounded to the north by Sherwin Grade at 2,135
m that gently slopes into the valley floor at 1,375 m. The valley extends south, rising into
the Buttermilk Country, a region of large boulders and granitic ridges, tall bitterbrush,
pinyon pines (Pinus monophylla) and Utah junipers (Juniperus osteosperma). To the
southeast lie the relatively dry and open Tungsten Hills. Highway 1‘;95 , the main north-
south route from Reno, Nevada, to the Los Angeles basin, California, defines the eastern
boundary and is coincident with a geological shift into the Volcanic Tablelands.
Approximately 3.2 km? of this area is developed as residential housing and 18.3 km? of
open pasture occurs in the lower portion of the valley. Deer do not use these pastures
unless heavy snows drive them to lower elevations from areas dominated by bitterbrush.
There is one alfalfa ranch, surrounded by a deer-proof fence that is 3-m high. Deer
inhabit about 90 km? of this range during November-April (Kucera 1988), but the area
used varies with snow depth.

The deer herd inhabiting Round Valley migrates to high elevations (> 2500 m) on

the west side of the Sierra Nevada (Kucera 1992, Pierce et al. in press) to take advantage
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of high-quality forage during the dry summer (Kucera 1997). Mule deer accomplish this
crossing by moving north or south of the valley and traversing several passes at elevations
> 3,000 m. Because of the rain-shadow from the Sierra Nevada, Round Valley is
characterized by a much drier climate than the summer range used by deer and mountain
lions that migrate to the west side of the crest. These summer ranges are characterized by
areas of extensive glaciation with high mountain meadows, Jeffrey pine (Pinus jeffreyi),
and lodgepole pine (P. contorta). Deer remain on the summer range until autumn when
winter storms push these herbivores back over the crest and down to the valley floor.

Summer ranges of deer from Round Valley are adjacent to those of deer that
winter on the west side of the Sierra Nevada and interspersion of both deer herds occurs
(Jordan 1967), as it does between other migratory deer from the west and east sides of
that mountain range (Loft et al. 1989). Mountain lions that winter with the west-side
herds of deer also move to summer ranges at these higher elevations while following
those deer (E. R. Loft personal communication, Pierce et al. in review). Therefore, two
herds of deer share these summer ranges and, consequently, mountain lions from Round
Valley repartition space on the winter range after months of being apart. Moreover, these
large felids likely interact on the summer range with mountain lions that occupied a
separate wintering area.

The deer population wintering in Round Valley declined steadily from about
6,000 (66/km?) animals in 1985 to < 1,000 (10/km?) deer in 1991. That decline

corresponded with a severe drought and a subsequent reduction in forage availability
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(Kucera 1988). The end of the drought coincided with the beginning of our study in
1991. Following the decline of the deer population in the 1980s, estimated numbers of
deer on the winter range increased gradually over the period of the study from 1,344
(15/km?) in 1993 to 1,913 (21/km?) in 1997. During that same period, average numbers
of adult mountain lions located on the winter range by telemetry flights conducted
weekly, plummeted from 6.1 in winter 1992-1993 to 3.0 in 1996-1997.
Sampling

We captured 21 adult mountain lions (12 females, 9 males) in Round Valley and
fitted them with radio collars from November 1991 to May 1995 using techniques
described by Davis et al. (1996). When weather allowed, mountain lions were located
weekly via aerial telemetry from a small fixed-wing airplane. We also captured 310 mule
deer (217 females, 93 males) and fitted them with radio collars during winter and spring
from 1993 to 1997. Deer were captured using Clover traps (n = 9; Clover 1956), drop
nets (n = 2; Conner et al. 1987), and a net gun fired from a helicopter (» = 299; Krausman
et al. 1985). We captured deer throughout their winter range and intentionally avoided
pursuing animals from groups that already included more than one animal that was
collared previously. We distributed brown collars among adult males and colored collars
among females in the approximate proportion of their estimated occurrence in the
population (1:3). Young less than 1 year old (n = 113) were fitted with brown,
expandable collars close to a 1:1 sex ratio (Bleich and Pierce, in press).

Total counts of deer on the winter range in Round Valley have been made
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annually in January since 1985 by the California Department of Fish and Game. Counts
were conducted by two observers in a helicopter traveling about 75 km/h at an altitude of
approximately 60 m. Transects were flown across the valley to the upper elevation at
which deer tracks were observed in the snow, and sex and age classes of deer observed
were recorded. In 1994 and 1997 snow was not present on the valley floor at the time of
the survey, and a modified Lincoln-Petersen method with a “bias adjustment” (Chapman
1951) was used to estimate the deer population. During January male and female deer
were in mixed groups and the whole winter range used by both sexes was surveyed so
that our estimate was for the entire population. We based this estimate on the number of
radio-telemetry collars observed during the count. We used only colored collars that were
easily visible from the helicopter; their presence on the study area was confirmed during
an aerial-telemetry flight conducted the previous day.

The average number of mountain lions present on the winter range each year was
calculated using the number of lions present within the study-area on telemetry flights
conducted weekly from November to April. The first year of study was excluded from
this analysis because not all lions known to be on the winter range had been fitted with
radio collars at that time.

We used a geographic information system (GIS), ARC/INFO (Environmental
Systems Research Institute, Redlands, CA), to calculate the distances among individual
mountain lions (n = 21) for each telemetry flight; accuracy of locations was about 4 ha

(Nicholson et al. 1997). We used locations gathered only during flights in winter
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