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Assessing mountain lion (Puma concolor) populations is difficult due
to their inherently low densities, secretive nature, and a near absence
of demographically closed populations. We developed and compared
two methods of indexing the number of mountain lions within a subset
(referred to in this paper as the core area) of a total study area. The study
area was defined as the outer boundary of combined home range polygons
for all collared mountain lions. Therefore, the study area was regularly
occupied by uncollared individuals whose home ranges overlapped the
study area boundary. We determined through intensive capture efforts
and monitoring that the much smaller core area was used only by adult
mountain lions that we had identified and collared and was not used in
any significant manner by uncollared adults. We derived two indices to
the number of lions using the core area. One index is based on location
data from VHF aerial telemetry (“fixed wing index”); the second index
is based on a combination of fixed wing locations and GPS collar data
combined (“location data index”). The fixed wing index yields the mean
number (and variance) of adult individuals located in the core region of
the study area each of 15 winters during weekly telemetry flights. The
location data index is based on the sum of the proportions of locations for
each individual that are within the core area each winter. The two indices
were highly correlated, and the trends generally were in the same direction
and changes in each were of a similar magnitude. These methods are
preferable to attempting total counts because the periphery of any study
area will occasionally be occupied by unmarked animals. Our methods
account for those individuals, but they are not afforded the same weight as
mountain lions that use the area frequently or exclusively. Managers with
GPS radio collar data are encouraged to delineate a core area, where all
lions known to use the area are collared, and use the sum of the proportion
of locations from each individual in that area to index density, population
size, number of animals present, or use.
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There are a number of methods for assessing mountain lion (Puma concolor)
population size and population trends; however, none of these has proven to be consistent and
reliable (Jenks 2011). Further, the use of differing methods by managers among jurisdictions
makes comparisons across regions difficult and questionable. Population estimators are
inherently biased because the methods used to collect the data are biased. Nevertheless,
many researchers believe that the most reliable estimates of density (individuals/unit area)
are derived from long-term radio-telemetry studies that attempt to mark and keep track
of all animals in a given geographic area (Jenks 2011). This method, however, is best
considered a minimum count for which no variance can be calculated. Despite this potential
shortcoming, that method is used widely by researchers and is considered the “gold standard”
for determining mountain lion numbers, against which indices to mountain lion abundance
should be compared (Seidensticker et al. 1973, Hemker et al. 1984, Logan and Sweanor
2001). Other methods, including non-invasive camera traps (e.g., Hughson et al. 2010),
scent stations (e.g., Long et al. 2003)—or a combination of the two (Munoz-Pedreros et al.
1995)—and genetic techniques using material obtained from hair snares or feces (e.g., Ernest
et al. 2000) also are problematic (see Rinehart et al. 2014 for a comprehensive review).
An index is a number that is monotonically related to population size. The best
indices are linearly related to the true size of the population (Cougar Management Guidelines
Working Group 2005). However, unless detection probabilities are known or estimated
from the data, index values can reveal little about other parameters of interest, such as adult
survival or fecundity (Anderson 2001, 2003), as re-emphasized by B. L. Pierce et al. (2012).
Many indices to the abundance of mountain lions have been developed and, despite the
admonition of Anderson (2003), the application of an index does not automatically imply an
inappropriate procedure (Engeman 2003), as they can be useful in detecting large changes in
a population or determining directional trends. Most indices, however, are never calibrated
with a population of known size (B. L. Pierce et al. 2012).
Track surveys, which have been widely used for many decades are not reliable
(Grigione et al. 1999) because they can be biased by habitat type, substrate, skill of the
tracker, weather conditions, the likelihood of missing a transient animal, traffic volume,
or the ability to distinguish among individuals. McBride et al. (2008) developed an index
based on the minimum number of lions known to be alive, but it is most useful for small
closed populations studied for a long period of time, such as those isolated by urbanization.
However, it should not be relied upon for inferences about population trends (Cougar
Management Guidelines Working Group 2005). Additionally, hunter returns can be affected
by hunting effort, harvest bias for sex or age class, and variance in the ability of individual
mountain lions to elude hunters.
Choate et al. (2006) reviewed the most commonly used population indices for
mountain lions while testing their accuracy with radio collared populations. They found
that track surveys, catch per unit effort, and other methods—such as harvest models and
scent stations—performed poorly. Those authors noted, however, that multiple indices
used after an initial population estimate could be used conservatively to support shortterm management decisions. As a result, Choate et al. (2006) maintained that an intensive
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effort to radio collar individual lions is the most reliable method to enumerate population
size, estimate density, and determine trends in population growth. Similarly, Rinehart et al.
(2014) described biases associated with various methods of calculating population densities
of secretive carnivores and concluded, “... radio-telemetry remains the most viable option
for certain carnivore species, pumas among them.”
Choate et al. (2006) calculated density by dividing the total number of individuals
estimated to be present by the size of the study area, expressing density as the number of
animals/unit area. Density estimates for species with overlapping home ranges, however, can
be subject either to extrapolation bias or residency bias (Rinehart et al. 2014). Extrapolation
bias results when scaling a density to a spatial extent that differs from that of the study
area upon which the estimate was based; residency bias occurs when the reference area
for the density estimate is inappropriate (Rinehart et al. 2014). Using a series of modeling
exercises, Rinehart et al. (2014) concluded that density estimates are biased upward for
open populations; estimates projected “backwards” from large to smaller areas resulted in
negative bias, and the extrapolation “forwards” from a small area to a larger one resulted
in positive bias.
Some genetic substructuring has been reported among mountain lion populations
(Walker et al. 2001, Ernest et al. 2003), but populations in the western United States and
throughout their range are rarely isolated from each other (Sinclair et al. 2001, Stoner et al.
2006, Andreasen et al. 2012). Indeed, mountain lions are capable of seasonal, long-distance
migratory movements (Pierce et al. 1999), and are known to travel hundreds of kilometers
when dispersing from natal areas (Thompson and Jenks 2010). Moreover, both home range
size and the distribution of mountain lions can be affected by sex, or availability of resources
such as prey (Seidensticker et al. 1973, Pierce et al. 2000b; see Pierce and Bleich 2003 for a
comprehensive review). Therefore, the designation of a study area, based on the extent of the
movements of collared mountain lions is problematic and the estimation of population size
and population trends for mountain lions based on study area boundaries can be misleading.
As a result of these demographic and life history characteristics, use of a study
area by known individuals whose home ranges overlap the pre-established boundaries are
overestimated because some individuals might be present in the study area only infrequently.
Additionally, transient animals could be counted as unique individuals, even if only present
on the study area temporarily. Mountain lion populations that are radio collared after intensive
efforts to catch a majority of individuals present remain the best method for calculating
population estimates and trends (Rinehart et al. 2014). We tested the idea that collaring every
lion within or near a particular geographic area is the most meaningful method to determine
population density and trend if the proportional amount of radio telemetry data for each
individual within that geographic area is considered. Further, we compared the results of
two indices derived from that method.
Materials and Methods
Study area.—Round Valley (118° 28’ W, 37° 28’ N), located east 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 (Kucera 1988, Pierce et al. 2004, Monteith et
al. 2011, B. M. Pierce et al. 2012, Monteith et al. 2014). Mean monthly temperatures range
from 8° C to 16.8° C. The predominant vegetation type in Round Valley is sagebrush steppe
(Pierce et al. 2004), characteristic of the western Great Basin.
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Methods.—During 1991–2007 we used hounds or snares to capture mountain lions
that used the Round Valley winter range and, beginning in 2000, individuals throughout
the eastern Sierra Nevada including Round Valley, for the purpose of protecting Sierra
Nevada bighorn sheep (Ovis canadensis sierrae), an endangered taxon (USFWS 2007). We
considered any mountain lion that was no longer dependent on its mother to be an adult.
We conducted regular and intensive searches for mountain lions throughout the study area
during 1991–2007. These intensive searches provided strong evidence that all mountain
lions that used the winter range in Round Valley were fitted with radio collars by 1993,
a situation that remained constant throughout our investigation. Detailed descriptions of
searches for mountain lions and mule deer killed by predators were provided previously by
Pierce et al. (1998, 2000a, 2000b; B. M. Pierce et al. 2012).
We focused our efforts for this study during winter because we were interested in the
impacts of mountain lion predation on mule deer and bighorn sheep on winter ranges. Both
species use concentrated areas in Round Valley during winter; additionally, we discovered
that during summer, some mountain lions made long distance movements, following the
migrating mule deer to the west side of the Sierra Nevada, or moved east to other mountain
ranges (Pierce et al. 1999) . Those long distance movements made collecting location data
more difficult, and expanded the study area causing it to overlap a much larger number
of unmarked mountain lions. Therefore, the core area was representative of the collared
mountain lions using winter ranges but not summer ranges.
We developed the fixed wing index prior to the availability of GPS radio collars
for mountain lions. Following the deployment of GPS collars on mountain lions in 1998
(Bleich et al. 2000), we continued with the fixed wing flights and were able to compare that
index to one using the proportion of locations from VHF data alone (fixed wing index) and
combined VHF and GPS data (location data index). We determined the mean number of
collared mountain lions on the study area during telemetry flights at weekly intervals from
November to April each year, and used that value to index the number of adult mountain
lions on the winter range annually. We excluded winter 1991–1992, because we captured
the first mountain lion during December 1991 and continued to capture new, unmarked
lions in Round Valley until November 1992, by which time we had captured 12 adults.
From then on, our intensive effort to detect and capture new, unmarked lions was constant
from year to year (Pierce et al. 2000a, 2000b). All research methods were approved by an
independent Animal Care and Use Committee at the University of Alaska Fairbanks, and
complied with guidelines published by the American Society of Mammalogists for research
on wild mammals (Committee on Acceptable Field Methods 1987).
We delineated a 450 km2 core area within the intensively hunted Round Valley
study area (Figure 1). Fixed-wing telemetry flights for mountain lions emphasized locating
all animals known to use the core area in Round Valley. We used the same pilots and
aircraft as those used by Nicholson et al. (1997) and Oehler et al. (2004), and location error
(±170 m) was small (12.5 ha) compared to the size of the core area (450 km2).We plotted
locations using ArcView 9.3, and the number of adult mountain lions located within the
core area during each weekly flight was averaged for each winter. The average number of
mountain lions located within the core area during telemetry flights constituted the fixed
wing index for each year. Concurrently, location data from combined aerial telemetry and
GPS collar locations for adult mountain lions known to use the core area were plotted. The
proportion of locations that landed within the core area during winter was calculated for
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Figure 1.―The study area and pre-defined core area encompassing Round Valley (118° 28’ W, 37° 28’ N), Inyo
and Mono counties, California, that was established to develop indices to the number of mountain lions (Puma
concolor) present in the core area each winter from 1993 to 2007, as described in this paper.

each individual, and those proportions were summed to produce the location data index.
For example if there was a total of two mountain lions known to use the core area during a
particular winter, a mountain lion with 50% of its total locations within the core area and a
mountain lion with all of its locations in the core area, the first lion would receive a score
of 0.5, while the second would receive a score of 1.0. Those values would then be summed,
yielding a location data index of 1.5 mountain lions for the winter.
We tested for association between the indices over 15 years (1993–2007) with
the Spearman Rank Correlation Coefficient (ρ; Siegel 1956). We used a 2-tailed Wilcoxon
Matched-Pairs Signed-Ranks Test (W; Siegel 1956) to compare changes in index values
in the estimated numbers of mountain lions present in the defined area based on aerial
telemetry methods (e.g., FWI1994 – FWI1993) and estimates based on proportion of use each
year (e.g., LDI1994 – LDI1993) over 14 winters from 1994 to 2007 (Table 1). We set α=0.05,
and performed statistical tests using VassarStats (Lowery 2014). We present the test statistic
and associated probability derived from each test, as well as the equivalent t-value or z-value
and associated probability, as calculated by Lowery (2014).
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Table 1.―Number of collared mountain lions each winter known to have used a core area at least once, mean
number of lions present and standard error (SE) derived from aerial telemetry during winter, and the cumulative
proportion of mountain lions present each winter in the predefined area of 450 km2 encompassing Round Valley,
Inyo and Mono counties, California, 1993–2007.

Year

Available
lions (N)a

Fixed-wing
Index(SE)b

Location Data
Indexc

1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

10
9
8
5
4
4
2
3
3
4
3
3
6
6
3

6.09 (0.744)
5.83 (0.599)
5.38 (0.195)
4.27 (0.258)
2.80 (0.159)
2.29 (0.187)
1.17 (0.150)
1.77 (0.210)
1.62 (0.260)
1.70 (0.272)
1.30 (0.200)
1.00 (0.150)
2.27 (0.260)
1.82 (0.280)
1.57 (0.190)

7.56
4.56
5.15
3.23
2.31
2.51
0.56
2.83
1.63
2.05
1.56
1.27
3.41
1.97
2.26

a

Number of collared lions collared in the study area each winter that were
known to have used the core area at least once
b
Aerial index of lions and standard error using the core area each winter
c
Location data index of lions using the core area each winter

Results
We captured and collared 29 adult mountain lions (16 females, 13 males) that
used Round Valley during this investigation and fitted each with a very high frequency
(VHF) radio collar or various models of GPS collars. Values for the average number of
adults located within the study area during aerial telemetry flights in winter varied from
1.0 to 6.1 (Table 1). Values for the summed proportion of locations for each adult mountain
lion within the core area varied from 0.6 to 7.6 (Table 1). We evaluated the relationship
between these two indices over a period of 15 years, and the results were strongly correlated
(ρ=0.907, P<0.001 [t=7.770, P<0.001]; Figure 2). Successive interannual changes in the
Pierce and Bleich Table 1
fixed wing index compared to those determined from the location data index did not differ
(W=1, P>0.05 [z=-0.020, P=0.984]). The two indices trended in the same direction for 12
of 15 years, and the sizes of both indices were remarkably similar.
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Figure 2.―Fixed-wing index (±SE) to the number of mountain lions determined from aerial telemetry locations,
and the location data index, which was determined by summing the proportional use of all locations for mountain
lions present on the pre-defined core area within the study area encompassing Round Valley (118° 28’ W, 37° 28’
N), Inyo and Mono counties, California each winter from 1993 to 2007.

Discussion
We used two different indices to assess the number of mountain lions using a
specified area of deer winter range. We recognized that other methods did not account for
proportional use of an area by individual animals, and they do not provide an opportunity to
create a variance around mean estimated density. Methods such as minimum counts based
on tracks or location data substantially inflate the actual use of a specified area, as well as
the number of individuals present if more than one area is being evaluated. For example,
a mountain lion that spent one day on a specified area and then moved to another for the
rest of the time would be counted as one lion in each of those areas, essentially doubling
the count and greatly inflating the estimate of the number of lions using an area where that
individual rarely occurred. For states where mountain lions are hunted, population counts
and estimates are often calculated for relatively small management units compared to the
extensive movements made by mountain lions, further exacerbating the problem.
Our methods are based on the proportional use of an area by each individual. Further,
the probability of detecting a mountain lion present in the defined area through the use of
aerial telemetry was essentially 100%, particularly if the individual could be accounted for
outside the defined area, and obviated one of the shortcomings voiced by Anderson (2003).
Moreover, despite the fact that GPS locality data are not always indisputable (Villepique et al.
2008) and that not every attempted location by a GPS collar is successful (Cain et al. 2005),
it reasonable to assume that the probability of detecting a telemetered individual within the
defined area approaches 100%. Therefore, the density of mountain lions during any given
period can be estimated while accounting for individuals that are present only occasionally.
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Both indices described here yielded very similar results (Figure 2). Further,
our methods allowed us to visualize actual use of the core area for any given period. We
recognized that there were a number of individuals that used the study area only occasionally,
and that it would be unlikely that the total number of individuals identified as using it, or
any other area, would all be present on any given day.
Despite the close agreement between the indices, our results potentially remain
subject to the effects of extrapolation bias and area bias, as described by Rinehart et al.
(2014). The scale at which densities are defined will remain problematic, regardless of the
accuracy or precision associated with density estimates (e.g., Blackburn and Gaston 1996,
Smallwood and Schonewald 1998, Maffei and Noss 2008), and care must be utilized when
extrapolating densities from one area to another (Latham et al. 2014). Nevertheless, for
predetermined areas, our method accounts for actual use in proportion to other areas that
are used by animals that never leave the predetermined area. Our method also decreases
the likelihood that a telemetered mountain lion will be included in density estimates for
>1 area without accounting for the proportional use of those areas. Finally, depending on
the frequency of aerial telemetry or GPS fixes, a variance can be calculated for mean lion
density on a longitudinal scale, whether it is weeks, months, seasons, or years.
Our methods require telemetered animals and, therefore, are not available to
all managers tasked with determining mountain lion numbers or assessing population
dynamics. We suggest, however, that investigators that do have access to such technology use
proportional location data to evaluate use of subset areas for species that exist in a continuous
population beyond the defined boundaries of their study areas. Additionally, we encourage
incorporating a temporal component when seasons cause significant variation in study area
size or location data accuracy. Finally, we suggest that the selection of a smaller area that is
representative of larger areas can be used to estimate population trends in a meaningful way
using these methods. Managers should recognize that censuses determining only the total
number of individuals that have been identified in an area often inflate the total number of
individuals likely to be present in that area at the same time, potentially leading to erroneous
conclusions and, in jurisdictions where offtake is high (road kills, depredation, harvest),
overestimates could mask actual population declines.
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