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Translocation of animals into formerly occupied habitat is a key
element of the recovery plan for Sierra Nevada bighorn sheep (Ovis
canadensis sierrae), which are state (California) and federally listed as
endangered. However, implementing Sierra bighorn translocations is a
significant conservation challenge because of the small size of the extant
population and the limited number of herds available to donate translocation stock. One such herd, the Mt. Langley herd, recently became unusable
as a translocation source following a substantial population decline. At
the time of listing in 1999, predation by mountain lions (Puma concolor;
hereafter lion) was considered a primary threat to Sierra bighorn, and since
then lion predation may have continued to limit the ability of source herds
to provide translocation stock. We evaluated the relationship between lion
predation and ewe survival rates within three source herds of the Southern
Recovery Unit, compared lion abundance and ewe survival among years of
varying predation levels, provided a range of estimated times for the Mt.
Langley herd to recover to its former status as a translocation source, and
determined if the rates lions have been removed to mitigate Sierra bighorn
predation exceeded sustainable harvest guidelines. We found compelling
evidence that lion predation has impeded the recovery of Sierra bighorn
by reducing survival rates of adult ewes (and consequently, population
growth) and by preying upon individuals that could have otherwise been
translocated. Ewe survival was poor during years of extreme predation
but even during years of typical predation, survival rates were below
a level needed to ensure population growth, indicating that years with
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little or no lion predation may be necessary for the population to grow
and meet recovery goals. Because the intensity of predation was related
to lion abundance, monitoring lion populations could provide managers
with advance warning of periods of extreme predation. We found that following a period of particularly extreme predation, the Mt. Langley herd
decreased in abundance far below the threshold needed to be considered
a source of translocation stock, resulting in the loss of approximately
25% of the recovery program’s capacity for translocations. It is unclear
how many years it will take for this herd to recover, but management actions to reduce lion predation are likely needed for this herd to grow to
a size that can afford to donate individuals to translocation efforts in the
near future, even when optimistic growth rates are assumed. We found
that lion removal may also be needed to prevent predation from leading
to Sierra bighorn population decline. Lion removal rates that have been
implemented thus far are well below what would be needed to reduce
the abundance the eastern Sierra lion population itself. We recommend
continued monitoring of Sierra bighorn and sympatric lions and note
that lion removal may be required to facilitate bighorn recovery for the
foreseeable future.
Key words: additive mortality, endangered species, mountain lion, Ovis canadensis sierrae,
predation, Puma concolor, removal, survival, translocation
_________________________________________________________________________
Sierra Nevada bighorn sheep (Ovis canadensis sierrae; hereafter Sierra bighorn) are
a distinct subspecies of bighorn sheep (Wehausen and Ramey 2000; Wehausen et al. 2005;
Buchalski et al. 2016) that once ranged throughout much of California’s Sierra Nevada,
from Olancha Peak in the south to Sonora Pass in the north (Wehausen and Jones 2014).
They disappeared from most of their native range following the appearance of Europeans,
primarily from diseases of introduced domestic livestock, and continued to decline through
most of the 20th century (Wehausen et al 1987; Wehausen et al. 2011). By the early 1970s,
when Sierra bighorn were included in the first list of species compiled under the California
Endangered Species Act (Leach et al. 1974), they persisted in only three subpopulations
(i.e., herds) near the community of Independence in the southern Owens Valley: Sawmill
Canyon, Mt. Baxter, and Mt. Williamson (Wehausen and Jones 2014). Restoration actions
during 1978-1979 re-established four additional herds in historic habitat and increased the
total population from 250 (Wehausen 1980) to about 300 by 1985 (USFWS 2007). That
success was followed by a severe decline in abundance to just over 100 animals by 1995
(USFWS 2007) coincident with a steep increase in mountain lion (Puma concolor, hereafter,
lion) activity and documented predation upon Sierra bighorn (Wehausen 1996; USFWS
2007). It became clear that Sierra bighorn were on a trajectory towards extinction, and they
were listed as endangered by the California Fish and Game Commission and the U.S. Fish
and Wildlife Service (USFWS) in 1999 (USFWS 1999). Lion predation was considered a
primary threat to Sierra bighorn at the time of listing (USFWS 1999, 2007). The California
Department of Fish and Wildlife (hereafter, the Department) has led recovery efforts for
Sierra bighorn since that time, guided by the Recovery Plan for Sierra Nevada Bighorn
Sheep (USFWS 2007).
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The ultimate goal of recovery programs for endangered species is to ‘delist’ species
after recovery goals are met. Recovery goals for Sierra bighorn specify abundance and
distribution targets. Translocation has been the primary management tool to restore bighorn
sheep to unoccupied habitat (Douglas and Leslie 1999) because of their slow rate of natural
colonization (Geist 1971). Both an early conservation plan (Sierra Nevada Bighorn Sheep
Interagency Advisory Group 1984) and the Recovery Plan for Sierra Nevada Bighorn Sheep
(USFWS 2007) recognized the need to develop additional large herds capable of serving as
sources of translocation stock, beyond the native geographically overlapping Sawmill Canyon
and Mt. Baxter herds that had been used as the source populations for early translocations
in the 1970s and 1980s (Fig. 1). That need was met in 2004 when Wheeler Ridge (initiated
in 1979) became the first reintroduced herd used as a source for translocation. Translocation
stock from the Mt. Langley (initiated in 1980) were used for the first time in 2008.

Figure 1. Study area in the eastern Sierra Nevada, California in which Sierra Nevada bighorn sheep and lions
were monitored, 1999–2019.
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Translocation of Sierra bighorn is a significant conservation challenge however,
because few individuals are available in a given year. First, because Sierra bighorn are a
distinct subspecies, there is no alternative translocation source. Second, the Department has
established a conservative translocation policy to minimize risk of over harvest (Few et al.
2015), which recommends herds contain least 40 yearling and adult females (hereafter, ewes)
before they are eligible as a source of translocation stock, and only 4 herds have reached
this threshold. Third, the maximum abundance a single source herd has reached is only 63
ewes, meaning that the number of recruits produced annually remains small. Fourth, as of
2017 the Mt. Langley herd—arguably the most productive Sierra bighorn herd since the
recovery program began— can no longer be used as a source of translocation stock following a substantial population decline from 49 ewes in 2016 to 19 ewes in 2019, which is
hypothesized to have been caused primarily by a dramatic increase in lion predation during
the winter of 2016–2017.
Lion predation is a common cause of mortality in ungulates and often occurs at relatively low and constant rates over time, with minimal impact on prey population dynamics
(Laundré et al. 2006; Forrester and Wittmer 2013), but in small populations of bighorn sheep,
impacts can be pronounced (reviewed in Rominger 2018). Irruptions in lion predation rates,
particularly on small and/or endangered prey populations, can substantially exceed long-term
averages in an apparently stochastic manner (Festa-Bianchet 2006) and may be the result of
individual “specialist” predators whose dietary selection differs from the population mean
(Ross et al. 1997; Logan and Sweanor 2001; Festa-Bianchet 2006; Elbroch and Wittmer 2013;
Wittmer et al. 2014). If patterns of lion predation can be predicted, it may facilitate more
proactive management of predation risk for Sierra bighorn, thus enhancing their recovery.
The U.S. Fish and Wildlife Service has emphasized the need to attempt to reach recovery goals “as quickly as possible” (USFWS 2007). While there has been some success
in using translocation to restore extirpated Sierra bighorn herds, such as the re-establishment
of the Wheeler Ridge and Mt. Langley herds, recovery goals for Sierra bighorn will likely
be reached most rapidly and reliably through considerably more translocations. Maintaining
and increasing the abundance of source herds is a necessary prerequisite for these translocations to occur. One way to grow herds and increase translocation stock is to increase survival
rates of ewes. While Sierra bighorn die from a variety of causes, most are not amenable to
management action that could mitigate them (e.g., deaths from avalanches associated with
severe winters). However, lion predation may be reduced through removal of lions that prey
upon Sierra bighorn (e.g., Goldstein and Rominger 2012).
Removal of individual predators that negatively impact populations of prey species
can be controversial. Objections to removal arise from questions about its efficacy in some
circumstances (e.g., Mosnier et al. 2008; Hurley et al. 2011 but see also Boertje et al. 1996;
Lewis et al. 2017) or ethics related to animal rights philosophy in others (e.g., Muth and
Jamison 2000; Perry and Perry 2007). The latter reason is particularly relevant to Sierra
bighorn because, in California, lions are “specially protected”, meaning that sport harvest
is not permitted (Fish & G. Code § 4800–4809). While this designation is not based on biological information regarding population abundance or trend (Dellinger and Torres 2020),
objections to the removal of lions are frequent and often gain significant media attention,
both within California (e.g., Los Angeles Time Editorial Board 2020) and nationally (Vera
2020). Objections such as these underscore the need for decision-makers to have objective
scientific evaluation of the efficacy of predator management to aid the recovery of Sierra
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bighorn. Following the listing of Sierra bighorn as an endangered species, the California
Legislature recognized the need for predation management and in 1999 amended the Fish
& Game Code to authorize the removal of lions that threatened populations of bighorn
sheep in California that were threatened, endangered, candidate, or fully protected (Fish &
G. Code § 4801).
In this paper, we evaluate the role of lion predation in reducing the availability of
translocation stock needed for Sierra bighorn recovery efforts. Our first objective was to test
the hypothesis that lion predation impeded the ability of Sierra bighorn herds used as sources
of translocation stock to produce surplus animals for translocation during 1999–2019. If
lion predation impeded the ability of Sierra bighorn herds to produce surplus animals for
translocation, we predicted that lion predation would be a primary cause of mortality and
ewe survival rates would be largely a function of lion predation rates. Our second objective
was to (1) compare lion abundance and ewe survival and predation rates among years of
varying predation levels and (2) test the hypothesis that predation severity was stochastic and
unpredictable. If lion predation was stochastic, we predicted there would be no association
among different levels of lion predation and different levels of lion abundance. Our third
objective was to provide a range of estimated times it could take for the Mt. Langley herd to
recover to 40 ewes and thus become a viable source of translocation stock again. Our final
objective was to determine if the rates lions have been removed to mitigate Sierra bighorn
predation exceeded sustainable harvest guidelines, which could indicate a negative impact
to the eastern Sierra lion population.
METHODS
Study Area
We conducted this study within and adjacent to three Sierra bighorn herds that have
provided translocation stock for the recovery program: the geographically overlapping
Sawmill Canyon and Mt. Baxter herds (collectively referred to as the Sawmill-Baxter
Complex) and the Mt. Langley herd (Fig. 1). The Sawmill Canyon and Mt. Baxter herds
are two of the three herds to be continuously occupied by Sierra bighorn since European
settlement and the Mt. Langley herd was established via reintroduction using individuals
from the Sawmill-Baxter Complex in 1980, after having been extirpated decades prior. We
chose these herds for analysis because each experienced lion predation substantial enough
to warrant management intervention (i.e., removal of lions that were known or suspected to
have preyed upon Sierra bighorn) and continuous data on lion abundance within and adjacent to the herds was available during our study period (1999–2019). We did not include a
fourth source herd, Wheeler Ridge, in this analysis because documented lion predation was
heavily biased to rams (California Department of Fish and Wildlife, unpublished data), and
therefore of less consequence to the herd’s productivity, and because data on lion abundance
there was less complete after 2010.
Sierra Bighorn Monitoring
We began radio-collaring Sierra bighorn in 2002 within the Sawmill-Baxter Complex
and in 2003 within the Mt. Langley herd. During 2009–2019, 2000–2019, and 1999–2019 for
Sawmill Canyon, Mt. Baxter, and Mt. Langley, respectively, we obtained annual estimates
of Sierra bighorn ewe abundance using both minimum counts and mark-resight estimates.
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Years were categorized as biological years (1 May–30 April) unless otherwise stated. Counts
of Sierra bighorn within herds that numbered up to ~30 ewes were generally assumed to be
relatively complete (i.e., censuses) and because typically ~30% of the ewes within a herd
were collared at any time, the likelihood of missing large groups of individuals was minimal
(Stephenson et al. 2012). We derived mark-resight estimates using the Bowden estimator
(Bowden and Kufeld 1995).
Mortalities of uncollared Sierra bighorn were identified via (1) investigation of
sites where VHF signals or GPS data indicated radio-collared lions were present for >2
consecutive nights, (2) tracking uncollared lions to cache sites, or (3) incidentally to other
field work. Mortalities of radio-collared Sierra bighorn were identified via mortality signals
from radio-collared individuals. We classified causes of death as lion predation, accident
(i.e., injury due to rockfall, avalanche, or other non-predation injury), starvation, natural
causes (i.e., old-age, unknown but not predation), other predator (i.e., bobcat [Lynx rufus]
or coyote [Canis latrans]), and unknown. Two or more lines of physical evidence (i.e., neck
hemorrhaging, lion tracks and/or scat, drag marks, cached remains, plucked hair, clipped
ribs, intact rumen) were required to classify mortalities as caused by lion predation.
Lion Population Monitoring
During 1999–2011 and 2016–2019, we (1) captured, collared, and monitored individual
lions residing near Sierra bighorn; (2) determined the minimum number of independent-age
(i.e., >18 months old, approximately) lions occurring each year (1 July–30 June) within a
“count zone” encompassing the winter range of each Sierra bighorn herd (Fig. 1); (3) hazed
or harassed lions to protect sheep when feasible; and (4) lethally removed lions when deemed
necessary to protect Sierra bighorn. During all years, annual lion counts were determined
by summing the number of marked individuals, unmarked individuals reported dead (e.g.,
vehicle collisions, depredation killing), and uniquely identifiable unmarked individuals
documented via detection at radio-collared Sierra bighorn mortalities as well as through
extensive track and trail camera surveys. We used methods adapted from McBride et al (2008)
and further described in Davis et al. (2012) to distinguish unmarked individual lions from
each other and avoid double-counting, considering detections of unmarked individuals to
be distinct if they occurred >9.6 km apart for females and >16.1 km for males within a 24-h
period. When track observations were used to distinguish between unmarked individuals,
only tracks <24 hrs old were used. Track age was verified by wind, rain, or snow events, or
evidence that tracks occurred the night prior to a survey, such as those occurring over vehicle
tracks or dragged roads from the previous day. To avoid overestimating lion abundance, we
did not reconstruct presumed incomplete counts by assuming that females initially captured
when >30 months old were born within the study area (e.g., Logan and Sweanor 2001; Robinson et al. 2008). Individuals were only counted when there was direct physical evidence
of their presence. This method is widely considered the most reliable way for monitoring
lion abundance over time (Cougar Management Guidelines Working Group 2005).
Within the Mt. Langley herd, we had more fine-scale data available to index lion
activity. Using the same method to develop annual lion counts, we developed minimum
daily counts or “lion days per year” as the minimum number of lion-days annually within
the Mt. Langley herd by summing the number of days each marked individual was detected
(i.e., GPS or aerial VHF locations, or capture, photograph, visual, or track detections), the
number of days each unmarked, uniquely identifiable individual was detected (where each
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detection counted as 1 lion-day), and the number of days each individual was detected at
a cached prey site, where a cache site counted as 3 lion-days, as a conservative estimate of
handling time (Knopff et al. 2010). In all years except 2013-2015, we conducted extensive
track and/or camera surveys to facilitate counting the number of independent-aged lions
that used the Mt. Langley count zone and the Mt. Langley herd to ensure that few, if any,
individuals remained undetected.
Data Analysis
We fit time-to-event models to data from radio-marked Sierra bighorn ewes to estimate
cause-specific hazard rates for each herd over the 52-week annual cycle. Before fitting models
to data, we standardized the week number so that week 1 began on 1 May and week 52 ended
on 30 April. The preceding year was then censored at week 52, and the first entry for the
following year was set to week 1 (following Sandercock et al. 2011). We left-truncated data
because individuals entered the at-risk group during different weeks (Pollock et al. 1989).
We right-censored data in cases of collar failure, immigration or translocation of individuals between herds, or when individuals were still alive at the end of the study (i.e., 30 April
2019). In cases in which individuals were subsequently determined to be alive following
a previous collar failure, we imputed their final fate based on the last date known alive,
following DeCesare et al. (2015). Because of their geographic proximity and small sample
sizes within herds, we pooled survival data from the Sawmill Canyon and Mt. Baxter herds
(i.e., the Sawmill-Baxter Complex).
We estimated herd-specific annual ewe survival rates using the Kaplan–Meier
staggered-entry estimator (Pollock et al. 1989) and cause-specific mortality using the
competing-risks nonparametric cumulative incidence function estimator (NPCIFE) (Heisey
and Patterson 2006). We implemented the NPCIFE following the methods used by Griffin
et al. (2011), which allows for left-truncation and right censoring and partitioned mortality
sources into the 5 aforementioned categories. In addition to the lion predation rate calculated
via the CIF (hereafter CIFPR), we also calculated a lion predation rate based on simple ratios (hereafter the naïve predation rate, or NPR). For most years, we calculated the NPR by
dividing the number of radio-collared ewes killed by lions by the number of radio-collared
ewes present. For years prior to the initiation of radio-collaring, we calculated the NPR
by dividing the number of uncollared lion-killed ewes detected by the estimate of ewe
abundance (using data from Mt. Baxter during 2000-2003, when abundance for Sawmill
Canyon was unavailable, to represent the Sawmill-Baxter Complex), which was justified
on the basis that these 2 methods of calculating NPR were highly correlated (Pearson’s correlation coefficient = 0.94, P < 0.001). There were 2 years for the Mt. Langley herd in which
we detected uncollared ewes killed by lions, but no collared ewes killed by lions (2009 and
2018); in these years we calculated NPR by dividing the number of lion-killed ewes by the
estimate of ewe abundance. While the NPR suffers a shortcoming over the CIFPR in that it
(1) does not account for the staggered nature of animal entry time into interval risk sets and
(2) does not permit an estimate of variance (Heisey and Patterson 2006), the advantages of
its use are (1) the number of years in which inferences about mortality rates can be made
is greater, because it can be calculated even when radio-telemetry data are unavailable and
(2) estimates of mortality rates can be made even when only 1 individual dies from a given
cause and no individuals die from competing causes prior to that individual’s death—in
such cases the CIF is undefined.
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To aid evaluation of our first objective, testing the hypothesis that lion predation
negatively impacts Sierra bighorn herds used as source of translocation stock and impeded
the ability of these herds to produce surplus individuals for translocation, we used linear
regression to evaluate the relationship between the CIFPR and NPR with survival rates. This
is a widely used method to detect when mortality agents have additive effects on survival
(Bender and Rosas-Rosas 2006; Brody et al. 2013; Johnson et al. 2013; Murray et al. 2010;
Wolfe et al. 2014). Predation was considered additive if the regression slope (+95% CI) of
the arcsin-square root of predation and survival rates overlapped -1.0, fully compensatory
if the slope = 0.0, and intermediate slopes were considered partially compensatory (Murray
et al. 2010).
For our second objective, to compare lion abundance and ewe survival between years
of different predation severity levels, we categorized predation severity into 3 categories
for each herd-year: no documented predation (i.e., no lion-killed ewes detected), typical
predation (i.e., NPR less than the 90th percentile), and extreme predation (i.e., NPR was
greater than or equal to the 90th percentile). To test the hypothesis that predation severity was related to lion abundance, we used a chi-squared test to compare the frequency of
herd-years in which each level of predation severity (i.e., none, typical, extreme) occurred
during years when 2–5 or 6–9 lions were counted.
For our third objective, to provide a range of estimated times it could take for the
Mt. Langley herd to recover to 40 ewes and thus become a viable source for translocation
stock, we calculated the time required by solving for t in the equation
Nt = N0ert
where Nt is the population size at time t, N0 is the initial population size, e is the base of
natural logarithms, r is instantaneous rate of population growth, and t is time. We evaluated
return time using a range of growth rates observed during the past 20 years (German and
Stephenson 2018; Johnson et al. 2010).
For our final objective, to evaluate how lion removal affected the dynamics of the
eastern Sierra lion population, we quantified the fraction of suitable habitat for lions in the
eastern Sierra population that was potentially impacted by Sierra bighorn recovery activities by dividing the area of occupied Sierra bighorn habitat, including habitat outside of the
Sawmill-Baxter Complex and Mt. Langley herds (i.e., 2,004 km2, determined from herd
boundaries used in the Recovery plan, (USFWS 2007), by the area of suitable lion habitat
for the eastern Sierra population (i.e., 10,241 km2, from Dellinger et al. 2020). In addition,
we estimated a conservative percentage of the eastern Sierra lion population removed annually by dividing the number of independent lions removed by the effective population size
(Ne) (i.e., 79, from Gustafson et al. 2019). To evaluate if removal rates exceed sustainable
harvest guidelines, we compared the percentage of the eastern Sierra lion population removed
annually to a guideline of 14% that has been used for sustainable harvest management in
Washington (Wielgus et al. 2013; Beausoleil et al. 2021) but also thought to be widely applicable throughout the western U.S. (Beausoleil et al. 2013).
RESULTS
We radio-monitored 158 Sierra bighorn ewes (n = 100 in the Sawmill-Baxter Complex
and 58 in the Mt. Langley herd) and 43 lions (18 female; 25 male) that used the count zone
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encompassing these Sierra bighorn herds. These marked animals aided in assessing species
demography and trends through time (Fig. 2), which are described below.
1999–2005
Lion counts averaged 3.9/yr and lion predation on Sierra bighorn was not detected
until 2005. Two lions, both of which used habitat within the Sawmill-Baxter Complex and
Mt. Langley herds and were either known or suspected of killing Sierra bighorn, were re-

Figure 2. (A) Sierra bighorn ewe abundance, (B) lion-killed ewes detected, both collared and uncollared within the
Mt. Baxter, Sawmill Canyon, and Mt. Langley herds, (C) ewes translocated within the Mt. Baxter, Sawmill Canyon,
and Mt. Langley herds, and (D) number of independent age lions (i.e., ≥ 18 months old) counted (circles) and
number of lions (i.e., any age) removed (bars) within the lion count zone adjacent to these herds during 1999–2019.
Abundance of Sierra bighorn for the Sawmill Canyon herd was unavailable prior to 2009; subsequent to this year
abundance for Sawmill Canyon and Mt. Baxter was combined (i.e., Sawmill-Baxter).
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moved (0.3/yr). Both the Mt. Baxter and Mt. Langley herds experienced substantial growth,
increasing from <12 ewes to >30 ewes, although some of the growth in the Mt. Baxter herd
was the result of 5 ewes that were translocated into the it from the Wheeler Ridge herd in
2004. Presumably the Sawmill Canyon herd increased as well, but efficient surveys for this
herd were not developed until 2009, and thus growth within the Sawmill Canyon herd prior
to that year is assumed to correspond with growth of the Mt. Baxter herd. No translocations
were conducted during this period because the herds were not yet of sufficient size.
2006–2009
Lion counts steadily increased annually, reaching a peak of 9 in 2008. The increase
in lion counts was associated with elevated predation upon Sierra bighorn, primarily within
the Sawmill-Baxter Complex, that had not been documented up to that point, as well as
decreases in growth from the previous period for both the Mt. Baxter and Mt. Langley herds.
As in the previous period, we assume that growth rates within the Sawmill Canyon herd
corresponded with that of the Mt. Baxter herd. In response to the increase in predation, 10
lions (i.e., most of the independent-aged lions within the count zone) were removed during
2007-2009 (3.3/yr), all but one of which were known to have preyed upon Sierra bighorn.
In 2008, because the Mt. Langley herd had reached a sufficient number of ewes to permit
translocation the year prior (n = 44) and had had little previous documented lion predation,
3 ewes were translocated from this herd.
2010–2015
The number of lions counted remained low during this 6-year period (range = 2–3), and
lion predation remained relatively infrequent. As Sierra bighorn herds increased in abundance,
we translocated 27 ewes from the Sawmill-Baxter Complex (17 ewes from Sawmill Canyon
and 10 ewes from Mt. Baxter) and 18 ewes from Mt. Langley to aid in the re-establishment
of herds within formerly occupied habitat and augment existing small herds (Table 1). All
herds (Mt. Baxter, Mt. Langley, and Sawmill Canyon and Mt. Baxter combined [i.e., the
Sawmill-Baxter Complex]) experienced modest growth during this period.
2016–2019
Recolonization of lions occurred during these years and by the end of this period the
number of lions counted recovered to the former peak of 9 that was observed during 2008.
Elevated predation upon Sierra bighorn resumed during this period as well, most notably
during 2016, when the NPR and CIFPR at Mt. Langley were 0.42 and 0.47, respectively. In
response, 2 of the 7 lions known to be using the Mt. Langley winter range were removed; an
adult male and an adult female with at least 3 subadults (all uncollared animals) were unable
to be removed. Modest growth within the Sawmill-Baxter Complex continued and the Mt.
Langley herd declined in abundance from 49 females in 2016 to 19 females in 2019. Given
the amount of lion predation that occurred during this time and concern about a combination
of lion predation and translocation resulting in excess losses to source herds, we conducted
only a single translocation of 3 ewes from the Sawmill-Baxter Complex (Mt. Baxter) in 2017.
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Table 1. Translocations of Sierra bighorn ewes from the Mt. Baxter, Sawmill Canyon, and Mt. Langley herds
during 2012–2014.

Source Herd

Year

Recipient Herd

Sawmill-Baxter Complex

2012

Olancha Peak

10

Reintroduction

2013

Olancha Peak

4

Augmentation

2014

Laurel Creek

7

Reintroduction

2014

Mt. Gibbs

3

Augmentation

2008

Mt. Warren

3

Augmentation

2012

Convict Creek

3

Augmentation

2012

Mt. Gibbs

3

Augmentation

2014

Cathedral

10

Reintroduction

2014

Mt. Gibbs

2

Augmentation

Total

48

Mt. Langley

No. Ewes

Translocation purpose

Cause-Specific Mortality and Survival
We calculated annual survival and cause-specific mortality rates for the Sawmill-Baxter
Complex in 2004–2019 and Mt. Langley in 2003–2019 (Table 2). There was one year (2003)
for the Mt. Langley herd in which only 3 ewes were at risk, otherwise the mean number of
radiomarked ewes annually was 25.2 for the Sawmill-Baxter Complex (range = 9–44) and
14.8 for Mt. Langley (range = 8–23). Over 35% of each herd was radio-marked each year,
on average (range = 11.1–57.9%). Across the Sawmill-Baxter Complex and Mt. Langley,
the mean CIFPR was 0.06 (range = 0–0.47, n = 33) and the mean NPR was 0.05 (range =
0–0.42, n = 42). Herd-years in which the NPR was > 0.11 were in the 90th percentile and
considered to be years of extreme predation (Fig. 3). In 73.8% (n = 31) of herd-years, the
NPR was based solely on radiomarked individuals.
We investigated the mortalities of 78 radiomarked Sierra bighorn ewes (n = 47 in the
Sawmill-Baxter Complex and n = 31 in the Mt. Langley herd) between 2003 and 2019. Lion
predation was the dominant cause of mortality, accounting for 48.7% of all deaths investigated
(38 of 78 deaths) and 70.1% of the deaths in which the cause could be determined (38 of
54 deaths; Fig. 4). Accidents (i.e., deaths from avalanches and rockfall, hypothermia, and
physical injury) were the second-most common known cause of mortality. Sierra bighorn
ewes were 3.3 times and 5.0 times more likely to die from lion predation than accidents
in the Sawmill-Baxter Complex and Mt. Langley, respectively. We also documented lion
predation of 14 uncollared ewes (Fig 2).
When annual survival rates from each herd were regressed against their respective
annual predation rates, the relationship was highly correlated within both the Sawmill-Baxter
Complex and Mt. Langley for each method of calculating predation rates (i.e., NPR and
CIFPR; Fig. 5). Regression slopes for annual survival within the Sawmill-Baxter Complex
for NPR (slope: -1.23 (-1.58, 0.88), t14 = 36.09, P < 0.001, R2adj = 0.76) and CIFPR (slope:
-1.05 (-1.39, 0.70), t14 = 33.73, P < 0.001, R2adj = 0.70) and within Mt. Langley for NPR (slope:
-0.88 (-1.28, 0.48), t15 = 26.0, P < 0.001, R2adj = 0.52) and CIFPR (slope: -0.84 (-1.21, 0.47),
t15 = 29.90, P < 0.001, R2adj = 0.54) consistently indicated that lion predation was largely an
additive source of mortality for Sierra bighorn within these herds.
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SBC

2013

2012

2011

2010

2009

2008

2007

2006

2005

8

Mt. Langley

2004

16

32

SBC

33

SBC

Mt. Langley

23

SBC

Mt. Langley

16

20

Mt. Langley

17

SBC

21

15

SBC

Mt. Langley

15

Mt. Langley

14

23

Mt. Langley

13

SBC

SBC

17

Mt. Langley

9

SBC

9

17

SBC

Mt. Langley

9

Mt. Langley

3

Mt. Langley

2003

NR

Herd

Year

a

0.94 ± 0.05

0.87 ± 0.1

0.94 ± -0.05

0.96 ± 0.04

1.0

1.0

0.88 ± 0.09

0.87 ± 0.10

0.84 ± 0.10

1.0

0.65 ± 0.15

0.77 ± 0.15

0.71 ± 0.20

0.82 ± 0.12

1.0

1.0

1.0

0.88 ± 0.13

1.0

1.0

1.0

Survival

b

0.03c

0.03 ± 0.04

0.12 ± 0.05

0.17 ± 0.08

0.08 ± 0.07

0.22 ± 0.10

0.12c

Lion predation

0.07 ± 0.07

0.04c

0.09 ± 0.07

0.07 ± 0.07

0.06c

Accident

Natural causes

0.03c

0.04 ± 0.05

Other predator

Starvation

Cause-specific survival (Cumulative incidence function)

0.03 ± 0.04

0.07c

0.12 ± 0.06

0.13 ± 0.06

0.05 ± 0.05

0.04 ± 0.05

0.15 ± 0.07

0.13 ± 0.08

Unknown

Table 2. No. radiomarked Sierra bighorn ewes at risk of mortality and survival and cause-specific mortality rates ( ± standard error) in the Sawmill-Baxter Complex (SBC) and
Mt. Langley herds, 2003–2019.
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8

30

SBC

30

SBC

Mt. Langley

9

35

Mt. Langley

12

SBC

44

SBC

Mt. Langley

19

37

Mt. Langley

SBC

0.92 ± 0.06

0.75 ± 0.20

0.76 ± 0.10

0.89 ± 0.12

0.83 ± 0.08

0.72 ± 0.20

0.80 ± 0.08

0.42 ± 0.29

0.86 ± 0.07

0.88 ± 0.09

1.0

0.94 ± 0.06

Survivalb

0.04 ± -0.04

0.25 ± -0.11

0.03 ± -0.04

0.14 ± 0.06

0.08 ± 0.08

0.10 ± 0.04

0.47 ± 0.11

0.08 ± 0.04

0.07c

0.06
c

Lion predation

0.07 ± 0.05

0.03 ± 0.03

0.03 ± 0.03

0.12 ± 0.07

Natural causes

Other predator

0.03 ± -0.04

Starvation

Cause-specific survival (Cumulative incidence function)
Accident

b

a

No. of individuals at risk.
Kaplan–Meier survival estimate.
c
Only 1 individual died from this mortality cause and no individuals died from competing causes prior to this individual’s death. As a result,
the CIF was undefined. As an approximation for the CIF, we report 1 – (Survival + the sum of the cause-specific mortalities).

2019

2018

2017

2016

20

42

Mt. Langley

SBC

2015

19

Mt. Langley

2014

NRa

Herd

Year

Table 2. continued

0.04c

0.11 ± 0.04

0.11c

0.20 ± 0.08

0.06 ± 0.04

0.05 ± 0.03

0.05 ± 0.05

Unknown
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Figure 3. Distribution of annual naïve predation rate (NPR) within the Sawmill-Baxter Complex (2004–2019)
and Mt. Langley (1999–2019) Sierra bighorn herds. Vertical dashed line represents the 90th percentile of the NPR.

Figure 4. Fates (%) of 78 radio-collared Sierra bighorn ewes within the Sawmill-Baxter Complex and Mt. Langley
herd, 2003–2019. Numbers above bars are total deaths.
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Figure 5. Relationship between annual naïve lion predation rates (NPR) and annual ewe survival rates (top 2
panels) and annual cumulative incidence function-derived lion predation rates (CIFPR) and annual ewe survival
rates (bottom 2 panels) for the Sawmill-Baxter Complex and Mt. Langley Sierra bighorn herds, 2003–2019.

Variation in Predation Intensity
In most years, lion predation was not detected within the Sawmill-Baxter Complex
(52.4% of years, n = 11) or Mt. Langley (57.1% of years, n = 12). Extreme predation (i.e.,
when the NPR was > 0.11) occurred in 14.3% of years in the Sawmill-Baxter Complex
(during 2007, 2008, and 2017) and in 9.5% of years at Mt. Langley (during 2016 and 2019).
In the Sawmill-Baxter Complex, ewe survival during years of extreme predation (0.73
± 0.05) was 17.8% less than during years of normal predation (0.86 ± 0.03) and 34.2% less
than during years of no documented predation (0.98 ± 0.02; Fig. 6). The CIFPR during
years of extreme predation (0.18 ± 0.02) was 3.0 times greater than during years of normal
predation (0.06 ± 0.02) and NPR exhibited a similar pattern (Fig. 6). The lion count during
years of extreme predation (7.0 ± 1.0) was 1.44 times greater than during years of normal
predation (4.86 ± SE 0.99) and 2.08 times greater than during years of no documented
predation (3.36 ± 0.41; Fig. 6).
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Figure 6. Mean (±SE) naïve predation rate (NPR), cumulative incidence function predation rate (CIFPR) ewe
survival, lion counts, and lion-days for the Sawmill-Baxter Complex and Mt. Langley Sierra bighorn herds during
years of extreme (NPR greater than or equal to the 90th percentile), normal (NPR less than the 90th percentile),
and no lion-predation. Lion-days were not evaluated for the Sawmill-Baxter Complex.

At Mt. Langley, average ewe survival during years of extreme predation (0.58 ± 0.02)
was 50.0% less than during years of normal predation (0.87 ± 0.04) and 62.1% less than
during years of no documented predation (0.94 ± 0.02; Fig. 6). The CIFPR during years of
extreme predation (0.36 ± 0.11) was 18.0 times greater than during years of normal predation
(0.02 ± 0.01) and NPR exhibited a similar pattern (Fig. 6). The lion count during years of
extreme predation (7.50 ± 1.50) was 1.59 times greater than during years of normal predation
(4.71 ± 1.04) and 2.04 times greater than during years of no documented predation (3.67 ±
0.41; Fig. 6). The number of lion-days detected during years of extreme predation (128.0
± 71.0) was 3.49 times greater than during years of normal predation (36.71 ± 12.61) and
15.50 times greater than during years of no documented predation (8.25 ± 2.95).
The frequency in which the 3 levels of predation severity occurred varied over the 2
levels of lion abundance (i.e., 2–5 and 6–9 lions; χ2 = 16.4, df = 2, P < 0.001). When 2–5
lions were counted, extreme predation did not occur at all and no documented predation
occurred in 20 of 26 (76.9%) herd-years. In contrast, extreme predation occurred when 6–9
lions were counted in 5 of 16 (31.2%) of herd-years and no documented predation occurred
in 3 of 16 (18.8%) herd-years. Typical predation was also more common when the lion count
was 6–9 (50% of herd-years) versus 2–5 (23.0%; Fig. 3).
Recovery Times for the Mt. Langley Herd
We estimated the time required for a herd of 19 females (i.e., the number present in
2019) to recover to 40 (i.e., the number required to be considered a source of translocation
stock again) would be 37.2, 14.9, 7.4, and 3.7 years for growth rates (r) of 0.02, 0.05, 0.1,
and 0.2, respectively.
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Impacts of Lion Removal on the Lion Population
Based on estimates of the area of occupied Sierra bighorn habitat and suitable lion
habitat for the eastern Sierra lion population (10,241 km2, from Dellinger et al. (2020), we
estimated that 19.6% of the suitable habitat for the eastern Sierra lion population overlaps
with occupied Sierra bighorn habitat and 3.8% overlaps with habitat occupied by the SawmillBaxter Complex and Mt. Langley herd, where both lion predation and lion removal has been
most prominent relative to other Sierra bighorn herds. During 1999–2019, we removed 26
lions to protect Sierra bighorn (i.e., 11 independent and 3 dependent lions to protect Sierra
bighorn in the Sawmill-Baxter Complex and Mt. Langley herds; 9 independent and 3 dependent lions to protect other herds). The number of independent lions removed annually
ranged from 0–5 (mean = 0.95), corresponding with an estimated annual removal rate of
1.21% (range = 0–6.3%) of the eastern Sierra lion breeding population, based the Ne estimate
of 79 lions from Gustafson et al (2019).
DISCUSSION
Cause-Specific Mortality and Survival
Lion predation has been a management concern for the recovery of Sierra bighorn for
decades and was a primary reason for listing Sierra bighorn as endangered (Wehausen 1996;
USFWS 1999, 2007). We sought to evaluate the role of lion predation in the recovery of
Sierra bighorn, including how lion predation may contribute to a shortage of translocation
stock that is needed for the recovery effort. Our results indicated that lion predation limited
the number of ewes available for translocation within the Sawmill-Baxter Complex and
Mt. Langley herds during 1999–2019 by removing a substantial number of ewes in these
source herds that could otherwise have served as translocation stock. Approximately half
of all radiomarked ewe deaths (38 of 78), and potentially more given the high proportion of
mortalities whose cause could not be identified, were the result of lion predation. Further,
annual survival rates of ewes decreased substantially as lion predation rates increased,
indicating that lion predation was primarily additive to other sources of mortality (e.g.,
Johnson et al. 2013; Bowyer et al. 2014). Because animals lost to predation are not available
for translocation, which is a critical component of the recovery program, we conclude that
lion predation has impeded recovery of Sierra bighorn throughout the recovery program’s
duration. Continued unmitigated predation at rates similar to observed 2016–2019 rates
remain a substantial management concern, which if not addressed, could contribute to the
extirpation of Sierra bighorn herds. Lion predation is an immediate threat to the viability
of the depressed Mt. Langley herd.
Our findings are consistent with those from Johnson et al. (2013) that lion predation
is an additive source of mortality within the Sawmill-Baxter Complex. However contrary
to Johnson et al. (2013), we found lion predation was also an additive source of mortality within the Mt. Langley herd. This discrepancy is because our 17-year dataset included
greater variation in survival and predation compared to the five-year dataset examined by
Johnson et al. (2013). The contrasting results between these studies illustrate the importance
of long-term monitoring, which can uncover patterns in data and important management
implications that may be missed in shorter-term studies (Lovett et al. 2007).
Previous studies of Sierra bighorn provide additional evidence that supports our conclusion that lion predation was an additive cause of mortality, impeding the ability of source
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herds to produce translocation stock. For example, population size was in none of the top
models used by Conner et al. (2018) to explain variation in adult survival during 2002–2013,
and most ewes during 2002–2018 had body fat levels well above the physiological minimum
required for overwinter survival (Stephenson et al. 2020). Notably, out of 11 different herds
examined, the Mt. Langley herd had some of the highest average body fat measurements
recorded (Stephenson et al. 2020). If predation was primarily a compensatory cause of
mortality (i.e., lions preyed upon individuals that likely would have died from another cause
in the absence of predation), such findings would not be expected (Bowyer et al. 2014).
We calculated predation rates using two different methods, producing a NPR and
CIFPR, which were remarkably similar to each other. However, while the methods of Heisey
and Patterson (2006) for estimating CIFs are widely used (e.g., Murray et al. 2010; Griffin et
al. 2011; Sandercock et al. 2011), in small populations such as ours, CIFs may have limited
value if solely relied upon for inferring the importance of different mortality sources. For
example, several cause-specific mortality rates in Table 2 were undefined because only 1
individual died from a given mortality cause during a year and no individuals died from
competing causes prior to that individual’s death. In addition, had we relied on the CIFPR
alone, which uses only data from radio-marked animals, during 2009 and 2018 when ~40%
of ewes in the Mt. Langley herd were radio marked and none died from lion predation, we
would have inferred that lion predation was unimportant, even though we knew that at least
1 uncollared ewe was killed each year, representing 2.5% and 4.3% of the herd, respectively.
These examples illustrate that in small, endangered populations like Sierra bighorn, where
the death of even single individuals can be consequential, it may be useful to use simple ratio
estimators for cause-specific mortality in addition to more statistically robust ones. These
examples also illustrate the importance of maintaining radio-collars on as many lions as
possible in Sierra bighorn habitat because predation can go unnoticed even with a substantial
fraction of Sierra bighorn being collared. Maintaining radio-collars on lions would also aid
in targeting management responses to only those that prey upon Sierra bighorn, which may
help promote tolerance of lethal removal among stakeholders.
Variation in Predation Intensity
When comparing Sierra bighorn ewe survival among years of extreme, typical, and
no documented predation we found that during years of extreme predation ewe survival
rates were poor, averaging 0.73 and 0.58 in the Sawmill-Baxter Complex and Mt. Langley
herds respectively, values which resulted in population declines in those years. However,
even during years of typical predation, average ewe survival rates in the Sawmill-Baxter
Complex and Mt. Langley herd were 0.86 and 0.87 respectively, which are near the threshold
needed for population stability, assuming recruitment rates remain within their historic range
of variability (Few et al. 2015), but below a value needed to ensure population growth and
ultimately recovery and delisting. Thus, typical predation, if not punctuated by years without
predation could, especially in combination with other mortality sources, prevent population growth (e.g., Harris et al. 2009). Because other causes of mortality are relatively rare
compared to lion predation (Fig. 4) and are not as amenable to management intervention as
lion predation, there are few options for improving Sierra bighorn survival outside of lion
removal. During this study, all lion removal was lethal, and it is likely that lethal removal
will need to be an option in the future if Sierra bighorn survival rates are to be improved.
However, it may be possible in limited circumstances to experiment with non-lethal removal
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as well (i.e., translocating lions to areas away from Sierra bighorn), which could be viewed
as more favorable by some stakeholders. There are numerous factors to be considered with
translocation that are not present with lethal removal, including (1) the logistical difficulty
in carrying large animals from remote, roadless areas to transport vehicles, which involves
measurable risks for both project personnel and animals involved, (2) extended times (perhaps
many hours) that animals must be under anesthesia, (3) nonestablishment, resulting in movements that bring animals into human-wildlife conflict or homing that brings them back into
contact with Sierra bighorn, and (4) animal welfare concerns associated with intraspecific
strife at release sites, disorientation at release sites that inhibits the ability to locate prey
and/or shelter, or increased exposure to hazards, such as highways (e.g., see Craven et al.
1998). There has been very limited research on lion translocation to date (i.e., Ruth et al.
1998 is the only study of which we are aware that has tracked the fates of translocated lions)
and thus, there is more speculation about potential outcomes than available data. Nonetheless, translocation of lions has been used successfully for conservation purposes, such as
improving the genetics of the endangered Florida panther (Puma concolor coryi; van de
Kerk et al. 2019). Given that several lion populations in southern CA are of conservation
concern and have been petitioned for listing under the CA Endangered Species Act (Center
for Biological Diversity and the Mountain Lion Foundation 2019) because of similar issues
experienced by Florida panthers (Gustafson et al, 2017; Benson et al. 2019; Gustafson et
al. 2019), translocation of lions to southern CA populations, as suggested by Benson et al.
(2019), from the eastern Sierra Nevada may be an option that could benefit 2 at risk species
(Sierra bighorn and southern CA lions) simultaneously.
Episodes of unusually high predation rates have been reported for Sierra bighorn
previously, including in the Mt. Warren herd in the early 1980s (Chow 1992) and in the
Sawmill-Baxter Complex in the 1990s (Wehausen 1996). Such periods of apparently stochastic changes in the frequency of lion predation upon rare prey have been documented
elsewhere as well, such as bighorn sheep in Alberta (Festa-Bianchet et al. 2006) and endangered huemul (Hippocamelus bisulcus) in Patagonia (Elbroch and Wittmer 2013; Wittmer
et al. 2014). The leading hypothesis to explain such irruptions in predation is that they are
caused by stochastic changes in the composition of a lion population (e.g., death or immigration), combined with variation in dietary choices between individual lions—factors that
are independent of lion abundance (Ross et al. 1997; Logan and Sweanor 2001). Based on
our findings that severe predation did not occur when lion counts were relatively low (2–5
lions) but did occur in 50% of the years when lion counts were high (6–9 lions), and that on
average our two indices of lion abundance (i.e., counts) and activity (i.e., lion-days) were
progressively greater in years of no documented predation, typical predation, and severe
predation respectively (Fig. 5), we do not consider lion predation on Sierra bighorn to be
primarily a stochastic phenomenon. Rather, episodes of extreme predation are somewhat
predictable, and provided that monitoring of lion abundance continues, advance warning
of extreme predation years can be available. However, because we did not evaluate lion
diet selection or estimate prey availability, we cannot exclude the possibility that specialist
lions were present in some years. Increased predation in association with increases in lion
abundance could be explained by the increased odds of lions encountering relatively rare
Sierra bighorn while hunting their primary mule deer (Odocoileus hemionus) prey (Pierce
et al. 1999, 2000), an increase in the odds that at least one lion selectively preyed upon
Sierra bighorn, or both.
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Recovery Times for the Mt. Langley Herd
The Mt. Langley herd declined substantially during its extreme predation episode and if
the pattern of decline observed from 2016–2019 continues, this herd will become extirpated
within a few years. Lion-mediated extirpations of bighorn sheep have been documented
elsewhere. For example, Rominger et al. (2004) reported that a bighorn sheep translocation
effort in the Sierra Ladron mountains of New Mexico failed primarily because of lion predation, noting that as the bighorn population declined, the predation rate actually increased,
which they suspected to be the result of lions being subsidized by domestic cattle. Similarly,
the functional extirpation of a herd of desert bighorn (i.e., only a single ewe remained at the
end of the study) in the San Andreas Mountains of New Mexico occurred when lions killed
most of what was left of a herd of nine bighorn in a span of less than a year (Rominger and
Weisenberger 2000).
The Mt. Langley herd currently is not a viable source of translocation stock, a change
that has reduced the Recovery Program’s capacity for translocation by about 25% (i.e., of 73
ewes translocated during 2004–2019, 21 were removed from the Mt. Langley herd). Consecutive years of predation are likely to have a more negative impact on population growth
than years interspersed with a lack of predation, even if the overall predation rate remains
the same (Pike et al. 2004; Festa-Bianchet 2006). Given its current low abundance, the Mt.
Langley herd is unlikely to rebound to its former abundance in a short time frame unless
predation is—at least temporarily—sharply reduced. We calculated that it would take ~15
years for the 2019 population of 19 ewes to return to 40 ewes if modest population growth
(5% per year) occurs. However, our simple model assumed exponential growth and that
lambda is always positive, neither of which may be reasonable assumptions. Whether or
not the Mt. Langley herd will recover at all is currently unclear and it may take a substantial
amount of time because actual population demographics include stochastic effects (e.g.,
severe winters) not accounted for in our simple model. On the other hand, high population
growth had been documented in the past (e.g., the Mt. Langley herd increased from 10 to
45 ewes during 1999–2006) during a period of favorable weather conditions and almost no
lion predation, which provides some reason for optimism. To be clear though, because lion
abundance is almost certainly not maintained by Sierra bighorn but by their primary prey,
mule deer, the decline in abundance of Sierra bighorn at Mt. Langley is unlikely to appreciably impact the lion population (Pierce et al. 2000; Johnson et al. 2013). Thus, continued
high lion predation could drive this herd to extirpation, similar to apparent competition
situations that occur among caribou (Rangifer tarandus), moose (Alces alces), and wolf
(Canis lupus) populations in Canada (e.g., Serrouya et al. 2015).
In contrast to the Mt. Langley herd, the Sawmill-Baxter Complex performed very
differently following the extreme predation episode that occurred there during 2007 and
2008, experiencing population growth in the years immediately afterward. We suggest that
the reason for these divergent trajectories is primarily related to the different management
responses that occurred to mitigate the predation. Removal of lions that preyed upon Sierra
bighorn within the Sawmill-Baxter Complex began during the predation episode, which likely
limited the number of ewes killed, while removing lions that preyed upon Sierra bighorn at
Mt. Langley occurred only after ~40% of the herd had been killed. In addition, during the
Sawmill-Baxter Complex extreme predation episode, all of the lions known to prey upon
Sierra bighorn within the herd were removed, while during the Mt. Langley extreme predation episode, an adult male and an adult female with at least 3 subadults (all uncollared
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animals) were unable to be removed and may have continued preying upon Sierra bighorn.
These observations demonstrate that if predation is to be mitigated through lion removal,
quick response times (e.g., beginning tracking and capture efforts within 24–48 hours after
a Sierra bighorn kill is confirmed) are required.
Impacts of Lion Removal on the Lion Population
In response to elevated predation within the Sawmill-Baxter Complex during 2007–
2009, most independent-aged lions within the count zone were removed. All but one of the
lions removed during this period were known to have preyed upon Sierra bighorn. Following
lion removals from 2007–2009, lion occupancy in the count zone during 2010–2015 was
reduced. During this period, 45 ewes from the Sawmill-Baxter Complex and Mt. Langley
herds were translocated to re-establish several previously extirpated herds (Fig. 2; Table
1)—an opportunity that was facilitated by releasing bighorn populations from lion predation. However, the number of lions using Sierra bighorn habitat adjacent to these source
herds recovered from a low of two independent lions in 2010–2011 following the period of
intense removal to six individuals by 2016, and by 2019 there were as many lions counted
(n = 9) as at any point since monitoring began. Rapid recolonization by lions may have
been possible because the area from which lions were removed was small relative to the
entire eastern Sierra lion population, which functions as a source population (Gustafson
et al 2019), and/or because of connectivity between the eastern Sierra lion population and
western Sierra Nevada and North Coast lion populations of CA as well as the Nevada lion
population which exchange migrants in both directions (Gustafson et al. 2019). Such rapid
recolonization of vacant lion habitat suggests long-term negative impacts to the number and
distribution of lions in the eastern Sierra lion population from removals to protect Sierra
bighorn from predation are unlikely. This observation is further supported by our estimates
that (1) the majority (> 80%) of the suitable habitat for the eastern Sierra lion population
does not overlap with Sierra bighorn habitat, indicating that a substantial fraction of the
lion population is not subject to removal because they do not interact with Sierra bighorn,
and (2) the maximum level of lion removals to date (n = 5/yr) equates to just 6.3% of the
eastern Sierra lion population (based on an estimated Ne of 79 [Gustafson et al. 2019]), less
than half of the 14% sustainable harvest threshold needed for population stability advocated
by Beausoleil et al. (2013), Wielgus et al. (2013), and Beausoleil et al. (2021). Because
we used an estimate of Ne to represent the abundance of the lion population, and Ne is less
than numerical abundance (Frankham 1995), our estimated lion removal rates should be
considered quite conservative. In order to cause a reduction in the eastern Sierra lion population, lion removals for Sierra bighorn protection would almost certainly have to increase
substantially over any numbers observed to date.
Conclusion
Lion predation on Sierra bighorn impeded recovery of Sierra bighorn during 1999–
2019. Uncontrolled lion predation can contribute to poor population performance, even at
typical levels, however, extreme levels of predation appear capable of extirpating Sierra
bighorn herds and could seriously inhibit recovery of the subspecies. Because lion predation
can be intense enough to cause declines in the largest of Sierra bighorn herds, the entire
Sierra bighorn population should be considered susceptible to this phenomenon, even within
herds that have not experienced substantial predation since the Recovery Program began.

PREDATION IMPEDES RECOVERY OF SIERRA BIGHORN

465

Our results, combined with the findings of previous work, indicate that years of extreme
predation might be expected to occur in approximately 1 of every 10 years in some portion
of Sierra bighorn range. However, our observations included years following active predator
management (2010–2015) in which the number of lions using Sierra bighorn habitat was
substantially reduced. Should predator management not occur in the future, it seems probable
that extreme predation events could become more common (and consequently, no longer be
considered extreme, in the sense of deviating from the average). Removal of lions that prey
upon Sierra bighorn appears to have been effective at improving ewe survival rates and thus
using lethal or non-lethal means (e.g., translocation) to remove lions from Sierra bighorn
habitat in the future appears necessary if Sierra bighorn are to be recovered. Although we
did not have data on cause-specific mortality of neonate Sierra bighorn, lion predation can
be a common cause of mortality for neonate desert bighorn (Parsons, Z.D. 2007; Cain et
al. 2019); thus, it is possible that lion removal would result in improved recruitment rates
as well, which would further accelerate recovery. If such steps are taken, lion abundance
within the areas from which lions are removed will almost certainly recover within a short
period of time.
While there is a desire within the Department to accommodate natural processes,
such as predation, there are currently not enough Sierra bighorn within these herds to
simultaneously satisfy the demands of predators and the need to recover this endangered
species. High levels of lion predation on Sierra bighorn have already slowed progress toward
meeting recovery goals, and if they go unchecked, they could result in the extirpation of
entire Sierra bighorn herds. Should Sierra bighorn herds increase in the future and reach
recovery targets, an evaluation of what constitutes “acceptable” levels of predation will be
warranted; however, predation monitoring and management are likely going to be a part of
the management toolbox for Sierra bighorn for the foreseeable future.
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