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A B S T R A C T

Species conservation requires monitoring and management that extends beyond the local population, yet studies
evaluating population trends and management outcomes across the spatial range of a species remain rare. We
conducted the first range-wide assessment of population trends for the iconic Rocky Mountain bighorn sheep
(Ovis canadensis canadensis) of North America to investigate links between population trends and translocation
history. Millions of US dollars have been spent translocating bighorn sheep to achieve conservation objectives,
yet a range-wide assessment is lacking. We collected bighorn sheep population estimates for 217 populations
across ten US states and two Canadian provinces. We categorized each population by translocation status: native
(populations received no translocations), augmented (native populations supplemented with translocation), or
reintroduced (populations beginning from translocation). Fifty-eight percent of populations increased in recent
years. While most reintroduced and native populations increased in the last 5 years of records, almost double the
number of augmented populations declined compared to increased. Reintroduced and augmented populations
from the north-central portion of bighorn sheep range declined the most in the last 5 years of records, while
southern populations tended to be more stable. Although Rocky Mountain bighorn sheep appear to be a con-
servation and restoration success, the threat of local population loss remains high in certain regions. We show
how amalgamating multi-jurisdictional population data can assist in determining wildlife status and assessing
broad-scale management outcomes.

1. Introduction

Globally, species conservation requires monitoring and manage-
ment that extends beyond a local population (Baillie et al., 2000; Collen
et al., 2011; May, 1994), yet there remains a crucial gap between how
patterns and processes in a local population scale up to the species level
(Collen et al., 2011; Noon et al., 2012). For wide-ranging species, direct
species assessments typically consist of local population estimates and
management outcomes considered in isolation (Clapp and Beck, 2016;
Stephen et al., 2005; Weilenmann et al., 2011). For many species of
conservation concern, funding limitations and time constraints mean
agencies managing large landscapes often use coarse filter approaches
to conduct indirect assessments, like managing vegetation communities
to infer changes in the status of species (Noon et al., 2012, 2009;

Schlossberg and King, 2009). While individual population assessments
can effectively gauge the outcomes of management in a single location,
they do not provide the information necessary to optimize conservation
efforts across a broader range (May, 1994). Literature reviews and
meta-analyses provide additional insights; however, differences in
methodology and definitions of ‘success’ often limit clear, holistic in-
ference from these studies (Cook et al., 2014; Fischer and Lindenmayer,
2000; Lajeunesse and Forbes, 2003). This can result in limited con-
servation funds being used for costly management tactics without a full
understanding of their value for species-wide conservation.

Globally, conservation practitioners have used translocation, the
intentional movement of living organisms from one location to another
(IUCN, 1987), as a tactic to supplement the more traditional strategy of
direct species and habitat protection when the latter are unable to
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prevent declines in populations (Ewen et al., 2011; Griffith et al., 1989).
Many taxa have been translocated over the last century in efforts to
boost population growth and genetic diversity within threatened po-
pulations, reintroduce extirpated populations, and introduce animals to
uninhabited ranges (Seddon, 2010). Organization of translocation ef-
forts can require cooperation across multiple jurisdictions (e.g., Wild
Sheep Working Group, 2015). However, the impacts of translocation on
population growth tend to be monitored locally (Brichieri-Colombi and
Moehrenschlager, 2016; Rominger et al., 2004). Reviews of transloca-
tion efforts indicate mixed success (Brichieri-Colombi and
Moehrenschlager, 2016; Fischer and Lindenmayer, 2000). Transloca-
tion projects can cost upwards of tens of thousands of US Dollars (Bangs
and Fritts, 1996; Fischer and Lindenmayer, 2000; Weise et al., 2014).
Understanding species-level translocation impacts is becoming more
important, as the use of translocation is projected to increase in the
future (Swan et al., 2018).

Intensive population monitoring efforts for many species in recent
decades have created extensive data on individual populations across
different jurisdictions. While an assessment conducted for a single po-
pulation may not provide the information necessary for species-level
conservation, a spatially extensive collection of population time-series
data can provide the information necessary to assess species-level risk
(Collen et al., 2009; Loh et al., 2005). The loss of local populations can
be an indicator of species-level extinction risk (Ceballos and Ehrlich,
2002; Collen et al., 2011, 2009). Moreover, when management tactics
like translocation are widespread across a species range, amalgamating
individual population monitoring data can be more fruitful for the as-
sessment of management outcomes at a species-level. Unfortunately,
such studies are rare given logistical difficulties of compiling datasets
from many individuals and organizations involved in collecting such
data across the species' range.

Rocky Mountain bighorn sheep (Ovis canadensis canadensis) are an
iconic game species that have been a conservation priority in North
America for the last century (Krausman, 2000). Following European
settlement of the West, Rocky Mountain bighorn sheep numbers de-
creased from an estimated ~2 million to< 42,000 in the 1970s
(Buechner, 1960; Schmidt and Gilbert, 1978). Translocation and re-
introduction has been a primary management tool for re-establishing
extirpated populations and increasing numbers in declining populations
across bighorn sheep range. Over 21,500 bighorn sheep have been
translocated in almost 1500 translocation projects across the United
States and Canada over the last century (Wild Sheep Working Group,
2015). Although guidelines and monitoring protocols have been de-
veloped and reviewed to improve the outcomes of bighorn sheep
translocation (Cassirer et al., 2018; Poirier and Festa-Bianchet, 2018;
Singer et al., 2000a), neither broad-scale population trends nor the
impacts of translocation on population trends across North America
have been assessed. This can likely be attributed to a previous defi-
ciency of spatially extensive and long-term population data for Rocky
Mountain bighorn sheep. Assessments of population trends tend to be
restricted to a few populations (e.g., Festa-Bianchet et al., 2006) or a
state (e.g., MFWP, 2009). Such assessments can be difficult to compare
across broader regions because of differences in study design and
modelling approaches. Singer et al. (2000b) summarized reintroduction
success rates of 100 populations of Rocky Mountain and Desert bighorn
sheep (O. c. nelsoni) in southwestern USA, demonstrating only a 30%
success rate in introduction attempts. How these trends compare with
other regions within bighorn range is unclear. Moreover, how trends in
reintroduced populations contrast with those in native populations that
have or have not been augmented with translocated sheep remains
unknown. However, increasingly extensive monitoring efforts by fed-
eral, state, and provincial agencies in both the United States and Ca-
nada has progressively collected more thorough population data (e.g.,
George et al., 2009; MFWP, 2009), making such comparisons ever more
feasible.

We conducted the first continental, range-wide assessment of

population trends for the iconic Rocky Mountain bighorn sheep of
North America to investigate links between population trends and po-
pulation translocation status. We surveyed state and provincial natural
resource agency staff and reports and the scientific literature to compile
annual population counts and estimates for 217 populations of Rocky
Mountain bighorn sheep across the United States and Canada that dif-
fered with respect to translocation occurrence, and whether they had
been used to re-populate extirpated populations or supplement existing
populations. These data were used to (1) provide a first look at the most
recent status of Rocky Mountain bighorn sheep populations across their
range and (2) estimate patterns in recent population trends among
native, augmented, and reintroduced populations of Rocky Mountain
bighorn sheep. Our findings will help with the conservation and man-
agement of bighorn sheep across their range.

2. Materials and methods

2.1. Data collection and sorting

We collected population counts and estimates of Rocky Mountain
bighorn sheep over the last century from government reports published
during or before 2017 for Alberta, British Columbia, Colorado, Idaho,
Montana, New Mexico, North Dakota, Oregon, South Dakota, Utah,
Washington, and Wyoming (Appendix A). We supplemented these re-
ports with survey responses that we received from wildlife managers in
Wyoming and Montana (Appendix B), primary literature searches, and
telephone calls to bighorn sheep managers in North Dakota and South
Dakota (Appendix A). States and provinces were only included in our
study if we were able to collect adequate data for model convergence
(i.e., a sufficiently large sample size for at least one population) from
public records.

We collected population counts and estimates of Rocky Mountain
bighorn sheep, population type (reintroduced, augmented, or native),
introduction and augmentation dates and numbers, population re-
movals, population survey methods, and population range information
for populations classified as the Rocky Mountain subspecies.
Reintroduced populations were designated as populations that origi-
nated from a translocation. Reintroduced populations may have ex-
perienced more than one translocation effort (e.g., Clapp et al., 2014).
Augmented populations were native herds augmented with translo-
cated individuals. We considered native populations those without any
augmentation through translocation. We recorded all populations
where we identified at least four counts or estimates that spanned at
least 5 years (the minimum sample size where models were able to
converge). Populations that resulted from spread from adjacent popu-
lations (pioneering populations) were not included in our assessment.
This resulted in 217 populations with sufficient information to include
in our analyses (Table 1; Appendix C). Different states and provinces
defined populations differently. Thus, we compared trends through
time among populations, but did not compare population size.

2.2. Analysis

To assess overall population trends in bighorn sheep, we fit a dis-
crete Gompertz model (Gompertz, 1825) to population counts or esti-
mates for each population. Because our objective was to compare po-
pulation trends across Rocky Mountain bighorn sheep range, we chose
to maximize the generality of model outputs across populations by se-
lecting a single model (i.e., the Gompertz model) to model population
dynamics rather than conducting model selection across a range of
models to determine best fit for each individual population (Levins,
1966). The Gompertz model traditionally incorporates density depen-
dence (d), which has been shown to be an important parameter in some
previous population analyses of bighorn sheep (e.g., Colchero et al.,
2009). However, density dependence does not always emerge in big-
horn sheep population dynamics (e.g., White et al., 2008; Wang et al.,
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2008). Thus, we followed the approach of Koons et al. (2015), which
allowed us to consider the potential for negative density dependence,
density independence (no density dependence), and positive density
dependence (Koons et al., 2015; Wang et al., 2008). See Appendix D for
a description of our use of the Gompertz model including all model
equations.

We estimated parameters using Bayesian state-space modelling. The
posterior distributions of estimated parameters were estimated using
Markov Chain Monte Carlo computation in JAGS (Plummer, 2003)
using R2Jags (Su and Yajima, 2015) in the R statistical computing en-
vironment (R Core Team, 2017). Population models were not inter-
preted, and parameter estimates not reported or included in further
analyses if Gelman's R statistic showed poor convergence. In addition,
we did not model populations that had been extirpated (reached zero
individuals without subsequent successful translocations over the
period of recorded data). This resulted in 199 populations that were
successfully modelled (Appendices E, F). We used a 75% credible in-
terval for estimated parameters because it provided more descriptive
information about posterior distributions than more classically chosen
cut-off values like 95% used in frequentist statistics. A full description
of modelling methods including prior specification can be found in the
Appendix D.

The length of time series data varied by population (from 5 to
90 years; Appendix C). Model coefficients based on up to 90 years of
time series data may not represent the most comparable, most recent,
and relevant trends. Thus, we also used the last 5 years of model esti-
mates for each population to characterize the most recently docu-
mented population dynamics over an equal time interval across popu-
lations. To assess proportional changes through time across
populations, we calculated the percent change between the last re-
corded population estimate and the population estimate 5 years prior to
that estimate. For all populations, the average start year for this cal-
culation was 2008 ± 3 SD (range of 1995–2012).

We created 3 linear models to determine the relationship between
(1) percent change estimates for the last 5 years of records, (2) density
dependence (d), and (3) intrinsic rates of increase (r; dependent vari-
ables) and translocation status (independent variable) of populations.
The dependent variables, density dependence and intrinsic rate of in-
crease, were the coefficients generated from each population's Bayesian
state space model. The percent change dependent variable represented
the proportional difference between the last recorded population esti-
mate and the population estimate 5 years prior to that estimate for each
population. We included latitude, longitude, the length of a population
data set in years, and the number of population estimates recorded for
each population as covariates in all models. We used Moran's I to test
for spatial autocorrelation among populations (using approximate

latitude and longitude of the population location) for intrinsic rate of
increase, density dependence, and percent change in the last 5 years of
records (Paradis and Schliep, 2018). Where Moran's I indicated that
spatial autocorrelation was present, we used approximate location of
populations to calculate a distance matrix for populations using Eu-
clidian distances (Oksanen et al., 2019), following guidelines from
Legendre (1993). We extracted the eigenvectors of neighbor matrices
(PCNM; Borcard et al., 2004; Borcard and Legendre, 2002; Dray et al.,
2006) associated with the distance matrix to approximate the spatial
structure of the data. We added these as independent variables to the
linear models for autocorrelated variables. This accounts for spatial
autocorrelation in the data at the spatial scales identified by the PCNM
analysis (Borcard et al., 1992). All analyses were conducted using R
statistical software (R Core Team, 2017).

The Wasatch Mountains Timpanogos population in Utah re-
presented an outlier in the data for ‘intrinsic rates of increase’ that
violated linear model assumptions. When we removed this population
from the data set, it had a stark influence on the significance of ‘the
length of a population data set’ in our linear model estimates. This
population represented a small data set (4 population estimates re-
corded over 9 years) with the highest recorded intrinsic rate of increase
(4-times larger than the next highest modelled value). Based on this,
and the modelled relationship that emerged between ‘the length of a
population data set’ and ‘intrinsic rate of increase,’ we removed this
population from our model. Further discussion of this outlier can be
found in Appendix G.

We used the Getis-Ord Gi* statistic (Getis and Ord, 1992; Ord and
Getis, 1995), calculated with ArcGIS v.10.4.1, to identify local pat-
terning in intrinsic rate of increase, density dependence, and percent
change in the last 5 years of records. The z-score and associated p-value
calculated for each population indicated the level of spatial clustering
of high and low values. Maps were generated to locate regions of spatial
clustering across bighorn sheep range (Appendix H). A more detailed
description of the calculation of the Getis-Ord Gi* statistic can be found
in the Appendix H.

3. Results

3.1. Species status

Intrinsic rates of increase were overwhelmingly positive across the
populations we studied, with 95% of populations having a positive
intrinsic rate of increase when all available data were analyzed (Fig. 1;
Appendix E). Average intrinsic rate of increase across populations was
0.010 ± 0.001 SE. However, there were high levels of uncertainty,
with only 4% of populations having a 75% credible interval that did not
encompass zero (Fig. 1; Appendix E). There were no strong patterns in
intrinsic rates of increase related to the jurisdiction a population fell in
nor tied to latitude or longitude (Fig. 1; Table 2; Appendix H). Moran's I
tests indicated no spatial autocorrelation among populations for in-
trinsic rate of increase (Table 2). However, intrinsic rate of increase was
significantly influenced by the length of data records, where longer data
records had larger intrinsic rates of increase (Table 3; but see discussion
in Appendix G).

Density dependence was low, averaging−0.003 ± 0.002 SE across
populations in Rocky Mountain bighorn range (Fig. 1). Thirty-seven
percent of populations had d values with a 75% credible interval that
did not encompass zero (Appendix E). Populations tended to display
stronger negative density dependence (increasing population density
correlates with decreasing growth rates) than positive (increasing po-
pulation density correlates with increasing growth rates; Appendix E).
The average density dependence value across populations displaying
signs of positive density dependence was 0.007 ± 0.002 SE, while the
average density dependence value of populations displaying signs of
negative density dependence was −0.013 ± 0.002 SE. There were no
strong latitudinal or longitudinal patterns in density dependence

Table 1
The data range in years and number of reintroduced, augmented, and native
populations of Rocky Mountain bighorn sheep (Ovis canadensis canadensis)
collected across the western United States and Canada for this study.

State Data range in
years

Number of populations

Total Reintroduced Augmented Native

Alberta 1971–2015 10 0 3 7
British Columbia 1927–2017 13 1 5 7
Colorado 1944–2015 77 40 23 14
Idaho 1920–2010 12 6 3 3
Montana 1939–2016 45 21 6 18
New Mexico 1964–2014 6 6 0 0
North Dakota 1956–2015 9 9 0 0
Oregon 1971–2014 8 8 0 0
South Dakota 1922–2014 3 3 0 0
Utah 1952–2014 15 15 0 0
Washington 1957–2016 10 10 0 0
Wyoming 1958–2015 9 5 0 4
TOTAL 217 124 40 53
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(Fig. 1; Table 3). Unlike with intrinsic rates of increase, there was no
influence of data length on density dependence (Table 3). Moran's I
tests indicated no spatial autocorrelation among populations for density
dependence (Table 2).

Across bighorn sheep range, the average percent change in the last
5 years of records for bighorn sheep populations was 6.7% ± 3.1 SE.
Of the populations assessed, 58% had a positive percent change in the
last 5 years of records in contrast with 42% that had declined (Table 4).
The average percent change in declining populations (−26.9% ± 2.54
SE) was similar to that of increasing populations (31.3% ± 3.7;
Table 4). The greatest percent declines and increases in populations in
the last 5 years of records were concentrated in north-central regions of
bighorn sheep range (average start year of calculation was 2006 ± 3
SD), while populations were more stable in southern regions (average
start year for calculation was 2009 ± 3 SD; Fig. 2; Appendix H). There
was spatial autocorrelation in percent change in the last 5 years of re-
cords among populations (Table 2). We included PCNMs in the linear
model to approximate the autocorrelation structure so that parameter
estimates would not be biased. We removed latitude and longitude from
our model due to high correlation with PCNMs (Pearson Correlation
Coefficients of 0.93 and 0.97). There was no influence of data length on
percent change in the last 5 years of records (Table 3).

3.2. Translocation status

Of the 199 populations modelled, 53.7% were reintroduced, 26.6%
were native, and 19.6% were augmented. Translocation status was a
significant predictor of intrinsic rate of increase (Table 3). Reintroduced
populations had significantly higher estimated intrinsic rates of in-
crease than augmented and native populations (Table 3). Only re-
introduced populations had a 75% credible interval not encompassing
zero (Appendix E). In contrast, the strongest density dependent popu-
lation growth emerged in native populations (Table 5). Native popu-
lations had significantly stronger negative density dependence than
reintroduced populations; however, there were no other strong differ-
ences in density dependence based on translocation status (Table 3).

Most reintroduced and native populations increased in the last
5 years of records (68 populations increasing compared to 39 de-
creasing; 32 populations increasing compared to 21 decreasing, re-
spectively), while almost double the number of augmented populations

had declined compared to increased (Table 4). Native populations had
significantly greater percent change in the last 5 years of records
compared to both augmented and reintroduced populations. Of those
populations that increased, native populations increased by
42.5% ± 9.6 SE, reintroduced populations increased by 30.1% ± 4.2
SE, and augmented populations increased by 12.8% ± 2.1 SE on
average (Table 4; Fig. 2). In both reintroduced and augmented popu-
lations, the greatest declines in the last 5 years of records occurred in
the north-central region of bighorn range (Fig. 2; Appendix H). In na-
tive populations, there were no strong spatial patterns tied to percent
change in the last 5 years of records (Fig. 2; Appendix H).

Patterns in percent change in the last 5 years of records varied
across jurisdictional boundaries and population translocation status.
Across populations, the average percent change in the last 5 years of
records of increasing populations exceeded that of decreasing popula-
tions (Table 4; Fig. 2). However, the average percent decrease in the
last 5 years of records in augmented populations was nearly double that
of the average percent increase (Table 4; Fig. 2). This same pattern was
apparent for reintroduced populations in Idaho and South Dakota
(Table 4). Similarly, while most reintroduced and native populations
were increasing across bighorn range, in Montana, 57% of reintroduced
populations declined in the last 5 years of records (Table 4; Fig. 2). In
Alberta and British Columbia, there were a greater number of native
populations in decline than increasing in the last 5 years of records
(Table 4). Similarly, augmented populations were generally in decline
across bighorn sheep range, however, all of Alberta's augmented po-
pulations increased in the last 5 years of records (Table 4; Fig. 2).

4. Discussion

We used existing population data from native, augmented, and re-
introduced Rocky Mountain bighorn sheep populations to determine
the status of Rocky Mountain bighorn sheep populations across their
range. Bighorn sheep populations have recovered in a number of areas
in western North America due to extensive protections and transloca-
tion efforts (Boyce and Krausman, 2018). We found that the majority of
Rocky Mountain bighorn sheep populations were increasing across
their range based on both intrinsic rates of increase and proportional
change in the last 5 years of records. That said, the average percent
decline overshadowed average percent increase in the last 5 years of

Fig. 1. The distribution of varying intrinsic rates of increase estimates (r) and density dependence estimates (d) for Rocky Mountain bighorn sheep (Ovis canadensis
canadensis) populations modelled across the United States and Canada. Light grey represent positive values and dark grey points represent negative values. Points
were sized based on the magnitude of each parameter. Point size was locked when estimate values exceeded 0.05 for visual interpretation purposes.
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records across multiple jurisdictions, highlighting the threat of localized
extirpations for a number of populations across Rocky Mountain big-
horn sheep range. Some of the largest declines in the last 5 years of
records were found in reintroduced populations, which can be highly

susceptible to decline and extirpation, potentially attributable to ties to
founder size, distance to domestic sheep (O. aries), and source stock for
translocation (Shannon et al., 2014; Singer et al., 2000b). Massive die-
offs tied to pneumonia outbreaks have been recorded across a number
of US populations (Cassirer et al., 2018; Wild Sheep Working Group,
2012). Small populations like those following an introduction are more
susceptible to disease-induced extirpation (Castro and Bolker, 2005).
Cassirer et al. (2018) estimated a median of 48% declines in popula-
tions experiencing pneumonia outbreaks across a large portion of big-
horn range. While this is nearly double the median decline in popula-
tion size we observed in the last 5 years of records, it is still likely that a
number of population declines were tied to pneumonia die-offs. More
subtle declines in population size were likely tied to natural population
fluctuations or slower drivers of population decline like increased
predation pressure (Popp et al., 2014; Rominger et al., 2004), human-
wildlife conflicts (Kindall et al., 2011; Popp et al., 2014), and changes
in forage availability (Conner et al., 2018). Numerous covariates are
involved in population fluctuations within a single population, and

Fig. 2. The distribution of percent change in population estimates over the last 5 years of records for all Rocky Mountain bighorn sheep (Ovis canadensis canadensis)
populations, reintroduced populations, native populations, and augmented populations modelled across the United States and Canada. Light grey represent positive
values and dark grey points represent negative values. Points were sized based on the magnitude of change. Point size was locked when percent change exceeded
100% for visual interpretation purposes.

Table 2
Moran's I results for density dependence, intrinsic rate of increase, and percent
change in the last 5 years of records. We used approximate latitudes and
longitudes of population ranges for Rocky Mountain bighorn sheep (Ovis ca-
nadensis canadensis) modelled across the United States and Canada to assess
spatial autocorrelation among populations by comparing the observed Moran's I
value to that expected from completely independent data.

Parameter Observed Expected Standard
deviation

p-Value

Density dependence 0.003 −0.005 0.011 0.459
Intrinsic rate of increase 0.023 −0.005 0.017 0.100
Percent change in the last

5 years of records
0.023 −0.005 0.017 0.057
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further assessments are required to identify drivers of decline within
given regions. Our study provides a repository of population models
that can be used to investigate drivers of change in populations of in-
terest.

While the majority of native and reintroduced populations were

increasing, augmented populations tended to decline in the last 5 years
of records. Augmentation is often used to reinforce populations of
concern by increasing population number and growth (IUCN, 2013),
and account for 27% of animal translocations in North America
(Brichieri-Colombi and Moehrenschlager, 2016). While more detailed

Table 3
Linear model coefficients for predictors of change in population intrinsic rate of increase, density dependence, and percent change in the last 5 years of records for
Rocky Mountain bighorn sheep (Ovis canadensis canadensis) modelled across the United States and Canada.

Variable Estimate SE t-Value p

Intrinsic rate of increase
Translocation status (Reintroduced-Native) −0.006 0.001 −4.713 <0.001
Translocation status (Reintroduced-Augmented) −0.005 0.001 −4.044 <0.001
Translocation status (Native-Augmented) −5.844 × 10−4 0.001 0.402 0.688
Latitude 1.927 × 10−5 1.155 × 10−4 0.167 0.867
Longitude −6.940 × 10−6 2.179 × 10−5 −0.319 0.750
Data length 1.086 × 10−4 3.614 × 10−5 3.004 0.003
Number of records 5.974 × 10−5 5.780 × 10−4 1.034 0.303

Density dependence
Translocation status (Reintroduced-Native) −0.006 0.003 −1.912 0.057
Translocation status (Reintroduced-Augmented) −0.003 0.003 −0.923 0.357
Translocation status (Native-Augmented) −0.003 0.004 0.798 0.426
Latitude −3.695 × 10−4 3.098 × 10−4 −1.193 0.234
Longitude 1.938 × 10−5 5.845 × 10−5 0.332 0.741
Data length 5.917 × 10−5 9.676 × 10−5 0.611 0.542
Number of records 8.454 × 10−5 1.548 × 104 0.546 0.586

Percent change in last 5 years of records
Translocation status (Reintroduced-Native) 16.722 8.127 2.058 0.041
Translocation status (Reintroduced-Augmented) −11.799 8.516 −1.386 0.168
Translocation status (Native-Augmented) −28.521 9.614 −2.967 0.003
Data length 0.118 0.239 0.495 0.621
Number of records −0.594 0.382 −1.554 0.122
PCNM1 −6.131 44.570 −0.138 0.891
PCNM2 22.979 43.970 0.523 0.602
PCNM3 82.278 48.452 1.698 0.091
PCNM4 47.918 44.671 1.073 0.285

Table 4
Percent change in populations over the last 5 years of records for all reintroduced, native, and augmented populations of Rocky Mountain bighorn sheep (Ovis
canadensis canadensis) modelled across the United States and Canada.

State Population trend Average percent increase Average percent decrease

Increasing Decreasing Extirpated Avg. SE Avg. SE

Reintroduced
British Columbia 0 1 0 – – 13 –
Colorado 29 9 2 16 3 18 6
Idaho 3 2 0 23 12 48 9
Montana 9 12 0 48 19 55 8
New Mexico 4 2 0 84 27 32 26
North Dakota 4 4 0 26 7 17 5
South Dakota 1 1 0 15 – 33 –
Oregon 4 2 2 45 14 49 3
Utah 6 0 2 16 5 – –
Washington 6 3 1 46 15 18 3
Wyoming 2 3 0 27 26 16 6
All reintroduced 68 39 7 30 4 33 4

Native
Alberta 3 4 0 25 10 5 3
British Columbia 3 4 0 15 12 22 4
Colorado 10 4 0 17 7 27 16
Idaho 3 0 0 38 16 – –
Montana 11 7 0 86 22 30 8
Wyoming 2 2 0 7 5 16 9
All native 32 21 0 42 10 22 4

Augmented
Alberta 3 0 0 15 3 – –
British Columbia 0 4 0 – – 40 10
Colorado 10 13 0 9 2 13 3
Idaho 0 3 0 – – 14 6
Montana 2 4 0 27 <1 34 17
All augmented 15 24 0 13 2 21 4

All populations 115 84 7 31 4 27 3
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investigation into augmentation timing and numbers would be bene-
ficial, our investigation of population change in the last 5 years of re-
cords suggests that augmentation may not be effectively boosting po-
pulation growth for many Rocky Mountain bighorn sheep populations.
Previous assessments of augmentation efforts have shown low or mixed
success for many species (Fischer and Lindenmayer, 2000; Griffith
et al., 1989). While many papers have shown that augmented animals
may have a better chance of survival when there are already established
populations (e.g., Jesmer et al., 2018), translocated individuals can
experience difficulties assimilating into already established populations
(Danielson and Gaines, 1987; Poirier and Festa-Bianchet, 2018; Van
Zant and Wooten, 2003). Robinson et al. (2019) found low mixing
between augmented and resident Rocky Mountain bighorn sheep across
multiple populations in Utah. A study of augmented bighorn sheep in
Alberta, Canada found that translocated sheep required at least 1 year
to integrate into the local population, experienced lower weight gains,
and took at least 3 years to give birth (Poirier and Festa-Bianchet,
2018). Future studies should contrast various translocation protocols
(e.g., Taylor et al., 2017), source herds (e.g., Whiting et al., 2012),
population management, habitat quality, and disease outbreak status to
further understand factors that might improve augmentation success.
Similarly, comparisons could be made among populations with dif-
ferent numbers of augmentations. Alternatively, priority could be given
to better understanding underlying drivers of decline within a popula-
tion. Investment into re-establishing populations following intensive
management of exogenous drivers of population decline will be a more
effective use of resources than translocation for the purpose of re-
inforcing populations in distress when population declines are not
driven by population dynamics (e.g., low genetic diversity).

Highly positive intrinsic rates of increase across reintroduced po-
pulations suggest population numbers tend to increase following re-
introduction. This, combined with the fact that the majority of re-
introduced populations were increasing in the last five years of records,
suggests introductions may be relatively successful across bighorn
sheep range. An earlier study conducted by Singer et al. (2000b) found
relatively low introduction success across desert and Rocky Mountain
bighorn sheep subspecies in the southwest based on a minimum viable
population size classification of ‘success.’ Our results may reflect in-
creasing knowledge, investments, and improvements in translocation
protocols in recent decades (Brewer et al., 2014), though over half of
our populations were reintroduced before 1980. Alternatively, popu-
lation success may be tied to increasingly effective habitat manage-
ment. There have been increasing efforts to prevent disease spread
between domestic and wild sheep (Bureau of Land Management, 2016;
Wild Sheep Working Group, 2012), and an emphasis on creating sui-
table habitat for reintroduced populations (Clapp and Beck, 2016;
Singer et al., 2000b). That said, it is likely that reports and data sources
we used tended toward reporting successful introductions and currently
surviving populations of bighorn sheep, rather than reporting un-
successful introductions and extirpations, which may bias our results
toward more positive introduction outcomes.

There has been an increasing emphasis on broad-scale conservation
and restoration across the globe (Rouget et al., 2006; Watson et al.,

2017). The ecosystems that we aim to conserve rarely fall within jur-
isdictional boundaries, but rather span management units, states,
countries, and continents. Increasingly, species conservation and man-
agement strategies are beginning to represent multi-jurisdictional co-
operative efforts (e.g., Gaden et al., 2008; Racey et al., 1999). More-
over, there is a push to establish global species monitoring programs
and generate global species databases to facilitate broad-scale con-
servation efforts (e.g., Pereira and Cooper, 2006; Schmeller et al.,
2015). Amalgamating multi-jurisdictional population data can assist in
assessing the status of a wildlife species across their range, and un-
derstanding broad-scale management outcomes for species conserva-
tion. Local data are difficult to scale with regional and continental
patterns and processes that shape ecosystems and communities (Allen
et al., 2016; May, 1994). Broad-scale assessments like ours can reveal
underlying trends and shifting patterns that are not detectable from a
local perspective (e.g., Donovan et al., 2017; Roberts et al., 2019). This
approach was particularly effective in the case of bighorn sheep, where
interagency and jurisdictional collaborations have already established
extensive cross-range species records (e.g., Wild Sheep Working Group,
2015). That said, establishing consistent methodologies across jur-
isdictions would increase our ability to assess population patterns
across species range (e.g., population viability analysis tied to popula-
tion sizes) and among previous studies of bighorn sheep population
trends. More consistent monitoring and reporting of population num-
bers and stressors, like pneumonia die-offs, would assist in more thor-
ough population modelling and assessment. For instance, while we
were able to compare trends in the last 5 years of the most recently
reported records for each population, not all records covered the same
time windows nor reported the same stressors. This makes recent dri-
vers of declines difficult to assess across species range because the last
5 years of records for some populations may be less recent than others
and records on stressors differ among populations. Lack of data avail-
ability, variability in data collection techniques, and statistical issues in
combining data sets of variable temporal coverage, are among some of
the issues that confound current efforts for large-scale conservation and
restoration (Balmford et al., 2003). Continued efforts toward multi-
jurisdictional collaborations on monitoring and data sharing will be
important for the advancement of broad-scale conservation.

A list of reports and articles used to collect population counts and
estimates (Appendix A), a sample manager survey (Appendix B), a
summary of data collected for each population (Appendix C), an in-
depth description of modelling methods (Appendix D), a summary of
population model outputs (Appendix E), a plot of each population’s
data and model (Appendix F), a discussion on outlier removal in the
linear model for intrinsic rate of increase (Appendix G), and the results
of a population trends hot-spot analysis (Appendix H) are available in
the supplementary data. Supplementary data to this article can be
found online at https://doi.org/10.1016/j.biocon.2020.108639.

CRediT author statement

Victoria Donovan: Conceptualisation, Methodology, Formal ana-
lysis, Investigation, Data curation, Writing - original draft, Writing -
review & editing, Visualization, Project administration. Caleb Roberts:
Conceptualisation, Methodology, Investigation, Writing - review &
editing, Visualization. Carissa Wonkka: Conceptualisation,
Methodology, Formal analysis, Writing - review & editing,
Visualization. Jeffrey Beck: Methodology, Writing - review & editing.
Jesse Popp: Methodology, Writing - review & editing. Craig Allen:
Investigation, Writing - review & editing, Funding acquisition. Dirac
Twidwell: Investigation, Writing - review & editing, Funding acquisi-
tion.

Table 5
Average intrinsic rate of increase (r) and density dependence (d) across native,
reintroduced, and supplemented populations Rocky Mountain bighorn sheep
(Ovis canadensis canadensis) modelled across the United States and Canada.

Average intrinsic rate of
increase (r)

Average density dependence (d)

Avg. SD Avg. SD

Native 0.006 0.004 −0.008 0.025
Reintroduced 0.013 0.020 0.0003 0.015
Supplemented 0.007 0.004 −0.003 0.010
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