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Abstract

Habitat loss is affecting many species, including the southern mountain caribou

(Rangifer tarandus caribou) population in western North America. Over the last
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half century, this threatened caribou population’s range and abundance have

dramatically contracted. An integrated population model was used to analyze

51 years (1973–2023) of demographic data from 40 southern mountain caribou

subpopulations to assess the effectiveness of population-based recovery actions

at increasing population growth. Reducing potential limiting factors on threat-

ened caribou populations offered a rare opportunity to identify the causes of

decline and assess methods of recovery. Southern mountain caribou abundance

declined by 51% between 1991 and 2023, and 37% of subpopulations were func-

tionally extirpated. Wolf reduction was the only recovery action that consistently

increased population growth when applied in isolation, and combinations of

wolf reductions with maternal penning or supplemental feeding provided rapid

growth but were applied to only four subpopulations. As of 2023, recovery

actions have increased the abundance of southern mountain caribou by 52%,

compared to a simulation with no interventions. When predation pressure was

reduced, rapid population growth was observed, even under contemporary cli-

mate change and high levels of habitat loss. Unless predation is reduced, caribou

subpopulations will continue to be extirpated well before habitat conservation

and restoration can become effective.

KEYWORD S
adaptive management, bottom-up, endangered species, population dynamics, small
populations, top-down

INTRODUCTION

During the last century, wildlife populations have declined
by over 50% across the globe (Murali et al., 2022). Although
climate change represents a current and accelerating threat
to many wildlife populations, habitat loss from human
activities continues to be the primary cause of popula-
tion decline for most threatened and endangered species
(Caro et al., 2022; Williams et al., 2022). As a result,
most conservation strategies place an emphasis on
protecting and restoring habitat (Geldmann et al., 2019;
Maxwell et al., 2020). The contemporary shift to habitat
restoration is highlighted by the United Nations (UN)
Decade on Ecosystem Restoration (2021–2030), which is
focused on preventing, halting, and reversing the deg-
radation of ecosystems. However, habitat restoration
alone may not be enough to support species residing in
highly impacted areas because rapid population decline
may result in extirpations before sufficient habitat
for self-sustaining populations can be restored and
protected (Schrott et al., 2005).

For species requiring expansive areas of undisturbed
habitat or for habitats requiring complex successional
processes to regenerate, it can take many decades to
restore enough habitat for populations to recover
(Schrott et al., 2005). In this situation, it will likely be

necessary to use population-based management actions
like translocation, supplemental feeding, or predator
reductions to support the species until
sufficient habitat is restored (Batson et al., 2015; Oro
et al., 2008; Reynolds & Tapper, 1996; Shea, 1998).
However, like habitat restoration, implementing
population-based actions can be difficult when they are
expensive, complex, or controversial (Dubois et al., 2017;
Johnson et al., 2019). Understanding the efficacy of popu-
lation management actions is therefore critical to devel-
oping conservation strategies that recover populations
and foster support among stakeholders, rightsholders,
and the general public.

The recovery of woodland caribou (Rangifer tarandus
caribou) and their habitat is one of the greatest conserva-
tion challenges in North America (Hebblewhite, 2017).
Human-caused habitat loss—defined here as the human-
caused degradation of caribou habitat that eliminates
resources required for caribou persistence, such as pred-
ator refugia, food, and shelter from elements—has
contributed to declines of woodland caribou across
much of their distribution. As a result, two populations
(boreal and southern mountain) have been listed as
Threatened in Canada (Environment and Climate
Change Canada, 2020; Environment Canada, 2014) and
two as Endangered; one in the contiguous United
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States (Fish and Wildlife Service, 2019) and one in
Atlantic Canada (Environment and Climate Change
Canada, 2022a). Human-caused habitat loss, hereafter
“habitat loss,” can impact caribou in several ways, though
the primary process is thought to be through disturbance-
mediated apparent competition (Fortin et al., 2017; Frenette
et al., 2020; Holt, 1977; Serrouya, Dickie, et al., 2021; St-
Laurent et al., 2022). In this process, anthropogenic and nat-
ural alteration of the landscape increases the extent of early
seral conditions that support increased densities of moose
(Alces alces americana) and deer (Odocoileus spp.), which in
turn support increased populations of their generalist preda-
tors, primarily wolves (Canis lupus) and cougars (Puma
concolor). These generalist predators incidentally prey on
caribou at unsustainable rates (Bergerud et al., 2007; Ehlers
et al., 2016; Hebblewhite et al., 2007; Wittmer, Sinclair, &
McLellan, 2005). Linear features such as roads and pipe-
lines further contribute to increasing predation of caribou
by altering predator movement and spatial behaviors,
resulting in increased caribou–predator encounters
(Barker et al., 2023; DeMars & Boutin, 2018; Dickie
et al., 2022; Dickie, Serrouya, McNay, & Boutin, 2017).
Federal recovery strategies for woodland caribou have
identified habitat restoration and protection as key man-
agement actions for recovering self-sustaining
populations (Environment and Climate Change
Canada, 2020; Environment Canada, 2014). Habitat res-
toration that reduces the overall amount of early seral
habitats should reduce the numeric response of moose
and deer, and thus reduce the abundance of their preda-
tors (Fryxell et al., 2020; Serrouya et al., 2017; Serrouya,
Dickie, et al., 2021). Linear feature restoration involves
combinations of road removal and re-vegetation which
is expected to interrupt the behavioral functional
response of predators and reduce predator-caribou
encounters (Dickie et al., 2021, 2022; Dickie, Serrouya,
DeMars, et al., 2017; Serrouya et al., 2020). However,
restoring caribou ranges with extensive habitat loss
back to mature forest conditions will take decades,
notwithstanding the logistical challenges, costs, threats
of wildfire, and socioeconomic considerations associated
with restoring the large spatial extents typical of
caribou ranges. Consequently, few caribou ranges
have seen a net gain in suitable habitat since the
release of the federal recovery strategies (Environment
Canada, 2012, 2014; Nagy-Reis et al., 2021), and cari-
bou populations have generally continued to decline
(Johnson et al., 2020).

Among the populations of woodland caribou, southern
mountain caribou are the most imperiled (Environment
and Climate Change Canada, 2018; Johnson et al., 2015).
Over the last two decades, multiple southern mountain
caribou subpopulations have been extirpated, and most

that remain are small (<100 individuals) and have been
rapidly declining for years (Johnson et al., 2015;
Moskowitz, 2019; Serrouya et al., 2019). In response to
the dire state of southern mountain caribou and the
inherent time lags in restoring habitat loss, five popula-
tion-based management actions (hereafter “recovery
actions”) have been implemented to stabilize and
recover the population (Hervieux et al., 2014; Serrouya
et al., 2019). Recovery actions include (1) maternal pen-
ning, which involves placing pregnant female caribou in
fenced areas that exclude predators during the birthing
and neonatal periods (Adams et al., 2019; McNay
et al., 2022); (2) translocation to directly increase
abundance (Compton et al., 1995; Leech et al., 2017);
(3) supplemental feeding to reduce potential nutritional
deficiencies (Heard & Zimmerman, 2021); (4) reduc-
tion of predator densities (Hervieux et al., 2014); and
(5) reduction of apparent competitor density (e.g., moose
[Serrouya et al., 2017]). Under the guiding principles of
adaptive management (Walters & Holling, 1990), an evalu-
ation of recovery actions provides an opportunity to adjust
future efforts to recover southern mountain caribou.

Although the causes of caribou decline have been
established, at least two major challenges impede caribou
recovery. First, during the last half century most southern
mountain caribou subpopulations have consistently
declined, with many subpopulations now functionally
extirpated (<10 adult females or total population <20)
(Johnson et al., 2015; Moskowitz, 2019). Second, current
knowledge indicates habitat-based solutions that facili-
tate low predator density are required to ultimately
regain self-sustaining status for southern mountain cari-
bou subpopulations, but the recovery of these habitats is
expected to take decades. Given the slow rate of caribou
habitat recovery and the rate of caribou population
declines without intervention, recovery actions are needed
in the interim to avoid ongoing extirpations.

Serrouya et al. (2019) synthesized the results of
several recovery actions applied to southern mountain
caribou. They concluded that wolf reductions and combi-
nations of multiple measures, such as wolf reductions
and maternal penning, were effective at increasing
caribou population growth. Since then, a greater amount
of caribou data, advanced analytical techniques, and
information from additional recovery actions have become
available. In addition, critiques of Serrouya et al. (2019)
suggested that there was no evidence effectiveness of any of
the recovery actions and that statistical anomalies and envi-
ronmental gradients confounded or nullified results
(Harding et al., 2020; Wilson et al., 2021).

In response to these critiques and to elevate the role
of evidence in caribou recovery, we collated available
data on southern mountain caribou demography to assess
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trends in abundance across over 51 years (1973–2023)
and measure population trajectories with and without
recovery actions. We leveraged the statistical rigour of an
integrated population model (IPM) to make efficient use
of multiple data sources, account for uncertainty,
and increase knowledge regarding the effectiveness of
recovery actions. Our focus was on recovery actions
directly affecting the mechanistic pathways of disturbance-
mediated apparent competition. Such measures included
decreasing predation directly by reducing wolf numbers,
indirectly via moose reductions, or by using maternal
penning to reduce predation on neonates. We also
examined supplemental feeding, a recovery action
hypothesized to alleviate risk-sensitive foraging and increase
adult female survival (Heard & Zimmerman, 2021). All
recovery actions were implemented with the recognition
that habitat-based solutions are required for populations to
ultimately achieve self-sustaining status. Because current
efforts to protect and restore habitat have not yet reached
scales expected to impact caribou demography (Nagy-Reis
et al., 2021), we could not assess the efficacy of these
longer-term recovery actions, but such an assessment
will be necessary in the future to evaluate additional
hypotheses of population decline and inform effective
conservation strategies.

MATERIALS AND METHODS

Study area and caribou ecology

The study occurred across the range of southern moun-
tain caribou in western Canada and the USA (Figure 1).
Southern mountain caribou occupy mountainous areas
and adjacent lower-elevation forests in British Columbia
(BC) and Alberta, Canada, and were extirpated in Idaho
and Washington, USA in 2018 (Serrouya et al., 2019).
Southern mountain caribou are divided into southern,
central, and northern groups (Environment Canada, 2014,
Appendix S1: Section S1). Anthropogenic impacts
vary across the extent of southern mountain caribou range
(5%–86% disturbed, as defined by [Environment
Canada, 2014]), but are primarily from forest harvesting,
resource roads and other linear developments, hydroelectric
reservoirs, oil and gas developments, and mining (Figure 2).

Data

We assembled available caribou data from government
agencies, such as abundance and recruitment surveys,
survival outcomes for radio-collared adult caribou, and
recovery actions applied across the southern mountain

caribou range. For subpopulations located in BC, we obtained
data from the Knowledge Management Branch of BC
Environment and Climate Change Strategy, indepen-
dent scientists, and regional government biologists. For
populations located in Alberta, data were provided by
Alberta Environment and Protected Areas and by Parks
Canada. We compiled the raw data into a standardized
format for subsequent population modeling, in collabo-
ration with government biologists. These raw data are
available at Lamb (2024). We used the abundance esti-
mates from a previously completed IPM for the Tonquin
subpopulation of Jasper National Park (Parks
Canada, 2022).

Translocations were attempted to supplement caribou
numbers in four declining or extirpated subpopulations
(Kinley, 2010; Warren et al., 1996; Young et al., 2001)
(Appendix S1: Section S1). We controlled for the influ-
ence of translocation by including this recovery action in
the model. We report on the estimated effects of translo-
cation, but evaluating this recovery action was not a
focus of our work because it does not address mecha-
nisms of disturbance-mediated apparent competition.
Further, translocation is not a recovery action currently
used by either province due to limited efficacy of past
attempts (Kinley, 2010; Leech et al., 2017).

Abundance surveys

Caribou abundance was estimated through caribou aerial
counts in BC or genetic capture–recapture in Alberta.
Aerial surveys were primarily conducted in March when
caribou sightability was high (>80%) in most subpop-
ulations. When radio collar data were available for the
subpopulation, we estimated abundance by dividing the
number of animals observed during aerial counts by a
sightability correction factor generated using the propor-
tion of radio-collared animals (radio collared with either
very high frequency [VHF] or Global Positioning System
[GPS] collars; see below) observed relative to the radio
collared sample within the subpopulation during the
survey. During the survey, the location of radio-collared
animals was unknown to surveyors. The sightability
correction factor is assumed to equal the proportion of
the subpopulation that would have been seen on the
survey, as is typical of a mark–resight design using a
Lincoln–Peterson estimator (Barker, 2008). We estimated
uncertainty in the sightability correction based on a
binomial distribution, which used the sightability correc-
tion, and the number of collars available to be observed,
to calculate a standard error (Moeller et al., 2021).

At the end of the survey, radio-collared animals not
seen during the survey were found using their VHF
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signal. These missed animals and any animals without
collars that were with them were added to the number
observed to create a minimum count. The animals found
using VHF signals were not included as part of the
sightability-corrected aerial abundance estimates. In cases
where the minimum count exceeded the aerial abundance
estimate, we used the minimum count as the best
available abundance metric.

Three subpopulations in Alberta (À La Pêche,
Redrock-Praire Creek, and Narraway) had low sightability,

rendering aerial population enumeration methods impractical.
Following the approach of McFarlane et al. (2020), DNA
was collected and extracted from fecal material and used in
a genetic spatial capture–recapture framework to estimate
the size of each subpopulation.

We included only the abundance estimates generated
from surveys where the entire caribou range was surveyed
(or at least the portion known to have caribou occurrence)
and when surveyors indicated that the weather and snow
conditions were amenable to obtaining a reliable count.

F I GURE 1 (a) Map of southern mountain caribou subpopulations in British Columbia and Alberta, Canada. Numbers for each

subpopulation correspond to subpopulation identification numbers in Figure 2 and are numbered by Environment and Climate Change

Canada (ECCC) recovery ecotype. Northern Group: 1–9, Central Group: 10–22, Southern Group: 23–41. Population growth trend for each

subpopulation during the decade preceding recovery actions implementation (declining: r < −0.01, stable: r > −0.01 and r < 0.01, and

increasing: r > 0.01) shown as choropleth. Because population growth estimates for individual subpopulations in (a) is based on the 10 years

prior to recovery actions, it therefore does not necessarily reflect long-term or current population trends. Refer to Figure 2 for overall

population trends for each subpopulation. Functionally extirpated subpopulations are outlined in red (<10 adult females or total

population <20). (b) Overall southern mountain caribou population trend from 1991 to 2023. An observed (modeled) trajectory under the

recovery actions implemented is shown in green as well as a counterfactual where no recovery actions were implemented (status quo) in

orange. The number of subpopulations receiving recovery actions are shown along the bottom of the plot, with values for every second year

shown. The number of subpopulations with demographic data (at least one of the following: abundance, recruitment, or survival) are shown

along the top of the plot, with values for every second year shown. We display this restricted (>1990) temporal span instead of the full period

(1973–2023) because relatively few subpopulations have demographic data before 1990, compared to after 1990, so predictions in these

earlier periods heavily rely on information from prior distributions for most subpopulations. Demographic data were available for at least

half (>20) the subpopulations by 1990, so we chose this more data-rich period as the beginning of our time frame to display the overall

population trajectory. The timing of each documented subpopulation functional extirpation is shown as points along the trend. While

15 subpopulations are known to have been functionally extirpated between 1973 and 2023, three are not shown here because they occurred

between 1973 and 1990, and one, Scott West, is not shown due to uncertain timing.
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Recruitment surveys

Recruitment surveys were typically conducted in March
to estimate the rate of calf recruitment when calves were
ca. 9 months old. We used the number of calves per
adult as our input for calf recruitment because it was not
possible to identify the sex of adults safely and reliably in
most surveys. If recruitment surveys were done earlier in
the year, we noted the season, fall or spring, and included

these as variables in the IPM described in what follows.
Our measure of recruitment encompasses pregnancy
rates and calf survival for the first 9 months of life.

Survival monitoring

We monitored the fate of adult female caribou marked
with GPS and VHF radio collars in a continuous-time

F I GURE 2 Median posterior estimates of abundance for each southern mountain caribou subpopulation from the integrated population

model shown as orange line with 90% credible interval displayed as orange band. Extirpated and functionally extirpated subpopulations (<10 adult

females or total population <20) highlighted in red. Observed minimum counts and abundance estimates shown as black dots with 90% CIs. Rug

plots at top show years with survival, recruitment, or abundance data. Posterior estimates for years without demographic data rely on prior

distributions as well as past and future population size. Posterior estimates before initiation of demographic data collection for each subpopulation

should be interpreted cautiously. Percentage habitat loss (500 m buffered human-caused habitat loss [Environment and Climate Change

Canada, 2022b]) shown by numerical labels for each subpopulation. Individual plots for each subpopulation can be found in Lamb (2024) under

CaribouIPM?BCAB/plots/by_herd/with_treatments.
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survival estimation framework with recurrent time
horizons based on the biological year (e.g., DeCesare
et al., 2016). For each animal, we collected information
on the duration of monitoring and the outcome—
censored or dead. Animals were censored when the col-
lar was removed or stopped working. Animals monitored
via aerial relocation of VHF whose status changed between
flights were given a censored or dead date as the midpoint
between last known live observation and the current obser-
vation. Radio collars with GPS generally provided an exact
mortality date. Previous studies demonstrated low bias and
high accuracy of the methods used to estimate caribou
survival data using this study design (DeCesare et al., 2016).

Recovery actions

Recovery actions included predator reductions (wolf and/or
cougar), predator sterilization (wolf), maternal penning,
supplemental feeding, primary prey reductions (moose),
and combinations of these recovery actions applied
together. All recovery actions ultimately attempted to
reduce predation mortality on caribou. We collected
information on when and which recovery actions were
implemented for each subpopulation. These recovery
actions have been described elsewhere (Hervieux et al., 2014;
McNay et al., 2022; Serrouya et al., 2017, 2019), and we
briefly outline them here. Recovery actions were conducted
under the authority of the respective provincial wildlife acts
and the authority enshrined in treaty rights on traditional
territory (see Appendix S1: Section S2 for additional details
on permits and approvals). The university-affiliated authors
of the current work were not directly involved in the
activity or permits associated with recovery actions,
thereby obviating the need for university animal care
review or approvals.

Predator reduction
Predator reduction focused on reducing wolf abundance,
as wolves were the primary predator in most southern
mountain caribou ranges. In two southern subpopulations,
Columbia North and Nakusp, predator reductions also
included the removal of cougars using hounds and
shooters. Hereafter, we refer to this measure as wolf
reduction because wolves made up >99% of the predators
removed (Appendix S1: Figure S1).

The goal of wolf reduction was to reduce the annual
abundance of wolves to levels that would increase caribou
survival and population growth (e.g., <3 wolves/1000 km2

[Environment Canada, 2014]). Wolf reduction was carried
out by provincial government biologists or their contractors,
primarily through aerial tracking and shooting. Toxicant
application was used in some years to reduce wolves in a

portion of the À La Pêche winter range in Alberta.
Wolves were also reduced in Klinse-Za through trapping
and shooting by Indigenous trappers and hunters
(McNay et al., 2022). Although bear (Ursus spp.) and wol-
verine (Gulo gulo) are known to predate on caribou
(Wittmer, McLellan, et al., 2005), especially calves
(Gustine et al., 2006; Leclerc et al., 2014), no measures
were taken to reduce their abundance except around the
Klinse-Za maternity pen (McNay et al., 2022).

Wolf sterilization
Wolves were captured and surgically or chemically steril-
ized with the intention of reducing reproductive success
and, thus, the abundance of wolves (Hayes, 2013).

Moose reduction
Moose reduction focused on reducing the abundance of
moose using licensed hunting to levels expected under a
natural forest age class distribution in areas where their
abundance was inflated due to forest harvest (Serrouya
et al., 2011). Efforts to substantially reduce other primary
prey such as white-tailed deer (Odocoileus virginianus) or
elk (Cervus canadensis) were not conducted.

Maternal penning
Maternal penning sought to increase neonatal survival
by protecting calves during their first weeks of life.
Maternal pens are 4–12 ha enclosures situated within
caribou ranges, which protect female and calf caribou
from predators. Pregnant adult female caribou were
transported into the enclosures in March and kept until
their calves were 6–10 weeks of age, at which point the
adults and their calves were released (McNay et al., 2022).
Caribou were fed while in the pen. Hereafter we refer to
this measure as penning.

Supplemental feeding
Free-ranging caribou were fed a supplemental diet of
pellets in the fall (Heard & Zimmerman, 2021). Hereafter
we refer to this measure as feeding.

Integrated population model

We classified the application intensity of each recovery
action as “standard” or “low” to identify subpopulation-
years where the application was limited in spatial extent
(i.e., applied only to a portion of a caribou range), applica-
tion effort was low, or for small caribou subpopulations.
For example, three subpopulations had wolf reductions
applied to only a portion of their ranges during the early
years of application (Appendix S1: Section S3) and, hence,
were considered low application intensity. For moose, when
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<50% of the reduction target was met, low application was
also assigned. Similarly, low application was assigned when
less than 20% of the female population was penned or there
were few (<30) caribou left in subpopulations and were
thus close to extirpation at the time of recovery action
application.

To assess the effectiveness of recovery actions, we
developed an IPM using multiple data sets on caribou
demography (Brooks et al., 2004; Schaub & Abadi, 2011;
Schaub et al., 2007). Our IPM was built based on the
structure of two previous IPMs focused on assessing car-
ibou population status and response to recovery actions
(McNay et al., 2022; Moeller et al., 2021). The goals of
the model were to (1) combine multiple sources of
demographic information (counts, demographic rates)
to produce robust estimates of past caribou population
size; (2) evaluate population responses to recovery
actions; (3) incorporate the uncertainty from each
source of demographic information into estimates of
vital rates and population size, responses to recovery
actions, and derived parameters such as population
growth; and (4) estimate the demographic trajectory of
caribou populations in the absence of recovery actions.

Model structure

Integrated population models provide a statistical frame-
work to combine and simultaneously analyze multiple
demographic data types to increase estimated precision
and enable the estimation of parameters (and derived,
latent parameters) over periods for which data were not
collected (Besbeas et al., 2002; Kéry & Schaub, 2011). The
IPM consisted of a latent biological process model for
survival, recruitment, and abundance that incorporated
annual variation and hierarchical state-space observation
submodels that related the observed data to the
corresponding biological process while accounting for vari-
ance associated with sampling error. We followed a two-
stage approach where point estimates and uncertainty for
survival, recruitment, sex ratios, and abundance were esti-
mated in the first stage and then used as the data inputs
for the biological process submodels for the second stage.
Two-stage approaches are often used to improve computa-
tional efficiency and reduce model complexity, including
for IPMs (McNay et al., 2022; Moeller et al., 2021; Saunders
et al., 2019). The results from these models closely repro-
duce one-stage analyses, and such models enable the inte-
gration of historical data where only point estimates and
measures of variance are available, not original data sets
(e.g., Lunn et al., 2013).

We adapted the IPMs from Moeller et al. (2021) and
McNay et al. (2022) to evaluate recovery actions. We used

an age-structured caribou population model with two
classes, which consisted of recruited calves (generally
0.75 years old) and adults (generally 0.75+ years old).
Previous models included a juvenile age class, which can
provide additional insights when input data on juveniles
are available. However, the southern mountain caribou
data available in BC and Alberta contained limited
details on juvenile survival, and juveniles could rarely be
identified from aerial surveys with accuracy. For this
reason and to reduce model complexity, we simplified
our model to two age classes after confirming that the
simplification produced results similar to those of a
three-age-class model. We estimated a female-only popu-
lation size by applying annual sex ratios to the estimated
total abundance.

Survival and recruitment data were subpopulation
specific. We accounted for environmental stochasticity
and sampling variance by including a random effect for
subpopulation and year in the linear predictor for each of
these parameters. We estimated a random intercept
for each subpopulation, which allowed variation in vital
rates between subpopulations. We estimated annual
random effects for each ecotype (southern, central, and
northern [COSEWIC, 2011]) such that annual variation
for each subpopulation was influenced by the survival
and recruitment data from that specific subpopulation
and also from the larger ecotype for which it was a part.
In one case, the Itcha-Ilgachuz subpopulation, the popu-
lation increased nearly fourfold and then declined, a
dynamic that was not observed in adjacent subpopula-
tions within the same ecotype. As such we included a
fourth random effect for Itcha-Ilgachuz on its own so that
this unique trajectory did not unduly influence adjacent
subpopulations with different trajectories. We included
an effect for each recovery action that was constant
across subpopulations to explicitly estimate the effect on
survival and recruitment rates when recovery actions
were applied. We included a covariate to account for the
increased recruitment rates observed during surveys that
occurred when calves were younger (spring or fall) and,
hence, had less exposure to mortality factors in compari-
son to calves counted later in the year (winter).

We used vaguely informative priors for survival and
recruitment rate estimates using a normal distribution
that generally covered the ecologically plausible values
for the mean of each parameter. We set the prior for the
mean annual survival at 0.85 and recruitment at 0.15. We
logit transformed both values and created a normal distri-
bution with a SD of 1 based on previous analyses of
demography across populations (McNay et al., 2022;
Wittmer, McLellan, et al., 2005). Because sex ratio data
were sparse, we used an informative prior based on all
sex ratios observed during surveys, which equated to a
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mean of 0.64 with a SD of 0.12. We used a vague prior for
the Year 1 abundance estimate for each stage using a nor-
mal distribution with a mean of the first 4 years of count
data with a large variance (τ = 0.001). We assumed that
adults accounted for 85% and calves the remaining 15%
of the first-year survey count. We previously assessed the
sensitivity of results to these starting values and found
posterior estimates to be insensitive to variation in these
parameters (McNay et al., 2022).

We estimated the annual finite rate of increase (λ)
as a derived parameter (λt = Nt/Nt−1), where Nt was the
abundance at time t and Nt−1 was abundance the year
prior. We transformed annual λ into the instantaneous
rate of increase (r) using r = log(λ) when assessing
recovery actions because r is symmetric around 0 and
provided symmetrical effect sizes for decreases and
increases in abundance. This symmetry arises because
r has no lower or upper bounds whereas λ is bounded
between 0 and infinity. Hereafter, we report all changes
in annual population growth as the instantaneous rate
of increase (r), which we also refer to as the population
growth rate.

Models were fit in JAGS via R (version 4.2.0 [R Core
Team, 2021]) using the jagsUI package (version 1.5.2).
We ran each model for 400,000 iterations with a
60,000-iteration adaptive phase and a thinning rate of 90.
We assessed convergence using the Gelman–Rubin diag-
nostic (r-hat), using a threshold of r-hat <1.1, and we
visually inspected posterior distribution traceplots using
the mcmcplots package. R and JAGS code and data are
available in Lamb (2024). We report 90% credible inter-
vals (90% CIs) for all estimated parameters.

Recovery action effectiveness

We collated the posterior distributions of population
growth rates for each subpopulation-year for
postprocessing in R. We assessed the demographic influ-
ence of recovery actions in three ways: (1) comparisons
among populations to compare population growth rates
across recovery actions and combinations of recovery
actions and against a reference condition when recovery
actions were not implemented; (2) before–after recovery
action application within each population to compare
population growth before and after recovery
(Δr = rafter − rbefore) measures for each population and
to account for local conditions and demography; we
viewed this approach as a strong test of effectiveness
and thus also included responses of survival and recruit-
ment to recovery actions in our assessment; and (3) model-
ling the average effect of individual recovery actions when
applied at standard treatment intensity. We partitioned

variation using the results from Item 2 for individual
recovery actions and combinations of recovery actions
applied with standard treatment intensity to each popula-
tion using a linear regression model to partition the effects
of individual recovery measures on Δr. We only consid-
ered demographic responses for caribou subpopulations
during years in which the abundance was above the func-
tional extirpation threshold due to unstable demography
when populations become very small.

Harding et al. (2020) proposed that population
trend and recovery action effectiveness might differ by
ecotype. In addition, Wilson et al. (2021) noted a poten-
tial influence of selection bias, where the choice of sub-
populations may have influenced the findings of
Serrouya et al. (2019). To test whether effectiveness
differed by ecotype, we assessed the before–after effec-
tiveness of recovery actions by ecotype as well as a
partitioned variation of each recovery action while
including ecotype as a fixed effect (Appendix S1:
Section S4). Caribou ecotypes have been defined
elsewhere using two separate approaches, one based on
arboreal versus primarily terrestrial lichen feeders (two
groups [Heard & Vagt, 1998; Stevenson & Hatler, 1985])
and another based on behavioral adaptations, ecological
distinctness, and genetic evidence (three groups, hereafter
Environment and Climate Change Canada [ECCC] recov-
ery ecotype [COSEWIC, 2011]). We therefore assessed both
definitions of ecotype to further evaluate if the results
were sensitive to how ecotype was defined. The ECCC
recovery ecotypes were used by Harding et al. (2020) to
delineate ecotype in their critique. In addition, to mini-
mize concerns about selection bias, we included subpop-
ulations in a complete before–after–control–impact
(BACI) analysis with spatiotemporally matched controls
for each recovery action population from within the
same ecotype (Appendix S1: Section S4).

Recovery action effects on population

To assess the overall effect of recovery actions for southern
mountain caribou, we projected a counterfactual situation
where recovery actions were not implemented and the
population continued on unmitigated trajectories. For
each subpopulation that received a recovery action,
we averaged survival and recruitment rates across the
10 years prior to the implementation of recovery actions.
We chose 10 years because it provided enough data to
provide reasonably precise vital rates while providing
temporally relevant rates with which to project the
counterfactual. We used these averaged vital rates to
project the population through time as if recovery action
implementation did not happen. We compared the total
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number of caribou (for the counterfactual and as observed
with recovery action) that would be present in 2023.

RESULTS

Data

We compiled all available demographic data from 40 of
the 41 subpopulations of southern mountain caribou
collected between 1973 and 2023 (Figure 1). The one
missing population, Scott West, was not rigorously
monitored and thus not included in the IPM; however,
this population was confirmed as being functionally extir-
pated in 2017 (Sittler & McNay, 2017). The demographic
data available for southern mountain caribou consisted
of 501 population-years of abundance estimates (n = 424
sightability-corrected estimates, n = 77 minimum
counts), 589 population-years of recruitment estimates,
and 556 population-years of survival rates that were esti-
mated using known fate data from 1583 radio-collared
caribou monitored for 4266 animal-years, with 604
recorded mortalities. A total of 179 population-years of
sightability estimates were gathered, and 33 of 40 subpop-
ulations had at least one sightability estimate.

Recovery actions were applied in 344 population-
years for 25 subpopulations between 1988 and 2023, with
most actions applied after 2004 (n = 297 population-
years, Figure 2). Multiple recovery actions were applied
concurrently to a subpopulation during 62 population-
years (Figure 2). Recovery actions were applied with
low intensity during 55 population-years. Wolf reduc-
tions were applied to 22 subpopulations across 121 popula-
tion-years between 2002 and 2023. All 21 subpopulations
received wolf reductions (n = 1986 wolves removed), while
two subpopulations also received cougar reductions, though
few cougars were removed (n = 20, see Appendix S1:
Table S2). Wolf sterilization was attempted for two sub-
populations in conjunction with wolf reductions span-
ning 22 population-years between 2002 and 2012. Moose
abundance was reduced for five subpopulations, span-
ning 80 population-years between 2005 and 2023. Sup-
plemental feeding was only attempted for the Kennedy
Siding subpopulation and spanned 9 years between 2015
and 2023. Feeding was only applied in isolation during
2015; subsequent years also included wolf reductions.
Maternal penning was applied to three subpopulations
spanning 15 population-years between 2015 and 2023.
Maternal penning was never applied in isolation but
rather was paired with wolf reductions and moose
reductions and by design included supplemental feed-
ing. Finally, four subpopulations received multiple
translocations of caribou between 1984 and 2012, which

occurred over 1–6 years for individual subpopulations.
These translocations were designed to increase abun-
dance and buoy demographic rates and thus could
have demographically affected these subpopulations
for 99 population-years after translocation. A complete
table of recovery action type and timing by subpopulation is
provided in Appendix S1: Figure S1.

Integrated population model

We estimated annual demographic changes for 40 subpop-
ulations of southern mountain caribou using the IPM
(Figure 2). Although the earliest demographic data
informing the IPM was collected in 1973, data collection
began for most (>50%) subpopulations after 1991. We
provide estimates for each subpopulation for the entire
period (1973–2023) and highlight which portion of this
period is informed by demographic data and which
portion is primarily informed by priors and parameters
shared with adjacent subpopulations (Figure 2). We
summarize population size for the whole southern
mountain caribou population (Figure 1) between 1991
and 2023 to capture the period where most subpopula-
tions had demographic data available. In 1991 the entire
southern mountain caribou population was estimated at
9639 (8507–10,953) caribou. In 2023, the population had
declined to 4727 (4240–5280). Thus, between 1991 and
2023 the population declined by 51% (Figure 1). We pro-
vide estimates of population size for each group of cari-
bou in Appendix S1: Section S5.

Recovery action effectiveness
Recovery actions increased the abundance of declining
caribou subpopulations in most cases (Figure 3). There
were 31 instances of recovery actions applied to subpopu-
lations (subpopulation–treatment combinations), and of
these, 26 resulted in positive median changes to the
subpopulation’s trajectory (Δr > 0). Although transloca-
tions initially increased population size and temporarily
slowed population declines, there was no detectable
increase in the growth of subpopulations in the years
following augmentation (Δr = 0.02 [−0.03 to 0.08, 90% CI]).
With the exceptions of moose reduction applied in isolation
(which appeared to have low effectiveness) and maternal
penning with moose and wolf reduction (which had a low
sample size, population-years = 2), the recovery actions
increased the growth rate of caribou subpopulations com-
pared to their pre-recovery action trajectories by 7%–16%
(Table 1). CIs of recovery actions that increased growth
rates substantially overlapped with 0 for feeding, pen-
ning with moose reductions, and penning with moose
and wolf reductions, all of which had low sample sizes
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(population-years < 3). The 90% CIs of reducing wolves
in isolation and the combination of wolf reduction with
maternal penning, feeding, moose reduction, or wolf
sterilization did not overlap with 0 (Table 1). For example,
wolf reductions applied in isolation increased population
growth by 0.08 (0.02–0.13, 90% CI), while the limited
sample of one subpopulation application of wolf
reductions together with feeding increased growth by
0.14 (0.09–0.20, 90% CI) (Figure 4). When wolf reduc-
tions were paired with feeding or maternal penning,
the response of caribou growth rates was more beneficial
than when wolf reductions were applied in isolation
(Figures 3 and 4). Even small increases in population
growth garnered through applying multiple recovery
actions together produced large increases in total popula-
tion size due to exponential growth (Figure 5).

We partitioned the effects of individual recovery actions
applied at standard intensity using linear models. Results
from this analysis indicated that wolf reductions, penning,
and feeding were the most effective measures, although the
feeding effect was imprecise (Figure 5). Assuming the effects
were additive (i.e., when combined, individual recovery
action effects summed to create the final effect), estimates of

the average partitioned response suggested that r increased
by 0.10 (0.03–0.17, 90% CI) with wolf reductions in isolation,
by 0.10 (−0.14 to 0.31) with feeding in isolation, and by 0.08
(0.00–0.17) with penning in isolation. Wolf sterilization and
moose reductions were less effective (r = −0.01 [−0.10 to
0.06] and 0.03 [−0.03 to 0.08], respectively).

F I GURE 3 Posterior distribution of estimated annual instantaneous rate of increase (r) from integrated population model for each

southern mountain caribou recovery action or combination of actions. Reference condition was estimated from herd-years when no recovery

actions were applied. Rug plots along the bottom of the distributions show the average growth rate for each subpopulation the recovery

action was applied to.

TABL E 1 Posterior estimates of average change in southern

mountain caribou annual instantaneous rate of increase (Δr)
following recovery actions with 90% credible intervals.

Recovery action Δr

Penning + wolf reduction 0.16 [0.12 to 0.2]

Feeding 0.15 [−0.27 to 0.49]

Feeding + wolf reduction 0.14 [0.09 to 0.2]

Moose and wolf reduction 0.11 [0.04 to 0.18]

Penning + moose reduction 0.07 [−0.17 to 0.30]

Wolf reduction 0.08 [0.02 to 0.13]

Wolf reduction + sterilization 0.07 [0.01 to 0.13]

Penning + moose and wolf reduction −0.01 [−0.2 to 0.2]

Moose reduction −0.04 [−0.1 to 0.01]

ECOLOGICAL APPLICATIONS 11 of 21

 19395582, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2965 by E

nvironm
ent C

anada, W
iley O

nline L
ibrary on [22/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



F I GURE 4 Posterior distributions of change in annual vital rates (after recovery action minus before) from the integrated population

model for each southern mountain caribou recovery action. Rug plots along the bottom of the distributions show the average change in the

rate for each subpopulation the recovery action was applied to.

F I GURE 5 (a) Effectiveness of individual southern mountain caribou recovery actions at standard application intensity assessed via

generalized linear models and (b) simulated outcomes of each recovery action compared to a status quo (no recovery action) scenario. Only

wolf and moose reductions were applied in isolation across multiple subpopulations and years. The remainder of the estimates is primarily

derived from partitioning the individual treatment effect from a combination of actions applied concurrently and assuming effects were

additive. Note that combinations of recovery actions achieve greater abundances than the sum of individual effects due to the effects of

exponential growth, so small increases in population growth can yield large returns in abundance over the long term.
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We evaluated the robustness of our results by examin-
ing alternative analytical approaches and addressing past
criticisms regarding statistical anomalies, selection bias, and
environmental confounds. We employed two additional
methods to assess our findings: (1) a BACI approach,
stratified by caribou ecotype, to determine effectiveness
with spatiotemporally matched controls; and (2) inclusion
of caribou ecotype in partitioned effects analyses. Although
we briefly outline the results of these analyses, we found
no compelling reason to include these more complex
approaches in the main manuscript and instead provide
them in detail in Appendix S1: Section S4. The BACI
analysis stratified by ecotype produced estimates of
recovery action effectiveness that were similar to those
from the before–after estimates of effectiveness. In fact,
some effects were slightly stronger, and overall, none of
the differences were large or suggested alternate conclu-
sions from the data. Therefore, we retained the simpler
before–after approach, with its more conservative effect
sizes, that does not include ecotype or spatiotemporal
controls. The partitioned effects models with ecotype
did not show a strong influence of ecotype, likely due to
limited sample sizes available for partitioning effective-
ness by recovery action and ecotype. For example, for
the fixed effect of ecotype (as defined by
COSEWIC [2011]), the northern group effect was esti-
mated at 0.02 (−0.09 to 0.11) and the southern group at
−0.04 (−0.14 to 0.07) compared to the central group.
These results suggest that changes in population growth
rate following recovery actions were not well explained
by ecotype or, at the very least, the effect was uncertain
given the parameters’ substantial coverage of zero
(no effect).

Comparison to simulations without recovery actions
In 2023 there were 1548 (1175–1942, 90% CI) more cari-
bou within the threatened southern mountain caribou
population because of the application of recovery actions
(Figure 1). Recovery actions increased the population
through the recruitment of 1552 (1140–1934 90% CI)
additional calves and increased adult female survival.

DISCUSSION

Over the last half century, southern mountain caribou
abundance has declined by over 50%, but recovery
actions have helped to stimulate population growth in
many subpopulations. Prior to recovery actions, the
intrinsic growth rate for southern mountain caribou sub-
populations was below 0, and CIs did not overlap with
0. This means that without the observed recovery actions,
many southern mountain caribou subpopulations would

have been on an unequivocal trajectory to extirpation.
Indeed, many subpopulations were declining and became
extirpated before these recovery actions took place. How-
ever, delivery of recovery actions, especially wolf reduc-
tions and wolf reductions together with other actions,
has increased the abundance of southern mountain cari-
bou by more than 1500 individual caribou. In other
words, recovery actions have added approximately 52%
additional southern mountain caribou to the landscape
today compared to what likely would have occurred with-
out interventions. Our work demonstrates that multiple
population recovery actions can contribute to caribou
recovery and avert caribou extirpation while habitat pro-
tection and restoration are underway.

Our IPM combined multiple, sometimes disparate,
data sets in a statistically rigorous manner to provide
cohesive results (Schaub & Abadi, 2011). No single source
of demographic data can always provide a complete
and unbiased account of population size and change,
and each type of demographic data has varying degrees
of precision. For instance, as populations decline, precise
counts may be achievable, but precise survival estimates
become difficult when few animals are monitored.
By integrating multiple sources of demographic data
through the IPM, we effectively utilized all the available
data, transparently included and propagated uncertainty,
and provided integrated results based on the information
provided by each data set.

Our results reinforce the central paradigm of southern
mountain caribou recovery: There is a need to curtail
elevated mortality from predators resulting from
human-caused habitat loss. From the perspective of
process-based restoration (Ford, 2021), a caribou land-
scape is restored when rates of predator-caused mortal-
ity allow for caribou persistence. This condition arises
from fewer encounters between wolves and caribou, due
to there being fewer wolves, or from reduced access for
wolves into caribou habitat. Indeed, wolf reductions
have played a central role in provincial and Indigenous-
led recovery efforts (Lamb et al., 2022) and have helped
halt the decline of caribou populations (Hervieux
et al., 2014; McNay et al., 2022). Although predator
reductions are not a panacea for all species or situations
(Clark & Hebblewhite, 2021), reducing predators to pro-
tect species affected by apparent competition is consid-
ered the most suitable conservation strategy (reviewed
in Wittmer et al., 2013). Multiple species of conservation
concern have benefitted when the limiting effects of pre-
dation have been addressed, such as the increased abun-
dance of endangered Channel Island foxes following the
removal of eagles (Coonan et al., 2014), increased hatching
success, fledgling success, and breeding populations for
multiple species of vulnerable birds after predators were
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reduced (Smith et al., 2010), and increased abundance of
critically endangered lizards following the removal
of introduced mammalian predators (Reardon
et al., 2012).

Our results show that wolf reductions alone increased
the growth rate of southern mountain caribou subpopulations
by ~11% with standard application intensity, resulting in
stabilization or increasing abundance for most declining
subpopulations where this recovery action was applied.
Additionally, our results corroborate Serrouya et al.
(2019), whereby pairing wolf reductions with additional
recovery actions, especially feeding (Kennedy Siding
single trial—wolf reduction and feeding) and maternal
penning (Klinse-Za—wolf reduction and penning),
further increased rates of population growth (Heard &
Zimmerman, 2021; McNay et al., 2022). The Kennedy
Siding and Klinse-Za subpopulations went from declining
at ~3%–5% per year to increasing at 12% per year.
Maintaining caribou in the wild is vital to ensure that
development and application of habitat conservation
and restoration (e.g., Lamb et al., 2022) will ultimately
provide the ecological conditions that caribou need
(i.e., low predator density) to maintain self-sustaining
populations and recolonize extirpated areas.

The positive demographic responses to reduced wolf
abundance further support evidence that elevated
predation is causing southern mountain population
declines (Hebblewhite et al., 2007; Hervieux et al., 2014;
McNay et al., 2022; Seip, 1992; Serrouya et al., 2019;
Wittmer, McLellan, et al., 2005; Wittmer, Sinclair, &
McLellan, 2005). Reducing wolf abundance allowed
caribou populations to grow even in very disturbed habi-
tats and under contemporary climate change (Figure 2).
We note that grizzly bears, black bears, coyotes, wolverines,
and cougars (with the exceptions noted in Materials
and methods) were not subject to population reductions as
part of caribou recovery actions, even though those species
are known to prey upon adult and, especially, calf caribou
(Apps et al., 2013; Gustine et al., 2006; McNay et al., 2022).
The effects of some recovery actions may thus have been
dampened by ongoing, nonwolf predation of caribou. For
example, in Klinse-Za, bear and wolverine predation on
calf and adult caribou reduced population growth, yet
populations still tripled under wolf reductions and maternal
penning (McNay et al., 2022). Caribou populations in the
less disturbed areas of northern British Columbia and
Alaska are large and thought to be self-sustaining—
although data are limited in many places (Cichowski
et al., 2022). Caribou in these northern populations
are often consumed by the same predators that cause
declines in southern mountain caribou (Adams et al., 1995;
Gustine et al., 2006; Young & McCabe, 1997), indicating
that caribou can be self-sustaining under natural levels

of predation but not the elevated rates of predation
associated with human-caused habitat loss (Cichowski
et al., 2022).

Maternal penning was deployed in three subpopula-
tions (Klinse-Za, Nakusp, and Columbia North) of southern
mountain caribou, but never in isolation. Penning appeared
to contribute to increased calf survival and population
growth, especially in Klinse-Za, accounting for approxi-
mately one-third of the population growth observed
(McNay et al., 2022). The Nakusp pen was only in opera-
tion for a single year (April–July 2022) during the course
of our study. Early results showed the pen likely
increased calf survival but predation on adult females
outside the pen caused continued population declines in
2022–2023. In Columbia North, penning doubled calf
survival but had no positive effect on population growth
because it was never scaled up to include enough adult
females to affect population growth and had high mor-
tality of adult caribou inside the pen, likely due to the
pens’ location at an elevation lower than typical calving
habitat (Serrouya, Bollefer, et al., 2021). Results from the
Chisana maternal pen on the east slopes of the Wrangell
and St. Elias Mountains in the Canadian Yukon (2003–
2008) encountered similar challenges (Adams et al., 2019).
The Chisana maternal pen successfully tripled calf sur-
vival; however, the overall population effect was muted
due to a small proportion of the population being
penned. The results from Klinse-Za, Nakusp, Columbia
North, and Chisana projects suggest that pen location,
the proportion of the population penned, predation risk
outside the pen, and animal husbandry practices all
affect maternal penning effectiveness.

Our simulations show that combining recovery actions
can increase small, rapidly declining subpopulations.
For example, starting with a declining subpopulation of
50 caribou, we estimated that maternal penning and
wolf reductions increased caribou abundance by ~10%
within 10 years, and wolf reductions alone would likely
increase the subpopulation by 32% in the same time
(Figure 5). Alternatively, following the status quo for
this hypothetical declining subpopulation, the popula-
tion would be functionally extirpated within 10 years.
Combining recovery actions can increase caribou abun-
dance quicker than single recovery actions alone, largely
due to exponential growth yielding large returns in
abundance with even small increases in positive popula-
tion growth.

Supplemental feeding was only applied in isolation
for 1 year to one population, so we had limited evidence
that added nutrition increased caribou population growth
rates. More feeding trials are needed to confirm the effi-
cacy and viability of supplemental feeding as a recovery
action. The feeding trial reported here occurred in the
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Kennedy Siding caribou population, which is relatively
small (n = 50–100 animals) and unique in that the entire
subpopulation uses an early winter range of ~ 3000 ha
that is accessible by road, making feeding practical.
It would likely be impractical to deliver supplemental
feeding across large caribou ranges that have greater
numbers of caribou and more diffuse home ranges. It is
also important to consider how supplemental feeding
could concentrate caribou and increase close contact
between individuals, which may have implications for
vulnerability to predation and disease transmission,
especially chronic wasting disease (Arifin et al., 2020).
Nevertheless, the positive demographic response at
the Kennedy Siding feeding trial suggests nutritional
supplementation warrants further investigation, possibly
through additional replicates where feasible.

Assessing potential nutritional limitations as a factor
influencing southern mountain caribou declines would,
as an initial inquiry, require an understanding of any
possible changes to the quantity and/or quality of forage
over the multidecade period that coincides with observed
caribou declines, particularly during the sharp decline of
southern mountain caribou in the early 2000s. Research
has indicated that winter forage is not limiting caribou
abundance (McLellan et al., 2012; Wittmer, McLellan,
et al., 2005); however, others have raised the possibility
that availability of or access to summer/autumn forage
has changed (Denryter et al., 2022) and may be limiting
(Cook et al., 2021). Caribou sampled in boreal and arctic
populations suggests that body fat is high during the win-
ter and lowest over the summer, which roughly coincides
with the period of peak mortality (spring–fall) (Cook
et al., 2021). Demonstrated links between nutrition and
caribou demography remain weak but warrant further
research. Evidence from western Canada suggests cari-
bou foraging strategies can increase overlap with predators
(bears in this case) and increase predation on caribou
(Rioux et al., 2022). An alternate nutritional mecha-
nism, as proposed by Heard and Zimmerman (2021),
invokes declining forage availability due to risk-sensitive
foraging by caribou, whereby the increased abundance of
predators has impacted caribou caloric intake. These
hypothesized mechanisms warrant further investigation.

Moose reductions were designed to reduce wolf
abundance and therefore indirectly reduce predation
pressure on caribou. The intent was to reduce moose densities
consistent with natural forest age structure (i.e., pre-industrial
development) when caribou populations would have been
self-sustaining (Serrouya et al., 2011). Southern mountain
caribou would not exist today if they had not been self-
sustaining under a natural disturbance regime, which has
been largely interrupted in the last two centuries following
the European colonization of North America. Moose

reduction was applied in the mid-2000s, a period when wolf
reductions were not widely applied in BC, and in areas with
moose populations that greatly exceeded historic densities.
Considering all caribou subpopulations where this recovery
action was applied, reducing moose, as a recovery action on
its own, did not produce a strong or consistent response by
caribou populations. Closer scrutiny revealed that of the
four caribou subpopulations where it was applied, moose
reduction did stabilize the decline of one subpopulation
(Columbia North), which was relatively large (~150 caribou)
and had intensive removal of moose (>70% reduction).
Moose reductions did not affect caribou demography in
Columbia South, likely due to the subpopulation being too
small when moose reductions began (~30 caribou), and did
not appear to work in Hart North due to too few moose
being harvested (Serrouya et al., 2019). In the context of these
results, we do not recommend reducing moose as an isolated
action to recover caribou. There is also potential for prey
reductions alone to induce prey switching, whereby wolves
may switch from their reduced primary prey to caribou
(Frenette, 2017). However, theoretical predictions and
empirical validation suggest that prey switching is much
less likely to occur if the primary prey are reduced gradually
via intentional management, but when a severe weather
event suddenly reduced primary prey (deer), predator
switching did occur, to the detriment of caribou (Serrouya
et al., 2015). Where wolf reductions are ongoing, attempts
to maintain stable populations of primary prey species
like moose and, importantly, prevent their eruption, is
expected to contribute to caribou conservation and
recovery by limiting the rate and extent of annual wolf
population recovery. The Government of Alberta is cur-
rently applying this approach to moose stabilization for
the Redrock-Prairie Creek, A La Peche, and adjacent
boreal ecotype Little Smoky caribou subpopulations
through increased licensed harvesting of moose, elk,
and white-tailed deer. Stabilizing primary prey in
national parks will remain challenging due to limited
hunting opportunities in these areas. Given that
increased abundance of apparent competitors is a
central tenet of the disturbance-mediated apparent com-
petition hypothesis (Serrouya, Dickie, et al., 2021), we
recommend the delivery of a triad approach of (1) con-
serving and recovering habitat immediately to support
an environment that has lower wolf and primary prey
density and is conducive to self-sustaining caribou sub-
populations in the long-term, (2) maintaining stable
prey abundance and preventing eruptive prey popula-
tion growth, and (3) mitigating predation of caribou by
maintaining low wolf density through wolf reductions.

Recovery actions have increased the abundance of
southern mountain caribou by over 1500 animals but
have also attracted criticism based on views that these
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approaches are acting only as “band-aids” in the face of
ongoing habitat loss (Johnson et al., 2022). This critique
has legitimacy given that the underlying causes of
caribou population declines—disrupted predator–prey
dynamics due to human-caused habitat loss—remain
largely unresolved, and the habitat conditions over the
duration of this study have not been conducive to
population persistence. Moreover, habitat loss continues
to worsen for most subpopulations (Nagy-Reis et al., 2021),
locking caribou into a long-term situation of
diminishing habitat, elevated predator densities, and
disrupted predator–prey dynamics. Today, industrial
tenures and operating approvals for forestry, oil and gas
developments, and mining continue to be granted
within or adjacent to critical caribou habitat (Collard
et al., 2020; Palm et al., 2020), and full recovery of those
developments (if/when restoration is initiated) back to
suitable caribou habitat will take decades (Dalerum
et al., 2007). Meanwhile, fire has also increased, affect-
ing some southern mountain caribou ranges without a
commensurate reduction in industrial resource extrac-
tion, creating a potentially additive disturbance regime.
With continued and mounting threats to caribou habi-
tat, immediate action to conserve and restore habitat is
needed.

There have been cases where caribou population
recovery actions helped to avert extirpation while habitat
conservation and restoration actions were being devel-
oped, but such cases are limited. For example, an
Indigenous-led recovery program by West Moberly First
Nations and Saulteau First Nations used maternal pen-
ning and wolf reductions to avert the imminent extirpa-
tion of Klinse-Za caribou (McNay et al., 2022), while the
government of BC and partners used wolf reductions
and feeding to support neighboring caribou populations
(Heard & Zimmerman, 2021; McNay et al., 2022). While
these recovery actions were being applied, provincial,
federal, and Indigenous governments negotiated an
agreement to protect and restore 8000 km2 of caribou
habitat (ECCC et al., 2020). A landmark agreement for
caribou and the signatories. Even in this situation where
significant habitat protection commitments have been
made by three levels of government, recovery actions will
be needed for many years until habitat has been restored
to the ecological conditions consistent with self-
sustaining caribou populations.

Habitat restoration is expected to take decades to
create the ecological conditions—low density of predators
and their primary prey—needed for caribou population
persistence. This vision of restoration focuses on the
functional restoration of processes that sustain caribou
populations (Ray, 2014). Evaluations of recent work to
initiate habitat restoration have provided mixed results,

with evidence of reduced use by wolves in some studies but
not others (Dickie et al., 2021, 2022; Keim et al., 2021;
Tattersall et al., 2020). It is likely that habitat restoration
has not been conducted at sufficient scales of intensity,
space, or time to adequately evaluate effectiveness to
achieve caribou demographic outcomes. The high cost
and delayed efficacy of habitat restoration activities
compared to population-based recovery actions have
likely limited the scaling up of habitat restoration.
For example, an analysis of population recovery
options in the boreal forest of BC suggested that wolf
reductions would cost orders of magnitude less
($25,000–$55,000 per additional caribou) than habitat
restoration ($531,000–$4,426,000 per additional caribou) or
other population-based recovery actions such as maternal
penning ($163,000–$336,000 per additional caribou)
(Johnson et al., 2019; similar results were independently
derived by Nagy-Reis et al. [2020]). Feeding in Kennedy
Siding has proven to be a highly economical option
(<$10,000 per additional caribou), but it does require a
unique situation as discussed earlier and notwithstand-
ing the uncertainties associated with efficacy. Although
the population-based recovery actions are economically
attractive on their own, it is imperative to recognize the
fundamental role of habitat in effective species recovery
and invest in caribou habitat conservation and
restoration across broader spatial extents. Large-extent
habitat measures would provide an opportunity for
investigators to assess the demographic outcomes for
caribou.

Habitat restoration implementation and evaluation
ought to be an important component of southern moun-
tain caribou conservation in the coming decades, and we
provide recommendations for how to implement habitat
restoration to provide the required data for an assessment
of effectiveness in the future. First, restoration needs to
occur at the subpopulation level, rather than in small
areas within a subpopulation, to allow for an appropriate
scale of evaluation. Second, restoration needs to be
sufficiently extensive, whereby most features are restored
across all habitats of caribou and alternative prey
(Serrouya et al., 2020). Finally, better inference will be
possible if sample size (i.e., number of subpopulations) is
higher, so restoration should ideally be implemented
both intensively and extensively across multiple candi-
date subpopulations. With these sampling-design and
treatment parameters in mind, an evaluation of habitat
restoration should be possible in the future. We recom-
mend targeting subpopulations with sufficient landscape
protection to ensure investments in habitat restoration
are secure, allowing for an appropriate assessment of
restoration effects on caribou demography in the long
term. Study designs will have to be carefully implemented
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to isolate effects of habitat restoration from other treatments
(Dickie et al., 2023).

A singular focus on habitat conservation and restora-
tion is unlikely to enable the near-term survival of many
southern mountain caribou subpopulations due to the
human-altered predator–prey communities that will
linger for decades. However, a risk-averse and data-driven
approach to caribou recovery would integrate the effec-
tiveness of population recovery actions that increase adult
female and calf survival through predator reductions,
apparent competitor management, maternal penning, and,
possibly, feeding, while simultaneously focusing on habitat-
based solutions to restore predator–prey dynamics. Build-
ing off the results from this analysis and the collective
experience of members of the author group who have
applied or studied many of the recovery actions, we sug-
gest that the intensity of application must be considered
when delivering future recovery actions and habitat mea-
sures. Efforts will be most successful when applied at a
broad spatial extent (i.e., across an entire subpopulation or
multiple subpopulations), with sufficient intensity to
achieve the desired ecological response and to subpopula-
tions of sufficient size (~30 animals or more) that are less
subject to Allee effects and demographic stochasticity.
Ultimately, the long-term goal of this dual “habitat and
population” approach is that eventually the active
reduction of predation will no longer be needed once suffi-
cient caribou habitat and linked predator–prey dynamics
have been restored.

In the absence of habitat conservation and restora-
tion, predator reductions would be required indefinitely
to avoid the extirpation of southern mountain caribou.
The application of effective predator reductions may
become increasingly impractical and unsustainable if
landscapes continue to be subject to ongoing loss of
caribou habitat. It will likely be challenging to achieve
caribou population growth in the face of ever-increasing
populations of moose, deer, and their predators. In addi-
tion, it will become difficult to maintain social license
for the application of predator reductions as an ongoing
interim measure without progress on caribou habitat
conservation and restoration. Opponents of recovery actions
to avert caribou extirpation often cite habitat protection and
restoration as the only solution. Calls to focus on habitat
are valuable; however, condemning interim population
recovery actions in favor of only pursuing habitat mea-
sures is a false choice. If interim recovery actions are
eliminated, in many cases the long-term outcome will
be landscapes devoid of southern mountain caribou.
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