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Abstract
The effects of harvest on cooperatively breeding species are often more complex
than simply subtracting the number of animals that died from the group count.
Changes in demographic rates, particularly dispersal, could offset some effects of
harvest mortality in groups but this is rarely explored with cooperative breeders.
We asked whether a cooperatively breeding species known for long-distance dispersal could compensate for the effect of harvest mortality on density by adopting
immigrants into the group. We used genetic samples to estimate the minimum density of gray wolves (Canis lupus) and proportion of immigrants in groups in the
northern US Rocky Mountains after an annual harvest regime was initiated and in
the Canadian Rocky Mountains where wolves were managed consistently under an
annual harvest regime. We tested whether immigration (1) compensated, (2) partially compensated or (3) did not compensate numerically for harvest mortality in
groups and hypothesized immigration would increase with increasing harvest intensity. Density of wolves in groups declined after harvest was initiated whereas
immigration into groups was consistently low and did not change with harvest in
the US study area. Immigration into groups was similarly low and density even
lower in the Canadian study area compared to the US study area. Our results indicate immigration did not compensate for harvest mortality in groups in two separate populations of a cooperatively breeding carnivore. We hypothesize the social
structure of wolf groups may limit the potentially compensatory response of immigration in some populations.

doi:10.1111/acv.12593

Introduction
Cooperatively breeding species live in social groups in which
at least some nonbreeding group members participate in rearing offspring born to the group (Clutton-Brock, 2006). Mortality can affect cooperative breeders in multiple ways, and
resulting effects are often more complex than simply subtracting the number of animals that died from total group
size. For example, death of a breeder can result in lowered
reproductive success of the group and even group dissolution
(Brainerd et al., 2008; Loveridge et al., 2010). Harvest by
Animal Conservation  (2020) – ª 2020 The Zoological Society of London

humans (i.e. hunting and trapping) can be a particularly disruptive form of mortality in cooperative breeders because it
can disproportionately target certain sex and age classes (e.g.
breeding adults; Loveridge et al., 2007) or alter reproductive
hierarchy (Ausband, Mitchell & Waits, 2017b) in the group.
More generally, mortality reduces group size and can lower
genetic relatedness resulting in reduced survival and reproduction (Pope, 2000; Courchamp, Rasmussen & Macdonald,
2002). Alternatively, harvest could conceivably increase the
reproductive potential of populations. Breeding vacancies can
provide opportunities for unrelated individuals to mate,
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resulting in multiple breeding individuals and broods within
groups (Ausband et al., 2017b, Ausband, 2018). This would
lead to long term increases in effective population size of
the group and suggests that changes in demographic rates
could compensate for harvest mortality at the group-level.
Increased immigration may be a particularly important
compensatory mechanism for cooperative breeders that are
harvested. The process of dispersal (i.e. leaving one’s natal
group to join or establish another; Bateman et al., 2013) is a
key factor driving the evolution of cooperative breeding (i.e.
where groups provide social roles in exchange for access to
habitat; Koenig, 2017) and dispersal decisions (e.g. timing,
distance) can have marked effects on demography (Bateman
et al., 2013). Increased immigration can fully compensate for
harvest mortality in some populations of non-cooperatively
breeding species (e.g. red fox [Vulpes vulpes]; Lieury et al.,
2015). Given the social organization of cooperative breeders,
immigration could enhance a group’s ability to offset harvest
mortality by replacing group-members lost to harvest (Lariviere, Jolicoeur & Cr^ete, 2000; Grewal et al., 2004). Alternatively, the social structure could preclude dispersers from
joining a group, thereby limiting the ability of groups to
rebound from the initial population reduction from harvest.
Gray wolves (Canis lupus) are a cooperatively breeding
carnivore known for long-distance dispersal that also experience sustained harvest throughout most of their current distribution. Adams et al. (2008) estimated wolf populations
can withstand a mean annual harvest of ≤29% and maintain
stable densities, suggesting some cooperatively breeding species can compensate for harvest mortality up to a certain
threshold; above this annual rate, harvest can lead to population declines in wolves (e.g. Ballard, Whitman & Gardner,
1987; Person & Russell, 2008). There is limited evidence
that natural mortality decreases in response to low or intermediate levels of harvest mortality in wolf populations
(Adams et al., 2008, but see Murray et al., 2010). Reproductive success is lower in groups when breeder mortality
occurs (Brainerd et al., 2008), and groups recruit fewer offspring into the adult population when harvest occurs (Ausband et al., 2015). Thus, changes in natural mortality or
reproduction may not be the primary processes compensating
for harvest mortality in cooperative breeders like wolves.
Conversely, increased immigration into harvested populations
of wolves may be an important factor maintaining population
density (Ballard et al., 1987; Lariviere et al., 2000).
Management of wolves in the Rocky Mountains provided
an opportunity to evaluate the relationship between immigration and harvest of a cooperatively breeding species. Wolves
in Idaho, USA, were not harvested while listed as endangered under the Endangered Species Act, but have been harvested since delisting in 2009 (U.S. Fish & Wildlife Service,
2014). In contrast, wolves in Alberta, Canada, have been
harvested for decades (Robichaud & Boyce, 2010) and at a
higher annual rate (~35% of the population; Webb, Allen &
Merrill, 2011) than wolves in Idaho (18% of the population;
Idaho Department of Fish & Game [IDFG], unpublished
data). Changes in natural mortality and reproduction did not
appear to offset harvest mortality in central Idaho (Ausband
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et al., 2015; Horne et al., 2019), leaving immigration from
adjacent populations as a reasonable explanation for how
groups could compensate for harvest mortality in this region.
Additionally, immigration is presumably an important process for persistence of heavily harvested populations of
wolves, even if natural mortality also declines at higher harvest rates (Adams et al., 2008). Therefore, immigration into
groups should be an important compensatory process in
south-western Alberta as well.
We tested two sets of hypotheses to evaluate whether immigration into groups offset harvest mortality in populations of
cooperatively breeding gray wolves managed with public harvest in the Rocky Mountains. First, we tested alternative
hypotheses that immigration would: (1) fully, (2) partially or
(3) not compensate numerically for harvest mortality within
groups of wolves in central Idaho. We predicted the density of
group-dwelling wolves (i.e. wolves associated with packs)
would remain constant but the proportion of immigrants in
groups would increase if immigration compensated for harvest
in groups. If immigration was partially compensatory, we predicted the density of group-dwelling wolves to decrease but
the proportion of immigrants in groups to increase. Lastly, if
immigration did not compensate for harvest, we predicted the
density of group-dwelling wolves to decrease and the proportion of immigrants in groups to decrease or remain constant.
Additionally, if compensatory immigration is a common process that offsets harvest mortality in groups, we hypothesized
immigration would be higher within groups where the population was harvested at a higher rate. We predicted the proportion of immigrants within groups in south-western Alberta
would be greater than those in central Idaho given the differences in rate and history of harvest across these regions of the
Rocky Mountains.
To test these hypotheses, we used genetic data collected
in central Idaho prior to and after public harvest of wolves
were initiated, and in south-western Alberta where longterm harvest occurred. We compared the density of groupdwelling wolves and proportion of immigrants detected in
central Idaho before and after harvest began to test our ﬁrst
set of hypotheses. We then compared the density of groupdwelling wolves and proportion of immigrants in central
Idaho after harvest was initiated to those in south-western
Alberta to test whether immigration was a common compensatory mechanism across multiple harvested populations
of wolves.

Materials and methods
Study areas
We conducted annual surveys for wolves in central Idaho,
USA and south-western Alberta, Canada. We surveyed Idaho
Game Management Unit (GMU) 28 (East study area), and
GMUs 33, 34 and 35 (West study area; Fig. 1) from 2007–
2016. We surveyed the Alberta study area from 2012 to
2014, which extended from the Canadian-US border to
Trans-Canadian Highway 1, following the British Columbia
border excluding Banff National Park (Fig. 1).
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Public harvest of wolves in Idaho occurred brieﬂy in
2009 and reoccurred annually starting in 2011 (IDFG and
Nez Perce Tribe, 2013). Harvest occurred between 30
August and 30 June (IDFG, 2015). Annual harvest averaged
18.0% of group-dwelling wolves in the Idaho study areas
(SE = 2.9; IDFG, unpublished data). On average, 14 genetically marked wolves from our sample groups were harvested
annually (range = 10–20 wolves). Ungulate densities
remained generally consistent in central Idaho during our
study (Ausband et al., 2015), and no disease outbreaks were
reported (IDFG, unpublished data) that could potentially
explain changes in wolf density or immigration.
The Ministry of Alberta Environment and Parks managed
wolves in south-western Alberta with public harvest since
the 1980s (Robichaud & Boyce, 2010). Harvest pressure was
high on regional wolf populations during our study, but precise annual harvest rates were unknown. Previous research
adjacent to our study area reported the mean annual harvest
rate was 0.34 (Webb et al., 2011); the harvest rate in our
study area was likely similar (Alberta Environment and
Parks, personal communication). Harvest of wolves on public
lands occurred between 1 September and 31 May and yearround on private and leased lands (Alberta Government,
2014a,b). Bounties for wolves existed in portions of the
study area (Cardston County Council, 2012). At minimum,
71 wolves were reported as harvested in the study area during our study period (Bassing et al., 2019). Prey data were
not available, but annual ungulate harvest in our study area
was relatively consistent from 2012 to 2014, suggesting no
substantial changes in ungulate densities during our study
(Alberta Government, 2018).

Field methods
We collected noninvasive genetic data in central Idaho and
in south-western Alberta following data collection methods
described by Ausband et al. (2010) and Stenglein et al.
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(2010). We used maps of predicted rendezvous sites (i.e.
pup-rearing sites; Ausband et al., 2010) to locate sites occupied by groups of wolves and sampled individuals at these
sites from mid-June through mid-August (Supporting Information Appendix S1). We recorded the presence and location of live wolves and wolf sign and collected genetic
samples from scat when detected (Ausband et al., 2010). To
avoid sampling coyote scats which are similar in size to wolf
pup scats (Weaver & Fritts, 1979), we only sampled canid
scats <2.5 cm in diameter when found within active rendezvous sites where wolves were heard or observed, or
abundant (≥10) adult wolf scats (≥2.5 cm in diameter) were
present (Joslin, 1967; Stansbury et al., 2014). In Alberta, we
surveyed predicted rendezvous sites in the southern half of
the study area in 2012 (Fig. 1) and surveyed the full study
area in 2013 and 2014.

Laboratory methods
We analyzed genetic samples at the Laboratory for Ecological, Evolutionary and Conservation Genetics at the University of Idaho, Moscow, USA, following DNA extraction and
analysis protocols described by Stenglein et al. (2010, 2011)
and Stansbury et al. (2014). We removed nontarget species
and low-quality samples with a mitochondrial DNA speciesidentiﬁcation test (De Barba et al., 2014). We genotyped
remaining samples for individual identiﬁcation with PCR
using 9–10 nuclear DNA microsatellite loci (Stenglein et al.,
2011; Stansbury et al., 2014). We sorted unique and matching genotypes with GENALEX (Peakall & Smouse, 2006,
2012) and used RELIOTYPE (Miller, Joyce & Waits, 2002)
to test accuracy of single capture genotypes. We estimated
probability of identity (PID) genotypes for siblings and
required a minimum of 7–8 loci to conﬁrm a match (Waits,
Luikart & Taberlet, 2001; Stansbury et al., 2014). We genotyped samples matching at all but 1–2 loci with up to nine
additional microsatellite loci for unique identiﬁcation and to

Figure 1 The East (Idaho Game Management Unit 28; 3388 km2) and West (Idaho Game Management Units 33, 34 and 35; 3861 km2) focal
study areas in central Idaho, USA, 2007–2016, and the south-western Alberta, Canada study area (12 020 km2), 2012–2014.
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verify matches or mismatches (Stenglein et al., 2011; Stansbury et al., 2014). We allowed a 1 locus mismatch when it
could be explained by allelic dropout (Adams & Waits,
2007). We evaluated the presence of genotyping errors with
Dropout (McKelvey & Schwartz, 2005) and Micro-Checker
(van Oosterhout et al., 2004). We analyzed the genotypes
using STRUCTURE (Pritchard, Stephens & Donnelly, 2000)
and removed samples with highly probable coyote or dog
ancestry (Stansbury et al., 2014). We examined allele frequencies and tested for isolation-by-distance (i.e. a positive
correlation between geographic and genetic distance; Slatkin,
1993) between study areas and between groups within study
areas using 9999 simulated permutations and tested for spatial autocorrelation of pairwise relatedness among individuals
in GENALEX.

Group assignment
We used location data of sampled scats to assign individual
wolves to putative groups and to inform genetic analyses following methods described by Stansbury et al. (2016) and
detailed below. Adult wolves in a group periodically return
to the rendezvous site to guard and provision pups (Packard,
2003). Thus, we assigned individuals to a common group if
they were sampled together at ≥1 common location; other
wolves we considered lone wolves.
We used ML-RELATE (Kalinowski, Wagner & Taper,
2006) to calculate maximum likelihood estimates of pairwise
relatedness among all individuals and assess relatedness
within each group. We considered an individual genetically
related to other wolves in a putative group if it had pairwise
relatedness values at the parent-offspring (PO) or full-sibling
(FS) levels (r = 0.5) with ≥50% of the wolves it was sampled with (Stansbury et al., 2016).
Because wolf groups are typically kin-based units (Mech
& Boitani, 2003), we assumed wolves shared similar allele
frequencies with group members (Rutledge et al., 2010). We
used STRUCTURE to estimate the number of genetic clusters (K), that is, putative groups, across all study areas and
estimated the probability (ancestral- or q-value) an individual
descended from a given cluster based on similarities in allele
frequencies (Pritchard et al., 2000; Stansbury et al., 2016).
We used a general admixture model in STRUCTURE
assuming correlated allele frequencies within populations but
did not provide information about sampling locations; we
ran 10 independent model-iterations using 100 000 burn-in
and 500 000 MCMC repetitions for K = 1–35. We used
additional study area- and year-speciﬁc models in STRUCTURE to distinguish whether an individual was born into
the group it assigned to or was a breeding adult in the
group; we reduced the number of possible clusters to K = 1–
15 for these analyses. We then evaluated the most likely
number of groups in each study area by comparing
STRUCTURE–HARVESTER (Earl & VonHoldt, 2012) estimates to the number of groups reported by agency biologists. Finally, we considered wolves part of the same group
if we identiﬁed two genetically different groups of individuals, but they were sampled at the same rendezvous site
4

(Stansbury et al., 2016). This reduced the likelihood of overestimating group abundance where breeder replacement or
multiple breeders occurred in a single group (Stansbury
et al., 2016).
We supplemented Stansbury et al. (2016)’s established
methods to identify immigrants and used GENECLASS2
(Piry et al., 2004) to probabilistically identify ﬁrst-generation
migrants immigrating into each study area (East, West and
Alberta) using the L_home test statistic (Paetkau et al.,
2004). For each GENECLASS2 model, we considered a
population to be the number of wolves sampled in that study
area that year (n = 25–74 wolves). To be considered a ﬁrstgeneration migrant, we required the probability an individual
wolf was sampled within its natal population be ≤0.01 (Pvalue) based on 100 000 Monte Carlo simulations with the
Paetkau et al. (2004) resampling algorithm. We used the frequencies-based computation criteria (Paetkau et al., 1995)
and assumed a default frequency for missing alleles (0.01).

Classification of individuals
We classiﬁed individual wolves as a resident, neighbor,
short-distance immigrant or long-distance immigrant based
on results from genetic analyses and sampling location data.
We required agreement between the 4 metrics above to classify wolves as a type of resident or immigrant (Supporting
Information Appendix S2) and excluded individuals we
could not classify with conﬁdence (n = 10). We classiﬁed an
individual as a resident if it was sampled with its natal
group. Neighboring groups tend to be related because groups
often form by splitting (i.e. several wolves split from a
group to form a neighboring group), budding (i.e. a single
wolf leaves to form a neighboring group with another wolf;
Mech & Boitani, 2003) or when wolves disperse to nearby
areas (Caniglia et al., 2014). We therefore classiﬁed an individual as a neighbor if it was related to wolves within the
study area it was sampled in, but we could not assign it to a
natal group. These individuals were located on the periphery
of the study area and excluded from further analyses. We
classiﬁed an individual as a short-distance immigrant if it
met the genetic criteria for a resident or neighbor but was
sampled with a group other than its natal group in the same
study area, that is, it dispersed within its natal study area.
We classiﬁed an individual as a long-distance immigrant if it
assigned to a study area different from where it was sampled
or did not share genetic similarities to wolves from any of
the study areas. We classiﬁed an individual as a short- or
long-distance immigrant the ﬁrst year it was detected with a
group and reclassiﬁed it as a resident in subsequent years.
Lone wolves are immigrants circulating within a population,
seeking opportunities to join or form a group (Mech & Boitani, 2003). We classiﬁed short- or long-distance immigrants
as lone wolves if they were detected in the interior of a
study area but were not associated with a group. We
excluded lone wolves from analyses because we were interested in immigration into groups (but see Supporting Information Appendix S3). We excluded data collected during the
ﬁrst year of sampling in each study area to avoid
Animal Conservation  (2020) – ª 2020 The Zoological Society of London
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misclassifying wolves that may have immigrated prior to that
year as new immigrants. We used these data to help determine whether individuals detected in the second year of
sampling were immigrants of that year.

Minimum density
We estimated the relative minimum density of group-dwelling wolves (wolves/1000 km2; hereafter, minimum density)
per study area per year using the number of individuals sampled in each group and year. We considered these estimates
a minimum density because they do not account for imperfect detection of individual wolves within a sampled group,
nor do they include lone wolves. If Idaho Department of
Fish and Game reported a group, we did not sample that
year, we excluded the mean area of a group’s territory
(686 km2; Ausband et al., 2014) when estimating minimum
density to reduce sampling bias in our estimates. We only
estimated the minimum density of wolves in south-western
Alberta for 2014 because sampling effort varied in prior
years.

Immigration in a cooperative breeder

model. We used the Gelman–Rubin diagnostic and visually
inspected the posterior distribution of each parameter to
assess model convergence. We considered a covariate supported if the 95% credible interval (CRI) of the posterior
probability distribution of the coefﬁcient did not include zero
(Kery, 2010). We further used a probabilistic approach to
interpret the strength of each covariate and calculated the
probability that the coefﬁcient was above or below 0 based
on the number of iterations where the posterior value of the
coefﬁcient was greater than or less than 0 respectively. We
considered covariates weakly supported if the 95% CRI
overlapped zero but the probability that the effect was above
or below 0 was ≥0.95, indicating that the covariate was
much more likely to not be 0 than 0. We initially included a
random effect for group to account for groups surveyed over
multiple years but removed this effect due to convergence
issues; variance on coefﬁcient estimates are therefore overly
optimistic due to pseudo-replication at the group-level.

Results
Field surveys

Effects of harvest on density and
immigration
We ﬁt nine generalized linear models (Supporting Information Appendix S6) using a Bayesian statistical approach in
JAGS (Plummer, 2003) and program R 3.2.5 (R Core Team,
2016) with the R2jags package (Su & Yajima, 2015). We
used the minimum density of group-dwelling wolves and the
proportion of immigrants within groups (either short- or
long-distance) as three separate response variables, and study
area and whether harvest occurred as explanatory variables.
All explanatory variables were categorical with two factor
levels. To test our ﬁrst set of hypotheses, we ﬁt two separate
linear models to data from only central Idaho to test whether
the minimum density of group-dwelling wolves changed
when harvest occurred (Yes/No) and if density varied by
Idaho study area (East/West) respectively. Using the proportion of short- and long-distance immigrants as two separate
response variables, we then ﬁt logistic models with data
from only central Idaho to test whether the proportion of
wolves that were immigrants within groups changed with
harvest and study area respectively. We ﬁt a similar set
of linear and logistic models to evaluate whether patterns of
immigration were similar across multiple populations of
wolves managed with public harvest by combining data collected from central Idaho in years when harvest occurred
with data from Alberta. We regressed the effect of study
area (Idaho/Alberta) on minimum density of group-dwelling
wolves and proportion of short- and long-distance immigrants within groups. All models implicitly included a lag
effect for harvest because annual public harvest occurred fall
through winter of each year but genetic surveys occurred the
following summer.
We ran three independent chains of 30 000 Markov chain
Monte Carlo (MCMC) iterations, discarding the ﬁrst 20 000
iterations and retaining all iterations thereafter for each
Animal Conservation  (2020) – ª 2020 The Zoological Society of London

We surveyed 1833 predicted rendezvous sites in central
Idaho (Supporting Information Appendix S4). We located 70
active rendezvous sites and collected 12 192 genetic samples. In south-western Alberta, we surveyed 622 predicted
rendezvous sites (Supporting Information Appendix S4),
located 12 active rendezvous sites and collected 1270 genetic
samples. The majority (85%) of samples were collected in
active rendezvous sites across all study areas.

Classification of individuals
Success rates for mtDNA species identiﬁcation and individual identiﬁcation in central Idaho ranged 37–95% and 29–
80% respectively (Stansbury et al., 2016, this study); they
ranged 71–78% and 41–50% in south-western Alberta. The
probability of identity for siblings ranged 3.54 9 10 4–
1.18 9 10 3 in central Idaho (Ausband et al., 2015) and
7.39 9 10 4–1.38 9 10 2 in south-western Alberta. Average
error rates per locus due to allelic drop-out and false alleles
were 4.25% and 0.65% respectively (Stansbury et al., 2016).
The microsatellite analysis yielded 4016 consensus genotypes
between all study areas. We identiﬁed 210 and 212 unique
wolves in the east and west study areas in central Idaho
respectively. We recaptured 197 unique wolves ≥1 time
across years in central Idaho. We identiﬁed 91 unique
wolves in south-western Alberta, 19 of which were recaptured ≥1 time across years. On average, we detected 101.78
(SD = 21.08) unique individuals annually.
We classiﬁed almost all individuals (98.07%) sampled as
either a type of resident or immigrant. We assigned a majority (91.29%) to their natal group; most wolves (89.16%)
were residents and sampled with their natal groups
(n = 428). Across all three study areas, we classiﬁed few
wolves as potential immigrants (n = 51), of which 29 were
short-distance and 23 long-distance immigrants (Supporting
5
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Information Appendix S4). We counted 1 wolf as both a
short- and long-distance immigrant in central Idaho because
it joined a group as a long-distance immigrant and then dispersed locally to a different group. Twenty-two of the shortand 12 of the long-distance immigrants were sampled with
other wolves and considered to have successfully joined a
group. Of those in central Idaho, most became a breeder
within 1 year of joining (n = 18); in south-western Alberta
most immigrants associated with a group joined as nonbreeding adults (n = 8). We excluded lone wolves (n = 18) and
neighbors (n = 4) from further analyses (but see Supporting
Information Appendix S3). Several individuals that we classiﬁed as immigrants were also radio-collared (n = 7; 29% of
immigrants) and their dispersals were corroborated by agency
biologists independent of our genetic methods.
We found no evidence of isolation-by-distance among
groups within each study area (p-value = 0.215) and modest
evidence of isolation-by-distance across study areas (pvalue = 0.06; Supporting Information Appendix S5). Relatedness among wolves was spatially autocorrelated up to
20 km (Supporting Information Appendix S5).

Effects of harvest on density and
immigration
The mean minimum density of group-dwelling wolves in
central Idaho was 11.78 wolves/1000 km2 (95%
CRI = 9.28–14.29) in the east study area and 12.19 wolves/
1000 km2 (95% CRI = 9.74–14.65) in the west study area,
2008–2016. Estimates of minimum density declined in the
years following sustained harvest in both central Idaho study
areas, although the change was most pronounced in the west
study area (Fig. 2). The mean minimum density of wolves in
south-western Alberta in 2014 was 6.17 wolves/1000 km2
(95% CRI = 1.71–10.74).
The mean minimum density of group-dwelling wolves in
central Idaho was negatively associated with harvest when
harvest occurred (Table 1). Study area did not explain the
variation in density of group-dwelling wolves as well as the
effect of harvest in central Idaho (Table 1). The mean minimum density across both central Idaho study areas declined
from 15.19 wolves/1000 km2 (95% CRI = 13.12–17.23)
when harvest did not occur to 10.40 wolves/1000 km2 (95%
CRI = 8.96–11.89) when harvest did occur.
We found no association between harvest and the probability that a group included long-distance immigrants in central Idaho but detected a weak difference between central
Idaho study areas (Fig. 3; Table 2). The proportion of
wolves in a group that were long-distance immigrants was
0.02 (95% CRI = 0.01–0.03) in central Idaho regardless of
whether harvest occurred. There was a high probability
(0.95, based on 30 000 MCMC iterations) that the effect of
study area on the proportion of a group comprising long-distance immigrants was <0, indicating a weak difference
between central Idaho study areas where the proportion was
smaller in the west study area compared to the east
(Table 2). We found no difference in the proportion of
6

short-distance immigrants before and after harvest or
between study areas in central Idaho (Table 2).
We found weak differences in the minimum density and
probability that a group comprised short-distance immigrants
when comparing south-western Alberta to central Idaho in
years with harvest. The minimum density of wolves was
lower in south-western Alberta (6.17 wolves/1000 km2 [95%
CRI = 1.71–10.74] in 2014) compared to central Idaho
(10.39 wolves/1000 km2 [95% CRI = 8.57–12.19]), whereas
groups in south-western Alberta comprised a larger proportion of short-distance immigrants (0.07 [95% CRI = 0.03–
0.13]) than in central Idaho (0.03 [95% CRI = 0.02–0.05];
Table 3). The proportion of long-distance immigrants in a
group did not differ between south-western Alberta and central Idaho in years with harvest (0.02 [95% CRI = 0.00–
0.05]; Table 3).

Discussion
We found little evidence to support our hypotheses that
immigration compensated for harvest mortality within groups
of wolves in the Rocky Mountains. The proportion of longdistance immigrants within groups did not change in
response to harvest in central Idaho, despite a negative correlation between harvest and the minimum density of groupdwelling wolves, indicating that immigration did not
compensate for harvest mortality at the group-level in this
population. Group size, recruitment of offspring and the
number of occupied territories of wolves also declined in
central Idaho after harvest was initiated (IDFG and Nez
Perce Tribe, 2014; IDFG and Nez Perce Tribe, 2015; Ausband et al., 2017a), further supporting our ﬁndings that
immigration did not buffer groups from the effects of harvest. We also found that the proportion of long-distance
immigrants within groups were similarly low in south-western Alberta and central Idaho. This suggests that differences
in density, harvest rate and history of harvest management
between these regions did not inﬂuence immigration into
groups. Although it does not support our hypothesis that
immigration would be higher where harvest was higher, it
does suggest that compensatory immigration within groups is
not as common as assumed and that the observed lack of
response of immigration within groups in central Idaho may
be similar in other populations of wolves managed under different harvest regimes.
Although compensatory immigration can offset the
numeric consequences of harvest in some solitary species
(e.g. Lieury et al., 2015), we hypothesize that the social
behavior of cooperative breeders complicates this relationship. Dispersal is driven by group- and population-level
inﬂuences in cooperative breeders (Solomon & French,
1997; Koenig, Dickinson & Emlen, 2016). Dispersing individuals seek breeding opportunities by joining or establishing
a group (Solomon & French, 1997; Fuller, Mech &
Cochrane, 2003). Attempting to join a group is risky due to
potential aggression from resident members (Schaffner &
French, 1997; Cassidy et al., 2015). Where populations are
expanding or recolonizing, immigrants can successfully
Animal Conservation  (2020) – ª 2020 The Zoological Society of London
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Figure 2 Annual trends in the relative minimum density of group-dwelling wolves for the east and west study areas in central Idaho, 2008–
2016. Harvest occurred during autumn-winter of 2009–2010, 2011–2012, 2012–2013, 2013–2014, 2014–2015 and 2015–2016.

Table 1 Models testing for effects of harvest (Yes/No) and study
area (East/West) on relative minimum density of wolves (number
of wolves/1000 km2) in central Idaho, 2008–2016

Response

Predictora

Density

Intercept
Study
area
Intercept
Harvest

Density

Lower
95%
CRI

Upper
95%
CRI

Probability
above/
below 0b

11.78 (1.25)
0.41 (1.75)

9.29
3.10

14.29
3.88

0.60

15.19 (1.03)
4.79 (1.27)

13.12
7.28

17.23
2.25

0.99

Estimate
(SD)

Coefficient estimates and standard deviation (SD), lower and upper
limits of the 95% Bayesian credible interval (CRI) and probability
that the coefficient estimate was above or below 0 are reported
for each predictor variable.
a
No harvest: indicator variable for harvest covariate; East: indicator
variable for study area covariate.
b
The computed probability that a negative coefficient estimate was
<0 and a positive coefficient estimate was >0 respectively.

establish their own groups in unoccupied habitat (Mech &
Boitani, 2003); but in established populations where competition is high, for example, the Rocky Mountains, an immigrant’s only option to ﬁnd a breeding opportunity may be to
join a group (Mech & Boitani, 2003; VonHoldt et al.,
2008). If breeder mortality from harvest were high in these
populations, immigration could presumably compensate
through breeder replacement. In central Idaho however, Ausband et al. (2017b) found the frequency of breeder turnover
did not increase after harvest was initiated. Similarly, most
breeding pairs appeared to be left intact in a harvested population adjacent to our south-western Alberta study area
Animal Conservation  (2020) – ª 2020 The Zoological Society of London

(Webb et al., 2011). As a result, there were likely few
opportunities for immigrants to compensate for breeder loss
in the regions we studied and this may explain why the proportion of long-distance immigrants associated with groups
did not change with harvest.
The social structure of cooperatively breeding groups may
further prevent immigrants from replacing nonbreeding group
members lost to harvest. Groups typically only accept unrelated adults to ﬁll a breeding position (Baker & Dietz, 1996,
Caniglia et al., 2014, but see Lehman et al., 1992). We
hypothesize groups may be less likely to adopt unrelated
adults when the group social structure is intact, that is, when
the breeding pair persists (Rutledge et al., 2010; Wiley &
Ridley, 2018). In Idaho, only 6 of the 24 immigrants that
joined groups did not become breeders within 1 year of joining (Ausband, 2015); one of these immigrants ultimately left
to ﬁll a breeding vacancy elsewhere. Despite a 20% decline
in mean group size since harvest was initiated in Idaho
(IDFG and Nez Perce Tribe, 2014, 2015), immigrants did
not frequently replace nonbreeding adults within groups even
if additional nonbreeding members would help maintain
group size and offspring recruitment (Ausband et al., 2015).
Extrinsic factors (e.g. harvest) can force groups to be ﬂexible in their social organization, leading to variation in social
structure between populations (Schradin, 2013). Given we
found no evidence that immigration changed in response to
harvest in our study areas, yet numerous studies posit immigration compensates for harvest mortality in other populations
(e.g. Ballard et al., 1987; Lariviere et al., 2000), we speculate
that the relationship between immigration and harvest is nonlinear. When harvest mortality in groups is low and generally
nonselective of breeding status, the social structure of groups
remains relatively intact (Wallach et al., 2009; Rutledge et al.,
7
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Figure 3 Effect of harvest on the probability a short- or long-distance immigrant was associated with a wolf group in central Idaho, 2008–
2016 respectively. Error bars represent 95% Bayesian credible intervals.

Table 2 Models testing for effects of harvest (Yes/No) and study
area (East/West) on the proportion of wolves in a group that were
long-distance immigrants (LDI) and short-distance immigrants (SDI)
in central Idaho, 2008–2016

Response

Predictora

LDI

Intercept
Study
area
Intercept
Harvest
Intercept
Study
area
Intercept
Harvest

LDI
SDI

SDI

Lower
95%
CRI

Upper
95%
CRI

3.80 (0.32)
1.00 (0.63)

4.55
2.30

3.17
0.18

4.19
0.02
3.88
0.04

(0.46)
(0.58)
(0.37)
(0.51)

5.18
1.10
4.65
0.96

3.37
1.20
3.21
1.05

0.53

4.35 (0.49)
0.74 (0.56)

5.41
0.31

3.49
1.90

0.91

Estimate
(SD)

Probability
above/
below 0b
0.95

Responsea

Predictorb

Estimate
(SD)

Density

Idaho
Alberta
Idaho
Alberta
Idaho
Alberta

10.39
4.22
3.98
0.14
3.46
0.88

LDI
0.51
SDI

Coefficient estimates and standard deviation (SD), the lower and
upper limits of the 95% Bayesian credible interval (CRI) and probability that the coefficient estimate was above or below 0 are
reported for each predictor variable.
a
No harvest: indicator variable for harvest covariate; East study
area: indicator variable for study area covariate.
b
The computed probability that a negative coefficient estimate was
<0 and a positive coefficient estimate was >0 respectively.

2010). Many group-living carnivores comprise closely related
individuals (Clutton-Brock, 2002) that maintain long-term territories and pair bonds (Mech & Boitani, 2003; Ausband,
2019), all of which may limit immigration from offsetting harvest mortality at the group level. Studies hypothesizing compensatory immigration maintained wolf densities reported
higher harvest rates than what we observed in our study (e.g.
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Table 3 Models testing for differences in mean minimum density
of wolves (number of wolves/1000 km2), and the probability a wolf
group contained either a long-distance immigrant (LDI) or shortdistance immigrant (SDI) between Alberta and central Idaho when
harvest occurred, 2010 and 2012–2016

(0.92)
(2.44)
(0.34)
(0.75)
(0.27)
(0.46)

Lower
95%
CRI

Upper
95%
CRI

8.57
9.04
4.70
1.72
4.03
0.04

12.19
0.67
3.35
1.22
2.96
1.75

Probability
above/
below 0c
0.96
0.55
0.97

Coefficient estimates and standard deviation (SD), the lower and
upper limits of the 95% Bayesian credible interval (CRI) and probability that the coefficient estimate was above or below 0 are
reported for each predictor variable.
a
Linear regression was used when density was the response variable; resulting coefficient estimates are unscaled. Logistic regression was used when LDI and SDI were the response variables;
resulting coefficient estimates are on the logit scale.
b
The central Idaho study area was the indicator variable (i.e. intercept).
c
The computed probability that a negative coefficient estimate
was < 0 and a positive coefficient estimate was> 0 respectively.

>40% reported by Ballard et al., 1987, 74% reported by Lariviere et al., 2000). Where harvest mortality is high, immigration may no longer be limited by the social constraints of
intact groups and could become an important process maintaining heavily harvested populations of wolves and other
cooperatively breeding species (Courchamp, Grenfell & Clutton-Brock, 1999; Adams et al., 2008).
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We hypothesize that social structure, density and harvest
intensity interact to determine the extent to which immigration compensates for harvest mortality within groups of
cooperatively breeding species. Kin-selection predicts group
structure is primarily based on relatedness where individuals
gain ‘indirect’ ﬁtness beneﬁts from assisting relatives (Hamilton, 1964a, 1964b; Clutton-Brock, 2002). When harvest is
relatively low or a new source of mortality, kin-selection
might be most inﬂuential in determining group size and
whether groups are receptive to immigrants. Conversely,
group augmentation theory predicts that individuals have
greater survival or reproduction in larger groups and will
therefore beneﬁt from accepting new group members even if
they are unrelated (Kokko, Johnstone, Clutton-Brock, 2001).
If density is low and harvest mortality high, groups may
therefore augment with unrelated individuals to maintain
group size. Temporal stochasticity in the environment (e.g.
annual variation in harvest mortality) might further inﬂuence
group structure, leading to groups being more receptive of
unrelated adoptees during years of higher mortality (Schradin, 2013; Shen et al., 2017).
Although the effect was weak, we found the proportion of
a group comprising short-distance immigrants was greater in
south-western Alberta than central Idaho. The proportion of
short-distance immigrants may respond positively to intermediate levels of harvest because local dispersers may already
have knowledge of surrounding territories (via extraterritorial
forays; Mech & Boitani, 2003) and can respond quickly to
opportunities created by harvest to join nearby groups (Rothman & Mech, 1979; Messier, 1985). Although the dispersal
of short-distance immigrants cannot directly maintain population densities (i.e. they are already part of the population),
we speculate they might increase the likelihood of group-persistence as harvest rates increase by augmenting group size
(Wayne, 1996; Caniglia et al., 2014).
Immigrants unafﬁliated with groups (i.e. lone wolves)
may also be important in harvested populations of cooperative breeders. Due to their naivete in novel environments
(Peterson, Woolington, Bailey, 1984) and vulnerability to
anthropogenic mortality (Person & Russell, 2008), harvest
may be biased towards lone individuals instead of resident
group members (Adams et al., 2008); continual replacement
of lone wolves by new immigrants may compensate for harvest mortality across a population (Fuller et al., 2003). Any
response of immigration to harvest may be more apparent at
the population-level than the group-level (e.g. Supporting
Information Appendix S3).
Our study underscores the complexity of managing cooperatively breeding species with harvest. Recognizing that immigration into groups does not always offset harvest mortality,
and that this may vary with harvest rate, population density
and social structure of groups, can help managers better predict the effects of public harvest on cooperative breeders. In
particular, it is important to consider that immigration may
not maintain density within groups and population growth at
the group-level may slow with even moderate levels of harvest. If the goal of harvest is to reduce density within groups,
this means immigration may not negate management efforts.
Animal Conservation  (2020) – ª 2020 The Zoological Society of London
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Finally, immigration depends on surrounding population densities and harvest rates (McCullough, 1996; Lariviere et al.,
2000). We assumed areas with lower or no harvest (e.g. parks
and wilderness areas, neighboring states) provided dispersers
to our study areas; a greater understanding of how neighboring populations are connected under varying harvest regimes
could also inform harvest management of cooperatively breeding carnivores.
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