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Abstract
The resolution of conservation genetic analyses has been limited until recently due to technological and computational chal-
lenges associated with genotyping multiple loci at once. In this review, we focus on how the development of high-throughput 
genotyping methods have enabled conservation genomics studies of wolves in North America. The gray wolf (Canis lupus) 
historically had a Holarctic distribution across widely varying environments, yet during the early twentieth century many 
populations declined due to direct persecution and other anthropogenic disturbances. First, we discuss genetic substruc-
ture and adaptive uniqueness among genetically and environmentally defined wolf ecotypes. Second, we focus on the new 
conservation implications revealed by studies having increased genomic resolution of the dynamics of reintroduced and 
re-established wolves, specifically Mexican and Pacific Northwest wolves. Mexican wolves, a distinct subspecies of North 
American wolf that inhabit a small area within the southwestern U.S. and Mexico, remain endangered despite decades since 
a reintroduction program began. How biologists and management agencies use scientific data to define the historical range 
of Mexican wolves will be critical to future reintroduction efforts. In the Pacific Northwest, admixture occurs between the 
distinct and declining coastal wolf ecotype and the more abundant reintroduced interior wolves. If coastal wolves obtain 
protection, then the Pacific Northwest wolves may also warrant protection. Therefore, more precise policies are needed for 
the management of admixed populations when one source is protected. We recommend that future conservation efforts 
should provide full protection for distinct ecotypes, support scientifically rigorous definitions of historical range to inform 
restoration, and enhance the legal status of admixed populations.
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Introduction

Until recently, large-scale genome-wide population-level 
explorations of demography, natural selection, and gene 
flow have been limited in non-model organisms in part 
because of the effort and cost of collecting genome-wide 
single nucleotide polymorphism (SNP) genotyping data. For 

some non-model systems, the genome of a phylogenetically 
close species can provide resources such as DNA sequence 
and gene annotations for addressing questions of evolution-
ary and conservation importance. For example, the genome 
sequence of the domestic dog (Canis lupus domesticus), the 
fifth mammal species with a complete genome (Lindblad-
Toh et al. 2005), enabled the early development of a canine 
SNP microarray containing ~ 127,000 SNPs (Affymetrix v2 
Canine GeneChip). This array has been used to examine the 
genetic diversity and infer origins of domestic dogs (Boyko 
et al. 2010; vonHoldt et al. 2011), and more recently to study 
population structure and admixture in canids of North Amer-
ica (NA) and Europe (vonHoldt et al. 2011; Pilot et al. 2014; 
Schweizer et al. 2016b). The canine SNP genotyping array is 
based on pre-screening of marker variability in a small panel 
of canines, which may result in bias when ascertainment is 
not properly accounted for in studies that compare variability 
in dogs to wild canids (see vonHoldt et al. 2010). However, 
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such comparisons are not the intent of studies featured in this 
review. One benefit of genotyping arrays is that they gener-
ally have a higher fraction of polymorphic loci than other 
genomic methods such as RADsEq. Additionally, methods 
such as sequence capture and whole genome sequencing 
have been used to identify adaptive variation and patterns 
of demographic history in NA canids (e.g. Schweizer et al. 
2016a; Fan et al. 2016; vonHoldt et al. 2016).

Genome-wide analyses can be applied to new as well as 
long-standing dilemmas in conservation management. For 
example, large numbers of loci can improve the power and 
accuracy of inference concerning demography, local adapta-
tion, inbreeding depression, hybridization, and disease sus-
ceptibility (Allendorf et al. 2010; Steiner et al. 2013). Sur-
veys of genome-wide neutral markers enable a more robust 
reconstruction of the demographic histories of species and 
populations. Accurate inference of demography can then 
facilitate more precise predictions of how anthropogenic 
influences might lead to changes in detrimental and adaptive 
genetic variation (Bay et al. 2017). Genome-wide data also 
provide higher resolution for genome scans and quantitative 
trait loci (QTL) mapping, approaches that identify candidate 
genes under selection or underlying phenotypic variation, 
respectively. Furthermore, population genomic approaches 
can assess detrimental genetic variants that may potentially 
diminish fitness, long-term viability, or reduce the adap-
tive potential of populations (e.g. Robinson et al. 2016). 
Together, genome-wide neutral and non-neutral variation 
can be used to identify populations and species of conserva-
tion concern (for further discussion see Ouborg et al. 2010; 
Allendorf et al. 2010; Funk et al. 2012; Steiner et al. 2013).

As mentioned above, the development of large-scale 
genome-level data collection technologies has been instru-
mental to increased resolution in conservation genomics. 
Here, we briefly introduce some of the most relevant tech-
nologies for conservation genomics and/or those that have 
been instrumental in the recent study of NA gray wolves 
(Canis lupus). We refer the interested reader to more detailed 
reviews elsewhere (Allendorf et al. 2010; McMahon et al. 
2014; Shafer et al. 2015; Bernatchez et al. 2017). High-den-
sity SNP arrays (e.g., Kranis et al. 2013) are custom DNA 
microarrays that are capable of genotyping thousands of 
SNPs from a large sample of individuals within a single 
experiment. These SNP arrays are relatively inexpensive, 
and can be used for closely related non-genome-enabled 
species (e.g., Schweizer et  al. 2016b). Some qualifica-
tions for SNP arrays use is that they are most efficient in 
phylogenetically close species, the setup costs in a new 
organism may be prohibitively expensive, and allelic vari-
ation can be biased as a result of ascertainment of SNPs 
using a small panel of individuals (Nielsen and Signoro-
vitch 2003; Clark et al. 2005; Rosenblum and Novembre 
2007; Lachance and Tishkoff 2013; Malomane et al. 2018). 

Reduced-representation approaches, which use various tech-
niques to reduce genome complexity prior to sequencing, are 
also appropriate methods for obtaining thousands of SNPs 
in non-model organisms (Good 2012; Andrews et al. 2016; 
Lowry et al. 2016; Catchen et al. 2017; McKinney et al. 
2017). Some of these methods use restriction enzymes to cut 
genomic DNA molecules into fragments (restriction-asso-
ciated DNA sequencing (RAD-Seq) and related protocols 
(see Andrews et al. 2016)). Another approach to subsam-
ple a fraction of positions within the genome is based on 
sequencing of the transcriptome. Messenger RNA (mRNA) 
transcripts is isolated from tissues, complementary DNA 
(cDNA) is generated and subsequently sequenced on a 
high-throughput platform (RNA-Seq; see Wang et al. 2009; 
Wilhelm and Landry 2009; Marguerat and Bähler 2009). 
Another genome reduction method encompasses selective 
enrichment of the genomic library for particular loci of 
interest (targeted sequence capture; see Cosart et al. 2011; 
Jones and Good 2016). A high-quality reference genome 
for the study species, or a closely related taxon, aids in the 
custom design of capture probe sets, yet designing targeted 
capture experiments in non-model species without a refer-
ence genome are also possible (see review Jones and Good 
2016). Finally, whole-genome sequencing and de novo 
genome assembly in non-model organisms, which aims 
to sequence nearly every position within the nuclear and 
mitochondrial genomes, is now possible due to the recent 
advances in high-throughput sequencing and bioinformatics 
(see reviews Ellegren 2014; Fan et al. 2016; Goodwin et al. 
2016; vonHoldt et al. 2016). Selecting the most appropriate 
method from the array of genomic approaches is dependent 
upon the questions being asked and nontrivial commitments 
of time and resources available (see review Oyler-McCance 
et al. 2016).

In this review, we synthesize results from studies on can-
ids produced in the last decade, a period in which the rapid 
development of genome-wide genotyping approaches has 
most significantly affected the study of non-model organ-
isms of conservation concern. We focus on two issues 
related to conservation genomics of NA gray wolves: (1) 
genetic substructure and adaptive uniqueness; and (2) the 
genetics of reintroduction and re-establishment of wolves. 
Within the latter, we focus on two adaptively distinct forms, 
the Mexican wolf and wolves of the Pacific Northwest. For 
each issue, we provide a summary of results from relevant 
studies, then discuss in detail the specific conservation rel-
evance and how genomics has enabled improved resolution 
of population processes such as gene flow and selection. 
Our discussion of these genomic studies reveals that current 
conservation schemes do not provide adequate protection 
for diverse ecotypes, nor do they provide for full restoration 
of ecotypes to their historical range. Additionally, we dis-
cuss how current conservation policy for and management 
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of admixed and hybrid populations, as identified by genomic 
analyses, is insufficient and needs a conceptual framework 
and restoration policy that is consistent with the evolutionary 
function of hybrids.

Genetic substructure and adaptive 
uniqueness

Artic wolves: local adaptation

Background

The gray wolf is historically the dominant predator in NA 
(Mech 1970) and can disperse over long distances averag-
ing 50–100 km and up to several hundred kilometers before 
establishing territories (Mech 1970; Fritts 1983; Merrill and 
Mech 2000; Jimenez et al. 2017). Despite these character-
istics, populations show striking morphologic and genetic 
differentiation at a local scale (Carmichael et  al. 2007; 
Musiani et al. 2007; vonHoldt et al. 2011; Pilot et al. 2014; 
Schweizer et al. 2016a, b). The gray wolf geographic range, 
which spans from Mexico to the High Arctic in NA, is char-
acterized by strong environmental gradients involving dra-
matic changes in temperature, precipitation and vegetation 
(Geffen et al. 2004; Muñoz Fuentes et al. 2009; Schweizer 
et al. 2016b). The varied environmental gradient may act as 
drivers for divergent natural selection in wolf populations 
resulting in patterns of local adaptation. For example, vari-
ation in cranial forms have been found to correspond to dif-
ferences in prey size (Slater et al. 2009). Additionally, coat 
color varies across NA wolf populations and paler pelage 
is more common in northern regions (Musiani et al. 2007; 
Anderson et al. 2009), suggesting a response of coat color 
in some populations to differences in temperature and ther-
moregulatory differences among populations.

Initial genetic studies based on a small number of micro-
satellite loci showed weak patterns of differentiation with 
distance (Roy et al. 1994). However, ecological variables 
were not included in assessments of population structure 
until Geffen et al. (2004) and this analysis showed a substan-
tial effect of climate and habitat on genetic variation. Fur-
ther studies suggested a correlation between various habitat 
types, such as tundra and coastal forest, and wolf genetic 
partitions. The methods used by these studies increased in 
complexity with technological advances, from microsatellite 
and SNP genotyping arrays (Carmichael et al. 2007; Musiani 
et al. 2007; vonHoldt et al. 2011), to fully quantifying envi-
ronmentally and genetically determined wolf ecotypes using 
canid SNP and custom capture arrays (Schweizer et  al. 
2016a, b). The resulting genetic divisions among wolf pop-
ulations may reflect observed morphologic features related 
to diet (e.g., dentition, skull robustness and shape), vision 

(e.g., for open or closed terrain), metabolism, thermal regu-
lation in response to ambient temperature, and locomotion 
(e.g., for migratory or territorial behavior) suggesting these 
genetic partitions may define ecological units (“ecotypes”). 
The most distinct ecotypes are the Mexican, rainforest, and 
Artic wolves. Inhabiting the arid lands of Southwest U.S. 
and Mexico, the Mexican wolf is an ecotype that is smaller 
in size and feeds on prey such as elk and native ungulates 
(Reed et al. 2006; Newsome et al. 2016). The rainforest wolf 
inhabits the temperate rainforest regions of British Colum-
bia (Canada) and southeastern Alaska (U.S.) coasts, feeds 
on salmon and deer (Darimont et al. 2003), and is smaller 
in body size than other NA wolves, such as the Forest wolf 
ecotype (Fig. 1). Finally, the caribou feeding Arctic wolf is 
the largest of the NA wolves (Fig. 1).

Given evidence showing NA wolves are morphologi-
cally and genetically differentiated on a local scale, Sch-
weizer et al. (2016b) used a SNP genotyping array to detect 
genetic subdivision, then used multiple selection methods 
to identify outlier SNPs and their nearby genes as candi-
dates involved in local adaptation (Fig. 2, Schweizer et al. 
2016b). Using the results of this initial genome scan, Sch-
weizer et al. (2016a) designed a targeted capture array to 
sequence 1040 candidate genes under selection and asso-
ciated promotor regions of wolves from the six ecotypes. 
Also, as a demographic control, 5000 1-kb nongenic neutral 
regions (see Freedman et al. 2014) were sequenced. The six 
wolf ecotypes correspond to specific habitats that were envi-
ronmentally and genetically defined within the study: West 
Forest, Boreal Forest, Arctic, High Arctic, British Columbia 
and Atlantic Forest. The genetically defined ecotypes were 
largely concordant with previous studies (Carmichael et al. 
2007; Muñoz Fuentes et al. 2009; vonHoldt et al. 2011). 
NA wolves (n = 107) were resequenced at these genic and 
nongenic regions, and patterns of genetic variability within 
and among ecotypes were used to detect selective sweeps 
using Sweed (Pavlidis et al. 2013) and diversifying selection 
using BayeScan v2.1 (Foll and Gaggiotti 2008). Addition-
ally, data for multiple environmental variables summariz-
ing precipitation, temperature, and vegetation were extracted 
for each individual wolf’s location and used with genetic 
data to test for environmentally correlated selection using 
Bayenv (Coop et al. 2010). Genes within a 6-kb buffer on 
either side of outlier SNPs were identified using the Ensembl 
annotation gene set (CanFam3.1), and Ensembl’s Variant 
Effect Predictor (VEP) pipeline v77 (McLaren et al. 2010) 
was used to identify and annotate functional variants within 
genic regions. Lists of outlier genes were tested for enrich-
ment of Gene Ontology (GO) categories using gProfileR 
(Reimand et al. 2007, 2011).

Schweizer et  al. (2016b) found patterns of selection 
among ecotypes for genes related to morphology, vision, 
metabolism, and thermoregulation. Using Sweed, the 
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authors identified regions with the genetic signatures of 
selective sweeps in each wolf ecotype. Furthermore, the 
authors found several genes containing putatively functional 
variants (either non-synonymous variants or variants in pre-
dicted transcription factor binding sites) that varied signifi-
cantly with environmental variables quantifying precipita-
tion, temperature, and vegetation (Fig. 2B). These candidate 
genes are thought to relate to olfactory (e.g. OR5B17), vision 
and hearing (e.g. PCDH15), pigmentation and immunity 
(e.g. CBD103), or metabolism-related (e.g. LIPG) functions 
in wolves (Fig. 2B; see Schweizer et al. 2016a for further 
discussion of gene function). Bayescan identified the fewest 
genes under selection, a result that may reflect the conserva-
tive model by which Bayescan identifies outliers. Neverthe-
less, there was relatively high overlap between significant 
genes with a P-value ≤ 0.05 for all selection tests (Sweed, 
Bayescan and Bayenv). Arctic and High Arctic wolves had 
the highest numbers of total candidate genes, microRNA 
categories (implicated in post-transcriptional regulation), 
and significantly enriched gene ontology (GO) categories, 
and the highest number of unique candidate genes (those 
not seen in any other ecotype). This result was not likely 

a reflection of differences in demographic history, since 
genetic variation in neutral regions was used to control for 
differences in population history for each of the selection 
tests (Schweizer et al. 2016a). Importantly, Schweizer et al. 
(2016a) could only confirm about 35% of genes identified 
by the SNP genotype array studies, suggesting a high rate of 
false positives in SNP tagging studies, or that other catego-
ries of DNA changes that were not assayed are experiencing 
selection. The high false positive rate implies that simple 
“tagging” SNP surveys where selection is inferred on nearby 
genes should be interpreted with caution unless followed 
by resequencing studies. Finally, this study found evidence 
of selection in promotor regions, implicating them in local 
adaptation as well, and suggesting again the importance of 
resequencing of both exons and flanking regions implicated 
in SNP tagging studies.

An important consideration in assessing adaptive poten-
tial in non-model organisms is which databases are appropri-
ate for assigning putative function to genes or mutations. For 
example, Schweizer et al. (2016a) used existing gene annota-
tion databases developed for the domestic dog to infer func-
tion in wolves. Given that the wolf and the dog are closely 

Fig. 1   Examples of the varying habitat and ecology of wolves in 
North America. Coastal wolves live in temperate rainforests of south-
east Alaska, USA, and British Columbia, Canada, and have diets 
composed of salmon and black-tailed deer. Forest wolves live in a 
subarctic climate and prey on elk, moose, and deer. Arctic wolves 
live in the high tundra of Canada and prey on caribou. Photo cred-

its: coastal wolf, Steve Williamson; coastal habitat, Pixabay creative 
commons; forest wolves, Daniel Stahler/National Park Service; cari-
bou, Pixabay creative commons; Arctic wolf, Marco Musiani. Orange 
regions on map indicate current range of the gray wolf. Map based 
on data from the International Union for Conservation of Nature Red 
List, http://www.iucnr​edlis​t.org

http://www.iucnredlist.org
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related (0.1% sequence divergence; Freedman et al. 2014), it 
is reasonable to assume similar gene function. Additionally, 
many databases, such as gProfiler for gene ontology enrich-
ment (Reimand et al. 2007, 2011) and Ensembl’s Variant 
Effect Predictor for annotating functional effects of muta-
tions (McLaren et al. 2010) develop predictions based on 
coding sequence similarity, which is very high between dog 
and wolf. The list of species supported by these databases 
is continually being updated, therefore increasing the likeli-
hood that a non-model study species will have databases for 
a closely related species available.

Conservation implications

Several lines of evidence indicate that High Arctic and Arc-
tic wolves may have evolved highly specific adaptations and 

regulatory responses to survive in their environment. First, 
the High Arctic and Arctic ecotypes exhibited a large num-
ber of significant GO-related categories (i.e. GO, KEGG 
pathway, Human Phenotype) and the greatest number of 
unique outlier genes in selective sweep regions (Schweizer 
et al. 2016a). Second, these two ecotypes were found to 
have the large number of significantly enriched microRNA 
categories. MicroRNAs are involved in post-transcriptional 
regulation, and have been implicated in adipocyte differen-
tiation and extreme environment adaptation in several spe-
cies (Griffiths-Jones 2004; Zaragosi et al. 2011; Hilton et al. 
2013; Wu et al. 2013; Storey 2015). Third, positive selection 
was detected in Arctic and High Arctic wolves on genes 
influencing vision, immunity, pigmentation and metabolism. 
However, more thorough testing should be completed to ver-
ify and further develop these hypotheses; yet, these results 
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Fig. 2   Environmentally driven functional variation among North 
American wolf populations. a The primary source of differentiation 
in North American wolves is related to habitat rather than distance or 
topographic boundaries, as determined by varied population structure 
and habitat classification methods. Sampling locations of wolves are 
shown on maps of annual precipitation and mean diurnal tempera-
ture range; these environmental variables were ranked highly impor-
tant in Random Forest analysis (see Schweizer et al. 2016b). b Wolf 

ecotypes show evidence of enivornmentally correlated selection on 
non-synonymous SNPs. Each plot shows the mean reference allele 
frequency in each ecotype versus the mean value of the environmen-
tal variable the SNP was an outlier for in Bayenv analysis. Arctic and 
High Arctic populations are often at one end of the distribution of 
allele and environmental variable values. See key for ecotype desig-
nations. Figure reproduced from Schweizer et al. (2016a, b)
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suggest that Arctic and High Arctic wolves have adapted 
uniquely to the extreme environment in which they live.

The Arctic and High Arctic wolf ecotypes are threatened 
by the progressive loss of their main habitat, the tundra, 
which may disappear by the end of this century (Mech 
2004; Gilg et al. 2012; Mahlstein and Knutti 2012). Three 
conceivable responses to this threat are: (1) extinction of 
the ecotype; (2) adaptation via standing variation; and (3) 
adaptive admixture of genes from wolves immigrating from 
boreal or more temperate forests. Wolves may begin to den at 
higher latitudes as the tree lines shift northward with chang-
ing climate (Grace et al. 2002; Heard and Williams 2011). 
Conservation measures to combat population decrease might 
allow standing genetic variation to persist and increase the 
likelihood that a rapid adaptive response would allow this 
ecotype to survive despite their changing habitat. However, 
a wait-and-see approach might be best for the short term, 
with the hope of an adaptive response from within Arctic 
populations. If the Arctic population begins a decline due to 
stress associated with a disappearing Tundra habitat and the 
projected associated shifts in the distribution of vegetation 
and associated prey species (Brotton and Wall 1997; Mech 
2005), wolves from the south might migrate naturally fol-
lowing the northern advance of boreal habitat. These wolves 
may rescue the Arctic population, but further intermingling 
of wolf types may result in an eventual loss of regional dif-
ferentiation. Unique adaptations that now exist in Arctic 
wolf populations might be lost if admixture and selection 
favor an array of variants from southern populations. Identi-
fication of the factors with greatest influence on the contem-
porary genetics of Arctic wolves may be particularly useful 
to inform their conservation in a changing environment.

Managers can use information on the extent and nature 
of local adaptation to inform conservation actions to pre-
serve the evolutionary potential and adaptive capacity of 
populations. For example, the use of the relative number of 
genes and number of significantly enriched top-level GO 
categories summarizing those genes under selection could 
potentially add to metrics for ranking conservation priori-
ties (Bonin et al. 2007; Gebremedhin et al. 2009). Similar to 
species diversity indices, the number of genes under selec-
tion provides a numerical ranking of adaptive diversity of 
each population. Therefore, the populations with the great-
est number of unique genes, and possibly GO categories, 
could be argued to exhibit the greatest adaptive diversity 
and, therefore, deserve the greatest priority for conservation. 
These simple indices represent genome-wide measures of 
adaptive divergence that can readily be incorporated into 
conservation schemes to preserve species as they encoun-
ter diverse stressors imposed by changing environments. Of 
course, GO categories are related and hierarchical, and the 
number of genes under selection may be influenced by fac-
tors other than adaptive potential (such as genetic linkage or 

demographic history), so further testing of the robustness of 
this approach would be necessary before extensive use for 
conservation management. Note that environmental factors 
and other means to formulate genetic indices of adaptation 
have been discussed (Razgour et al. 2017).

The genetics of reintroduction 
and re‑establishment of wolves

Mexican wolves: historical range delimitation

Background

The Mexican wolf (Canis lupus baileyi) was once spread 
throughout much of Mexico and southwestern U.S., but was 
extirpated in the wild by the 1980s (Shaw 1983). Both mor-
phologic (Bogan and Melhop 1983) and genetic evidence 
support the Mexican wolf as a subspecies of gray wolf 
(Wayne et al. 1992; Vilà et al. 1999; vonHoldt et al. 2011, 
2016; Fan et al. 2016). This subspecies is the most geneti-
cally divergent wolf in NA (Wayne et al. 1992; Vilà et al. 
1999; vonHoldt et al. 2011, 2016; Fan et al. 2016) with the 
lineage likely resulting from one of the earliest migrations 
of Canis lupus into the New World (Leonard et al. 2005; 
vonHoldt et al. 2011; Fan et al. 2016). A reintroduction pro-
gram, which re-established the Mexican wolf populations 
from captive individuals (Hedrick et al. 1997), was initiated 
by the U.S. Fish and Wildlife Service (USFWS) in 1998. 
However, this program and the recovery of the Mexican wolf 
have been plagued by several recent controversies.

The designation of the Mexican wolf as a separate sub-
species has been questioned for several reasons (Cronin 
et al. 2014, 2015; Fredrickson et al. 2015). First, the extant 
population was founded by 3 captive lineages (Hedrick et al. 
1997) and, although admittedly improbable based on previ-
ously published genetic data (Moreno et al. 1996; Hedrick 
et al. 1997), Cronin et al. (2014) suggested that the Mexican 
wolf founders may have included dog or coyote ancestry due 
to previous admixture events. However, genetic analysis of 
the 3 captive lineages using microsatellite and mtDNA anal-
ysis (Hedrick et al. 1997) found an absence of dog admixture 
(Moreno et al. 1996; Hedrick et al. 1997). This conclusion 
was subsequent confirmed with genomic data (Fitak 2014, 
Fan et al. 2016). Second, Cronin et al. (2014) argued that 
subspecies designation is of questionable validity because 
Mexican wolves share haplotypes with wolves in other areas 
and with coyotes (Leonard et al. 2005; Hailer and Leonard 
2008). Mexican wolves were historically and are currently 
part of a monophyletic clade consisting of the mitochon-
drial haplotype of extant Mexican wolves and closely-related 
haplotypes found in museum specimens (referred to as 
the “southern clade”) that extended further north into the 
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southern Rockies and Greater Plains (Leonard et al. 2005). 
The wide distribution of the southern clade implies that gene 
flow was naturally extensive across the recognized limit of 
the subspecies and that Mexican wolves may have admixed 
with other wolf populations to the north. Generally with 
highly mobile species, large zones of intergradation may 
characterize subspecies boundaries (Schweizer et al. 2016b) 
and admixed individuals within this zone might enhance the 
adaptive potential of reintroduced stocks (Hedrick 2013). 
Contrary to Cronin et al. (2014), although Mexican wolves 
are geographically and genetically discrete now, it might 
be more biologically appropriate to encourage a wider geo-
graphical range in the reintroduction program (see discus-
sion in Hendricks et al. 2017). Finally, despite these argu-
ments against subspecies statue, the Mexican wolf, which 
was previously listed under the umbrella of gray wolf at the 
species level, was recently reclassified by the USFWS with 
a subspecies designation allowing it to have an independent 
endangered status from other populations of gray wolves 
(U.S. Fish and Wildlife Service).

A second controversy concerning the Mexican wolf 
recovery program involves the legal framework for defining 
a historical range and its use to inform reintroduction. As 
of early 2018, the reintroduced population hovered at ~ 110 
individuals despite the continued release of captive wolves 
(http://www.fws.gov/south​west/es/mexic​anwol​f/). This num-
ber stands in stark contrast to the 1700 individuals of other 
C. lupus subspecies in Wyoming (U.S.), Idaho (U.S.), and 
Montana (U.S.; http://www.fws.gov/mount​ain-prair​ie/es/
grayW​olf.php), which is in part a result of the successful 
reintroduction of gray wolves to Yellowstone National Park 
(U.S.) and central Idaho (U.S.). Supplementary recovery 
locations for the Mexican wolf may be crucial for success-
ful re-establishment of this predator to arid lands of the U.S. 
(Smith et al. 2003). However, additional locations in the 
southern portion of their range (i.e., Mexico) are limited 
due to anthropogenic disturbance of habitat once occupied 
by Mexicans wolves (Araiza et al. 2012) and the underes-
timation of the defined historical geographic range limits 
(Hendricks et al. 2016). Although the validity of both issues 
has been questioned (Heffelfinger et al. 2017a, b), they none-
theless may be factors limiting the success of this recovery 
program.

The USFWS-defined historical range for the Mexican 
wolf may be underestimated as evidenced by several fac-
tors. The delineation of the current historical range is based 
on the previously accepted range plus an arbitrary 200-mile 
northward extension (dashed line in Fig. 3; Parsons 1996). 
This historical range was determined by species delimi-
tations based on traditional morphological analysis of a 
relatively small number of historical specimens that post-
date the period of time when the subspecies was already 
in decline (Young and Goldman 1944; Shaw 1983; Bogan 

and Melhop 1983; Nowak 1995). More modern and precise 
methods of determining species delimitation using genetics 
have shown that the genetic structure of NA gray wolves is 
strongly influenced by their habitat distribution (see Sec-
tion “Ecological units in North American wolves”; Geffen 
et al. 2004; Pilot et al. 2006, 2010; Carmichael et al. 2007; 
Musiani et al. 2007; Koblmüller et al. 2009; Muñoz Fuentes 
et al. 2009; vonHoldt et al. 2011; Stronen et al. 2014; Sch-
weizer et al. 2016a, b). The Mexican wolf represents a physi-
cally smaller form inhabiting more arid ecosystems (Nowak 
1995) and has DNA haplotypes belonging to the “southern 
clade” (Leonard et al. 2005). This haplotype has been found 
well outside of the topologically-defined range delineation 
(Leonard et al. 2005), consistent with a larger historical geo-
graphic range. Furthermore, wolves often exhibit natal habi-
tat homing, whereby they disperse over large distances until 
they encounter habitats with a similar prey base and context 
to their natal habitat (Geffen et al. 2004). Ecologically suit-
able habitat exists outside of the USFWS-defined historical 
range (Carroll et al. 2014). However, Mexican wolves have 
not been allowed to use any lands outside of their reintroduc-
tion sites due to the limits of the previously defined histori-
cal range and unsuitable of previously habitable lands.

Hendricks et al. (2016) used a three-tiered approach 
that incorporated morphological, ecological, and molecu-
lar traits to more fully quantify and estimate the historical 
range of the Mexican wolf. The authors created a species 
distribution model in MaxEnt (Phillips et al. 2006) using 
presence-only location data to predict a suitable habitat. 
Previously published data revealed that one historical 
specimen from southern California, which was classified 
as another subspecies of wolf (Southern Rocky Mountain 
or C. l. youngi; Grinnell et al. 1937), was maternally of 
Mexican wolf ancestry and was captured within an area 
similar to Mexican wolf habitat. To determine the nuclear 
ancestry of this southern California specimen and, there-
fore, its subspecies assignment, Hendricks and colleagues 
used previously published data from the Affymetrix 
Canine SNP mapping array (vonHoldt et al. 2011) to dis-
cover SNPs that are highly differentiated between North-
ern Rocky Mountain wolves and Mexican wolves. These 
SNPs were genotyped in the museum specimen, which 
was found to have a diagnostic Mexican wolf mtDNA hap-
lotype and SNP markers suggesting a high proportion of 
Mexican wolf ancestry (Hendricks et al. 2016). This speci-
men, plus other specimens that were previously classified 
as belonging to the “southern clade” that existed outside 
of the historical range (Leonard et al. 2005), and all veri-
fied Mexican wolf individuals within the historical range 
were used to produce a genealogically-based distribution 
model. Both topologically and genealogically-based mod-
els also identified geographic areas that should be con-
sidered high priority for continued reintroduction efforts 

http://www.fws.gov/southwest/es/mexicanwolf/
http://www.fws.gov/mountain-prairie/es/grayWolf.php
http://www.fws.gov/mountain-prairie/es/grayWolf.php
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since human density and associated disturbances are likely 
to have minimal impact on reintroduced wolves in those 
areas (Fig. 3a, b).

Based on the multi-trait data set and topological dis-
tribution model, Hendricks et al. (2016) showed that the 
historical range of Mexican wolves likely extended beyond 
the boundary currently recognized by the USFWS (Parsons 
1996). First, there was historically a wide distribution of 
the “southern clade” in the American West (Leonard et al. 
2005), revealing that individuals with Mexican wolf ances-
try coexisted with Northern Rocky Mountain wolves (C. l. 
irremotus) outside of the defined Mexican wolf historical 
range and, therefore, these areas may represent appropriate 
habitat for both wolf ecotypes. Second, although the south-
ern California specimen may have been a migrant rather than 
resident wolf, the ecological models identify this specimen’s 
locality as suitable habitat under current climate conditions 
(green circle on Fig. 3a). Additionally, since the southern 
California specimen was collected prior to extirpation in 
1922 (Grinnell et al. 1937), yet shows Mexican wolf ances-
try, the habitat of the sampling locality was likely histori-
cally suitable for Mexican wolves. Third, the ecological 
models also reveal that large portions of the historical range 

in Mexico are currently unsuitable due to human activity 
(blue areas in Fig. 3a, b).

Conservation implications

Despite a recent ruling that extends the Mexican Wolf 
Experimental Population Area (US Fish and Wildlife Ser-
vice 2015), the USFWS prohibits natural reintroduction and 
expansion of Mexican wolves to areas in northern Arizona, 
New Mexico, Southern California, and Western Texas. This 
prohibition limits the movement of a subspecies that had 
naturally occurred across much of the southwestern U.S. and 
inhibits admixture for the foreseeable future.

The establishment of populations at or beyond the north-
ern, rather than the southern, limit of the historical range 
may be an appropriate plan to increase recovery success and 
metapopulation resilience (Carroll et al. 2014). First, previ-
ous studies have suggested that the probability of anthro-
pogenic wolf mortality is high within Mexico (Araiza et al. 
2012). This study found only a few possible reintroduc-
tions sites due to restricted overlap between suitable habitat 
for wolves and area with limited interaction with humans. 
Second, increasing aridity in the southwestern U.S. due to 

Fig. 3   a Comparison of species distribution model and previously 
defined historical range of the Mexican wolves (Canis lupus baileyi). 
Maxent modeling identified areas with suitable abiotic conditions 
only (shades of red). Areas unsuitable due to modern human habitat 
alterations are shown in blue. Differences between the distribution of 
suitable habitat and the previously defined historical range (dashed 
lines) may represent inaccuracies in the previously defined historical 

range, which were verified through historical location records (gray 
circles) and new genetic data (green circle). b Genealogical species 
distribution models of Mexican wolves (gray circles) and closely 
related (“southern clade” lineage) wolves (yellow circles). Areas 
unsuitable due to modern human habitat alterations are shown in 
blue. Figure reproduced from Hendricks et al. (2016)
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climate change is projected (Notaro et al. 2012), and there-
fore, more northern habitat may be able to sustain wolf pop-
ulations and their prey base, and increase metapopulation 
resilience into the future (Carroll et al. 2014). Third, connec-
tively of U.S. and Mexican populations may be limited by 
physical barriers at international borders (Peters et al. 2018), 
which would likely decrease gene flow and genetic connec-
tivity between recovery areas if wolves are reintroduced 
into Mexico as proposed. Anthropogenic factors leading to 
reduced dispersal dynamics should therefore be mitigated 
due to the potential loss of genetic variation in small effec-
tive populations (see review Frankham 2005). Additionally, 
more appropriate reintroduction site may exist that are not 
currently being considered. For example, the Grand Canyon 
Ecoregion has suitable habitat, low anthropogenic activity, 
connectivity with other suitable areas, and protected habi-
tat within a U.S. National Park (Sneed 2001; Carroll et al. 
2006, 2014).

Given the close proximity of Mexican wolf habitats to a 
southern-expanding population of Northern Rocky Moun-
tain wolves now in the U.S., admixture zones may develop 
between these subspecies. Such admixture occurred histori-
cally as shown by genetic analysis (Leonard et al. 2005). 
Importantly, admixture may lead to enhanced opportunities 
for selection to craft appropriate phenotypes resilient to 
future environmental challenges, such as new diseases and 
climate change (Hamilton and Miller 2016). Although muta-
tion plays an important role in evolutionary change, adaptive 
variation may also derive from crosses with related subspe-
cies or species, called adaptive introgression. Evidence for 
adaptive introgression is found in the Great Lakes hybrid 
zone between gray wolves and coyotes (vonHoldt et al. 
2016). Further, genomic analysis of data from the canine 
SNP microarray as well as complete genome sequences, the 
Mexican wolves was found to have the lowest genetic vari-
ation of any wolves indicating that there is limited standing 
variation for future adaptation (vonHoldt et al. 2011; Fan 
et al. 2016). Allowing for northern migration of Mexican 
wolves, may restore natural connectivity that historically 
existed, which may lead to increase in genetic diversity and 
adaptive potential (see discussion in Wayne and Shaffer 
2016).

Defining the historical range of a taxon is critical for esti-
mating a wide diversity of biological factors that may help 
inform conservation efforts, such as extinction probabilities, 
ecological requirements, and species interactions. An under-
estimation of historical range could, therefore, lead to pro-
longing species endangerment and increase the expense of 
recovery efforts. The geographic distribution of specimens 
assigned by modern morphologic techniques, combined with 
those assigned by phylogenetic analysis of historical speci-
mens, defines a range of environments inhabited historically 
by the subspecies. This approach provides direct insight into 

the distribution of lineages defining the historical legacy of 
the Mexican wolf and captures the likely distribution it occu-
pied prior to dramatic decline over the last century.

Pacific Northwest wolves: admixture 
between ecotypes

Background

Coastal wolves are a phenotypically distinct wolf ecotype 
that is found in the coastal habitats of British Columbia 
(BC) and the Alexander Archipelago in southeast Alaska 
(AK). Mitochondrial DNA sequencing, microsatellite loci, 
and SNP have shown that these coastal wolves are geneti-
cally differentiated from wolves interior to the Pacific coastal 
mountain ranges of NA (Weckworth et al. 2005; Muñoz 
Fuentes et al. 2009; vonHoldt et al. 2011; Stronen et al. 
2014; Schweizer et al. 2016b). Despite this genetic evidence, 
the subspecies designation of the Alexander Archipelago 
wolves (C. l. ligoni) has been debated (Cronin et al. 2014, 
2015; Weckworth et al. 2015). In 2015, the Alexander Archi-
pelago wolves were considered for protection under the U.S. 
Endangered Species Act (ESA) as a result of a 60% decline 
in the population over one year due to human mediated habi-
tat alteration (Jewell et al. 2015). Although ultimately not 
listed, this wolf population still deserves consideration for 
protection as a unique ecotype not found outside this area 
(Muñoz Fuentes et al. 2009; Schweizer et al. 2016a, b).

By the mid-1930s, wolves were extirpated in the U.S. 
portion of the Pacific Northwest (PNW) region of NA (Bai-
ley 1936; Verts and Carraway 1998). Wolves have recently 
naturally re-colonizing the PNW, including the U.S states 
of Oregon (OR) and Washington (WA). Given the long dis-
tance dispersal capabilities of wolves (Mech 1970; Fritts 
1983; Merrill and Mech 2000; Jimenez et al. 2017), these re-
established wolves in OR and WA are likely to be migrants 
from adjacent wolf populations rather than from released 
privately-held captive wolves in each state. These adjacent 
populations consist of two ecotypes, the coastal ecotype and 
the Northern Rocky Mountain forest ecotype. If Alexander 
Archipelago wolves attain protected status under ESA, and if 
coastal ancestry is found within WA and/or OR, the manage-
ment of wolves of the PNW is not straightforward. If admix-
ture is a result of natural patterns of wolf dispersal, historical 
genetic connectivity is preserved, and adaptive potential is 
maintained, then protection status should be considered for 
the admixed population (Wayne and Shaffer 2016).

To assess the genetic source of the re-established popu-
lation and their suitability to areas of reintroduction, Hen-
dricks et al. (2018) used three complementary approaches. 
First, the authors sequenced a portion of the mtDNA control 
region in individuals from Washington, Oregon, and sur-
rounding populations to establish maternal lineages. Second, 
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the authors obtained single nucleotide polymorphisms 
(SNPs) through targeted DNA capture (Schweizer et al. 
2016a) to estimate local population structure, ancestry, and 
relatedness among individuals. Third, the authors used eco-
logical niche models based on climate predictors to assess 
habitat preference of re-established wolf packs in the PNW 
region. The ecological niche models identified appropriate 
habitat for the NRM and coastal wolf ecotypes. Finally, the 
authors mapped centroid locations of existing WA and OR 
packs as of 2015 to assess potential genetic barriers associ-
ated with environmental differences.

Hendricks et al. (2018) report the first cases of admix-
ture between coastal and NRM wolves in the contiguous 
U.S. Analyses with both mitochondrial and nuclear DNA 
markers revealed that the Oregon population shares ancestry 
with NRM forest wolves only (Fig. 4a, b). However, the WA 
individuals have a more complex ancestry with some indi-
viduals of MT ancestry only and several other individuals 
with admixed NRM and coastal ancestry (Fig. 4a, b). For 
example, sample WAWedge8 with coastal mtDNA ances-
try showed admixed nuclear ancestry of 53% Alberta, 35% 
coastal and 11% Montana (Hendricks et al. 2018). Ecologi-
cal niche modelling of NRM and coastal wolf distributions 
revealed that the states of WA and OR contain environments 
suitable for both ecotypes (Fig. 4c). Although wolf packs 
have established in both environmental types, only one pack 
exists in the more western, coastal habitat. Furthermore, one 
wolf pack, containing an admixed individual, created a ter-
ritory in an area deemed less suitable environment by the 
models for both the coastal and NRM populations, implying 
that admixed individuals might be well-suited to establish 
in these areas.

Conservation implications

Wolf packs in WA that have a dominant coastal ancestry 
should be a priority for conservation given their unique evo-
lutionary heritage and adaptations. Furthermore, continued 
migration from coastal rainforest and NRM forest source 
populations into WA and OR may benefit the Pacific North-
west population for several reasons. Wolves that migrate 
into the PNW may continue to add to the existing genetic 
diversity in the region. The addition of unrelated geneti-
cally diverse migrants who subsequently mate would help 
avoid inbreeding. If inbreeding does occur, it can lead to 
the expression of deleterious recessive alleles and cause 
inbreeding depression as shown in Scandinavian and Isle 
Royale wolves (Fredrickson et al. 2007; Räikkönen et al. 
2009). Continued migration from adjacent areas into the 
PNW may also decrease the likelihood of wolf hybridiza-
tion with coyotes or dogs. In the PNW, a combination of 
multiple factors, such as individual dispersing wolves, low 
wolf density populations, and the presence of coyotes, may 

lead to an increased likelihood of coyote-wolf hybridiza-
tion (see vonHoldt et al. 2011). However, maintaining high 
wolf density and intact pack structure may decrease the 
likelihood of wolf-coyote and/or wolf-dog hybridization. 
If humans encourage continued wolf migration and allow 
higher wolf density, particularly in western WA, wolves may 
provide ecosystem and human services such as regulating 
prey abundance, providing carrion for use by other species 
in the community, and increasing ecotourism that benefits 
local economies (Smith et al. 2003). Finally, migration from 
the coastal population may aid in the preservation of adapta-
tions for the coastal environment and restore historical con-
nectively of the PNW population to its surrounding areas.

Given that the PNW population has admixed ancestry, 
with coastal influences apparent in Washington wolves, 
the admixed individuals/populations qualify for protection 
according to the decision tree criteria presented by Wayne 
and Shafer (2016). First, this admixture event is not due 
to recent anthropogenic influences, but has resulted from 
natural patterns of wolf dispersal between two native popula-
tions. Second, although not explicitly tested, these admixed 
individuals are likely ecological surrogates for the declining 
coastal wolves and likely do not function differently than 
native populations. Third, the healthy coastal habitats along 
western Washington (see Fig. 4c) may select for alleles 
unique to coastal wolves while simultaneously decreasing 
the genomic contribution from the NRM (non-endangered) 
wolf. Furthermore, admixed wolves in Washington may 
be a southern genetic refugium for coastal wolf ecotype 
if the populations in British Columbia were to decline or 
be genetically swamped by inland ancestry. Therefore, the 
natural expansion and protection of the coastal wolves in 
the contiguous U.S. should be an emphasis of wolf manage-
ment in the PNW in order to restore ecological processes, 
and enable the evolutionary process for adaptation to coastal 
environments.

Summary and conclusions

The age of genomics is enabling scientists and management 
agencies to reformulate conservation goals in light of evolu-
tionary and ecological principles. Here, we explore current 
issues in conservation by presenting three case examples 
of genomic studies of NA canids. First, distinct ecotypes, 
defined by environmental and genomic data, and exhibiting 
evidence of adaptive potential should not be excluded for 
consideration of full protection under regulatory legislation 
such as the ESA. In the case of NA canids, Arctic and High 
Arctic wolves have been identified as harboring unique can-
didate genes under selection and significantly enriched GO 
and microRNA categories suggesting adaptive diversity to 
their extreme environment. In general, managers can inform 
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Fig. 4   Population genomics of wolves in the Pacific Northwest. a 
Distribution of mtDNA control region haplotypes, with size of pie 
charts indicating relative sampling size and colored proportional to 
abundance of six haplotypes (see key). b Population assignment at 
K = 2 to K = 5 for 75 unrelated individuals, as determined by running 
Admixture on a set of 18,508 non-genic LD-pruned SNPs. The lowest 
cross-validation error rate occurred at K = 3, which shows the natu-
rally re-established Montana population, the reintroduced Yellow-

stone National Park and Idaho population, and the coastal population 
(Alaska and British Columbia). Higher values of K are also biologi-
cally meaningful and therefore shown. BC: British Columbia. c Eco-
logical niche model for coastal and interior wolves generated from 
MaxEnt. Warmer and cooler colors indicate greater habitat suitability 
for interior and coastal wolves, respectively. Figure reproduced from 
Hendricks et al. (2018)
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conservation actions to maintain the evolutionary potential 
and adaptive capacity of populations by using information 
on the extent and nature of local adaptation.

Second, much like the characterization of subspecies, 
taxonomic units, or ecotypes, historical distributions are 
most accurate when defined using the power of multiple 
data types. Further, approaches that use strict definitions 
of ranges, especially ranges based on descriptions of a few 
specimens, likely underestimate or misrepresent the fluidity 
of species boundaries. Additionally, historical range may be 
less important when considering reintroduction sites given 
future climate change predictions are shifting habitat suit-
ability for many species. As discussed above, the Mexican 
wolf recovery program exemplifies some of these issues. 
Confounding and conflicting interpretations of scientific evi-
dence, with regards to defining reintroduction sites within 
and outside of the USFWS-defined historical range, have 
hindered recovery. In this case, there is evidence for possible 
reintroduction sites north of the currently defined historical 
range that should be fully characterized with regard to prey 
abundance. These additional reintroduction sites would also 
allow for the restoration of demographic processes, such as 
admixture and potentially enhance the evolutionary potential 
of ecotypes (Hendricks et al. 2016). The combination of 
phylogenetic, morphometric, and ecological methods should 
be used to rigorously define historical range and inform the 
restoration of highly endangered populations.

Third, admixed populations require case-by-case evalu-
ation (Allendorf et al. 2001) using evolutionary principles 
and guidelines as those suggested by recent reviews and 
commentaries (Arnold 2016; Wayne and Shaffer 2016; von-
Holdt et al. 2017). For example, wolves of the PNW have 
recently been shown to be an admixed population consisting 
of coastal and NRM wolf ecotypes (Hendricks et al. 2018). 
Currently, these admixed populations are not protected under 
the ESA. If coastal wolves receive protection under the ESA, 
then the naturally reestablished wolves of PNW may warrant 
protection as well. Given that the PNW wolf populations 
have coastal ancestry and their probable adaptations to the 
coastal habitats, they may likely restore a missing role to the 
ecosystem of the U.S. portions of the PNW. This provides a 
case example of where more precise policies and legal verbi-
age are needed for the management of admixed populations, 
particularly when one source population is protected.

Here, we discuss several examples of how genomics has 
illuminated adaptive uniqueness and, therefore, identify new 
scientific challenges to conservation issues of NA canids. 
Specifically, we highlight issues concerning ecotype defini-
tion and preservation of adaptive capacity, historical range 
delimitations, and the legal handling of admixed popula-
tions. We hope that these case studies provide evidence 
to further promote an integrated research-to-application 
framework with the goal of bridging the gap between 

conservation, genomics, and legal implementation of the 
best available science.
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