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Figure 3. Histogram of ADMIXTURE analysis for K = 14 of 123801 SNP genotypes for 431 wolves, coyotes, and dogs.

Rocky Mountain States (Montana, Idaho, Wyoming) clus-
ter together, and wolves from Minnesota and New Mexico
cluster on a separate branch of the NJ tree. The same tree
topology of wolf populations is obtained in NJ analyses with
either an unrooted tree or a mid-point rooted tree, and with
ot without dogs and/or coyotes included.

Interpretations of the PCoA and ADMIXTURE graphs
and the NJ tree are somewhat subjective so we did a quan-
titative assessment of the differentiation of populations as
indicated by F,, Comparisons of I, indicate the level of dif-
ferentiation among the locations within Southeast Alaska
is comparable to differentiation between Southeast Alaska
and populations from other geographic areas (Table 2).
Differentiation among the 6 Southeast Alaska locations
(mean I, = 0.1268 is not significantly different from the
mean I, among all of the wolf populations sampled across
North America (mean F,, = 0.1525, P = 0.22), the mean
F, between Southeast Alaska and British Columbia (mean
F, = 0.1195, P = 0.79), ot between Southeast Alaska and
northern wolves (F, = 0.1501, P = 0.29). The differen-
tiation among locations within Southeast Alaska is signifi-
cantly less than the differentiation of Southeast Alaska and
Minnesota wolves (F,= 0.2012, P = 0.007), and of Southeast
Alaska and New Mexico wolves (I, = 0.3448, P < 0.0001).
Differentiation between wolves in GMU2 and the other 5
Southeast Alaska locations (mean F,, = 0.1511) is not signifi-
cantly different than that among the other 5 Southeast Alaska
locations (mean F, = 0.1147, P = 0.36).

The other group for which intragroup and intergroup var-
iation can be compared is northern wolves. Differentiation
of SNP allele frequencies among locations of the northern

wolves (mean I/, = 0.0451) is significantly less than that within
Southeast Alaska (F, = 0.1268, P = 0.0001), between all
wolf populations (F,, = 0.1525, P < 0.0001), between wolves
in Southeast Alaska and northern wolves (F, = 0.1501,
P <0.0001), between northern wolves and Minnesota wolves
(F,= 0.1154, P < 0.0001), between New Mexico wolves and
northern wolves (F,, = 0.2330, P < 0.0001); and not signifi-
cantly different than the mean F, between northern wolves
and wolves from British Columbia (F,, = 0.0390, P = 0.63).
This indicates that SNP differentiation among populations
of northern wolves is low relative to differentiation among
areas within Southeast Alaska, and northern wolves and
British Columbia wolves are a relatively homogeneous group.

For the comparisons of populations with only 1 sampling
location (i.e., no g-test because there is no mean or vari-
ance) there is relatively high I, between Minnesota wolves
and New Mexico wolves (F,, = 0.2527) and British Columbia
and New Mexico wolves (I, = 0.2219) compared with the
F, among all the wolves sampled across North America
(F,, = 0.1525). These relationships are shown graphically in
the NJ tree (Figure 4) in which wolves from Southeast Alaska
occur in a cluster with wolves from British Columbia and
northern wolves, while Minnesota wolves and New Mexico
wolves cluster separately.

Discussion

In our study and others (Vaysse et al. 2011) the Illuminal70K
CanineBeadChip enabled extensive genotyping of wolves
and coyotes, in addition to dogs for which it was developed.
These SNP data represent vatiation across the canid genome
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Table 2 Summary of F,, values derived from 123,801 SNP genotypes among wolf, coyote, and dog populations with N > 1

Fst Fst Fst
Populations compared Mean (SE)? Range 95% CLb
Intraspecies
Among groups of dogs 0.0843 (0.0350) 0.0145-0.1251 0.1509
Among coyote locations 0.1105 (0.0211) 0.0188-0.2927 0.0453
Among all wolf locations 0.1525 (0.0101) 0.0124-0.3903 0.0202
Comparisons of southeast Alaska wolves
Among all 6 Southeast AK locations 0.1268 (0.0184) 0.0344-0.2811 0.0394
Among 5 Southeast AK locations excluding GMU2 0.1147 (0.0225) 0.0344-0.2463 0.0508
GMU2 versus 5 other Southeast AK locations 0.1511 (0.03206) 0.1139-0.2811 0.0904
Southeast AK versus BC wolves 0.1195 (0.0215) 0.0607-0.1849 0.0552
Southeast AK versus MN wolves 0.2012 (0.02006) 0.1436-0.2638 0.0529
Southeast AK versus northern wolves (interior AK, ID, MT, WY) 0.1501 (0.0122) 0.0430-0.2441 0.0252
Southeast AK versus NM wolves 0.3448 (0.0158) 0.2810-0.3903 0.0407
Comparisons of North American populations
Among northern wolves (interior AK, ID, MT, WY) 0.0451 (0.0109) 0.0124-0.0784 0.0279
MN wolves versus notthern wolves (interior AK, ID, MT, WY) 0.1154 (0.0068) 0.0981-0.1271 0.0217
MN wolves versus NM wolves 0.2527 (N/A) N/A N/A
Northern wolves (interior AK, ID, MT, WY) versus NM wolves 0.2330 (0.0102) 0.2065-0.2526 0.0325
Comparisons with BC
BC wolves versus NM wolves 0.2219 (N/A) N/A N/A
BC wolves versus northern wolves (interior AK, ID, MT, WY) 0.0390 (0.0065) 0.0240-0.0535 0.0208
BC wolves versus Northern Rockies wolves (ID, MT, WY) 0.0342 (0.0062) 0.0240-0.0454 0.0267
BC wolves versus MN wolves 0.1031 (N/A) N/A N/A
Interspecies
Dog versus coyote 0.3198 (0.0185) 0.2061-0.5222 0.0391
Dog versus wolf 0.3379 (0.0113) 0.2228-0.5153 0.0228
Wolf versus coyote 0.2790 (0.0111) 0.0817-0.4480 0.0221

“Mean (and standard error) values of pairwise I, (Supplementary Table 3 online) of the groups identified in Table 1 with N > 1.

95% Confidence level of the mean.
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Figure 4. Neighbor-Joining tree of pairwise I, values derived from 123801 SNP genotypes among wolf, coyote, and dog

populations identified in Table 1 with N > 1.
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including coding and noncoding regions, synonymous and
nonsynonymous substitutions, and not specifically gene
regions that are under selection or selectively neutral. We
found greater heterozygosity in dogs than in wolves or coy-
otes, which may be because of ascertainment bias. The SNP
were discovered in comparisons of dog breeds and may be
biased against wolf-specific SNP (Vaysse et al. 2011). Other
assays of SNP developed in dogs had similar levels of vari-
ation in dog, wolf, and coyote but lower variation in more
distantly related canids (vonHoldt et al. 2011). The levels of
observed heterozygosity we report (Table 1) are comparable
to those for wolves (0.12-0.25) and coyotes (0.14-0.20) and
higher than those for dogs (0.24) reported by vonHoldt et al.
(2011) for 48036 SNP. The New Mexico wolves we sam-
pled have low heterozygosity compared with other wolves,
perhaps reflecting their origin from only 7 founding animals
(Hedrick and Fredrickson 2008); and Maine and Connecticut
coyotes have high heterozygosity compared with other coy-
otes, perhaps reflecting their mixed coyote—wolf ancestry
(Kays et al. 2010). Among the Southeast Alaska wolves, those
from GMUID had the highest heterozygosity suggesting
that SNP variation was adequately represented there despite
a sample size of N = 2.

Interspecies Relationships

Phylogenetic analyses show that dogs and wolves share a
more recent common ancestry than either does with coyotes
(Bardeleben et al. 2005; vonHoldt et al. 2011; Wayne and von-
Holdt 2012). However, there are contrasting relationships of
these 3 species depending on the genetic markers and analy-
sis used. For example, our SNP data resulted in a NJ tree
(Figure 4) in which dogs cluster with coyotes separately from
wolves. Phylogenetic analyses of 6 nuclear gene sequences
also group dogs and coyotes separately from wolves (Figure 1
of Bardeleben et al. 2005) while PCoA of 94 SNP genotypes
showed wolf and coyote overlapping in a cluster separate
from dogs (Figure 3 of Gray et al. 2010). In contrast, NJ
analysis of individual animal genetic distances derived from
SNP (Supplementary Figure 5 online, vonHoldt et al. 2010),
microsatellite genetic distances (Garcfa-Moreno et al. 1996),
and phylogenetic analysis of mtDNA and nuclear gene
sequences (Vila et al. 1997, 1999; Bardeleben et al. 2005; Gray
et al. 2010; Wayne and vonHoldt 2012) show that wolves and
dogs cluster together, separately from coyotes. This indicates
that caution is advisable when interpreting genetic relation-
ships with molecular markers.

Wolves, coyotes, and dogs are known to hybridize in cap-
tivity and the wild (e.g, Vila et al. 1997; Wayne and Vild 2003;
Hailer and Leonard 2008; Kays et al. 2010; Monzoén et al.
2014). Assessment of interspecies hybridization is beyond
the scope of our study, but we note that the coyotes in the
northeast United States (i.e., Maine and Connecticut) have
relatively low probability in the ADMIXTURE cluster 6 that
has a high probability for all of the other coyote populations
(Supplementary Table 2 online), and they cluster separately
from other coyotes in the NJ tree (Figure 4) and PCoA graph
(Supplementary Figure 3 online). This may be due to some

Cronin et al. » Wolf, Coyote, Dog SNP Variation

wolf ancestry in northeast US coyotes due to hybridization
(Kays et al. 2010; Monzoén et al. 2014).

Variation Within Southeast Alaska

Wolves in Southeast Alaska are not a genetically homoge-
neous group and there is as much or more genetic differ-
entiation among locations within Southeast Alaska as there
is between other areas (Table 2). This includes significantly
more differentiation among areas in Southeast Alaska than
among populations of northern wolves in interior Alaska
and the northern Rocky Mountain states. This pattern is
likely due to the recent post-glacial colonization of Southeast
Alaska, and island and mountainous geography resulting
in limited gene flow within Southeast Alaska and between
Southeast Alaska and other regions (Weckworth et al. 2005,
2010, 2011; Carmichael et al. 2007, 2008).

The SNP variation among locations in Southeast Alaska
shows different relationships, depending on the analysis
used. For example, in the PCoA graph and NJ tree (Figures
2 and 4) GMU3 and GMU?2 appear closely related, while
wolves from these locations predominate in different clus-
ters in the ADMIXTURE analysis (Figure 3). These differ-
ences reflect the different assumptions and characteristics
of each method. However, the mean I, between the wolves
in GMU2 and the other 5 Southeast Alaska locations is not
significantly different than the mean F,, among the other 5
locations. This indicates that although the wolves in GMU2
show a degree of differentiation (Weckworth et al. 2005)
they are not particulatly differentiated compared to the over-
all differentiation among the Southeast Alaska locations and
our genetic data do not support the proposal that wolves
in GMU2 are a distinct population segment (CBD 2011;
USFWS 2014). In the PCoA and ADMIXTURE graphs the
4 GMU on the Southeast Alaska mainland (1A, 1B, 1C, 1D)
overlap and GMU1A and GMU1B overlap with GMU2 and
GMUS3 indicating some level of gene flow and/or recent
common ancestry among all of the areas in Southeast Alaska.
These genetic data combined with data on demographics and
movements can help managers understand the relationships
of wolves in Southeast Alaska.

Variation of Wolves in Southeast Alaska and Other
Geographic Areas

There is considerable differentiation of SNP allele frequen-
cies between wolves in Southeast Alaska and wolves in other
areas. However, the PCoA, NJ, and ADMIXTURE analyses
indicate relatively low differentiation of wolves in north-
ern Southeast Alaska (GMUI1C and GMU1D) and British
Columbia and interior Alaska, as observed for microsatel-
lites (Carmichael et al. 2008). This suggests that Southeast
Alaska may have been colonized by and/or have gene flow
with wolves from areas to the north and east, as well as the
south (Klein 1965; Cook et al. 2006; Weckworth et al. 2005,
2010). There is also relatively low differentiation of wolves
in British Columbia and northern wolves, including wolves
in the northern US Rocky Mountains that originated from
transplants of northern wolves from British Columbia and
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Alberta (Forbes and Boyd 1996, 1997). The SNP data indi-
cate that wolves in Minnesota and New Mexico have rela-
tively high allele frequency differentiation from other wolf
populations, consistent with other SNP data (vonHoldt et al.
2011).

Taxonomy and Management

The subspecies taxonomy of wolves in Southeast Alaska is
uncertain as some authors (Nowak 1995, 2002; Chambers
et al. 2012) suggest wolves in Southeast Alaska and coastal
British Columbia are C. / nubilus (Figure 1), while others also
use C. / ligoni for wolves in this area (Weckworth et al. 2005,
2010, 2011; MacDonald and Cook 2009). C. / /goni has been
proposed as an endangered subspecies in Southeast Alaska
(CBD 2011; USFWS 2014), so this designation has important
implications for both taxonomy and management. In this
regard it is important to acknowledge that subspecies des-
ignations, including those of wolves, are generally subjective
(Wayne and Vila 2003; Zink 2004; Cronin 2006; Cronin and
Mech 2009). It is also important to note that our analysis of
allele frequency differentiation with clustering algorithms is
not a phylogenetic analysis (Felsenstein 1982). Allele frequen-
cies vary due to population genetic factors (mutation, drift,
selection, gene flow), and not necessarily phylogeny. Because
taxonomy is based on phylogeny (Mayr 1982; Avise and Ball
1990), such analyses may not be applicable to formal taxo-
nomic designations. However, SNP data can provide relevant
information regarding the extent of gene flow and ancestry
of populations and hence aid in assessment of species and
subspecies phylogeny (Decker et al. 2009, 2014; vonHoldt
etal. 2011).

Our results and others show that wolves in Southeast
Alaska differ in allele frequencies from wolves in other
regions but do not comprise a homogenecous population
and have recently colonized the region and/or have gene
flow with other areas (Weckworth et al. 2005, 2010, 2011;
Carmichael et al. 2007, 2008; Knowles 2010). MtDNA haplo-
type frequencies of wolves in Southeast Alaska also indicate a
degree of isolation, but the haplotypes are not monophyletic
and haplotypes of wolves in Southeast Alaska also occur in
other areas (Leonard et al. 2005; Mufioz-Fuentes et al. 2009,
2010, Weckworth et al. 2010; Chambers et al. 2012). North
American wolves in general have small sequence divergence
of mtDNA haplotypes, a general lack of phylogeographic
structure, and common episodes of isolation and admixture
which is not surprising in a species that commonly disperses
hundreds of kilometers (Vila et al. 1999). These results indi-
cate that wolves in Southeast Alaska are not a genetically
isolated or monophyletic population, and do not support a
subspecies designation of wolves in Southeast Alaska. Our
data and those of vonHoldt et al. (2011) also show SNP dif-
ferentiation of Mexican wolves (C. /. baileyi) from other North
American wolves. However, extant and historic samples show
that Mexican wolves lack mtDNA monophyly, share haplo-
types with wolves in other areas and with coyotes, (I.eonard
et al. 2005; Hailer and Leonard 2008), and extant Mexican
wolves came from only 7 founders that may have included
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dog ancestry (although genetic data indicate this is improb-
able and/or of small genetic importance, Garcia-Moreno
et al. 1996; Hedrick et al. 1997). These factors indicate that
designation of a Mexican wolf subspecies is of questionable
validity. Indeed, North American wolf subspecies in general
are questionable and have been described as arbitrary, typo-
logical, and an intergrading series of populations (Wayne and
Vila 2003 and references therein).

These observations for wolves indicate that it is worth
heeding the admonition of Wilson and Brown (1953) that
populations be designated by geographic area instead of sub-
jective subspecies. This would make taxonomy more rigorous
and has practical applications. Consider recent findings that
several subspecies listed under the US Endangered Species
Act are not supported by genetic data, including the coastal
California gnatcatcher (Polioptila californica californica, Zink et al.
2013), the Preble’s meadow jumping mouse (Zapus hudsonins
preblei, Malaney and Cook 2013), the wood bison (Bison bison
athabascae, Cronin et al. 2013), and the wolf subspecies dis-
cussed above. This indicates there is unwarranted taxonomic
inflation of wildlife subspecies designations similar to unwar-
ranted species designations (Zachos et al. 2013). For wildlife
management the traditional use of geographic populations as
management units, such as the GMU designations for wolf
populations in Alaska, is more appropriate than subspecies.
The scientific rigor of population genetics, systematics, and
taxonomy, and their application to management and conser-
vation, would be enhanced by implementation of this practice.

Supplementary Material

Supplementary material can be found at http://wwwjhered.
oxfordjournals.org/.
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