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Abstract

Defining units that can be afforded legal protection is a crucial, albeit challenging, step in 
conservation planning. As we illustrate with a case study of the red wolf (Canis rufus) from the 
southeastern United States, this step is especially complex when the evolutionary history of the 
focal taxon is uncertain. The US Endangered Species Act (ESA) allows listing of species, subspecies, 
or Distinct Population Segments (DPSs) of vertebrates. Red wolves were listed as an endangered 
species in 1973, and their status remains precarious. However, some recent genetic studies 
suggest that red wolves are part of a small wolf species (C. lycaon) specialized for heavily forested 
habitats of eastern North America, whereas other authors suggest that red wolves arose, perhaps 
within the last ~400  years, through hybridization between gray wolves (C.  lupus) and coyotes 
(C. latrans). Using published genetic, morphological, behavioral, and ecological data, we evaluated 
whether each evolutionary hypothesis would lead to a listable unit for red wolves. Although the 
potential hybrid origin of red wolves, combined with abundant evidence for recent hybridization 
with coyotes, raises questions about status as a separate species or subspecies, we conclude 
that under any proposed evolutionary scenario red wolves meet both criteria to be considered a 
DPS: they are Discrete compared with other conspecific populations, and they are Significant to 
the taxon to which they belong. As population-level units can qualify for legal protection under 
endangered-species legislation in many countries throughout the world, this general approach 
could potentially be applied more broadly.

Subject areas: Conservation genetics and biodiversity
Keywords:  de-listing, distinct population segment, hybrid policy, hybridization, listing criteria, taxonomy

What biological units merit special protection? This question is 
increasingly relevant as earth’s ecosystems are ever more strongly 
influenced by humans. It is a difficult question even for relatively 
straightforward scenarios, where at a minimum one must con-
sider 1) uncertainties associated with estimates of extinction risk; 

2) difficulty in predicting consequences of alternative intervention 
strategies; and 3)  perceived values to humans and natural eco-
systems. Prioritizing scarce conservation resources is even more 
challenging when the evolutionary history of the focal taxon is 
uncertain.
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The red wolf (Canis rufus, C.  lycaon rufus, or C.  lupus rufus, 
depending on the authority), a small, wolf-like canid that historically 
occupied most of the United States east of the prairies and south of 
the Great Lakes, is a prime example of a taxon with an uncertain 
evolutionary history. Wolves, coyotes, jackals, dogs, and the dingo 
comprise the genus Canis, which first appeared in the fossil rec-
ord in southwestern United States and Mexico in the Miocene (~6 
MYA) (Wang and Tedford 2008). The gray wolf (C. lupus), which 
is the only wild Canis species that currently occurs in both the Old 
and New World, originated in Eurasia and appears in the North 
American fossil record by the late Rancholabrean period (~130 000 
ybp) or perhaps as early as the Illinoian period (~300 000 ybp; 
Nowak 1979), but there is little evidence of its existence south of the 
glaciers until the late Rancholabrean (Nowak 2002). Historic range 
of the gray wolf included most of North America except the eastern 
United States (Chambers et al. 2012). In 1973, the gray wolf in the 
lower 48 states was listed as Endangered under the US Endangered 
Species Act (ESA), based on the last few remaining wolves in north-
ern Minnesota and Michigan.

Several other wolf-like canids are restricted to North America. 
The small forms from areas of southern Ontario and Quebec centered 
on Algonquin Provincial Park are commonly referred to as “eastern 
wolves” (or more recently “Algonquin wolves” by the Committee 
on the Status of Species at Risk in Ontario) and are considered by 
some authors to be a separate species (C. lycaon) (Wilson et al. 2000; 
Baker et  al. 2003) or subspecies (C.  lupus lycaon) (Nowak 1995, 
2002, 2003; Chambers et al. 2012). Wolves from the western Great 
Lakes area of the United States and Canada, sometimes referred to 
as “Great Lakes” wolves and included by some authorities as part of 
the subspecies C. l. nubilus, are generally intermediate in size to east-
ern wolves and gray wolves from western North America (Nowak 
1995, 2002, 2003; Mech and Paul 2008; Mech et  al. 2011). Red 
wolves historically occupied most of the eastern United States, out-
side of the range of the Canis lineage referred to as lycaon. Another 
small canid historically occurred in the American southwest and 
Mexico, and the last remnant populations were listed under the ESA 
in 1976 as the Mexican wolf, a subspecies of gray wolf (Canis lupus 
baileyi; aka “lobo”). Finally, the coyote (C. latrans), the smallest wild 
North American wolf-like canid, was historically restricted to the 
western half of the continent but rapidly expanded eastward fol-
lowing the functional extinction of eastern wolves and red wolves 
(Parker 1995; Fener et al. 2005; Kays et al. 2010; Levy 2012).

The precarious status of the red wolf is not in question: nearly 
driven to extinction by the middle of the 20th century, it exists today 
as a captive population and a small experimental wild population 
(Gese et al. 2015). Red wolves were listed as Endangered in 1967 
under the US Endangered Species Preservation Act and remain listed 
(as C.  rufus) under the ESA. However, this listing and associated 
recovery actions are controversial because of uncertainties and scien-
tific disagreements about both the evolutionary history and contem-
porary history of red wolves. Recent hybridization between coyotes 
and both red wolves and eastern wolves, together with a paucity of 
historical genetic samples, has clouded interpretation of their evolu-
tionary history.

As elaborated in the next section, several hypotheses have been 
proposed regarding the evolutionary history of these charismatic 
canids. One hypothesis suggests that the red wolf is a unique New 
World lineage that split off from the smaller coyote in the Pleistocene; 
a variation posits that red wolves and eastern wolves together form a 
species separate from coyotes and gray wolves. Another hypothesis is 
that red wolves were a subspecies, or ecotype, of C. lupus specialized 

on the eastern forests. Various alternative scenarios for the origin of 
the eastern wolf-like canids involve ancient and/or recent hybrid-
ization with coyotes, gray wolves, and potentially domestic dogs 
(C. familiaris or C.  lupus familiaris) brought to the continent by 
humans (Anderson et al. 2009). All experts do agree that red wolves 
and coyotes hybridized in the southeastern United States as coyotes 
spread eastward in the 20th century and that hybridization remains 
a constant threat. However, there are diverse and strongly held views 
regarding what hybridization, old and new, means for conservation 
and management of red wolves.

Here, we tackle a question at the heart of the controversy: are 
red wolves a listable entity under the ESA? This is timely, as the red 
wolf’s status is under review as part of a periodic process mandated 
under Section 4(c)(2), and subsequent to the ESA listing of the red 
wolf, 2 events have changed the criteria for determining listability. 
First, the ESA has been amended several times, including the sections 
dealing with listing criteria. The 1978 ESA amendments [Public Law 
95–632 (1978), 92 Stat. 3751] clarified what units can be consid-
ered “species” under the ESA and hence legally protected if they are 
determined to be Threatened or Endangered: an ESA “species” can 
be either 1) a recognized biological species, 2) a recognized subspe-
cies, or 3) a “distinct population segment” (DPS). The provision to 
recognize DPSs applies only to vertebrate species. Although this lan-
guage opened up new options for listing populations of vertebrates, 
the ESA provides no specific guidance on how to determine what 
constitutes a DPS.

The second major event was that, following almost 2 decades 
of applying the DPS provision on an ad hoc basis, the agencies 
that implement the ESA (USFWS and National Marine Fisheries 
Service, NMFS) developed a joint policy to guide DPS determina-
tions (USFWS and NMFS 1996a). Under the joint species policy, to 
be a DPS a population or group of populations must meet 2 criteria: 
discreteness and significance. A population unit can be considered 
discrete if it satisfies either of the following conditions:

1. It is markedly separated from other populations of the same 
taxon as a consequence of physical, physiological, ecological, or 
behavioral factors. Quantitative measures of genetic or morpho-
logical discontinuity may provide evidence of this separation.

2. It is delimited by international governmental boundaries within 
which differences in the control of exploitation, management of 
habitat, conservation status, or regulatory mechanisms exist that 
are significant in light of Section 4(a)(1)(D) of the ESA.

According to the policy, information relevant to the “discrete” cri-
terion includes (but is not necessarily limited to) physical, ecological, 
behavioral, and genetic data.

Once a population segment is deemed to be discrete, the next step 
in DPS evaluation is to determine whether it is also “significant” to 
the taxon to which it belongs. Factors that can be used to determine 
whether a discrete population segment is significant include:

1) Persistence of the discrete segment in an ecological setting 
unusual or unique for the taxon;

2) Evidence that loss of the discrete segment would result in a signifi-
cant gap in the range of the taxon;

3) Evidence that the discrete segment represents the only surviving 
natural occurrence of a taxon that may be more abundant else-
where as an introduced population outside its historical range; and

4) Evidence that the discrete segment differs markedly from other 
populations of the taxon in its genetic characteristics.
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Determining whether the red wolf is a listable entity under the ESA, 
therefore, requires a determination whether they are a species, a sub-
species, or a DPS. Our approach to this problem is as follows. First, 
we review the various published hypotheses regarding historical 
evolutionary relationships of red wolves and other North American 
wolf-like canids. Our objective is not to establish which hypothesis is 
most likely, but rather to enumerate the plausible hypotheses so that 
each can be considered from the ESA perspective. Next, we review 
recent information about hybridization among North American 
Canis. Finally, for each of the published hypotheses, we draw on the 
best available scientific information to evaluate whether the red wolf 
could be considered a listable unit under the ESA by virtue of its sta-
tus as a species, subspecies, or DPS.

Evolutionary History of Red Wolves in Relation 
to Other NA Canids

Current Context: Captive Breeding and Recovery
By the early 1900s, a combination of direct persecution, forest clear-
ing, road building, and perhaps the decline of deer herds had elimi-
nated red wolves from most of their historic range (USFWS 1990), 
and hybridization between red wolves and coyotes had begun in 
central Texas (Nowak 2002; Phillips et al. 2003). By the time the 
USFWS initiated a captive breeding program in 1973, red wolves 
were confined to a single small population in Louisiana and Texas, 
surrounded by coyotes that had expanded their range eastward 
(Riley and McBride 1975; USFWS 1990). Over the next 7  years, 
more than 400 wild canids were captured from the area of the 
remaining red wolf population, and wild red wolves were extirpated 
from their historic range. A total of 42 captured animals were sent 
to the breeding facility as putatively pure red wolves; of them, only 
14 became the founders of the captive population (USFWS 1990). 
Details of the captive breeding program are described elsewhere 
(Waddell and Long 2015).

Currently, a single wild population of red wolves exists in the 
red wolf recovery area (RWRA) on the Albemarle Peninsula in 
northeastern North Carolina. This was established as a nonessential, 
“experimental” population to allow additional management flexi-
bility to reduce human conflicts. From 1987 to 1994, a total of 63 
wolves were introduced to the RWRA from the captive facility. The 
RWRA encompasses about 4600 km2, roughly half in public and 
half in private ownership, with red wolves making use of about 47% 
of that area (Phillips et al. 2003; Gese et al. 2015). Coyotes were not 
present when introductions began but arrived soon after, and hybrid-
ization with red wolves was confirmed by the early 1990s (Adams 
et al. 2003). Recognizing that coyote hybridization was the greatest 
risk to recovery, USFWS implemented specific, ongoing actions to 
reduce coyote introgression into the red wolf population, including 
removing hybrid litters and euthanizing or sterilizing coyotes and 
hybrids (Kelly 2000; Gese et al. 2015). Although the wild population 
increased to more than 100 wolves, it has since declined to fewer 
than 50 individuals (Madison J, USFWS, personal communication)

Morphology
Canid taxonomy, like that for many mammalian groups, historic-
ally has focused on morphological analysis of teeth and bones of 
the skull. Early efforts to make sense of North American canid 
diversity (e.g., Goldman 1944) found morphological evidence 
for a large number of subspecies of the gray wolf. More recently, 
Nowak (1995, 2002)  trimmed that to the red wolf (C. rufus) and 

five subspecies of gray wolf, including the Mexican wolf (C. l. bai-
leyi), eastern wolves in southern Ontario and Quebec (C. l. lycaon), 
and a form that historically occupied much of the western United 
States and ranged northward to encompass all of Hudson’s Bay 
(C.  l.  nubilus) (Figure 1). Nowak’s (2002) paper focused on east-
ern canids and used only skulls collected prior to 1918. He found 
that a small wolf appeared in areas east of the Great Plains and 
south of the Great Lakes and St. Lawrence River near the end of the 
Pleistocene, at about the same time coyotes disappeared from east-
ern North America. He found this small wolf, which he considered 
to be C. rufus, to be distinct from both the coyote and gray wolf, 
with no evidence of hybridization. Prior to European settlement of 
North America, the geographic range of these “red wolves” had little 
overlap with that of coyotes, whose eastern limits largely coincided 
with the westerly plains (Nowak 2002). Historically, eastern North 
America was heavily forested, and these small wolves were presum-
ably specialized to hunt the primary ungulate of the region, white-
tailed deer (Odocoileus virginianus).

Nowak’s taxonomic conclusions are based on multivariate, dis-
criminant function analysis (DFA) of morphological characters. 
DFA requires the user to pre-assign individuals into groups and then 
derives linear combinations of the original variables (the discrim-
inant functions) that maximize differences among groups. DFA is 
most robust when group membership in the pre-defined groups is 

Figure 1. Historical distribution of North American wolves from Chambers 
et al. (2012). In this version of the taxonomy, the red wolf (Canis rufus) is 
considered a separate species from gray wolves (Canis lupus), which are 
divided into 5 subspecies. The boundary between the red wolf and the 
eastern wolf, Canis l. lycaon, is uncertain, especially in the upper third of the 
C. rufus range shown here (from about Pennsylvania north). The other native 
wolf-like canid in North America, the coyote (C. latrans), is not shown here. 
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determined using independent information. When the same charac-
ters are used both to group the samples and to derive the discrimin-
ant functions (as Nowak did), the result can be an exaggeration of 
intergroup differences and overly-optimistic assessments of power to 
assign individuals to groups (Waples 2010).

More recently, Hinton and Chamberlain (2014) found that sym-
patric red wolves, coyotes, and their hybrids could be distinguished 
based on morphological characteristics: red wolves are the largest 
canid in the NC recovery region, coyotes the smallest, and hybrids 
are intermediate.

Ecology
Gray wolves historically inhabited most of North America except 
for the deciduous forests of eastern North America, an area occupied 
by red and eastern wolves, which are morphologically intermediate 
between gray wolves and coyotes (Nowak 1995; Kyle et al. 2006). 
The morphological and ecological differentiation of Canis taxo-
nomic groups has been attributed to habitat and prey selection, as 
well as to interference competition (Mech 1970). Population struc-
ture is often associated with ecological differences in vegetation and 
prey type (Geffen et  al. 2004; Carmichael et  al. 2007). A  striking 
example of ecological differentiation occurs for adjacent popula-
tions of gray wolves from coastal and inland British Columbia. The 
strong genetic structure between these groups does not correspond 
to geographic distance or physical dispersal barriers but rather to 
habitat differences, as coastal wolves obtain more than half of their 
protein from marine sources (Muñoz-Fuentes et al. 2009).

The historic distribution of red wolves (Figure 1) is largely con-
gruent with North America’s Ecoregion 8, Eastern Temperate Forests 
(Figure  2). This ecological region is characterized by a relatively 
dense and diverse forest cover, an abundance of perennial streams 
and rivers, and a high diversity of many species, including birds, fish, 
reptiles, and amphibians; it is recognized as “a significant evolution-
ary area for the continent’s fauna” (Commission for Environmental 
Cooperation 1997). Summers are hot and humid, whereas winters 
exhibit a latitudinal gradient from subtropical temperatures in the 
south to cool, continental temperatures in the north. The north-
central part of this ecoregion includes part of the historic range of 
C. lycaon (Figure 1).

Historically, sympatry between coyotes and wolves was restricted 
to western North America, where competition is reduced because 
large herbivores (moose, bison, and elk) provide abundant prey 
for wolves, whereas coyotes forage on deer and smaller species or 
scavenge wolf kills. As eastern forests were altered to more open, 
human-dominated habitats, wolf-control programs decimated his-
toric populations of eastern wolves and red wolves, leaving a void 
that coyotes, being renowned generalists, readily exploited. By the 
mid 1900s, coyotes had expanded into most of North America 
(Parker 1995; Sears et al. 2003; Levy 2012). Subsequent hybridiza-
tion between coyotes and remnant populations of wolves in eastern 
North America created an increasing coyote size gradient from west 
to east (Kays et al. 2010; Way et al. 2010). Hybridization between 
coyotes and eastern wolves has also created intermediate habitat 
preferences. Based on species distribution models, Otis et al. (2017) 
found that hybrids between the eastern wolves and eastern coyotes 
exhibited intermediate environmental niche characteristics com-
pared with their progenitors.

Red wolf habitat use and prey types in the reintroduced North 
Carolina population overlap with those of the invasive coyote. 
However, the proportion of prey types differs, consistent with the 
larger body sizes of red wolves; in particular, red wolves consume 

more white-tailed deer and fewer small mammals and rabbits than 
coyotes do in the RWRA (Hinton et al. 2017). Likewise, current red 
wolf habitat use differs from other wolves, with preference for agri-
cultural habitats over forest, perhaps tracking white-tailed deer den-
sities (Dellinger et al. 2013; Hinton et al. 2016).

Behavior and Contemporary Hybridization
Recent studies in and near the RWRA provide insights into con-
temporary interactions between red wolves and coyotes. The red 
wolf social system is similar to that of gray wolves and differs from 
that of coyotes in the area. From 1999 to 2013, red wolves in the 
reintroduced population regularly displaced other red wolves and 
killed or displaced coyotes and hybrids (Gese and Terletzky 2015). 
This behavior is important because it may form the basis of a repro-
ductive barrier between red wolves and coyotes (Fredrickson and 
Hedrick 2006). In addition, red wolves often formed packs by 
delayed dispersal of offspring or by inclusion of unrelated helpers 
into packs (Sparkman et al. 2011, 2012). Both of these are hallmarks 
of the gray wolf social system but rare among coyote populations.

In a 13-year study, Bohling and Waits (2015) found four times as 
many red-wolf litters as hybrid litters within the RWRA. About half 
of the hybridization events followed the death (typically caused by 
humans) of one member of a stable red-wolf breeding pair. Hybrid 
litters tended to be produced by first-time red-wolf breeders, away 
from the core RWRA. Red wolves that did not pair with other red 
wolves preferentially paired with admixed individuals rather than 
coyotes, even though coyotes vastly outnumbered hybrids within the 
study area. The authors concluded that social stability of red wolf 
family groups was an important factor in determining the probabil-
ity of hybridization (see also Hinton et al. 2015).

Bohling et  al. (2016) studied the spatial extent of hybridiza-
tion within the RWRA and adjacent areas. They found that red 
wolf ancestry declined sharply across a transect leading outside the 
RWRA and that no red wolves were found outside the recovery area, 
whereas half of the canids within the RWRA were coyotes. In spite 
of the pervasive presence of coyotes, only 4% of the individuals sur-
veyed by Bohling et al. (2016) were hybrids. This result, however, 
reflects at least in part success of the adaptive management plan to 
limit the consequences of hybridization.

In southern Quebec and Ontario, a study focused on eastern 
wolves from Algonquin Provincial Park (Rutledge et  al. 2010a) 
found evidence that coyote mtDNA was widespread but coyote 
Y-chromosome haplotypes were absent, indicating that male coy-
otes were not involved in hybridization with eastern wolves. In con-
trast, eastern and gray-wolf Y-chromosome haplotypes were present, 
indicating some male-mediated introgression of gray-wolf genes 
via eastern wolves and possible sex-biased introgression mediated 
by males of the larger species breeding with females of the smaller 
species. These studies also found divergent Y-chromosome haplo-
types unique to eastern Canada and the Great Lakes, supporting the 
hypothesis of a unique Canis taxon in the region (Wheeldon et al. 
2010; Wilson et al. 2012).

Current high hybridization rates between coyotes and both east-
ern wolves and red wolves are associated with high kill rates of 
wolves by humans (Rutledge et al. 2012a; Bohling and Waits 2015). 
High human-caused death rates, particularly due to gunshot during 
the deer-hunting season, facilitate coyote introgression by removing 
resident red wolves just prior to the breeding season, in which case 
the remaining wolf of a pair is more likely to settle for a coyote or a 
hybrid as a mate. With social structure intact, red and eastern wolves 
exhibit positive assortative mating (Rutledge et al. 2010a; Bohling 
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et al. 2016), and red wolves will exclude or displace coyotes from 
areas they occupy (Gese and Terletzky 2015). Death of transient red 
wolves removes individuals that might pair with other red wolves 
and displace coyotes as breeders (Hinton et al. 2015, 2016).

Although recent hybridization between coyotes and eastern 
wolves and red wolves is well documented, the extent of gray wolf 
× coyote hybridization is less clear. In western North America, gray 
wolves often kill coyotes, and no matings of the 2 species have been 
reported in the wild (Wheeldon et al. 2010; Rutledge et al. 2012a). In 
the western Great Lakes region, where the 2 species have co-existed 
since prior to European contact, studies have found evidence for lit-
tle (Wheeldon et al. 2010) or no (Mech 2011) recent hybridization 

between gray wolves and coyotes. Wheeldon et al. (2010) concluded 
that wolves from the western Great Lakes are derived from hybrid-
ization between gray wolves and eastern wolves. Because eastern 
wolves have also hybridized with coyotes recently (and perhaps his-
torically), they have potentially served as a conduit for indirect mix-
ing of gray wolf and coyote genes (Rutledge et al. 2012a).

An experimental attempt at artificial insemination showed that 
gray wolves and coyotes are not completely incompatible reproduc-
tively, as one of 9 coyote females inseminated with gray wolf semen 
produced offspring (Mech et al. 2014). Two of these gray-wolf–coy-
ote hybrids subsequently mated and produced F2 offspring (vonHoldt 
et al. 2017a), but whether the F2 generation is fertile is not known.

Figure  2. North American level-1 ecoregions (modified from Commission for Environmental Cooperation 1997). Ecoregion names: 1  =  Arctic Cordillera; 
2 = Tundra; 3 = Taiga; 4 = Hudson Plains; 5 = Northern Forests; 6 = Northwestern Forested Mountains; 7 = Marine West Coast Forests; 8 = Eastern Temperate 
Forests; 9 = Great Plains; 10 = North American Deserts; 11 = Mediterranean California; 12 = Southern Semi-Arid Highlands; 13 = Temperate Sierras; 14 = Tropical 
Dry Forests; 15 = Tropical Humid Forests.
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Genetics
The large (and growing) number of genetic studies of wolves and 
their relatives are challenging to summarize (see Chambers et  al. 
2012 for a recent attempt); these studies have only partially overlap-
ping sets of samples, DNA markers, and analytical methods, which 
not surprisingly supports a variety of perspectives. Here we focus on 
studies most directly relevant to red wolves.

Wayne and Jenks (1991) evaluated genetic variation in captive 
red wolves in the broader context of patterns of genetic variation 
in North American coyotes and gray wolves. In maternally inherited 
mitochondrial DNA (mtDNA), the authors found that red wolves 
from the captive population carried a single haplotype that was 
phylogenetically similar to that of coyotes. Other potential found-
ers that displayed at least a partial red-wolf phenotype but were not 
incorporated into the red-wolf captive population had either coy-
ote, gray wolf, or Mexican wolf mtDNA, and a mismatch often was 
observed between mtDNA haplotype and the morphological clas-
sification. Haplotypes obtained from six “red wolf” pelts collected 
between 1905 and 1930 were similar or identical to known coyote or 
gray-wolf haplotypes. Wayne and Jenks (1991) hypothesized that the 
red wolf is either 1) wholly of hybrid origin or 2) has recently hybrid-
ized with other North American canids. This paper represents the 
first proposed 2-species hypothesis for North American canids (gray 
wolf and coyote), with eastern and red wolves being of mixed origin.

Using data for 10 nuclear gene loci previously reported by Roy 
et al. (1994), Reich et al. (1999) estimated that the coyote–gray-wolf 
hybridization event occurred no more than 12 800 ybp, and likely 
less than 2500 ybp. Bertorelle and Excoffier (1998) found that the 
same data were consistent with red wolves and coyotes being sister 
species that diverged 10% as long ago as coyotes and gray wolves.

Wilson et al. (2000) proposed what has come to be known as the 
“three species” hypothesis based on the analysis of both nuclear and 
mtDNA data. At nuclear loci, Wilson et al. found that red wolves 
and eastern wolves were more similar to each other than either 
was to gray wolves. They identified coyote mtDNA in both eastern 
and red wolves but also found unique sequences in both of the lat-
ter forms that diverged from any coyote mtDNA haplotypes. The 
authors concluded that coyotes, red wolves, and eastern wolves all 
evolved in North America, with the eastern+red wolf lineage diverg-
ing from the coyote lineage 150 000–300 000 years ago. This three-
species hypothesis considers eastern wolves and red wolves to be 
part of the same species, C. lycaon.

The first paper to take advantage of the revolution in genomics 
technology to study worldwide evolution of Canis was vonHoldt 
et al. (2011), who used over 48 000 single-nucleotide-polymorphism 
(SNP) markers. These authors concluded that unique genetic fea-
tures of the red-wolf population were less distinctive than for other 
recognized wolf species or subspecies. Bayesian clustering analysis 
suggested that this was primarily due to its mixed origin. Subsequent 
analyses based on haplotype block size suggested that the primary 
hybridization event between coyotes and gray wolves occurred 
287–430 years ago; a similar analysis for Great Lakes wolves sug-
gested initial admixture 546–963 years ago. vonHoldt et al. (2011) 
concluded that the close affinity of red wolves and eastern wolves 
proposed by Wilson et al. (2000) owed more to similar patterns of 
lupus × latrans hybridization than to a shared evolutionary history.

The global scope of the vonHoldt et  al. (2011) analyses had 
both advantages and disadvantages. Including diverse canids from 
Eurasia and Africa provided a broad context for interpreting evolu-
tionary distinctiveness of New World forms. On the other hand, this 
made it more difficult to discern fine-scale structure within North 

America of some forms (esp. eastern wolves) represented by rela-
tively few samples. In particular, 75% of the individuals were domes-
tic dogs, and it is well known that some methods (such as Bayesian 
clustering) can be very sensitive to unequal sample sizes (Kalinowski 
2011) and most readily detect the strongest levels of genetic structur-
ing (Evanno et al. 2005).

Rutledge et al. (2012b) re-analyzed vonHoldt et al’s (2011) SNP 
data in a principal components analysis (PCA), with a focus on 4 
North American forms (gray wolves, coyotes, eastern wolves, and 
red wolves). They found red wolves to be the most distinctive of the 
4 groups (Figure 3), which they pointed out could be due at least in 
part to founder effect and drift associated with the captive breeding 
program.

Most recently, a whole-genome-sequencing study by vonHoldt 
et  al. (2016) greatly expanded the number of loci (to 5.4 million 
SNPs), while focusing on a much smaller number of individuals (28). 
Red wolves were the most divergent group (FST = 0.177 with North 
American gray wolves and 0.107 with coyotes judged to be non-
admixed) but were genetically more similar to coyotes considered 
to be admixed. vonHoldt et  al. (2016) noted that the amount of 
genetic divergence between North American gray wolves and coy-
otes (FST = 0.153) is not much larger than that between European 
and North American gray wolves (FST = 0.099), and they estimated 
the divergence time between gray wolves and coyotes at only about 
50 000 years ago. vonHoldt et al. (2016) further identified >16 000 
SNPs with fixed differences between coyotes and Eurasian gray 
wolves and used them to estimate coyote versus gray-wolf ances-
try in putative admixed forms; results indicated that Great Lakes 
wolves derive slightly more of their genes from gray wolves and east-
ern wolves derive slightly more from coyotes, whereas at least 80% 
of red-wolf genes can be traced to coyotes. The authors argued that 
the percentage of novel alleles in eastern wolves and red wolves was 
lower than expected if they were distinct species. Using a genetic-
demographic model that included divergence times and historical 
population sizes and an analysis that focused on 9 individuals, von-
Holdt et al. (2016) estimated the divergence between red wolf and 
coyote as 55 000–117 000 ybp and divergence between Great Lakes 
wolf and gray wolf as 27 000–32 000 ybp.

Figure 3. Principal components analysis of 48 000 SNPs for North American 
wolf-like canids (modified from Rutledge et  al. 2012b, which is based on 
data from vonHoldt et al. 2011). PC 1 represents 15.7% of the variance and 
PC 2 represents 3.6%. For alternative ways of presenting these data, see 
Supplementary Figure S3 in vonHoldt et al. (2011).
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Hohenlohe et al. (2017) criticized a number of aspects of the von-
Holdt et al. (2016) study, including representativeness of the sam-
ples and their suitability for assessing admixture, pooling of eastern 
wolves from Algonquin Park with Great Lakes wolves in some anal-
yses, interpretation of the PCA and rare-allele analyses, and conclu-
sions about admixture. vonHoldt et al. (2017b) responded to these 
criticisms and reaffirmed conclusions of their 2016 study.

Genetic analysis of historical (pre-European contact) specimens 
could potentially resolve some of the uncertainties regarding canid 
evolution in North America, but to date these are limited to stud-
ies of mtDNA. Wilson et al. (2003) found nongrey-wolf mtDNA in 
100-year-old samples from Maine and New York—long before the 
20th Century range expansion of coyotes. Rutledge et al. (2010b) 
examined 4 Canis skull samples excavated from 16th Century mid-
dens in southern Ontario and found that none contained mtDNA 
of gray-wolf origin. They concluded that this area was historically 
occupied by the New World-evolved eastern wolf rather than the 
Old World-evolved gray wolf, but they could not rule out the pos-
sibility that the specimens analyzed were admixed forms of eastern 
and gray wolves. Brzeski et al. (2016) examined 3 wolf-like tooth 
samples dated to 350–1900 ybp collected within the historic range 
of the red wolf. Each specimen produced a previously undocumented 
mtDNA haplotype, all of which grouped within the coyote clade. 
This result is consistent with either an origin by ancient hybrid-
ization with coyotes or evolution of the red wolf from the coyote 
lineage, but does not support a recent hybrid origin following the 
invasion of the coyote into eastern North America.

Collectively, studies to date have produced a range of conflicting 
conclusions regarding the origin of red and eastern wolves, as well 
as the timing of important evolutionary events. Further complicat-
ing matters, Koblmüller et al. (2016), examined 105 complete gray-
wolf mitogenomes, including 10 from Eurasian and North American 
wolves >14 000  years old. The authors concluded that all extant 
North American gray wolves derive from a single gray-wolf colon-
ization event from Eurasia about 23 000 ybp. This is at odds with 
the gray wolf—coyote and gray wolf—Great Lakes wolf divergence-
time estimates based on whole-genome sequences (vonHoldt et al. 
2016), as well as the coyote—red/eastern-wolf divergence estimate 
based on control-region mtDNA sequence data (Wilson et al. 2000).

Summary
The diverse ideas summarized above about the evolutionary his-
tory of wolf-like canids in North America can be grouped into 3 
general scenarios, referred to as the 4-, 3-, and 2-species hypoth-
eses (Figure 4). The 4-species hypothesis generally follows existing 
taxonomy based on morphology and historical distributions (see 
Figure 1; the 4 species are gray wolf, eastern wolf, red wolf, and coy-
ote, with both the red wolf and eastern wolf evolving from a coyote-
like ancestor). The most comprehensive summary of this scenario 
can be found in Chambers et  al. (2012). As noted above, all 4 of 
these groups show some level of genetic distinctiveness, in spite of 
acknowledged recent hybridization. However, the Chambers et  al. 
(2012) study has been criticized because it adopted the 4-species 
taxonomic hypothesis as a framework for interpreting the genetic 
data, rather than allowing species delimitations to emerge directly 
from the analysis of the data (Dumbacher et al. 2014).

The 3-species hypothesis originated with Wilson et  al. (2000) 
and has been supported in various ways by several subsequent 
papers showing distinctiveness of eastern wolves and/or red wolves. 
Under this scenario, red wolves would be grouped along with east-
ern wolves within C. lycaon as a separate subspecies or some other 

subspecific population unit. In support of this hypothesis, eastern 
and red wolves are similar in size and (in theory) well suited to the 
heavily forested areas that historically dominated most of eastern 
North America. However, not all analyses have found a close genetic 
affinity between eastern wolves and red wolves.

The 2-species hypothesis suggests that all modern populations 
referred to as wolves are subspecies of C. lupus and/or recent hybrids. 
This is supported by the lack of distinctive genetic material in red 
wolves or eastern wolves. One version of this hypothesis proposes 
that eastern forests were populated by one or more smaller forms of 
C. lupus that specialized on deer, and these hybridized with coyotes 
as eastern wolf populations dwindled in the last 400 years. A vari-
ation proposes that red wolves and/or eastern wolves could have 
arisen from more ancient hybridization between gray wolves and 
coyotes but have not diverged enough to be considered full species.

Timing of the hypothesized historical hybridization events is 
highly uncertain, with estimates ranging from a few hundred years 
to over 100 000 years. Under some scenarios of the 2-species hypoth-
esis, red wolves and/or eastern wolves might be considered separ-
ate subspecies (within C. latrans and C. lupus, respectively). Some 
authors (Mech 2011; Rutledge et al. 2012a; Hohenlohe et al. 2017) 
argue that scant empirical evidence for recent hybridization of gray 
wolves and coyotes in the wild (in spite of abundant opportuni-
ties) poses a challenge for the 2-species hypothesis. However, it is 
well known that changing environments can promote hybridization 
between species that normally have effective isolating mechanisms, 
and there are ample examples of changing environments in North 
America during the Pleistocene and Holocene. Therefore, recent pat-
terns of hybridization among North American canids are not neces-
sarily a good indicator of historical patterns.

Regardless of what conclusions are reached regarding species- 
and subspecies-level taxonomy of these North American canids, 
it is noteworthy that, in spite of recent introgression, and in spite 
of being surrounded and vastly outnumbered by coyotes or gray 
wolves, red wolves and eastern wolves both exhibit positive assorta-
tive mating—at least when harvest pressure and other anthropogenic 
mortality factors are low enough that social groups remain intact.

Analysis of Evolutionary Hypotheses in an 
ESA Context

In this section, we review the 3 major evolutionary hypotheses and 
discuss the implications of each for the status of red wolves as a 
potentially listable entity (species, subspecies, or DPS) under the ESA.

Four-species Hypothesis
In this scenario, the red wolf is considered a full species (C. rufus; 
see Goldman 1944; Nowak 2002; Baker et al. 2003; Chambers et al. 
2012), so it could continue to be listed on that basis (Figure 4).

Three-species Hypotheses
In the various 3-species scenarios, the red wolf is not a full species; 
instead, it and the eastern wolf are considered to be synonymous 
with or subspecific units of C.  lycaon. Opinions about whether 
to define subspecies—and if so, how—differ widely (Mayr 1982; 
Burbrink et al. 2000; Haig et al. 2006; Taylor et al. 2017). We are not 
aware of any published paper formally proposing that the red wolf 
be considered a subspecies of C. lycaon, although Chambers et al. 
(2012) discussed this idea hypothetically and some of the nomen-
clatural issues it would entail. As described above, however, the red 
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wolf and eastern gray wolf meet several of the criteria that are most 
commonly used to delimit subspecies: they are geographically allo-
patric (currently and perhaps historically) and are genetically and 
morphologically different from each other, as well as from coyotes 
and gray wolves.

If not considered a separate subspecies, the red wolf would be 
evaluated as a potential DPS of C.  lycaon. Because the only other 
extant population of C. lycaon is in Canada, the red wolf is “delim-
ited by international governmental boundaries” and therefore meets 
Element 2 of the Discreteness criterion. PCA results (Figure 3) and 
other results presented by Rutledge et al. (2012b) show that the 2 
populations are genetically distinct, so the red wolf likely also meets 
Discreteness Element 1 (marked separation from other populations 
of the taxon). After meeting the Discreteness test, Significance of the 
red wolf would be evaluated “with respect to the taxon to which it 
belongs”—that is, C. lycaon. The red wolf would presumably meet 
Significance Element 2 (only 2 conspecific populations are extant, 
so loss of the red wolf would create a major gap in the range of 
C. lycaon) and arguably would meet Significance Element 1 (occur-
rence in an unusual ecological setting). Although eastern wolves are 

found in part of the Eastern Temperate Forests Ecoregion historically 
occupied by red wolves, habitats for red wolves are more temperate/
subtropical, and the northern range of eastern wolves also extended 
into the colder Northern Forests Ecoregion (Figure 2). Whether the 
red wolf would also meet Significance Element 4 (marked genetic 
differences from other conspecifics) is more subjective. The joint DPS 
policy does not clarify whether the same genetic data can be used for 
both Discreteness Element 1 and Significance Element 4. In apply-
ing a similar 2-part test (reproductive isolation and evolutionary sig-
nificance) to Pacific salmon populations, as well as in applying the 
joint DPS policy to a variety of marine species, NOAA Fisheries has 
typically used presumably neutral molecular genetic data primarily 
to address the discreteness/reproductive isolation criterion and has 
largely relied on proxies for adaptive genetic differences (e.g., behav-
ior/life history/ecology) to meet the significance criterion (Waples 
2006).

Although meeting multiple Significance elements might make the 
case stronger, if Discreteness has been established it is not necessary 
to meet more than a single Significance element to be considered a 
DPS. Under a scenario in which both red wolves and eastern wolves 

Figure 4. Schematic evolutionary history (left) and resulting taxonomy (right) for 3 hypotheses for the origins of the red wolf (RW) and eastern wolf (EW). The 
evolutionary history diagrams show a timing of a coyote-wolf split around 1 MYA and subsequent speciation within North America around 500k YA, although as 
noted in the main text those dates are debatable. Under the 2-species hypothesis, the original RW and EW were forms of C. lupus that hybridized with coyotes 
when wolves were extirpated from most of their native range in eastern North America. This hypothesis also allows for the possibility of ancient hybridization 
between gray wolves and coyotes. The 3-species hypothesis recognizes RW and EW as a single species that diverged from the coyote lineage; C. lycaon is the 
older scientific name and so would have priority over C. rufus under this hypothesis. According to the 4-species hypothesis, EW and RW both evolved from the 
coyote lineage but diverged into separate species in the northeast and southeast.
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are considered subspecific units of C. lycaon, therefore, we conclude 
that red wolves would qualify as at least a DPS because they meet 
both Discreteness elements and at least 1 or 2 Significance elements 
of the joint DPS policy.

Two-species Hypotheses
The various 2-species hypotheses agree that the gray wolf and coy-
ote are the 2 species but differ in other details. In the following, we 
consider 3 variations of the 2-species hypothesis.

Red Wolves are Derived From Gray Wolves
Under this scenario, red wolves are not a full species but might be a 
subspecies of C. lupus, as proposed by Lawrence and Bossert (1975) 
and Wozencraft (2005).

If red wolves are not a separate subspecies, they could be a DPS 
of C. lupus. For that evaluation, it would be necessary to consider 
red wolves in the context of all other subspecific units of C. lupus. As 
noted above, red wolves can be considered Discrete compared with 
eastern (Algonquin) wolves according to both Discreteness elements. 
Some Great Lakes wolves occur in the United States, so the inter-
national border element does not apply to the Great Lakes wolves × 
red wolves comparison. In the PCA analysis shown in Figure 3, red 
wolves are the most genetically distinctive of all the North American 
wolf-like canids (the Mexican wolf, C. l. baileyi, was not represented 
in these samples, but its genetic distinctiveness has been established 
by many studies—see review by Chambers et al. 2012). This is also 
consistent with results presented by vonHoldt et  al. (2016), who 
found that red wolves had the highest FST values (all FST > 0.1) for 
pairwise comparisons with NA gray wolves, Great Lakes wolves, 
and coyotes. Collectively, these results support the conclusion that 
red wolves are Discrete compared with all other North American 
wolves.

With respect to Significance, there is little or no overlap in 
the historical distribution of red wolves with gray wolves, east-
ern wolves, Great Lakes wolves, and Mexican wolves, so loss of 
the red wolf would likely represent a significant gap in the range 
of C.  lupus (Significance Element 2). As the red wolf is the last 
remaining small-wolf population in the large area of Ecoregion 8 in 
the United States east of the prairies and south of the Great Lakes 
(Figure 2), it could also be argued that under this hypothesis, the red 
wolf occupies an ecological setting that is unusual or unique for the 
species (Significance Element 1). As noted above, it is possible that 
the red wolf might also meet Significance Element 4, but that is more 
speculative.

Red Wolves are Derived From Coyotes
Like the Chambers et  al. (2012) version of the 4-species hypoth-
esis, this scenario has red wolves being derived from the coyote lin-
eage, but more recently. It does not appear that anyone has formally 
proposed that the red wolf be considered a subspecies of C. latrans, 
although that is one possibility that might be evaluated. If not, and 
if red wolves were to remain a listable entity under this version of 
the 2-species hypothesis, it would have to be as a DPS of the coyote.

In vonHoldt et al. (2016), the red wolf was genetically more simi-
lar to coyotes than to gray wolves or Great Lakes wolves, but the level 
of divergence (FST = 0.108) was still substantial and larger than the 
values found for many other vertebrate populations that have been 
considered to be Discrete under the joint DPS policy (e.g., Gustafson 
et al. 2006; Seminoff et al. 2015). The PCA analysis (Figure 3) also 
provides strong evidence that red wolves are genetically distinctive 

compared with coyotes. Furthermore, although by all accounts sub-
stantial hybridization between red wolves and coyotes has occurred 
for at least a century, recent studies within and around the RWRA 
demonstrate that red wolves can be resistant to hybridization if 
anthropogenic pressures do not compromise their social structure. 
Current data therefore indicate that, under this scenario, red wolves 
could be considered discrete from other populations of C. latrans.

Until about 1900, the distributions of coyotes and red wolves 
were largely nonoverlapping, with coyotes being restricted to the 
west and red wolves filling a niche for a small, wolf-like canid in 
the deciduous forests of the east and southeast. Under those his-
torical conditions, therefore, it is likely that (compared with other 
C.  latrans) red wolves would have satisfied Significance Elements 
1 and 2. Following near-extirpation of the red wolf, coyotes have 
greatly expanded their range eastward in the past century, so the 
contemporary situation is quite different.

Red Wolves are the Product of Recent Hybridization Between 
Gray Wolves and Coyotes
Hybridization is a well-known mechanism for creating new spe-
cies; although more common in plants (Rieseberg 1997), it also 
occurs in animals, including mammals (Larsen et al. 2010) and birds 
(Lamichhaney et  al. 2018). Evolutionary hypotheses II, IIIA, and 
IIIB do not specify an ancient hybrid origin for the lineage leading 
to contemporary red wolves, but they do not exclude this possibil-
ity. Hypothesis IIIC differs from the others in postulating that red 
wolves are not an ancient lineage, but rather arose recently from 
hybridization between gray wolves and coyotes. Timing of the puta-
tive hybridization event has been variously estimated as likely less 
than 2500 ybp (Reich et al. 1999) and 287–430 ybp (vonHoldt et al. 
2011). Under this scenario, if the hybrid entity is not recognized as 
a formal species or subspecies to be listable under the ESA, it would 
have to be considered a DPS. In this case, DPS evaluations would 
be somewhat problematic because the taxon to which the puta-
tive DPS belongs is an important reference point. However, based 
on currently available information, we have concluded above that 
red wolves could be considered both Discrete and Significant with 
respect to either coyotes or gray wolves. This could be used to argue 
that even if red wolves are a hybrid-origin taxon, they nevertheless 
meet the criteria to be considered a DPS, regardless which formal 
taxon they are considered to be associated with. This scenario would 
also raise some legal/policy issues that are considered in the next 
section.

Discussion

The red wolf is currently listed under the ESA as a full species 
(C.  rufus), which is consistent with traditional taxonomic treat-
ments and the most recent review of the taxonomy of Canis in 
North America (Chambers et al. 2012). However, a number of more 
recent genetic studies have called into question the existing tax-
onomy of wolf-like canids, and the evolutionary history of the red 
wolf remains controversial (Dumbacher et  al. 2014). Under some 
scenarios, the red wolf would not be a valid species and perhaps 
not a valid subspecies, in which case any ESA listing would have to 
be as a DPS of a valid taxon. In the section Evolutionary History 
of Red Wolves in Relation to Other NA Canids of this paper, we 
have summarized the relevant genetic and nongenetic data, but we 
have not attempted to resolve the uncertainties or disagreements. 
Instead, in the section Analysis of Evolutionary Hypotheses in an 
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ESA Context, we have considered whether the red wolf would be a 
listable unit under the ESA under each of the major evolutionary sce-
narios that have been proposed, which can be characterized as 4-spe-
cies (C. lupus, C lycaon, C. rufus, C. latrans), 3-species (C. lupus, C 
lycaon, C. latrans), and 2-species (C. lupus, C. latrans) hypotheses.

Under the 4-species hypothesis, the red wolf would remain a full 
species and could continue to be listed on that basis. We also conclude 
that the 3-species hypothesis, which would group eastern wolves and 
red wolves under C. lycaon, would be relatively straightforward to 
evaluate. That scenario considers these 2 populations to be the last 
remnants of a biological species. Given that they are geographically 
disjunct and demonstrably differ in genetic and other characteristics, 
we conclude that eastern wolves and red wolves might be considered 
separate subspecies, and if not the red wolf would at least qualify as 
a DPS of C. lycaon.

The various 2-species hypotheses are more challenging to evalu-
ate, both because of their diversity and the fact that most would 
require evaluation of DPS status. Nevertheless, our overall conclu-
sion remains the same: if the red wolf is not considered to be a valid 
subspecies of either gray wolf or coyote, it would at least qualify as 
a DPS of its respective taxon. This conclusion is based on hypothet-
ical application of the 2 criteria in the joint 1996 interagency DPS 
policy: Discreteness and Significance. Available data indicate that the 
red wolf is genetically the most distinctive wolf-like canid in North 
America, which establishes Discreteness. Congruence of the his-
torical distribution of red wolf with the Eastern Temperate Forests 
Ecoregion (Figure  2) provides strong evidence for Significance 
Element 1 (persistence in an unusual ecological setting), and a case 
could be made for Elements 2 and 4 as well.

Some caveats are important to note regarding our evaluations. 
First, are red wolves genetically distinctive primarily because of their 
recent bottleneck and/or effects of the captive breeding program? 
This is a reasonable question, but we are not aware of any quantita-
tive analyses that attempt to answer it. The finding by Brzeski et al. 
(2016) of unique haplotypes in pre-Columbian samples presumed 
to be red wolf suggests that the genetic distinctiveness of red wolves 
is not merely a recent phenomenon, but more studies of this type 
would be useful to better clarify historical patterns. The Mexican 
wolf does not have the same hybridization issues as the red wolf, 
but it underwent an even more extreme bottleneck that has also 
undoubtedly affected recent genetic samples (Chambers et al. 2012); 
this, however, has not prevented the Mexican wolf from being recog-
nized as a valid subspecies and listed as such under the ESA.

The second caveat has to do with hybridization, which by all 
accounts has been extensive recently between red wolves and coyotes, 
and which by some accounts is responsible for producing the red-wolf 
phenotype in the first place (through hybridization of gray wolves and 
coyotes). These evaluations would be easier if the Services had a formal 
policy outlining how hybridization and hybrids should be considered 
in ESA listing and recovery. However, although the Services announced 
a proposed ESA intercross policy 2 decades ago (USFWS and NMFS 
1996b), it was never implemented or finalized. In the absence of spe-
cific policy guidance regarding hybridization, we applied the criteria in 
the joint DPS policy to existing data and concluded that the red wolf 
could be considered a DPS regardless of whether the taxon to which it 
belongs is considered to be the gray wolf or the coyote.

All of the DPS evaluations discussed above focus on the most 
recent data for red wolves and their relatives. These data, there-
fore, reflect the consequences of any hybridization that has occurred 
recently or historically. In spite of evidence for introgression of genes 
from coyote and perhaps gray wolf into the red wolf, we conclude 

that the current population meets both criteria to be a DPS, if not a 
subspecies or full species.

We have not attempted to grapple with questions of the 
following type:

• Can a biological entity that arises through hybridization be con-
sidered a “species” under the ESA (i.e., a named species or sub-
species or a DPS)?

• If so, how far in the past must the hybridization event have taken 
place?

• If a biological entity historically would have qualified as an ESA 
“species,” could it lose that status through hybridization with 
another biological entity?

• If so, how much hybridization is too much? What metrics should 
be monitored to determine whether a threshold of too much 
hybridization has been reached?

• Could or should the captive breeding program be modified to 
select for particular traits, such as larger (more wolf-like) size, 
which might help minimize hybridization with smaller coyotes?

• Given uncertainties about taxonomic status, if all plausible sce-
narios lead to either a species, subspecies, or DPS designation, 
could the red wolf continue to be listed without specifying which 
taxonomic category it fits into?

These are interesting questions but they are difficult or impossible to 
address in a strictly objective framework, because they involve soci-
etal values as well as legal and policy issues.

Broader Relevance
As a case study of listability under the US ESA, evaluations discussed 
here have necessarily focused on details specific to red wolves and 
to the legal/legislative context of one particular piece of legislation. 
However, many of the themes covered here resonate more broadly for 
biodiversity conservation and management. Taxonomic uncertainty 
is a pervasive issue, which is not surprising given that at least 2 dozen 
species concepts have been proposed in the literature (Mayden 1997; 
de Queiroz 2007). This uncertainty creates challenges for those trying 
to implement endangered species legislation (national laws exist for 
a number of countries besides the United States, including Australia, 
Canada, Costa Rica, and South Africa), which typically afford legal 
protection only to pre-defined entities like species or subspecies. One 
level of taxonomic uncertainty arises from the imperfect understand-
ing of particular evolutionary histories; another reflects the fact that 
evolution is a dynamic process and its products occur along a con-
tinuum rather than fitting neatly into discrete categories (Hey et al. 
2003). Only the first type of uncertainty can be resolved with more 
and better data. Both levels of taxonomic uncertainty are relevant 
for evaluations of red wolves: We can continue to refine our under-
standing of the evolutionary history, but even perfect understanding 
would not resolve all uncertainties about whether this enigmatic 
taxon should be considered a species, subspecies, or something else.

Jackson et al. (2017) recently faced a similar challenge regarding 
the Australian dingo—another problematical canid whose taxonomic 
status has been in dispute since the 18th Century. Jackson et al. disagree 
with some recent authors who have proposed that the dingo be consid-
ered a separate species (Canis dingo), pointing to strong evidence that 
it is a feral form of domestic dog. Nonetheless, and despite evidence for 
recent hybridization between dingos and domestic dogs, Jackson et al. 
(2017) conclude that Australian dingos are of great conservation sig-
nificance because of the ecological roles they now play and the insights 
they can provide about early stages of the domestication of dogs.
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In addition to considering taxonomic uncertainty, a second 
theme of our analyses focuses on conservation relevance of popula-
tion-level units below the species level (Soule 1986). Populations are 
routinely the focus of conservation efforts, and numerous laws pro-
vide for their protection. Although “Distinct Population Segment” 
is not a generally recognized biological term and is not in general 
use outside the United States, almost identical criteria (Discreteness 
and Evolutionary Significance) have been adopted by Canada to help 
identify population units that qualify for protection as Designatable 
Units under the Species at Risk Act, SARA http://www.cosewic.gc.ca/
default.asp?lang=en&n=DD31EAEE-1). This means that the criteria 
used here to evaluate DPSs of red wolves play a large role in deter-
mining formal conservation priorities across most of North America.

Finally, hybridization, both natural (Genovart 2009) and human-
mediated (Vilà et al. 2000), is an issue of global conservation con-
cern. Several decades of wrestling with complex problems associated 
with hybridization and conservation have produced a diversity of 
viewpoints (Hedrick 1995; Allendorf et al. 2001; Haig and Allendorf 
2006; Stronen and Paquet 2013; Wayne and Shaffer 2016). However, 
no strong consensus on practical application has emerged, no doubt 
in part because the ramifications of hybridization for conservation 
are very context specific. If a consensus is to eventually emerge, it 
will have to be built by synthesizing a series of detailed case studies 
like the one here for red wolves.
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Supplementary material can be found at https://academic.oup.com/
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