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(Wayne 1993; Gotelli et al. 1994; Roy, Geffen et al. 1994;
Wayne et al. 1998). The late Pleistocene began just
130,000 years ago (Morgan and Hulbert 1995), and fos-
sils show the wolf and covote lines well separated by the
early Pleistocene, about 1.5 million years ago (Kurtén
1974; Nowak 1979).

Moreover, the skull of C. simmensis is the most distinc-
tive of any living species of Canis, being far more dif-
ferent from that of C. lupus than is that of C. latrans
(Clutton-Brock et al. 1976; Nowak 1979). While C. si-
tnensis warrants urgent attention from a conservation
standpoint (Gotelli and Sillero-Zubiri 1992; Gotelli et al.
1994), it may be disregarded in a systematic discussion of
wolf lineages.

Viewpoints also diverge concerning the development
of wolves after their separation from the line leading to
coyotes and other Canis. Perhaps nine species of wolves,
as the term is used here, currently have general accep-

RUFLUS

\ T

MOSBACHENSIS

LPUS FAMILIARIS  9IGURE 9.1. Hypothetical evolution and

branching of the genus Canis. North Ameri-
can Land Mammial ages are shown to left
(see also table 9.2).

tance (table 9.1). However, some investigators have
tended to consider most of those species, particularly
some of North America (priscolatrans, armbrusteri, vi-
furs, lupus), to be components of C. lipus, or atleast to be
in the direct line of transition between the coyote and
C. lupus {(Hoffmeister and Goodpaster 1954; Lawrence
and Bossert 1967, 1975; Martin 1974; Webb 1974; Wayne
and Jenks 1991). It even has been argued that the dire
woll (C. dirus), a massive animal best known from its
abundant remains at the Rancho La Brea Tar Pits in Los
Angeles, California, is nothing more than a large form of
C. lupus that developed in response to ecological condi-
tions of the late North American Pleistocene {(Goulet
1993).

Disagreement intensifies with respect to the taxo-
nomic status of extant species of Canss, in part because
of its current management Implications. Much recent
argument has centered on whether the red wolf {C. ru-

TABLE 9.1. Possil and modern species of wolves of the genus Canis

Species Geological range

Geographic range Reference

C. priscolatians
C. etruscus
Middle Pleistocene
Middie Pleistocene
Late Pleistocene

C. armbrusteri
C. gezi
C. nehring

C. dirus Late Pleistocene — early Recent
C. mosbachensis Middle —late Pleistocene
C. rufus Late Pleistocene—~Recent

Late Pleistocene~Recent

C. lupus

Late Pliocene —early Pleistocene

Late Pliccene — carly Pleistocene

Nowak 1979
Kurtén 1968
Nowak 1979
Berta 1988
Berta 1988
Kurtén 1984

North America

Europe

North America

South America

South America

North and South America

Burasia Kuwrtén 1968
Eastern North America Nowak 1979
Burasia, North America Nowak 1979
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TABLE 0.2, Chronological development of wolves

North American

Epoch Land Mammal Age Years ago Major events

Recent 0 —-10,000 Extinction of dirus, dominance of lupus, retreat of rufus
10,000 —130,000
130,000 —30G,000
300,600 —700,000
700,000 — 1 million

0 ~1.8 million

Holocene

Late Pleistocene Late Rancholabrean Dominance of dirus, modern wolves enter New World

Middle Pleistocene Early Rancholabrean Emergence of modern wolves, extinction of armbrusters

Late Irvingtonian Dominance of armbrusteri and mosbachensis

Early Pleistocene Middle Irvingtonian Emergence of larger wolves

Early Irvingtonian Dominance of priscolatrans and etruscus

Pliocene Late Blancan 1.8 —2.5 million Divergence of wolf and coyote Hneages
Early Blancan 2.5—4.5 million Emergence of small coyotelike forms
Miocene Hemphillian 4.5 -9 million Origin of Canis

fus) of southeastern North America is a distinct species,
aform of C. tupus, or the result of hybridization between
C. fupus and C. latrans (Mech 1970; Brownlow 1996;
Nowal and Federoff 1996, 1998; Roy et al. 1996; Wayne et
al. 1998; Reich et al. 1999). Another point of contention
is the domestic dog {C. familiaris), the recent trend be-
ing to follow Wozencraft (1993) in regarding it too as a
form of C. lupus. A final major issue is subspeciation, es-
pecially in C. lupus, with its implications relative to re-
introduction and other conservation measures. Each of
those topics will be discussed in further detail below.

Evolution of Species

By the Pliocene, which in North America corresponds
in large part with the Blancan Land Mammal Age (table
9.2), small kinds of Canis had become widespread in
both the Old World and North America. A related
hranch of small canids had entered Scuth America and
begun an entirely separate evolutionary lineage (Kurtén
1968; Nowak 1979, 1992b; Kurtén and Anderson 1980;
Anderson 1684; Berta 1988; Tedford et al. 1995; Tedford
and Qiu 1996). There were other, larger canids, but they
do not seem to have been nvolved in the ancestry of to-
day’s wolves.

Wolf Ancestry

Although the fossil record is incompiete, it is likely that
all wolves arose from some population of those small,
early canids {see fig. 9.1). According to Kurtén and An-
derson (1980), the most probable ancestral candidate is
C. lepophagus of North America. That species may have
been derived from an earlier and smaller Miocene spe-

cies of Canis. C. lepophagus seems to have spread to Eur-
asia, where a closely related or identical Pliocene species,
C. arnensis, has been found {Kurtén 1974; Kurtén and
Anderson 1980},

Specimens of the earlier populations of C. lepophagus
possess small, delicate, narrowly proportioned skulls
{(Nowalk 1979). They resemble small coyotes of today
and probably are ancestral to C. latrans. Some of the
later populations, especially those represented by speci-
mens from Cita Canyon, in northern Texas, have larger,
broader skulls. Johnston (1938) suggested that those pop-
ulations were the ancestral stock of wolves, A few frag-
mentary specimens indicate further progression from
C. lepophagus toward true wolves (Nowalk 1979).

The Blancan Land Mammal Age ended about 1.8 mil-
lion years ago and gave way to the Irvingtonian in North
America (see table 9.2). The latter period corresponds to
the late Villafranchian Age in Eurasia (Anderson 1984).
The first definite wolves appeared from the late Blancan
to the early Irvingtonian (Nowak 1g79; Tedforé and Qiu
1996).

In North America, the earliest named wolf species is
C. priscolatrans, now known from Arizona, California,
Colorado, Florida, Kansas, Oregon, Pennsylvania, Texas,
and Mexico; a more familiar name, C. edwardii, is con-
sidered a synonym (Kurtén 1974; Nowak 1979; Kur-
tén and Anderson x980; Anderson 1996; Albright 2000).
Fossils indicate that C. priscolatrans resembled modern
C. rufus in cranial size and proportion, but had more
complex dental sculpturing, comparable to that of C. la-
trans. On the occlusal surface of the first upper molar of
C. priscolatrans, there are broad and deep basins be-
tween-the outer ridge formed by the paracone and meta-
cone and a central cusp, the protocone, and between that
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cusp and the hypocone at the inner edge of the tooth.
There also is a very prominent buccal cingulum on the
outer edge and usually a pronounced anterior cingulum.

Kurtén (1074) thought C. priscelatrans represented a
population of large covotes, ancestral to modern C. la-
trans. It is more likely that C. priscolatrans is a small wolf
and that it spread to Eurasia, where its counterpart is
C. etruscus (Nowak 1¢79). Kurtén and Anderson (1980)
recognized both forms as part of a group of primitive
wolves, from which C. hupuss arose. However, those au-
thors were not certain whether those small wolves, In
turn, bad a common ancestry or evolved independently
from among earlier populations of C. lepophagus and
C. arnensis. The possibility also remains that the wolf
line arose from Miccene-Pliocene canids that preceded
C. lepophagus {(Nowak 1979; Tedford and Qiu 1996},

The Red Wolf

Nowals (1979, 1992b) suggestion that C. rufus also is a
primitive wolf, closely related or even identical to C. pris-
colatrans, no longer seems tenable. Extensive material of
the latter species, recently discovered in Florida (Berta
1995}, shows the complexity of its dental sculpturing to
considerably exceed that of C. rufus. The various Irving-
tonian specimens of eastern North America identified as
C. rufus by Nowak (1979) are more properly referred to
C. priscolatrans (Nowak 2002). C. rufus thus is left with-
out any fossil record prior to the late Rancholabrean.

C. rufus probably is not ancestral to C. fupus, as sug-
gested by Nowak (1979}, However, an oft-repeated claim
that Nowak had argued that C. rufus is the progenitor of
modern C. latrans as well is not accurate (Roy et al. 1996;
Nowalc and Federoff 1998; Wayne et al. 1998). Notwith-
standing the above, evidence for a common North
American origin of most wolves can be derived from the
close morphological and genetic resemblance of early
wolf populations (Nowak 1995a; Wayne et al. 1995). Al-
though there is considerable question as to the status of
C. rufus, it is similar systematically to C. fupus lycaon of
southeastern Canada and C. fupus pallipes of southwest-
ern Asia. The latter two subspecies are in turn systemat-
ically overlapped by adjoining populations of C. lupus.

Furasian Wolves

While there is much individual variation, and some bha-
sis for subspecific distinction, within extant populations

of the gray woll {Sckolov and Rossolimo 1985; Nowal
19952}, there is considerable affinity between popula-
tions of wolves in North America and Eurasia. Certain
subspecies on one continent seem more closely related
to subspecies on the other continent than to other sub-
species on the same continent {see below).

True wolves prabably arese in North America, crossed
into Eurasia, evolved there in the direction of C. lupus,
and then reinvaded the New World. However, there was
an intermediate stage in the Old World evolution of the
lineage, between early Pleistocene C. etruscus and mod-
ern C. lupus. That stage is represented by C. moshachen-
sis, known from various sites in Eurasia.

[ examined C. rnosbachensis specimens from the Lake
Baikal region of Siberia, on loan to Richard H. Tedford
{American Museum of Natural History, personal com-
munication, 24 March 1999}, and found them smaller on
average than those from most modern North American
wolf populations, including even C. rufus of the south-
eastern United States. The Baikal specimens are thought
to date from a period corresponding to the mid- to late
Irvingtonian of North America.

Kurtén {1968) reported mosbachensis to be about the
size of C. lupus pallipes, which is smyaller than C. rufiss
{Nowak 1995a}. Kurtén (1968) noted that mosbachensis
was stifl present in Europe during a peried correspond-
ing to the early Rancholabrean of North America, and
that increase in size did not occur until the late Ran-
cholabrean. Since the evolution of wolves generally in-
volves a progression from smaller to larger, C. mos-
bachensis seems a logical candidate for the ancestor of
the modern North American (as well as Eurasian) pop-
ulations. An initial invasion of North America by that
ancestral C. mosbachensis may have become isolated by
glaciation and developed into C. rufus. Burasian C. mi0s-
bachensis then may have evolved into C. lupus, and sub-
sequent invasions of North America may have led to the
modern subspecific differentiation of the latter species
(fig. 9.2}

There is still a question about what happened to the
primitive stock of small wolves that remained from
the outset i North America. It now seems likely that
those canids gave rise, not to C. rufus, but to an entirely
separate New World radiation of large wolves. Most of
the many recently collected carly Irvingtonian speci-
mens from Florida are referable to C. priscolatrans. How-
ever, Berta (1995} assigned several, from the Leisey Shell
Pit, Hillsborough County, and Haile 21A site, Alachua




County, to C. armbrusteri. 'The latter species is a rela-
tively large wolf otherwise known mainly from mid- and
late Trvingtonian sites in Florida and the early Ran-
cholabrean Cumberland Cave in Maryland (Gidley and
Gazin 1938; Martin 1974; Nowak 1979). Fxamination of
specimens from all of these and other sites, as expressed
in part by a bivariate analysis of the first upper molar
(fig. 9.3}, shows that C. priscolatrans grades into C. armi-
Brusteri and suggests that it gave rise to the latter (Nowak
2002).

Fragmentary remains from Irvingtonian sites, 1n-
cluding some previously assigned to C. lupus (Nowak
1979}, hint that C. armbrusteri once inhabited much of
North America, though it remains best known from
Florida and Cumberland Cave. Its teeth are large and
its molars well sculptured, though not so extensively as
in C. priscolatrans. The skull also is distinguished by
its huge tympanic bullae and relatively narrow rostrum
{Nowal 1979).

oXm 1000 Km
SR IR

\ £

FIGURE 9.2 Original geographic distribution of wolves in North
America, showing the two species and five subspecies of Canis Jupus
recognized by Nowak (1995a): 1, C. I, arctos {arctic wolf}; 2, C. L
baileyi (Mexican wolf}; 3, C. [ freaon (eastern wolf); 4, C. L nubilus
{plains wolf}; 5, C. [ accidentalis northwestern woll; 6, C. rutfiis

{red wolf).
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FIGURE 9.3 Bivariate analysis comparing measurenents {in mil-
limeters) of transverse diameter (horizontal axis) and anteropos-
terior length {vertical axis) of the first upper molar in individual
specimens of Canis priscolatrais (triangles), specimens identified
as C, armbrusteri by Berta (1995) but considered here to represent
C. priscolatrans {circled triangles), C. armbrusteri (A), and C. dirus
(D). {From Nowak 2002.)

While Martin (1974) suggested that C. armbrusteri
is synonymous with C. lupus, he also pointed out that
some specimens from Cumberland Cave approach C.
dirus of the later Rancholabrean in size and other char-
acters. There is also some overlap in skull measurements
between armbrusteri and dirus (see fig. 9.3). Probably
armbrusteri had no immediate relationship to fupus or
any modern wolf, but was a central component of an ar-
chaic New World evolutionary sequence that progressed
from priscolatrans to dirus (Nowak 2002}

The Dire Wolf

The rise of the dire wolf was the most dramatic event in
the evolutionary history of Canis. The species appeared
rather suddenly alt across North America late in the Ran-
cholabrean Land Mammal Age, which succeeded the
Irvingtonian about 300,000 years ago. The dire wolf var-
ied considerably in size, with some populations consist-
ing of the largest members of the genus ever to exist, and
others being only about the size of a large gray wolf. All
individuals were characterized by massive heads, enor-
mous teeth (fig. 9.4}, and refatively short limbs.
Although Goulet {(1993) and others have suggested
that C. dirtis may not be specifically distinct from C. fu-
pus, there is otherwise a consensus that it is a highly
evolved species (Berta 1988; Kurtén and Anderson 1980;
Nowak 1979}, Kurtén (1984) retained the subgeneric
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FIGURE ¢.4. Bivariate analysis comparing the mean positions of
measurements (in millimeters} of greatest length of slaall (horizontal
axis) and length of fourth upper premolar, or carnassial {vertical
axis}, of 94 Canis lupus from the mountainous region of the western
contiguous United States {L), 20 C. lupus arctos from the Canadian
High Arctic and Banks Island {A}, ¢ late Rancholabrean C. fupus
from the Rancho La Brea and Maricopa Brea tar pits of southern
California (P), 62 C. dirus from Ranchoe La Brea (D}, and 20 C. fu-
mriliaris with wolf-sized skulls {F).

designation Aenocyon for the dire wolf and recognized
two subspecies: C. dirus dirus, from the eastern, central,
and northwestern United States, and C. d. guildayi, from
California and Mexico.

The dire wolf is the most common fossit canid in
Nerth America; its remains have been found from Penn-
sylvania and Florida to Oregon and California. Notwith-
standing the data depicted in figure ¢.3, none of those
fossils clearly suggests transition from another species.
At many sites, the dire wolf is found together with com-
pletely distinct specimens of gray wolves, red wolves, and
covotes (Nowak 1979). [t is plausible that the Irvington-
ian to early Rancholabrean C. armbrusteri was the pro-
genitor, but C. dirus has several diagnostic cranial char-
acters, involving the palate, inion, nasals, and foramina,
that consistently distinguish it from all other North
American Carnis,

Possibly, C. armbrusteri, or an earlier species from
the primitive wolf group, spread into South America
and there developed into C. dirus (Nowak 1979, 1992b).
C. dirus has been reported from various parts of South
America, and in some of its critical characters it resem-
bles two other, earlier wolves from that continent. More-
over, the sudden appearance of the dire wolf in North
America, already fully evolved, suggests that it was an in-
vader from elsewhere.

Kurtén (1968) and Berta (1988) hinted at affinity be-

tween C. dirus and C. falconeri from the early Pleistocene
of Europe. However, the latter species is now thought to
represent a separate genus, Xenocpon, and perhaps to be-
long to the lineage of the extant African hunting dog,
Lycaon pictus {Rook 1994). Moreover, the dire wolf evi-
dently was a warmth-adapted species that never moved
inte the northern part of Nerth America, While many
remains of large wolves have been collected from late
Pleistocene deposits in Alaska and northwestern Can-
ada, all are C. Tupus.

Although Berta (1988) favored a North American ori-
gin for C. dirus, her analyses offer a reasonable basis for
an evolutionary transition that includes South Amer-
ica. She mdicated that from C. armbrusteri, or a related
large, primitive wolf, there arose C. gezi, which is known
with certainty only from the middle Pleistocene of South
America. C. gezi in turn gave rise to C. nehringi, a large
wolf of the late Pleistocene of South America, which
closely resembles C. dirus and could have been its irmme-
diate ancestor.

Whatever its origin, the dire wolf disappeared about
8,000 years ago, in association with the extinction of
other components of the North American late Pleisto-
cene megafauna. Possibly its prey had been largely elim-
inated by the human hunters who were spreading across
the continent at the time. It may also have lost in com-
petition with gray and red wolves, which were better
adapted to pursue the generally smaller and swifter prey
species that had survived.

Intraspecific Variation in Canis lupus

With the extinction of C. dirus, the entire archaic New
World line of wolves ended, and C. liupus was the only
large and widespread species of wild Canis left. Its range
was more extensive than that of any terrestrial mammal,
other than Homio sapiens. As with humans, geographic
barriers probably had resulted at times in restrictions
or complete breaks in gene flow. When such a break
occurs, as manifested in morphologically or genetically
distinet specimens in a given region, it often is useful
1o designate the population involved with a subspecific
{or racial) name. Various rules have been proposed as
to how distinctive a population must be to warrant such
designation, but none is followed umiformly. Some
named subspecies would not withstand modern genetic
or statistical analysis, and there has been a recent ten-
dency to lump older subspecies and to name fewer new
ones.
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FIGURE 9.5. Original geographic dis-
tribution of gray wolves (Cariis lupus)
in the Old World: 1, C. L albus; 2, C. L
arals; 3, C. 1 cormunis; 4, C. L cuba-
P riensiss 5, C. 1 hodephilax; 6, C. L hattai
(= rex); 7, C. b italicus; 8, C. I, lupaster;
9, C. L lupus; 10, C. L. pallipes. As indli-
cated by the question marks (7), the ex-
tent of the range of commuunis is prob-
lematic, and there also is uncertainty
as to whether northeastern Siberia is
occupied by comimimnis, albus, or hupus.
{From Nowak 1995a.)

That trend is well illustrated by the systematics of
wolves (table 9.3). Based largely on earlier work (Goid-
man 1044), E. R, Hall (1981) accepted twenty-four sub-
species of C. lupus in North America. Sokolov and Ros-
solimo (1985) recognized nine additional subspecies in
Eurasia, but reduced the number in the New World to
seven. Other authorities, relying mainly on morpho-
metric techniques, also have indicated that some of the
subspecies listed by E. R. Hall (1981), particularly those
in western parts of the United States and Canada, may be
wnwarranted (Rausch 1953; Jolicoeur 1959; Skeel and
Carbyn 1977; Pedersen 1982; Walker and Frison 1982;
Nowak 1983; Bogan and Mehlhop 1983; Friis 1985; Hoft-
meister 1986; Mulders 1697).

Nowak (1995a) made the first attempt to systemati-
cally analyze statistical data on the morphology of all
modern wolves. Computer-based multivariate analyses
of ten measurements from each of 580 skulls of male
wolves indicated the presence of five subspecies of C. lu-
pus in North America (see fig. 9.2): arcios, a large-
toothed Arctic wolfs occidentalis, alarge animal of Alaska
and western Canada; mubilus, a moderate-sized wolf,
originally found from Oregon to Newfoundland and
from Hudson Bay to Texas; baileyi, a usuaily smaller wolf
of the Southwest; and fycaon, a small subspecies now re-
stricted to southeastern Canada.

Eurasian subspecies (fig. 9.5) include an Arctic wolf
(albus), a large north-central form (communis), and a

widespread animal of moderate size (Tupus). A small but
broad-skulled subspecies (cubanensis) occurs in the
Cancasus, and a narrow-skulled wolf {palfipes) inhabits
most of southwestern Asia. Recent examination of spec-
imens at the University of Rome and the [talian National
Institute of Game indicates that italicus, the small wolf
of the Italian peninsula, also is a distinct subspecies (No-
wak and Federoff 2002). Four additional Old World sub- '
species may be recognizable —arabs, hattai, hodophilax,
lupaster—but those four were not analyzed by Nowak
(1995).

The red wolf of southeastern North America was con-
sidered by Nowak (1995a) to have some affinity to pal-
fipes, but to be best regarded as a species separate from
C. lupus. Goldman (1944) recognized three subspecies of
C. rufus, and recent reexamination {Nowak 2002) of all
pertinent specimens dating prior to 1918 suppoxts their
retention (see table 9.3).

From Continent to Continent

Nowalds (1995a) interpretation of variation in North
American C. Tupus and C. rufus fits reasonably well with
the hypothesis, discussed above, that the continent was
reinvaded by modern wolves. The distribution of species
and subspecies suggests that this reiovasion occurred in
several waves, perhaps corresponding to the opening of
passages across the Bering Sea or throngh the glacial ice,



TABLE 9.3. Species and subspecies of modern walves

Cuaurris regfus rufies Audubon and Bachiman, 1851, Central and coastal Texas, southern
Louisiana {evidently extirpated except in caplivity and as 2 reintroduced population
in eastern North Carolina and a few individuals released at other sites)

Conis raifus gregoryi Goldman, 1937, Southwestern Indiana, southern Missouri, and
eastern Cllahoma to southern Mississippi, central Louisiana, and Big Thicket area
of Texas (apparently extinct, though possibly represented by captive//reintroduced
population, in part)

Canis rufus floridanus Miller, 1912, Maine and Ohio to Florida and Alabama {extinct)

Canis lupus pallipes Sykes, 1831, Israel to India

() Cannds Lupus arabs Pocock, 1934, Arabian Peninsula

(2} Canis lupus lupaster Hemprich and Ehrenberg, 1832. Egypt, Libya

(7} Canis fupus hodophilax Temminck, 1839. Japan except Hokkaido {extinct)

Canis lupus lycaon Schreber, 1775, Extreme southern Cntario, extreme southern Que-
bee, prohably originally northern and western New York

Cortris lupus baileyi Nelson and Goldman, 1929, Southern Arizona, southwestern New
Mexico, extreme southwestern Texas, highlands of Mexico south to Oaxaca {extir-
pated except for a few possibie survivors in northwestern Mexico, in caplivity, and as
a reintroduced population in southeastern Atizona)

Clands lupus cubanensis Ognev, 1923, Caucasus and adjacent parts of Turkey and Iran

Canis lupus italicus Altobeilo, 1921. Ttalian Peninsula

Canis lupus lupus Linnaeus, 1758 (camnpestris, chanco, desertorum). LBurope east to an
undetermined point in Russia, Central Asia, southern Siberia, China, Mongolia,
Korea, Himalayan region (now greatly reduced in distribution, especially in western
Europe)

Canis lupus nubilus Sey, 1823 (beothucs, crassodon, fuscus, hudsonicus, irremotis,
labradorius, ligons, manning;, mogollonensis, monstrabilis, youngi). Southeastern
Alaska, southern British Columbia, contiguous United States from Pacific to Grear
Lakes region and Texas, Ontario excepl southeastern, northern and central Quebec,
Newfoundland, northern Manitoba, Keewatin, eastern Mackenzie, Bafiin Island, oc-
casionally west-central Greenland (now evidently extirpated in the western contigu-
ous United States)

Canis lupiis arcios Pocock, 1935 (bernardi, orfon). Northern and eastern Greenland,
Queen Elizabeth Islands {Ellesmere, Prince Patrick, Devon, etc.), Batiks and Victoria
Islands

Caris upus albus Kerr, 1798, Extreme northern Evrasia

Caits fipus communis Dwigubski, 1804, Known with certainty only from the Ural
Moeuntain region of north-central Russia, but probably once cccurring over miuch
of eastern Furope and Siberia

(2} Canis lupus hateai Kishida, 1931 {= €. L rex Pocock, 1935). Sakhalin, Hokkaido
(extinct)

Catiis lupus occidentalis Richardson, 1829 (alces, columbianus, griseoalbiss, mackenzii,
pambasilevs, tindrarum), Alaska, Yukon, Mackenzie, British Columbia, Alberta,
Saskatchewan, southern Manitoba, northern Montana (now evidently expanding

range into, and alse reintroduced in, northwestern contiguous United States)

Source: Based primarily on Nowak 1995a and subsequent assessment of Cawis Tupus italicus (Nowak
and Federolf z002) and Caiis riifus (Nowal zoo2),

Nete: Names in parentheses are additional subspecies recognized by Hall {(1981) and Sokolov and
Rossolimo {1985} that here wouid be regarded as synonyms, Question marks {7} indicate subspecies
not subjected to statistical analysis, It must be emphasized that the above classification is tentative and
based only on canonical discriménant ang lyses of ten measurements of the skufls of rale wolves, Other
systematic methodologies or assessment of additional material could produce different results.




The most distinct wolves are found at the periphery
of the range (see fig. 9.2): C. rufus at the corner of the
continent opposite the point of invasion, C. hiptis baileyi
far to the south, C. fupus lycaon in the eastern forests,
and C. Tupus arctos on the High Arctic islands. Those
groups may represent survivors of the earliest migra-
tions that had long been isolated. Indeed, C. I Iycaon,
C. 1. bailevi, and C. rufus possess certain primitive char-
acteristics and show some systematic affinity to one an-
other (Nowak 1979, 1995a; Wayne et al. 1992, 1995).

Goulet (1993) suggested that North American gray
wolves of the late Rancholabrean generally were larger
and had broader skulls than thase of the Holocene and
modern times. However, her analysis may be skewed by
the predominance in the Pleistocene sample of speci-
mens from a single area-—Rancho La Brea and a few
nearby sites in southern California. Most of the dozen
or so skulls from that area are indeed massive, and they
are characterized by relatively broad rostra and frontal
shields and large teeth, especiaily the carnassials (Nowak
1979). One of the specimens actually was originally des-
ignated a separate species, C. miller, and was placed
together with the dire wolf in the genus Aenocyon (Mer-
riam 1912, 1918). However, further analysis suggested
that the resemblance of C. milleri and the other Jate Pleis-
tocene specimens from California to C. dirus is strictly
superficial and perhaps representative of convergence
(Martin 1974; Nowak 1979}

Most specimens of late Pleistocene C. lupus from
coastal southern California closely appreach modern
C. I arctos of the High Arctic islands of Canada and C. L
albus of the extreme northern parts of Eurasia (see
fig. 9.4). The geographic distribution of such wolves
hints at the possibility that they once were widespread,
and that some Arctic populations were driven south-
ward by glaciation. Coastal southern California proba-
bly was much cooler in the late Pleistocene. No wolves of
any kind are known to have occurred there in modern
times {Goldman 1944}, though possibly they were killed
off by Spanish cattlemen in the early 1800s.

Not all specimens of Pleistocene C. lupus demon-
strate the massiveness of Arctic wolves, A few specimens
suggest that C. L. baileyi once extended as far as Kansas
and southern Catifornia. That subspecies is known in
modern times only from western Mexico and the adja-
cent fringe of the southwestern United States (Nowalk
1979, 1995a). The smallest adult specimen of C. lupus
ever collected in North America was found at the late
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Ranchelabrean San Josecite Cave site in Nuevo Leon,
northeastern Mexico. A number of large dire wolf skalls
were found at the same site and form a remarkable con-
trast {Nowak 1979).

The distribution of fossil gray wolves during the late
Pleistocene suggests a geographic fluctuation of popula-
tions, with large, Arctic forms moving far to the south
during glacial advances and small, warmth-adapted sub-
species expanding when the climate moderated. Never-
theless, there is little evidence of a long history of mod-
ern wolves in North America or a sufficient period for
much fluctuation to occur. A few fragments suggest-
ing Irvingtonian and early Rancholabrean occurrence of
C. tupus and C. rufus in North America (Nowak 1079}
are now thought to be C. armbrusteri and C. priscolatrans
(Nowak 2002).

Phylogenetic Change or Adaptation?

Another critical guestion is whether any process of
morphological fluctuation that took place involved
phylogenetic change or merely adaptation to extrinsic
(environmental, cimatic, ecological} facters. Does the
distribution of modern wolves represent many once-
separated populations of subspecific or specific rank? Or
were there only a few genetically homogeneous popula-
tions, the members of which varied because of intrinsic
factors?

The second view is supported by some mtDNA evi-
dence (Jenks and Wayne 1992; Wayne et al. 1992, 1995).
Although several genotypes of C. Lupus have been iden-
tified, they generally are not grouped geographically. A
given locality may have more than one genotype, and
one of those types may show more affinity to types inan-
other part of the world than to types at the same locality.
[n any event, only one geographic population of C. Lupus
consistently demonstrates a unique genotype, C. lupus
baileyi. In that regard, there is agreement between the
molecular and morphological approaches to the systenz-
atics of wolves. However, it is important to note that the
population sampled in the molecular study included
only a few founders; conceivably a larger number might
have included other genotypes.

Differences between geographic arcas sometimes
are held to result from responses to extrinsic factors.
Such trends were suggested by Goulet {1993), who desig-
nated ecological races of C. lupus that adjusted morpho-
logically in time and space to their environment. Further
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evidence is provided by recent studies indicating that the
average size of welves on Isle Royale has grown signifi-
cantly in just a few decades, possibly in association with
a change in prey from deer to moose {Nowak 1995b).

Kolenosky and Standfeld (1975) recognized two
kinds of C. lupus in Ontarie, a larger animal in western
Ontario and a smaller one in the southeast. They practi-
cally suggested specific separation, stating (p. 71) that
“the ranges of the two types overlap throughout a broad
band across east-central Ontario, but there is no con-
clusive evidence of their interbreeding.” Subsequently,
however, Schiitz and Kolenosky (198s5b) presented a
modified interpretation, concluding that both types are
merely clinal variants of the same population. Although
the woll [rom western Ontario is nearly identical mor-
phologically to the animal just across the border in north-
ern Minnesota, Schmitz and Kolenosky (1985b) believed
that the two are unrelated and that their phenotype is
simply an expression of convergence in adapting to sim-
ilar habitat and prey. Given that Minnesota wolves dis-
perse extensively into Ontario {Mech 1987a; Gese and
Mech 1991), this view seems untenable.

Hybridization with Coyotes

Hybridization of C. lupus and C. Iatrans in the Great
Lakes region has been indicated by both morphological
(Kolenosky and Standfield 197s; Nowak 1979; Schmitz
and Kolenosky 198sb; Sears 1999) and mtDNA (Lehman
et al. 1991} invesligations. However, while all wolves of
the eastern part of that region and on Isle Royale, and
most wolves in Minnesota and western Ontario, repori-
edly have coyote-like mtDNA {Lehman et al. 1991), there
is no other evidence - morphological, ecological, or be-
havioral — that the hybridization process has spread be-
yond southeastern Ontaric and southern Quebec. The
wolves of Minnesota and western Ontario are fully wolf-
like in all those respects (Nowak 1991, 19923, 1995a). Sev-
eral earlier investigations (Mech and Frenzel 1971b; Skeel
and Carbyn 1977; Van Ballenberghe 1977) actually had
indicated that wolves of the western Great Lakes region
have greater systematic affinity to populations farther to
the west than to C. L lycaon of the eastern Great Lakes
region. New DNA analyses of Ontario wolves go even
further {Wilson et al. 2000}, supporting a retwrn to the
idea of specific distinction between eastern and western
wolf populations suggested by Kolenosky and Stancfield

(1975).

If a species does vary gradually across a greal geo-
graphic distance in a steady cline of size or other charac-
ters, it is reasonable to think that there has been contin-
uous and aninterrupted gene flow, and that the varialion
represents ecelogical adaptation. Such a situation is in-
deed what is suggested by certain studies of mtDINA for
most of the range of C. fupus (Jenks and Wayne 1992;
Wayne et al. 1992, 1995). According to that rationale,
wolves are such large and highly mobile animals that any
divisions that may temporarily form are lost quickly as
the varjous segments spread back and merge with one
another. Moreover, across most of North America at
Ieast, there are no barriers that would stop the maove-
ment of wolves and reinforce any locel distinctions that
might develop. Wolves easily pass over mountain ranges,
push through forests and swamps, and swim great dis-
tances. They routinely cross vast stretches of frozen sea
to move among the Arctic islands.

Genetic Differentiation

The above notwithstanding, there remains considerable
evidence for genetic differentiation of a nunmiber of pop-
ulations and consequeatly for valid subspecific, even
specific, designations. Just because there are no obvious
barriers today does not mean that such was always the
case. Indeed, we know with certainty that the world’s
populations of wolves were once divided by continent-
wide stretches of glacial ice and, alternately, by sea levels
higher than those of today. Moreover, the apparent
natural distribution of certain species of Canis, such as
C. dirus, C. rufus, and C. Iatrans, indicates adaptation
only to certain habitats, prey, or climatic conditions.
Changes in such conditions did cause fluctuations in
their distributions and could have served to divide and
differentiate populations.

Thus, it is reascenable to assume that at various times
in geological history, great gaps appeared in the range of
C. lupus and its progenitor species C. mosbachensis, be-
cause of either insurmountable physical barriers or re-
gions of ecologically unsuitable habitat. Such gaps may
have persisted for thousands of years. The populations
on cach side of the barriers may have undergone dif-
ferent genetic medification over time and developed dif-
ferent size, morphology, or behavior. When glaciers
withdrew or other barriers moderated, the populations
would have come back together, but physical or unseen
genetic differences may have prevented the biending of




groups into a single panmictic population. Those differ-
ences could have reinforced a reduction in gene flow that
persists to the present.

The distributions of modern species and subspecies
of wolves, examination of their morphology, and con-
sideration of fossil material allows for a biogeographic
hypothesis. C. priscolatrans or its immediate relatives
evoived in North America by the early Irvingtonian (1.5
miltion vears ago) and spread throughout the North-
ern Hemisphere during periods of conducive environ-
mental conditions. The form C. fupus pallipes may be
the most primitive Old World descendant of this early
migration.

At some time, the lineage of C. mosbachensis and
C. lupus developed in Eurasia and began moving back
across the world in a series of waves, ebbing and flowing
with development and withdrawal of glaciers and other
barriers. When the first wave arrived in North America
is not clear. Although the lineage is represented by late
Irvingtonian fossils from ice-free portions of Alaska,
there is no clear evidence of its presence farther south on
the continent until the late Rancholabrean (about 15,000
vears ago). It is pure speculation, but perhaps the first
movement to the south occurred before the transition
from moshachensis to lupus and was by way of ungla-
ciated coastal segments of Alaska and western Canada.
Such a route may have opened before the development
of the main inland passage during the terminal Pleis-
tocene and may have been more conducive to a small
wolf that could subsist along the continent’s shore.

The Modern Wolf

In any event, the initial invasion of North America by
the modern wolf lineage may be represented today by
C. rufus. The small modern subspecies C. fupus baileyi
may represent another early wave, or one that became
isolated by desert barriers in the southwestern United
States and Mexico. The much more massive C. 1. arctos
also could be a surviving early population, but one that
had become isolated in the ice-free Pearyland refugium
of northern Greenland and subsequently spread back
across the Arctic. Other wolves pushed to the south
when a route through the glaciers opened, and are today
represented by C. I nubilus. Fnally, near the end of the
Ranchelabrean, a larger form developed, probably in
the ice-free Beringian refugium in Alaska and adjacent
areas {Nowak 1992b), When the last glaciers withdrew
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about 10,000 years ago, that large wolf {C. L accidentalis)
moved oul to occupy most of Alaska and western Can-
ada, and even today is pushing into the western contigu-
ous United States (Nowalk 1995a).

The origin of C. I Iycaon of southeastern Canada is
problematic. While it was sometimes thought to repre-
sent another surviving contingent of an early invasion,
glaciers covered jts range even longer than they did re-
gions to the west. Moreover, new DNA analyses suggest
that it has genetic affinity to C. rufus and may even be
specifically distinct from C. lupus (Wilson et al. 2000),
even though morphologically and ecologically itappears
closer to the latter species. Lycaon may have resulted
from natural hybridization as its range was simulta-
neously invaded by C. lupus nubilus from the west and
C. rufus from the south when the most recent Pleis-
tocene glaciation retreated (see below).

Meanwhile, in the Old World, a similar process was
taking place, with smaller, more primitive wolves sur-
viving on the fringes of the distribution of C. lupus
(arabs, cubanensis, hodophilax, italicus, lupaster, pallipes).
There is also a remnant Arctic population of a more
massive form (albus) and a widespread group of moder-
ate-sized wolves (C. lupus lupus). Apparently, the large
Jate Rancholabrean-Holocene form moved westward
from Beringia toward the Ural Mountains, where today
it is represented by communis. A few specimens also sug-
gest that it advanced southward to Sakhalin and Hok-
kaido islands {Nowak 1995a).

The overall intercontinental picture that emerges in-
cludes a few advanced subspecies occupying relatively
large, central ranges while more primitive forms occupy
smaller, peripheral areas (see figs. 9.2 and 9.5). Such a
pattern is common in both zoological and botanical sys-
tematics and was designated “centrifugal evolution” by
Groves (1993). Although the peripheral populations may
be geographically far separated, some of them may be
more closely related to one another than to adjoining
central groups.

The idea of successive waves of wolves spreading
across vast intercontinental distances in relatively brief
geological intervals may seem far-fetched, but even in
our own time canid populations have repeatedly dem-
onstrated an ability to spread rapidly under suitable con-
ditions. The coyote colonized the entire eastern half of
North America in less than a century, and the raccoon
dog (Nyctereutes procyonoides) spread through most of
Europe in less time (Nowak 1999}
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The above biogeographic hypothesis is based largely
on morphological differences observed in modern pop-
ufations and association of those observations with avail-
able fossil material and knowledge of geological history.
An alternative explanation for the differences would be
fairly recent and rapid adaptation to local ecological
conditions. However, the degree of variation among cer-
tain of the recognized kinds of wolves suggests inter-
ruption of gene flow through isolation. Because there
are no substantive isolating barriers among most of the
kinds, especially in North America, the observed varia-
tion probably reflects populations that formerly were
separated but that now have merged. Considering the
size and mobility of walves, it is unlikely that geograph-
ically proximal populations could have diverged so
much morphologically.

The Red Wolf Enigma

Audubon and Bachman (1851) described the Texas red
wolf as a subspecies, Canis lupus rufus. For nearly a cen-
tury, rufus and the other named southeastern wolves
(ater, niger, floridanus) were considered to be either stub-
species or full species, depending on whether taxonomic
lumping or splitting was in fashion, but to be no more or
less distinct than were any of the other named kinds of
wotves around the world. Not until the work of Gold-
man (1937, 1944} was a basic dichotomy set forth, with C.
rufus (including ater, niger, and floridanus) regarded asa
species of wolf separate from all others, which together
were regarded as C. lupus. That view generally has been
accepted for many years (E. R. Hall 1981; Corbet and Hill
1991; Wozencraft 1993; Jones et al, 1997; Nowak 1099).

As discussed in detail elsewhere (Nowak 1979, 1991,
1992a,h, 19953; Kurtén and Anderson 1980), C. rufus
once was believed to be a primitive species, closely re-
lated, or even identical, to C. priscolatrans (= C. edwar-
dii} of the early Irvingtonian. As indicated above, new
tossil evidence indicates that C. priscolatrans gave rise Lo
a separate line of wolves and that C. rufus probably is
more closely associated with the modern lineage of
C. mosbachensis and C. Jupus. However, C. rufiss is simi-
lar to C. latrans in some characters and probably is more
susceptible to hybridization with the latter species than
are other modern wolves. Such hybridization seems to
have begun in the fate nineteenth century and eventually
engulled most surviving popuiations of C, rufis (Me-
Carley 1962; Nowak 1979).
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FIGURE 9.6. Statistical distribution of four groups of female Cearis,
based on the Arst (horizontal axis) and second {vertical axis) canoni-
cal variables, as produced by a canonical discriminant analysis of ten
skult measurements. Solid fines represent the limits of eighteen west-
ern C. latrans (letter C shows mean) and twenty Minnesota C. lupus
(letter W shows mean); solid circles, nine C. rufirs taken 1919 —192.4
in southeastern Missouri; Xs, five suspected hybrids of C. latrans and
C. lupuss from southeastern Canada, (CE Nowak 1995b and Jenks and
Wayne 1992.)

A point of disagreement is whether the red wolf actu-
ally originated as a hybrid between C. lupus and C. la-
trans. Such an idea is not new, having been suggested by
Mech (1970) and even by ranchers in late-nineteenth-
century central Texas (Nowak 1979). One argument has
been that because C. rifus seems morphologically inter-
mediate to C. lupus and C. Iatrans, and indeed seems to
be statistically close to specimens believed to be hybrids
of the latter two species (fig. 9.6), the red wolf logically
could represent a hybrid population (Jenks and Wayne
1992; Wayne 1993, 1995). However, the data used to arrive
at that suggestion may not be tully appropriate (Nowak
1995b).

Furthermore, the red wolf’s intermediate morphoel-
ogy could represent an evolutionary stage between the
other two species. As indicated above, C. mosbachensis, a
small wolf of the Eurasian Pleistocene, is thought to be
intermediate to the primitive wolves, ¢ priscolatrans
and C. etrisscus, and modern C. fupus, and also may have
given rise to C. rufus before the development of C. Tupus.
Interestingly, Kurtén (1974) regarded C. priscolutrans as
an ancestral coyote, not a wolf. In any case, there would
have to have been an evolutionary stage through which
Canis needed to pass to change from coyote-like forms
to modern Holarctic C. lupus. C. rufus could be a sur-
vivor of that stage. To paraphrase a popular saying, “if
the red wolf did not exist, we would have to invent it.”
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FIGURE 9.7. Localities of specimens dating prior to 1930 {except for
the Mississippi record, which s 1931) in the south-central and south-
eastern United States. Triangles, Canis lipus nubilus; solid cirdles,
coruplete adult specimens of C. rufies; open circles, archeological re-
mains of C. rufus dating from 200 to 2,000 years ago; double circles,
paleosttological remains of C. rufus dating from about 10,000 years
ago; crosses, specimens evidently representing hybridization of C. rii-
fus and C. latrans; dashed line, approximate original eastern limits of
range of C. latrans in historical time. The exact localities of the two
camplete Pennsylvania specimens are unknows. The complete speci-
mens from northeastern Louisiana and east of the Mississippi (ex-
cept for the ones from Indiana, Mississippi, and northern Florida)
and the specimens of C. lupus nubilus are among the series tested by
the analysis shown in figure 9.. The hybrids from central Texas are
those tested in the analysis shown in figure 9.22. {Based largely on
Nowak 1979, Nowak and Federoff 1996, 1998.)

Coyote Invasion of the Southeastern United States

For the red wolf to have originated as a hybrid, its range
in southeastern North America would have to have been
inhabited by C. Iupus and C. latrans. There has been re-
peated insistence that the putative hybrid population
probably formed in response to agricultural develop-
ment along the Atlantic coast by European settlers, start-
ing about 250 vears ago (Roy et al. 1996; Wayne et al.
1998: Reich et al. 1999). However, all available speci-
mens—rpaleontological, archeological, and modern—

indicate that neither C. [upus nor C. latrans was present
in the southeastern United States at a time that would
have allowed formation of a hybrid¢ population {fig. 9.7;
Nowak and Federoff 1996, 1998).

The covote did indeed invade the southeastern
United States, partly as a result of human environmental
disruption (and partly because extirpation of the red
wolf by humans opened a niche for another canid). That
invasion, which is well documented, began conly in the
twentieth century and did not cross the Mississippi
River until about 1960 (Paradiso 1966; Nowak 1979; Hill
et al. 1087}.

[t is true that C. latrans was present in the southeast-
ern United States during parts of the Pleistocene. Appar-
ently, as the archaic New World wolf line grew larger,
passing from C. priscolatrans to the very large early Ran-
cholabrean form of C. armbrusteri, a niche opened for
the coyote. A few specimens indicate that it coexisted
with C, armibrusieri at Cumberland Cave, Maryland, and
subsequent fossils indicate widespread sympatry with
the huge dire wolf. There are also late Rancholabrean
records of €. Ilgtrans in Pennsylvania, West Virginia,
Mississippi, Alabama, and Florida (Kurtén 1974; Nowak
1979; Kurtén and Kaye 1982; Morey 1994a; Graham and
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Lundelius 1994). It has been suggested that the Florida
specimens actually represent C. familiaris (Martin and
Webb 1974}, but recent reexamination confirms their
identity as C. Intrans (Nowak 2002).

In any case, that castern coyote population did not
persist later than about 10,000 years ago (Nowak 2002).
It may not have been able to compete with C. rufus,
which was becoming established in the East at about that
time. Specimens from a few sites in Florida show a brief
{less than 5,000 years) sympatric presence of C. latrans,
C. rufus, and C. dirus, and that all were morphologically
distinct. Of the three, only C. rufus seems to have sur-
vived the first human invasion of the region. Remark-
ably, when the red wolf succumbed to a second human
invasion 10,000 years later (i.e., by the 1960s), the coyote
returned. '

The red wolf did interbreed with the coyote, though
that had nothing to do with its origin. On the contrary,
hybridization had much to do with its demise (McCar-
ley 1962; Nowak 1979). All available evidence indicates
that interbreeding began in the late nineteenth century
on the western fringes of the range of the red wolf. Prior
to 1930, the only specimens that showed morphological
signs of hybridization are from one zone in central Texas
and another in eastern Oklahoma and northeastern
Arkansas (see fig. 9.7).

A poignant series of skulls was collected from 1919 to
1924 in the vicinity of the St. Francois Mountains in
southeastern Missouri, where an isolated red wolf popu-
lation then persisted. The specimens are unmistakably
divisible into two groups, C. rufus and C. latrans, show-
ing that the species still occurred together without hy-
bridization (Nowak 1979).

Red Wolf Hybridization with Coyotes

All Canis specimens coilected up to 1930 in most of
Arkansas, and up to about 1950 in most of southeastern
Texas, Louisiana, and states farther east, represent only a
small wolf. The extirpation of that wolf by humans and
the clearing of the forests for agriculture probably facili-
tated the eastward movement of the coyote and its inter-
breeding with remunant wolf populations (Nowak 1979).
A substantial zone of hybridization apparently formed
in the Ozark region of southern Missouri and Arkansas
from about 1930 to 1950 (fig. 9.8).

By the 1960s, the hybridization process had engulfed
most of southeastern Texas, and the coyote was spread-

PIGURE 9.8. Zones of hybridization between Canis rufus and C. la-
trans from 1930 to 1950 (1) and from 1960 (0 1980 (2}, and between
C. lrpus lycaon and C. latrans (3). In 198y, when C, rufus was reintro-
duced at Alligator River National Wildlife Refuge in sastern North
Carolina {4}, the eastern limits of the range of C, latrans were ap-
proximately as shown by the dashed Hue. Those limits now have
reached the reintroduction site,

ing east of the Mississippi (see fig, 9.8). Animals that
appeared to be like the origina! southeastern wolf still
predominated in a stretch of coastal prairie from Gal-
veston Bay in southeastern Texas to Vermilion Bay in
southwestern Louisiana. A number of individuals were
live-trapped in that area, and fourteen of them eventu-
ally served as the founding stock of the current captive
and reintroduced C. rufus populations (Nowak et al.
1995). Subsequently, the hybrids evidently took over that
area as well, and coyotes went on to occupy the entire
Southeast (Nowal< 1979; Bekoff 1999). This modern pro-
cess of invasion by the coyote, hybridization, and decline
of the red wolf is documented with specimens and other
records and stands in marked contrast to the lack of
specimens to support the hypothesis of an earlier hybrid
origin as set forth by Roy, Girman and Wayne (1994) and
Roy et al. {(1996).

DNA and the Origin of the Red Wolf

We are still left with the second main line of evidence
for hybrid origin, the reported presence of only C. latrans




and C. lupus DNA genotypes in older samples of red
wolves and of onty C. latrans genotypes in recent sam-
ples (Wayne and Jenks 199t; Wayne et al. 1991, 1995, 1998;
Jenks and Wayne 1992; Wayne 1992, 1993, 1995; Reich
et al. 1999; Roy, Girman, and Wayne 1994; Roy, Gef-
fen et al. 1994; Roy et al. 1996; Wayne and Gittleman
1995). The older samples were taken from skins collected
before 1944, predominantly in the northwestern part
of the original range of the red wolf. The recent sam-
ples include material derived from the current living
population.

Although the reported presence of only coyote and
gray wolf DNA in the red wolf could be viewed as in-
dicative of hybrid origin for C. rufiss, another interpreta-
tion has been applied by some of the same workers to a
similar situation in the Great Lakes region {Lehman etal.
1991; Wayne et al. 1991}, Those investigators reportedly
found only DNA from the coyote in all C. lupus from
southeastern Ontario and Isle Royale and in most C. [u-
pus from Minnesota and western Ontario, While there is
also morphological evidence of hybridization in south-
eastern Ontario, statistically, all cranial specimens from
Minnesota, western Ontario, and Isle Royale are mor-
phologically identical to those of C. lupus from farther
west {Nowak 19924, 1995a).

These findings have been interpreted to mean that
limited hybridization with C. latrans did occur and
did introduce a coyote genotype that somehow spread
through most of the wolf population without otherwise
affecting it. The situation in the southeastern United
States could be interpreted shmilazly: hybridization, not
between the covote and gray wolf, but between the coy-
ote and red wolf, and thus the spread of coyote geno-
types. This explanation would mean that C. rufuss is nota
hybrid, but rather is just as valid a wolf as is C. fupus of
Isle Rovale, Minnesota, and other parts of the Great
Lakes region.

A last problem pointed out by some workers is that,
whereas the wolf component of gray wolf DNA from the
Great Lakes region corresponds specifically to the DNA
of C. lupus found elsewhere, the wolf component of
southeastern red wolf DNA also corresponds specifically
to that of C. lupus. No species-specific DNA has been
found for C. rufus; only the DNA of C. lupus and C. la-
frans is present { Wayne and Jenks 1991; Roy, Geffen et al.
1994; Roy et al. 1996; Wayne and Gittleman 1995). One
suggested explanation is that there were specific C. rufus
DINA markers, which may even have been found in ear-
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fier studies {Ferrell et al. 1980}, but that they were lost
with the near-total extirpation of the species (Nowak
et al. 1995).

It must aiso be emphasized that the above snggestions
of hybrid origin for C. rufus have been set forth by only
some of the investigators who have utilized DNA analy-
sis. Hybrid origin has not been supported by some other
geneticists who have reviewed the issue (Dowling, De-
Marais et al. 1992; Dowling, Minclley et al. 1992; Cronin
1993), by morphological studies (Nowak 1979, 19924,
1995a,b), or by observation of living animals (Phillips
and Henry 1992; Nowak et al. 1995), ‘

A New Hypothesis

Indeed, some new DNA analyses have produced a very
different assessment {Wilson et al. 2000). Essentially,
those studies indicate that C. rufits and C. hupus lycaon
have genetic sequences similarly divergent from those of
C. latrans and distinct from those of other . lupus, Oxne
interpretation is that Iycaon and rufus together compose
a separate species that is more closely related to C. latrans
than to C. lupus. Such a species would take the name Ca-
nis lycaon (Wilson et al. z000).

The close morphological similarity of C. rufus and
C. lupus lycaon has long been recognized {Goldman
1944; Nowak 1979). Lawrence and Bossert (1967, 1975)
thought C. rufus to be no more than subspecifically dis-
tinct from C. Jupus. They pointed out that if initial taxo-
nomic studies of the red wolf had concentrated on the
eastern United States, rather than on Texas, it is doubt-
ful whether C. rufus would have been set apart as a full
species. The skull morphology of the population of C. L
lycaon in southeastern Ontario almost overlaps stafis-
tically with that of C. rufus (Nowak 1995a; Nowak and
Federoff 1996). It might be supposed that specimens of
gray wolves from the northeastern United States, if avail-
able, would overlap substantially with C. rufus.

Unfortunately, there are relatively few complete skulls
ofwild adult Canis dating prior to 1918 - that is, well be-
fore the modern coyote invasion —from the region east
of the Mississippi River and south of the Prairie Penin-
sula, Lakes Erie and Ontario, and the 5t. Lawrence River.
Those few specimens, two each from Pennsylvania, Al-
abama, and Florida and one each from Maine and In-
diana (see fig. 9.7), had been assigned in the past either
to C. lupus or C. ritfus, sometimes with disagreement as
to which {Goldman 1944; Lawrence and Bossert 1967;
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Nowak 1979; Nowak and Federoff 1996). Of those speci-
mens, six are known or judged to be males. In addition,
there are seven males and two females collected just west
of the Mississippi in northeastern Louisiana in 1898—
1905 {see fig. 9.7), about 50 years before the coyote is
lknown to have entered that state. These specimens were
the basis of a morphometric analysis to assess the origi-
nal relationships of southeastern wolves to C. lupus,
C. latrans, and lycaon. Only males were sufficiently nu-
merous to form meaningful series for analysis, though
nothing about the females indicated any different kind
of relationship.

The new analysis involved subjecting ten cranial and
dental measurements to canonical discriminant analy-
sis. In that operation, the measurements, weighted by
their ability to distinguish designated groups, assign
each specimen a total abstract numerical value—the
first canonical variable. The next best distingnishing
combination of measurements, uncorrelated with the
first, provides a second variable, and so on. Commonly,
a single graphical position is plotted based on the first
two canonical variables arranged as perpendicular axes.
(Tllustrations and descriptions of the ten measurements,
and a more detailed explanation of the statistical pro-
cedures, is provided by Nowak 19954; see also Nowak
2002.)

In the analysis, the thirteen pre-1918 males from
northeastern Louisiana and east of the Mississippi were
compared as a group with ninety-six male western C. fa-
frans and with six samples (totaling ninety-seven speci-
mens) of male C. fupus from the western United States.
Of those six samples, two were collected immediately
west of the range of the red wolf: in central and western
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Texas and in southern Nebraska, Kansas, and Oklahoma
(see fig. 9.7). The other four were taken just north and
west of the first two, in Minnesota and in the southern,
central, and northern Rocky Mountains. Another series
comprised ten male ycaon, taken in 19051933 in ex-
treme southeastern Ontario, mainly in the vicinity of
Algonquin Provincial Park, and in extreme southern
Quebec. The coyate did not become established there
antil the 19405 (Nowak 1979).

The analysis shows all six series of western C. lupus to
overlap extensively with one another; their mean posi-
tions group together closely (fig. 9.9). Those series are
completely distinct from the thirteen old eastern wolves,
which group together separately. There is no indication
of an approach of the old eastern series to either C. la-
trans or western C. fupus, as would be expected if the
eastern population had originated as a hybrid of the
other two species. The series of old lycaon is statistically
intermediate to C. rufus and C. lupus and closely ap-
proaches both (fig. 9.9).

A Distinct Species

Considering also the new DNA data, a reasonable inter-
pretation of the morphometric analysis is that C. ruftis is
a species distinct from C. latrans and C. lupus, but that it
hybridized with the latter in a limited area of the North-
east, producing the population known as Iycaon.

While assessment of all available complete skulls
from the eastern United States supports continued rec-
ognition of C. rufus as a distinct species, the specimens
are rather few, and most date from well after human en-
vironmental disturbance had begun. There is some older

FIGURE 9.0. Statistical distribution of nine
groups of North American Canis, based on
the first {horizontal axis) and second (vertical
axis) canonical variables, as produced by a
canonical discriminant analysis of ten skull
megsurements. Solid lines represent the mits
of 96 western C. latrans (letter L shows mean}
and of 97 westersy C. lupus in six samples
{means: G, 17 from southern Rocky Moun-
tains; [, 14 from northern Rocky Mountains;
K, 23 from Minnesota; N, 8 (rom Nebraska,
Kansas, and Qklahoma; S, 7 from central

and western Texas; Y, 28 from central Rocky
Mountains); Xs, 10 individual C. lupus fycacn;
solid circles, 13 individual C. rufues.
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EASTERM PALEONTOLOGICAL (7) l]:i—_LJ

LOUISIANA (9} L._l:f.TLl

WESTERN COYQTE {156}

FiGURE 9.10. Length {in millimeters) of first lower molar tooth, or
carnassial, in six samples (size in parentheses) of both sexes of Canis.
The “western gray wolf” and “western coyote™ series were taken in
the mountainous region of the western contiguous United States,
The “eastern complete skulls” date from before 1918 and were col-
lected east of the Mississippi River and south of the Prairie Peninsula,
Lakes Frie and Ontario, and the St. Lawrence River (sec fg. 9.7). The
“castern archealogical” specimens are from the same region and date
from 200 ta 2,000 years ago. The “castern paleontological” speci-
mens are from the same regicn and date from about 10,000 years
ago. The “Louisiana” series was collected from 1898 to 1905. The
slender horizontal line represents the range in size, the bar indicates
one standard deviation on either side of the mean, and the vertical
line above the bar shows the mean. {From Nowak 2002.)

material, though it consists mostly of fragmentary re-
mains from paleontological and archeological sites. The
most commen elements recovered at such sites are the
mandible and the large first lower molar {carnassial)
tooth. The available material falls conveniently into two
groups: paleontological specimens dating from about
10,000 vears ago, and archeological fragments from
about 200 o 2,000 years age (Nowak 2002) (sec fig. 9.7).

[ made a comparison of carnassial length in these
and other pertinent groups {fig. 9.10}. The two groups
of fragmentary materia) are closely similar to the two se-
ries of complete skulls from east of the Mississippi and
northeastern Louisiana. Those four groups differ sub-
stantially from the series of western C. Jupus, although
that difference by itsell is not secessarily of specific rank.
Nonetheless, the analysis demonstrates a continuity be-
tween the mostly modern complete skulls, found to
compose a statistically well defined species (see fig. 9.9},
and much earlier specimens from the same region.

Like the multivaziate study, the univariate analysis
shows C. latrans to be well removed from the other
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groups. Since both sexes are represented in the univari-
ate analysis, the slight overlap shown could represent
large male coyotes and smalt female wolves. It must be
emphasized that no coyote specimens are known from
the region that date from less than 10,000 years ago.
There are older ones, as already noted, but they average
smaller than the modern series of C. latrans in figure
.10, and all are smaller than the smailest wolf depicted.

The close morphology of C. rufus and C. hupus in the
Northeast is not seen where their ranges meet in the
western United States (see fig. 9.7); indeed, the major
evidence supporting separate species status has always
come from that region. As Goldman {1944} observed,
C. rufits seems to become smaller toward the western
United States and to differ sharply from C. lupus of the
Great Plains. Although Goldman, as he realized, may
have been influenced by hybrids in that region, there is
a striking statistical contrast {fig. 9.11) between large
western C. lupus and the most westerly samples of un-
moedified C. rufus (Nowak 1g95a; Nowak and Federoff
1996, 1508). Large specimens of the gray wolf were found
as far east as central Texas and northeastern Oklahioma,
very close to the most westerly specimens of the red wolf
(sce fig. 9.7). Variation across that front is far greater
than among any samples of C. lupus in the analysis and
about twice as great as that between C. rufus and C. L Iy-
caen from the Algonquin region.

The clearest indication of specific distinction between
red and gray wolves comes from the analysis of a large
series of specimens taken on the Edwards Plateau of cen-
tral Texas from about 1890 to 1920 (Nowak 1979, 1995a).
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FIGURE 9.11. Statistical distances (D? of Mahalanobis), as produced
by a canonical discriminant analysis of ten skall measurements, be-
tween three series of male Canis rufirs (Old Eastern, Louisiana, Mis-
souri) and eight nearby populations of male C. fupus. (From Nowak
and Federoff 1996.)
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FIGURE 9.12. Statistical distribution of four groups of male Canis,
hased on the first (horizontal axis) and second {vertical axis) canoni-
cal variables, as produced by a canonical discrininant analysis of
fifteen skull measurements, Light solid Hnes with centrally Jocated

- letters indicate limits of known groups: C, 165 C. latrass from the
westery, United States; R, 70 . rufus collected before 1930 in the
south-central United States; T, 7 C. hupiss from western and central
Texas. The heavy line around letter H indica tes the statistical limits
of 43 specimens taken before 1930 in central Texas (see fig. 9.7) and
thought to represent a hybrid population of €. latrans and rigfurs.
(Adapted from Nowak 1979; Nowak et al, 1993.)

That analysis (fig. 9.12) shows the presence of a hybrid
population in the area (see Lg. 9.7} that completely
bridges the morphological gap between the populations
of wolves then found farther east {that is, rufiis) and
the populations of coyotes farther west (C. lntrans). The
two species blend completely, with no place to draw a
statistical or geographic line of division. It must be em-
phasized, though, that the above blerding occurs only
between the coyote and the animal that has been referred
to as the red wolf. The gray wolf also was present in the
area (see fig. 9.7), but was statistically far removed from
the hybridization process. Based on more limited mate-
rial, & similar situation apparently existed in eastern
Olklahoma and northwestern Arkansas (see fig. 9.7).

The situation in central Texas is a major impediment
both to the view that C. rufus and C. lupus are conspecific
and to the idea that C. rufis originated through hy-
bridization between C. lupus and C. latrans. T the gray
wolf is the same as the red wolf, or indeed, if it crossed
with the coyote to produce the red wolf, why did it not
blend into the hybrid red wolf-coyote population of cen-
traf Texas? How can the specimens of C. lupus in that
area stand out so clearly fron the other kinds of Canis
present?

That distinction between C. lupus and C. rufus, com-
pared with their morphological closeness in the North.
cast, also long posed a dilemma for studies seeking to
define the species limits of G, rufus. How can two large,
highly mobile carnivores be so different from each other

along part of the line where their rannges meel, but re-
semble each other so closely at another part? The above
suggestion as to the origin of the northeastern sub-
species C. I lycaon may finally offer a resolution. €. ridfus
and C. lupus once would have been tully distinct in ali
areas of contact, but hybridization in the Northeast pro-
duced an intermediate pepulation.

Domestication of the Dog

Most authorities agree that the gray wolf {C. lupus) is
the progenitor of the domestic dog (C. familiaris) (see
also Wayne and Vila, chap. 8 in this volume), and that
domestication occurred in only one region, probably
southern Asia (Lawrence 1066; Scott 1967, 1968; Clutton-
Brock et al. 1976; Olsen and Olsen 1977; Nowak 1979).
However, there have been suggestions that various dog
breeds arose through multiple domestication events in-
volving different subspecies of wolves, times, and places
(Morey 1994b; Trumler 1990). Recent studies of mito-
chondrial DNA support the single origin hypothesis and
suggest that initial domestication occurred in the east-
ern part of Asia (Savolainen et al, 2002). Perhaps the
best-documented case for a separate origin was made by
Olsen (1985), whose statistical analysis of cranial material
suggests an early transition from wolf to Eskimo dog
(malamute) in Alaska. However, Leonard et al. (2002)
found mitochondrial DNA evidence to support an orij-
gin of New World dogs from multiple Old World lin-
eages. In addition, based on extensive measurements of
fossil and modern material in Europe, De Quoy (1993}
argued that the Irish wolfhound originated indepen-
dently, possibly as long ago as the late Pleistocene {ca.
10,000 years ago).

Populations of primitive dogs, known as pariahs, still
sarvive in southern Asia. These animals, which may ei-
ther be associated with people or live completely wild,
appear to represent an evolutionary transition between
the wolf and modern breeds of dogs (Fox 1978; Trumler
1990). They evidently developed on the mainland of
southern Asia and then, about 3500 (0 4,000 years ago,
were spread to other regions by seafarers and migrating
peoples (Corbett 1995; Ginsberg and Macdonald 1990),
The dingo of Australia probably resuited from an intro-
duction there of some of those dogs at that time. Other
populations became established in North Africa, the Bal-
kan peninsula, New Guinea, and the East Indies, There
is evidence that the animals were taken as far as southern




Africa, Japan, the Pacific Islands, and possibly North
America. It may be appropriate to classify all of these
dogs in the subspecies dingo (whether of the species
C. lupus or C. familiaris). They are threatened becanse of
human persecution, environmental disruption, and hy-
bridization with true domestic dogs (Corbett 1995; Gins-
berg and Macdonald 1990).

The oldest well-documented remains of C. famifiaris,
dating frem about 11,000 and 12,000 years ago, respec-
tively, were found in Idaho and Iraq. Other specimens,
possibly representing domestication, date from as far
back as 14,000 years in the Middle Fast (Davis and Valla
1978; Turnbull and Reed 1974; Waller and Frison 1982).
Early remains of dogs also have been found in north-
ern and central Burope {Mertens 1936; Degerbol 1963;
Musil 1974; Nobis 1986; Benecke 1987). A report of 2
specimen from the northern Yukon, with a minimum
age of 20,000 years (Beebe 1978), was considered doubt-
ful by Olsen (1985}. Based on an analysis of mitochon-
drial DNA, however, Vil et al. (1997) suggested that the
genetic lineage of the dog could have originated as long
ago as 135,000 years, though it might not have become
morphologically apparent until the more commonly ac-
cepted date for domestication. Nevertheless, a more re-
cent DNA study showed that genetic resulis could be
consistent with domestication starting 15,000 years ago
{Savolainen et al. 2002).

The transition from wolf to “prototypic” wolf-dog
to domestic dog was long and probably dependent on
selective pressures and other related factors. However,
Belyaev (1979} experimentally developed domestic traits
in foxes in only twenty generations by selecting for foxes
that were social toward humans. Early wolf-dogs proba-
bly were not selectively bred for any specific traits, but
more likely bred freely, and associated with humans only
for food {Qlsen 1985). Imprinting on humans from an
early age also would have facilitated the domestication
process {Scott and Fuller 1965; Scott 1967; Mech 970).

While there is general agreement that the gray wolf
is the progenitor of the domestic dog, the question of
whether the two should be treated as separate species
may never be resolved. There has been a recent tendency
to follow Wozencrafi (1993) in including famifiaris within
C. lupus, as C. lupus familiaris. On the basis of genetic
consistency, Wayne {1986) considered the dog, despite
its diversity in size and proportion, nothing more than
a gray wolf. In contrast, statistical analysis of skulls has
repeatedly demonstrated total separation between wolf
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and dog (Lawrence and Bossert 1967; Nowalc 1979, 1994).
The primary change in the skull during the domestica-
tion process was a general reduction in size, with short-
ening of the muzzle and, thus, a relatively broader palate,
a steeper forehead, and more crowded teeth (Olsen 198s5;
Maorey 1994b). These characters are comparable to those
ofa young wolf and suggest that an adult dog retains, to
some extent, a juvenile morphology (paedemorphosis).
Such retention is also seen with respect to behavior. It
is as though some wolves, over time, never grew into
adults,

Evolutionary forces independent of human control
may have guided the original domestication process. Al-
though people may initiate such a process, by doing so,
they set into motion other associated and unintended
events. Alterations in developmental rate and timing
(heterochrony; and changes in genetic regulagion may
be the driving force of domestic reorganization (Wayne
1086; Morey 1992).

Coppinger and Coppinger (2001) argued that the dog
is not a paedomorphic wolf, but has its own unique set
of characters, both morphological and behavioral, that
arose when humans created a new niche by providing a
food source in association with villages. This hypothesis
supports recognition of C. familiaris as a full species, but
one that separated from C. lupus not more than 12,000—
15,000 years ago. The initial developinent of the dog in-
volved a process of natural selection resulting from vol-
untary action by the animal, not human domestication,
according to this view.

Deliberate selection by humans probably is respon-
sible for the characters of modern breeds, including
the large size of some. In contrast to small dogs, those
with large (wolf-sized) skulls have relatively tiny, widely
spaced teeth (see fig. 9.4). An almost universal character
of domestic dogs, whether large or small, is a broad and
heavy frontal shield at the top of the skull (Nowak 1979).
Could it have evolved selectively as a protection against
human abusers, str_iking downward with clubs?

Wolf Hybridization with Dogs

Although many workers now consider the wolf and dog
as the same species, one of the best arguuments for recog-
nizing them as separate species, in addition to their clear
physical differences, is that the two generally do not vol-
untarily interbreed, even though they have shared vast
parts of their ranges for thousands of vears. Neverthe-
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less, the two can produce viable offspring in captivity,
and all subsequent generations are fertile {Ijin 1941).
The deliberate breeding of wolf-dog hybrids and various
backeross combinations recently has proliferated. An es-
timated 300,000 such animals now are present in the
United States (Willems 1995).

The crossing of wolves with dogs by humans is not
a recent phenomenon, but probably has occurred
throughout history. Aristotle (1783} wrote of such crosses
in the fourth century s.c., and Pliny (1771) {a.D. 23-79)
reported that the Gauls tied their female dogs to trees so
nearby wolves would have access to them for mating,
The Bskimo peoples and the American Indians also were
known to use wolves and hybrids as sled dogs (Olson
1983). Before snowmobiles or horses, native peoples had
only their dogs on which to rely. The powerful draft an-
imals used by the Plains Indians were produced by wolf-
dog interbreeding, which resulted in dogs much like
wolves in size and general appearance (Morey 1986).
Specimens of those dogs, as well as wolves, have been
recovered from archeological sites in North Dakota, dat-
ing from the Jate sixteenth century. Evidence of extensive
early hybridization between wolves and dogs also has
been found in Wyoming and the Dakotas (Walker and
Frison 1982; Morey 1986). Numerous reports from early
explorers substantiate this evidence (Audubon and Bach-
man 1851; Bailey 1926; Brackenridge 1816; Maximilian
1906,

There are a few documented cases of wolves, mostly
fernales, soliciting and mating with dogs independert
of human involvement (Maagaard and Graugaard 199.4;
Young 1944). There also have been reports of introgres-
sion from the domestic dog to wild populations of the
gray wolf in Italy (Boitani 1984) and a few other areas (see

Wayne and Vila, chap. 8, Fritts et al., chap.12,and Boitani,
chap. 13 in this volume). However, Lorenzini and Fico
(1995) and Randi et al. {1993) questioned whether such
mtrogression is a substantive threat to the integrity of
the wolf in Italy. Examination of a large series of wolf
specimens recently collected in [taly at the University
of Rome and the Italian National Institute of Game re-
vealed no indication of modification (Nowak and Fe-
derotf 2002},

Based on a claimed progressive reduction in the size
of the skull of the Arctic wolf (C. lupus arctos), Clatton-
Brock et al. (1994} suggested that there had been wide-
spread introgression from escaped sled dogs. However,
Nowak (i995b) found no such size reduction and
doubted that hybridization had been extensive, Accord-
ing to Mengel {1971), hybrids of C. familiaris and C. Jy-
pus breed annually, like wild wolves, but the timing is
shifted so that, on average, hybrids breed about 3 months
carlier, Therefore, offspring of hybrids are born during
winter and would have little chance of survival in the
wild. The Arctic thus would be the last Pplace where in-
trogression from dogs into a wild population of wolves
would be expected.

Nowalk’s (1979, 1995a,b) analysis of specimens also re-
vealed no evidence of dog introgression into wolf popu-
lations of the western contiguous United States dur-
ing the early twentieth century, when these populations
were declining in response to environmental disruption
and persecution, or into the populations of wolves now
present on the fringes of agricultural zones in western
Canada and expanding back into the western United
States. Considering also other available information,
most of the world’s populations of wild wolves appedr to
be genetically intact.




