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Efforts to identify Paleolithic dogs or incipient dogs have been based mainly on examination of complete
or nearly complete crania. Complete skulls are, however, very rare in the archaeological record. Because
canid mandible are far more frequently found in Pleistocene assemblages, the objective of this study is to
investigate whether it is possible to differentiate these jaws by metric and osteomorphological methods
in two morphotypes: Paleolithic dogs and Pleistocene wolves. This paper is mainly based on the very rich
canid assemblage from the Gravettian P�redmostí site in the Czech Republic, but also includes a few
mandible from several other European Paleolithic sites. This study provides additional evidence of the
existence at P�redmostí of the two canid morphotypes. The metric data indicate that the mandible of the
Paleolithic dogs are shorter than those from Pleistocene wolves in all tested measurements of length, and
the carnassial crown length is shorter in Paleolithic dogs compared with the length of this tooth in
Pleistocene wolves. Furthermore, in eight of nine indexes, the Paleolithic dogs differ significantly from
the Pleistocene wolves. The mandible of Paleolithic dogs differ also in non-metric features from the
Pleistocene wolves: they present a high frequency of crowded premolars and backwards-oriented apex of
the coronoid. This paper furthermore confirms that Paleolithic dogs occur at two late Upper Paleolithic
sites (Eliseevichi, Verholenskaya) where previous studies had indicated their presence. In addition, we
document the presence of Paleolithic dogs at another Gravettian site, Kostenki-8.

© 2014 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The dog was the first domesticated animal. Morphological and
genetic studies have shown that its sole ancestor is the wolf
(Lawrence, 1967; Olsen, 1985; Benecke, 1987, 1994; Morey, 1992;
Clutton-Brock, 1995; Vil�a et al., 1997; Sablin and Khlopachev,
2002; Savolainen et al., 2002; vonHoldt et al., 2010; Thalmann et al.,
2013). Until very recently, most archaeologists accepted that
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the origin of dogs dates back to ~14,000 years ago, or the late Upper
Paleolithic (see references above). Morphological studies
comparing skulls of large canids from before and after the Last
Glacial Maximum with those of fossil and recent dogs and wolves
revealed that two morphotypes are present: a morphotype that is
more similar to extant wolves and a morphotype distinct from
extant wolves; relative to wolves, the specimens from the latter
morphotype are characterised by short skull lengths, short snouts,
and wide palates and braincases. To distinguish them frommodern
dogs, they were described as Palaeolithic dogs; this terminology
implies that they need not to be the direct ancestors of the recent
dogs but that there existed an intimate relationship between
humans and these canids, including the breeding of the latter by
prehistoric people (Germonpr�e, 2010; Germonpr�e et al., 2013;
Shipman, this volume). The skulls of the Paleolithic dogs have a
t the Gravettian P�redmostí site, the Czech Republic: The mandible,
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larger upper carnassial than modern dogs (Germonpr�e et al., 2009,
2012, 2013).

Our group has recently argued, on the basis of detailed
morphometric analyses of the skulls of this latter morphotype, that
the earliest domestication of the wolf began some time during the
early Upper Paleolithic, around 36,000 years ago (Germonpr�e et al.,
2009, 2012). Others have questioned our results, and still favour the
idea that dogs were first domesticated only during the very late
Pleistocene (Crockford and Kuzmin, 2012; Napierala and
Uerpmann, 2012; but see; Germonpr�e et al., 2013). Nevertheless,
an early Upper Paleolithic age for the beginning of the process of
domestication of the wolf is also now suggested by recent DNA
studies (Thalmann et al., 2013; Wang et al., 2013). Not only can the
origin of the dog be placed well into the Pleistocene, it is now clear
that dogs originated from an extinct Pleistocene wolf population
(Freedman et al., 2014) that probably inhabited Europe (Thalmann
et al., 2013), providing additional evidence in support of our earlier
arguments.

Efforts to identify Paleolithic dogs or incipient dogs have been
based mainly on examination of complete or nearly complete cra-
nia (Germonpr�e et al., 2009, 2012; Ovodov et al., 2011), which are in
fact very rare in the archaeological record. As canidmandible are far
more frequently found in Pleistocene assemblages, we investigate
herewhether it is possible to identify these jaws inmore detail. Our
study is mainly based on the very rich canid assemblage from the
Gravettian P�redmostí site in the Czech Republic but also includes a
few mandible from Belgian, Ukrainian and Russian sites dating
from the Pleniglacial and the Late Glacial. We study whether it is
possible to distinguish among these elements of large canids two
sympatric morphotypes through multivariate analyses of stand-
ardised mandibular measurements. We postulate here that the
specimens from one morphotype (fossil Morphotype D) have
massive mandible. Early domesticated dogs have been described as
having short, massive jaws that are deep dorsoventrally and thick
mediolaterally (Lawrence, 1967). We propose that the specimens
from the other morphotype (fossil Morphotype W) most closely
resemble the elongated mandible of recent wolves. For these
comparisons, we use reference sets of fossil and recent wolves and
dogs.
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Fig. 1. Map showing the most important sites discussed in the text. 1, P�redmostí;
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2. Sites

2.1. P�redmostí, the Czech Republic

P�redmostí, the Czech Republic, is a very well-known Gravettian
site (Fig. 1). The first organised excavations started here in the
1880s. The most recent excavations occurred in 2006, and now a
small museum preserves an outcrop of the Gravettian horizon in
situ (Svoboda, 2008a, 2008b; Svoboda et al., 2013; Wojtal and
Wilczynski, 2013). Two Gravettian cultural layers are present. The
upper layer is composed of individual bones and artefacts; it dates
to c. 24,300 BP (from here on all dates are presented in uncalibrated
years before present, unless otherwise indicated). The lower or
main layer is extremely rich and is composed of the remains of
separate settlement units that were occupied between c. 26,000 BP
and 27,000 BP (Svoboda et al., 1994). P�redmostí is most famous for
its large human skeletal assemblage consisting of remains of
several dozen individuals. Sadly, most of these human remains
were destroyed in a fire during the Second World War (�Simek,
1948; Velemínsk�a and Br�u�zek, 2008). Furthermore, P�redmostí is
renowned for its large quantities of mammoth remains, from more
than 1000 individuals (Musil, 1968; Oliva, 1997). A detailed analysis
of large quantities of burnt bone that were recovered in the 2006
excavations at P�redmostí revealed that almost half of the bone
fragments were charred or calcined. These were burned when fresh
and are presumably mammoth bones (Beresford-Jones et al., 2010).
P�redmostí is also an exceptional canid site, producing more than
4000 bones of large canids (Pokorný, 1951). Benecke (1994) has
studied the non-metric features of the lower jaws and found that
tooth crowding occurs frequently in this material, much more than
in modern wolves. Recently, three large canid skulls from
P�redmostí were identified as Paleolithic dogs and one as a Pleis-
tocene wolf (Germonpr�e et al., 2012, 2013). In this study, 130 large
canid mandible from P�redmostí are analysed. This material is
stored at the depository of the Moravian Museum (Brno, the Czech
Republic). For a more detailed review of the P�redmostí site, the
reader is referred to Svoboda et al. (1994), Oliva (1997), Svoboda
(2008a, 2008b), Velemínsk�a and Br�u�zek (2008), d'Errico et al.
(2011) and Germonpr�e et al. (2012, 2013).
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2, Belgian sites; 3, Mezin; 4, Eliseevichi; 5: Kostenki; 6: Verholenskaya Gora.
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2.2. Goyet, Belgium

Goyet is one of the most important Paleolithic caves in Belgium
(Ulrix-Closset, 1975; Otte, 1979; Dupont, 1867) (Fig. 1). The Paleo-
lithic industries at Goyet are assigned to the Mousterian, including
the Lincombian-Ranisian-Jerzmanowician (LRJ) techno-complex,
Aurignacian, Gravettian and Magdalenian, which indicate that
both Neanderthals and Anatomically Modern Humans (AMH)
visited the cave. Not only stone tools but also bone implements (e.g.
split-base bone points), ivory beads and perforated teeth testify to
the recurrent occupations of this cave by prehistoric people (Ulrix-
Closset, 1975; Otte, 1979; Dewez, 1987; Flas, 2011; Pirson et al.,
2012). Furthermore, fossil remains from Neanderthals and AMH,
Table 1
List of the complete skulls of the large canids used in this study; RBINS, Royal Belgian In
Brno; PM NASU, Palaeontological Museum National Academy of Science of Ukraine, Kie
Russian Academy of Science, Saint-Petersburg; NHM, Natural History Museum, London; S
Natural History, Stockholm; ISU, Irkutsk State University, Irkutsk.

Age/AMS Institute

Unknown cases
Type/site
Goyet (Belgium) 24,780 ± 140 BP RBINS
Caverne Marie-Jeanne (Belgium) Late/Pleniglacial RBINS
P�redmostí (Czech Republic) Gravettian MZM
Mezin (The Ukraine) Epigravettian PM NASU
Eliseevichi (Russia) Epigravettian ZIN RAS
Kostenki-1/I (Russia) Gravettian ZIN RAS
Kostenki-8/II (Russia) Gravettian ZIN RAS
Kostenki-17/II (Russia) early Upper Palaeolithic ZIN RAS

Reference groups
Recent Eurasian wolves
Recent “Northern” wolves (rNw) 19th & 20th century ZIN RAS, R
Recent “Southern” wolves (rSw) 19th & 20th century ZIN RAS, N

Fossil Morphotype W (fMtW)
Site
Trou des Nutons 2559-1 (Belgium) 21,810 ± 90 BP RBINS
P�redmostí 1 (Czech Republic) Gravettian MZM
Kostenki-17/II 36233 (Russia) early Upper Palaeolithic ZIN RAS

Fossil Morphotype D (fMtD)
Site
P�redmostí (Czech Republic) Gravettian MZM
Verholenskaya Gora (Russia) Late Glacial ZIN RAS

Archaic Dogs (AD)
East Siberian Dogs (Russia) 19th & 20th century ZIN RAS
West Siberian Dogs (Russia) 19th & 20th century ZIN RAS
Inuit Dogs (Greenland) 19th & 20th century SNM
Shamanka dog (Russia) 6430 ± 35 BP ISU
Cambridge dog (U.K.) Bronze Age

Grand total

Table 2
Discriminant Function Analyses 1e4b (DFA1, DFA2, DFA3, DFA4a, DFA4b): Eigenvalues an
canonical functions, Wilk's Lambda, number of cases assigned to a reference group, num
abbreviations see text.

DFA1 DFA2

Canon 1 Canon 2 Canon 1 Canon 2

Eigenvalue 6.39 1.01 4.6 1.29
% Explained 85.68 13.48 73.89 20.73
% Cumulative 85.68 99.15 73.89 94.62
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dating from the Mousterian, Aurignacian, Gravettian and Magda-
lenian, were found among the mammal bones (Rougier et al., 2012,
2013).Unfortunately, it is not always clear from which horizon the
artifacts and bones originated. According to Dupont's unpublished
notes, a skull and two lower jaws from large canids were found in a
side gallery close to the entrance of the cave; they are from three
different individuals. The skull, with an age of about 32,000 BP, was
identified as being from a Paleolithic dog (Germonpr�e et al., 2012,
2013). One of the jaws (2860-2) has an AMS age of c. 25,000 BP
(Germonpr�e et al., 2009, Table 2). On the basis of its mt-DNA
haplotype, it was shown that this animal belongs to an extinct
population of Canis lupus (Thalmann et al., 2013). This jaw is
studied here.
stitute of Natural Sciences, Brussels; MZM, Moravian Museum, Anthropos Institute,
v; ULB, Universit�e libre de Bruxelles, Belgium; ZIN RAS, Zoological Institute of the
NM, Natural History Museum of Denmark, Copenhagen; NRM, Swedish Museum of

Reference n

Germonpr�e et al. (2009) 1
1

130
1
3
1
1

Germonpr�e et al. (2012) 1
139

BINS, NRM, NHM Germonpr�e et al. (2009, 2012) 43
HM 41

84

Germonpr�e et al. (2009) 1
Germonpr�e et al. (2012, 2013) 1
Germonpr�e et al. (2012) 1

3

Germonpr�e et al. (2012, 2013) 2
Birulya (1929) 1

3

Germonpr�e et al. (2009) 14
6

18
Losey et al. (2011, 2013) 1
Baxter (2007) 1

40

269

d scoring coefficients based on log10-transformed dimensions of the first and second
ber of misclassified cases and number of specimens in each reference group; for the

DFA3 DFA4a DFA4b

Canon 1 Canon 2 Canon 1 Canon 2 Canon 1 Canon 2

7.62 1.42 8.13 1.36 7.29 2.14
79.20 14.80 80.81 13.52 74.02 21.74
79.20 93.99 80.81 94.32 74.02 95.76

(continued on next page)
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Table 2 (continued )

DFA1 DFA2 DFA3 DFA4a DFA4b

Canon 1 Canon 2 Canon 1 Canon 2 Canon 1 Canon 2 Canon 1 Canon 2 Canon 1 Canon 2

P <10�4 <10�4 <10�4 <10�4 <10�4 <10�4 <10�4 <10�4 <10�4 <10�4

Wilks' Lambda 0.064 0.058 0.029 0.028 0.027
Scoring coefficients
TL (1) e e 24.2 21.09 20.26 �41.37 e e e e

LPcPa (3) e e 33.54 �46.47 e e e e e e

LPcC (4) 29.87 14.99 e e e e e e e e

ALp1m3 (8) e e e e e e 64.49 �40.44 54.06 �30.84
ALp2m3 (9) e e e e �1.67 �25.88 �6.43 �10.49 �26.17 0.84
ALm1m3 (10) e e e e 39.83 27.53 21.21 24.48 30.55 20.36
ALp1p4 (11) e e 20.14 �36.03 e e �5.22 �17.23 30.41 �28.39
ALp2p4 (12) 11.97 �21.81 �10.36 33.76 16.32 23.15 0.28 38.31 �16.83 36.29
CLm1 (13a) 28.42 �8.06 e e 2.88 �12.12 �9.23 �9.61 4.85 �10.96
CWm1 (13b) e e e e e e 13.47 �9.11 3.92 �5.70
GWcm (17) �8.03 1.34 e e e e e e e e

Hp2p3 (20) �24.04 26.40 �21.04 36.52 �20.58 38.72 �24.47 35.49 �27.64 33.63
Hm1m2 2.63 8.28 e e e e e e e e

Hp3p4 1.39 �4.33 e e e e e e e e

CWC e e e e e e 7.61 0.18 e e

CLC e e e e e e �7.16 2.52 e e

Number of specimens in reference group
fMtD 3 8 14 6 19
fMtW 0 11 13 9 20
AD 37 26 38 25 27
rNw 36 36 37 34 0
rSw 34 37 38 35 37

Number (%) misclassified 10 (9.1) 15 (12.7) 13 (9.3) 10 (9.2) 4 (3.9)
fMtW as rNw e 2 1 1 e

fMtW as rSw e 0 1 0 0
AD as fMtD 2 1 0 0 0
rNw as fMtD 2 1 1 1 e

rNw as fMtW e 4 4 3 e

rNw as rSw 1 1 0 1 e

rSw as fMtD 0 1 1 1 0
rSw as fMtW e 3 4 1 3
rSw as rNw 5 2 1 2 e

rSw as AD 0 0 0 0 1
Fossil unknown canids classified as
fMtD 10 7 1 6 9
fMtW 25 0 2 4 14
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2.3. Grands Malades, Belgium

The site of Grands Malades was situated on the left bank of the
river Meuse near the town of Namur (Fig. 1). Several bones of large
canids were discovered at the site, as were Mousterian artefacts
(Ulrix-Closset, 1975). One complete lower jaw is included in this
study.

2.4. Caverne Marie-Jeanne, Belgium

Caverne Marie-Jeanne is a cave site in the Belgian Ardennes,
located 25 m above the right bank of the F�eron, a small tributary of
the Meuse River (Fig. 1). The sediments of this cave are largely
composed of clay, silt, and sand that have been washed into the
cave along joints. Six strata containing faunal remains have been
recognized. AMS dates on lemming bones from these layers range
from 12,250 BP to >43,900 BP (Brace et al., 2012; Lagerholm et al.,
2014). Paleontological and archaeological objects, attributable to
theMousterian, recovered from the site suggest aWeichselian date,
largely pre-Aurignacian in age. The artifacts are too few to suggest a
significant prehistoric human occupation (Ballmann et al., 1980). A
complete mandible from a large canid is present, but its exact
provenance is unknown.

2.5. Mezin, the Ukraine

The Ukrainian Mezin site is located in the Russian Plain and
dates to the Epigravettian (Fig.1). It is well-known for its mammoth
Please cite this article in press as: Germonpr�e, M., et al., Large canids a
Quaternary International (2014), http://dx.doi.org/10.1016/j.quaint.2014.0
bone dwellings and rich worked ivory assemblage (Soffer, 1985;
Pidoplichko, 1998). The mammal assemblage is dominated by
mammoth, and the second represented group consists of large
canids (Pleistocene wolf and Paleolithic dog) (Pidoplichko, 1998;
Germonpr�e et al., 2009). One complete mandible from a large
canid is available for study.

2.6. Eliseevichi, Russia

The Epigravettian Eliseevich I site (Russian Plain) has an age of
around 13,900 BP (Fig. 1). Remains of at least eight mammoth-bone
complexes and largequantities ofworked ivorywereexcavated from
the site. Twoskulls of large canids fromEliseevichiwere identifiedas
being from Paleolithic dogs (Sablin and Khlopachev, 2002, 2003).
The most complete dog skull (447) was found in a hearth deposit,
near a concentration of mammoth skulls (Polikarpovich, 1968).
Three lower jaws from large canids are available from the site for
analysis.

2.7. Kostenki-1, Russia

Kostenki-1 is one of several Kostenki-Borshchevo sites located
on the west bank of the River Don near Voronezh on the Russian
Plain (Fig. 1). It lies on the second terrace above the river. Five
stratigraphic units are present. The upper layer is well known for its
complexes with hearths aligned along the major axis. It dates from
about 22,000 BP e 24,000 BP and its cultural industry can be
assigned to the Eastern Gravettian. The upper layer has yielded one
t the Gravettian P�redmostí site, the Czech Republic: The mandible,
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of the richest collections of figurative art in Europe (Klein, 1969;
Praslov and Roga�cev, 1982; Praslov, 1993; Holliday et al., 2007).
Mammoth dominates the faunal assemblage of the upper layer, and
the second best represented mammal group is the large canids
(Verestchagin and Kuzmina, 1977). One mandible of a large canid
from the upper level is available for study.

2.8. Kostenki-8, Russia

Kostenki-8 or Tel'manskaya is another Kostenki-Borshchevo
site, and it is located on the second terrace (Holliday et al., 2007)
(Fig. 1). There are two main Gravettian layers. The age of the upper
layer is about 22,000 BP, based on two radiocarbon dates on
mammoth bones. The artifact assemblage from the second layer
(Kostenki-8/II) is attributed to the early Gravettian (Sinitsyn, 2007).
Four radiocarbon dates are available: 23,020 ± 320 BP (OxA-7998)
on a burned human bone, 24,500 ± 450 BP (GIN-7999) on a horse
bone, 26,990 ± 180 BP (OxA-15807) on a rhinoceros tooth and
27,700 ± 750 BP (Grn-10509) on charcoal (Anikovich, 2005; Stuart
and Lister, 2012). The best represented mammal in the assemblage
from Kostenki-8/II is the hare, which constitutes 33% of the total
Number of Identified Specimens (NISP), and the large canids are the
second best represented group with 22%; mammoth has a fre-
quency of 7% (Verestchagin and Kuzmina, 1977). One left mandible
of a large canid was retrieved from this horizon (Fig. 2); it makes a
pair with the right maxilla from the same individual.

2.9. Kostenki-17, Russia

This site also belongs to the Kostenki-Borshchevo sites and it is
located on the second terrace (Fig. 1). Its cultural level II occurs
below a layer of volcanic ash, the Campanian Ignimbrite Y tephra,
which is dated by 40Ar/39Ar to ~38 ka (Holliday et al., 2007). In this
level, an early Upper Paleolithic artifact assemblage was found,
including bone points, awls, and some worked ivory (Praslov and
Roga�cev, 1982). The fauna is dominated by wolf remains (Sablin,
2007), and the second most common taxon is horse (Verestchagin
and Kuzmina, 1977). A large canid cranium (ZIN RAS 36233) from
this level was identified as from a Pleistocene wolf (Germonpr�e
et al., 2012) and in direct association with it was a single
mandible. One moremandible of a large canid also is present and is
analyzed here.

3. Material and methods

3.1. Mandible

Table 1 summarizes the canid mandible analysed in this study.
The mandible from P�redmostí have a NISP of 130 (56 left and 70
right hemi-mandible, 4 more or less complete mandible), corre-
sponding to a Minimum Number of Individuals (MNI) of 120,
including 12 juvenile individuals. The MNI for the postcranial ma-
terial is 106 (Germonpr�e, unpublished data). A broken mandible
Fig. 2. Lateral view of the Kostenki-8 mandible, assigned in DFA4a to fossil Morpho-
type D and identified subsequently as Paleolithic dog (see results), CLm1(13a):
29.30 mm; for abbreviations: see text.

Please cite this article in press as: Germonpr�e, M., et al., Large canids a
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(97-583-C-1891) from a rather small animal has a carnassial that is
conspicuously small (crown length: 21.5 mm). Its AMS date
(2759 ± 37 BP, ETH-52774) revealed that it does not belong to the
Paleolithic assemblage but dates from the Holocene. Therefore, it
was not included in this study. There are two more mandible from
large canids in the collection, but they possibly are from dholes and
will be described in a future paper. Pleistocene dholes have been
reported from the Czech Republic (Skutil and Stehlík, 1932; Stehlík,
1944), but not from P�redmostí (Musil, 2008). The canid mandible
from the other sites studied here are all from adult animals,
showing at least slight wear of the dentition. These mandible are
compared with wolf-like and dog-like canids, including recent grey
wolves, and recent and prehistoric dogs. All reference groups
contain only adults with completely erupted teeth, showing at least
slight wear. Two groups of recent grey wolves are used. The first
group of recent wolves is composed of Palaearctic wolves from
Belgium, Sweden and Russia, including different populations from
the Russian Plain to Kamchatka, dating from the 19th and 20th
century (Table 1). This group is referred to here as the recent
“Northern”wolf group (rNw). The second reference group of recent
grey wolves is termed the recent “Southern” wolf group, and in-
cludes specimens from China, Afghanistan, Pakistan, Northern In-
dia, Jordan, Kuwait and Arabia. The lower jaws of these wolves
often present a backwards curved coronoid apex (Olsen and Olsen,
1977; Hemmer, 1990; Crockford, 2000), a condition that is not
regularly present in the northern Eurasian wolves, which normally
have coronoid processes with straight posterior margins (Olsen and
Olsen, 1977; Hemmer, 1990; see also below). The identification of
these wolf-like canids is based on the museum labels attached to
each specimen. However, the information on the tags is sometimes
very limited and can occasionally even be incorrect (see below). All
the Pleistocene sites are situated in the actual geographical range of
the recent “Northern” wolves, well outside the range of the recent
“Southern” wolves.

The Archaic dog group (AD) is composed of specimens from
Siberia, Sakhalin Island, and Greenland, all dating from the 19th and
20th centuries, and two prehistoric dogs dating from the Holocene:
a Siberian dog from Shamanka (Fig. 3), with an AMS age of about
6400 BP (Loseyet al., 2011, 2013) and an English dog found at a ritual
site near Cambridge dating from the Bronze Age (Baxter, 2007).
Except for the prehistoric dogs, the identification of the modern
dog-like canid is based on the museum label attached to each
specimen.

In addition to these canid groups, the comparative sample
consists of two further reference groups composed of specimens
from two fossil morphotypes: fossil Morphotype D (fMtD) and
fossil Morphotype W (fMtW). Fossil Morphotype D contains
initially two P�redmostí jaws (P�redmostí (-), P�redmostí-3) (Fig. 4)
that are from skulls described as Paleolithic dog (Germonpr�e et al.,
2012, 2013) and one jaw from Verholenskaya Gora (Fig. 5), a site on
Fig. 3. Lateral view of the Shamanka dog mandible (Losey et al., 2011, 2013), first pre-
molar missing, TL (1): 158.78 mm, CLm1(13a): 21.40 mm; for abbreviations: see text.
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Fig. 6. Lateral view of the Trou des Nutons wolf mandible, its skull was described as
from a Pleistocene wolf (Germonpr�e et al., 2009),TL(1): 197.27 mm, CLm1(13a):
30.71 mm; for abbreviations: see text.

Fig. 4. Lateral view of the P�redmostí 3 mandible, its skull was described as from a
Paleolithic dog (Germonpr�e et al., 2012), TL(1): 170.50 mm, CLm1(13a): 29.00 mm; for
abbreviations: see text.
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the Angara River in Eastern Siberia, Russia. The canid material from
this latter site has been described by Birulya (1929) as being from a
dog. An AMS date on a charcoal fragment from the archaeological
layer that contained this specimen has an age of 12,570 ± 180 BP
(Dolukhanov et al., 2002). Fossil Morphotype W contains initially
three jaws: one from P�redmostí, one from Trou des Nutons (Fig. 6),
a Belgian cave site (Germonpr�e et al., 2009), and one fromKostenki-
17. These three mandible are from skulls described as Pleistocene
wolves (Germonpr�e et al., 2012). The Trou des Nutons canid belongs
to same extinct mitochondrial DNA lineage of C. lupus as the Goyet
2860-2 canid (Thalmann et al., 2013). Details of all reference groups
can be found in Table 1.

In addition to these large canid mandible from Upper Paleolithic
sites, the mandible of the Pleistocene incipient dog from Razboi-
nichya cave in the Altai is included as an unknown specimen
(Ovodov et al., 2011). Razboinichya cave lies close to the zone of
overlap of the ranges of our recent “Northern” and “Southern”wolf
groups.

3.2. Data analysis

3.2.1. Multivariate analyses
The measurements, expressed in mm, were taken according to

von den Driesch (1976). The following variables were retained: TL
(1): the total length from condyle processe Infradentale; LPcPa (3):
the length from the indentation between the condyle process and
the angular process e Infradentale; LPcC (4): the length from the
condyle process e border of the canine alveolus; ALp1m3 (8): the
length of the teeth row p1-m3,measured along the alveoli; ALp2m3
(9): the length of the teeth row p-m3, measured along the alveoli;
ALm1m3 (10): the length of the molar rowm1-m3, measured along
the alveoli; ALp1p4 (11): the length of the premolar row p1-p4,
measured along the alveoli; ALp2p4 (12): the length of the premolar
Fig. 5. Lateral view of the Verholenskaya dog mandible (Birulya, 1929): dentition with
closed alveolus of the fourth premolar, TL(1): 173 mm (estimated), CLm1(13a):
28.30 mm; for abbreviations: see text.
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row p2-p4, measured along the alveoli; CLm1 (13a): the length and
CWm1 (13b): the breadth of the carnassial; GWcm (17): the greatest
thickness of the mandible (below m1); Hp2p3 (20): the height of
themandible betweenp2 and p3. In addition to the von den Driesch
(1976) measurements, two measurements defined by Van
Valkenburgh and Koepfli (1993) were used: the height of the den-
tary between p3 and p4 (Hp3p4) and the height of the dentary
between m1 and m2 (Hm1m2). Furthermore, the crown length
(ClC) and the crownwidth (CWC) of the canines aremeasured at the
cementum-enamel junction. As such, eightmeasurements of length
are available: TL, LPcPa, LPcC, ALp1m3, ALp2m3, ALm1m3, ALp1p4,
ALp2p4; four dental measurements: CLm1, CWm1, ClC, CWC; three
measurements of height: Hp2p3, Hp3p4, Hm1m2 and one mea-
surement of width: GWcm. Note that Pokorný (1951) previously
described andmeasured a large number of the large canidmandible
from P�redmostí, but some locations of the measurements made in
that study are unclear. Correspondingly, we chose to exclusively use
the measurements taken in the current study.

Statistical analyses were done using JMP (version 11.0.0) and
significance was set at <0.01. Linear Discriminant Function Ana-
lyses (DFA) are applied to allocate the ungrouped specimens to one
of the known reference groups. DFA is explicitly a multiple-group
procedure, and assumes that the groups are known before anal-
ysis on the basis of extrinsic criteria and that all individuals are
members of one (and only one) of the known groups (Strauss,
2010). DFA allows one to study the difference between two or
more groups with respect to several variables simultaneously
(Klecka, 1980). It measures the distance from each point in the data
set to each group's multivariate mean (the centroid) and classifies
the point to the closest group. The distance measure used is the
Mahalanobis distance (JMP, 2002). The requirements that underlie
the linear DFA are that there should be two or more groups, with at
least two cases per group, that the number of discriminating vari-
ables is less than the total number of cases minus two, and that
there should be a multivariate normal distribution of the discrim-
inating variables and equal group covariances matrices (Klecka,
1980). However, the linear DFA is a rather robust technique that
can tolerate some deviation from these assumptions (Klecka, 1980;
Strauss, 2010). If the percentage of correct classifications is high and
Wilks' lambda is low, a violation of assumptions can be considered
acceptable (Klecka,1980). The lower the value ofWilks' lambda, the
lower the relative within-group variation and the higher the rela-
tive among-group variation (Klecka, 1980; Kovarovic et al., 2011).
The measurements on the reference groups were verified for their
distributional properties. The normal distribution of each variable,
measured and transformed, was checked using the ShapiroeWilks'
test. There was no reason to reject the null hypothesis that all
measurements had normal distributions. The homogeneity of
t the Gravettian P�redmostí site, the Czech Republic: The mandible,
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variance among the reference groups was determined using the
BrowneForsyth test.

Here, five DFAs are applied to five sets of log10-transformed
measurements and one DFA to one set shape ratios, one after the
other, each with different sets of measurements, so to include as
many broken and incomplete mandible as possible. Before using
the DFAs in sequence, we used several sets of the measurements
and a subset of reference groups, if the measurements used suffice
to separate these reference groups. Therefore, in a first step, wewill
randomly sample from the three reference groups (AD, rNW or
rSw) the number of individuals available in the fMtD or the fMtW
groups and make that our initial reference group size. The DFA is
then run with the unlabeled members of the reference groups as
unknowns. In a second step, we then add those unknowns with
high probabilities of belonging to that group and run it again. In a
third step, we will cross-validate all specimens from each of the
three reference groups. This permits verification if the measure-
ment set is adequate to obtain proper assignments and to validate
the identification of each specimen. Some of the museum speci-
mens were collected more than 100 years ago and often the in-
formation available on themuseum label is very limited. This sort of
analysis is done several times, each time randomly sampling a new
subgroup of wolves or dogs from the reference groups; if the as-
signments are good, then the method can be considered robust.
After the set of measurements and the specimens of the three
reference groups have been controlled, the unknown cases from
the Upper Paleolithic sites (Table 1) (on which these sets of mea-
surements could be taken) are added as ungrouped specimens in
order to assign them to one of the corrected reference groups. After
each DFA, a cross-validation control (leave-one-out) is done (cf.
Galeta et al., 2014), based on the discriminant scores the cases
receive through the calculation of probabilities, to control the two
fossil morphotypes. The specimens that in these cross-validations
are misclassified or are outliers are eliminated from their group.
The groups of the fossil Morphotype D and fossil MorphotypeWare
thus enlarged after each DFA with the unknown cases that after
cross-validation are assigned by the DFA to one of these two groups.

Both posterior and typicality probabilities are used for the
identification. The generalized distances (D) between the unknown
specimen and the centroid of each group are calculated. D2 has the
same properties as the chi-square statistic with p ( ¼ number of
discriminating variables) degrees of freedom. The distance is thus
measured in chi-square units. The posterior probabilities of group
membership are divided among the predefined groups so that their
sum must equal 1.00. A case is classified into the closest group
according to D2; it has the highest probability of belonging to the
closest group. An unknown case is therefore forced into belonging
to one of the predefined groups. The typicality probability takes
into account the fact that an unknown case can belong to a popu-
lation that is not covered by the reference groups. This probability is
based on the squared distances of each specimen to the group
centroids and expressed in chi-square units. These probabilities are
not divided among the groups so that their sum equals 1.00. The
typicality probability can help to evaluate whether a case is a
multivariate outlier with respect to a reference group (Albrecht,
1992; Kovarovic et al., 2011). Here, we add a prehistoric specimen
to a reference group when its posterior probability is � 0.80 (cf.
Galeta et al., 2014) and its typicality probability � 0.01. Typicality
probabilities <0.01 are regarded as indicating outliers (cf. Albrecht,
1992). After each DFA, the groups of fossil Morphotype D and fossil
Morphotype W are enlarged with the specimens that are assigned
by the DFA after cross-validation, on the base of their probabilities,
to one of these two morphotypes. If an unknown fossil specimen is
allocated to a another reference group than those two mentioned
above, it will be classified to the closest related dog-like or wolf-like
Please cite this article in press as: Germonpr�e, M., et al., Large canids a
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fossil group: for example if a mandible is assigned to the group of
the recent “Northern” wolves it will be added to fossil Morphotype
W. Based on the cranial measurements, it has been shown that the
specimens from fossil Morphotype W resemble in size and shape
the recent “Northern”wolves (Germonpr�e et al., 2009, 2012, 2013),
so we presume that the mandible of these two groups resemble
each other. The DFAs (DFA1, 2, 3, 4a, 4b) used are based on log10-
transformed dimensions permitting size to be taken into account.
Finally, DFA 5 is carried out on size-adjusted variables. The use of
size-adjusted data may allow the identification of differently sized
individuals that have the same shape (Jungers et al., 1995).

The set of measurements of the first DFA (DFA1) is delimited by
the available measurements for the three mandible of the initial
fossil Morphotype D group. These are: LPcC, ALp2p4, CLm1, GWcm,
Hp2p3, Hm1m2 and Hp3p4. First, to support the use of this DFA,
this set of measurements will be tested three times (tDFA1): once
with three cases of Archaic dogs, once with three cases of recent
“Northern” wolves and once with three cases of recent “Southern”
wolves. Then, the first DFA (DFA1) is run with four corrected
reference groups: recent “Northern” wolves, recent “Southern”
wolves, Archaic dogs and fossil Morphotype D canids to classify the
unknown fossil cases; the three mandible from fossil Morphotype
W that have been identified based on their skulls are added as
unknown test cases.

The set of measurements of the second DFA (DFA2) is selected to
include complete jaws with missing or broken teeth. This set is
composed of following measurements: TL, LpcPa, ALp1p4, ALp2p4,
Hp2p3. First to control this DFA, it is run with three reference
groups with eight cases of Archaic dogs and eight cases of recent
“Southern” wolves (tDFA2). Then DFA2 is run with five reference
groups: Recent “Northern”wolves, Recent “Southern”wolves, fossil
MorphotypeW, Archaic dogs and fossil Morphotype D to assign the
unknown fossil cases.

The set of measurements of the third DFA (DFA3) permits anal-
ysis of complete jaws with an absent or obliterated alveolus of the
first premolar. The following measurements are used: TL, ALp2m3,
ALm1m3, ALp2p4, CLm1, Hp2p3. The control DFA (tDFA3) is tested
with 12 cases in each of the three reference groups. DFA3 is then run
with the unknown cases and includes five reference groups.

The set of measurements of the fourth DFA (DFA4a) allows
incorporation of less complete mandible. The following measure-
ments are used: ALp1m3, ALp2m3, ALm1m3, ALp1p4, ALp2p4,
CLm1, CWm1, Hp2p3, CWC, CLC. First, to validate this set of mea-
surements a test DFA (tDFA4a), based on three reference groups
with each 6 cases, is run. DFA4a is then run with five reference
groups to classify the unknown fossil cases.

The set of measurements of the next DFA (DFA4b) is similar to
the one of DFA4a except that it does not include the canine crown
length and width so that incomplete jaws without canines can be
studied.

Finally, a last DFA (DFA5) is run that is based on size-adjusted
variables. Here, the Hp2p3 relative to the measurements of DFA4a
are used.

3.2.2. Univariate analyses
The ANOVAs of the fossil and recent groups were calculated on

the raw and the size-adjusted measurements. The results of the
measurements of the fossil groups were also verified for their
distributional properties. The normal distribution of each variable
was checked using the ShapiroeWilks' test. The homogeneity of
variance among the reference groups was determined using the
BrowneForsyth test. When both normal distribution and homo-
geneity of variance were present, one-way ANOVA was used. The
separate ANOVAs are given to verify which of the variables show
the largest difference between the groups.
t the Gravettian P�redmostí site, the Czech Republic: The mandible,
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Table 3
Discriminant Function Analysis 5 (DFA5): Eigenvalues and scoring coefficients based
on size-adjusted dimensions of the first and second canonical functions, Wilk's
Lambda, number of cases assigned to a reference group, number of misclassified
cases and number of specimens in each reference group; for the abbreviations see
text.

DFA5

Canon 1 Canon 2

Eigenvalue 1.84 0.52
% Explained 64.80 18.19
% Cumulative 64.80 82.99

P <10�4 <10�4

Wilks' Lambda 0.151
Scoring coefficients
ALp1m3/Hp2p3 7.50 5.87
ALp2m3/Hp2p3 0.38 �1.35
ALm1m3/Hp2p3 �6.67 �10.26
ALp1p4/Hp2p3 1.41 �8.83
ALp2p4/Hp2p3 �7.94 2.92
CLm1/Hp2p3 0.64 �3.54
CWm1/Hp2p3 15.70 2.11
CWC/Hp2p3 7.94 17.40
CLC/Hp2p3 2.94 24.62

Number of specimens in reference group
fMtD 12
fMtW 12
AD 25
rNw 34
rSw 35

Number (%) misclassified 31 (26.3)
fMtW as AD 1
fMtW as rNw 1
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3.2.3. Osteomorphological examination
The mandible were examined for the presence of premolar

crowding, a visible diastema between the p2 and the p3, missing
first premolars and third molars, the shape of the coronoid process,
and the presence or absence of cut marks. Crowding of the pre-
molars is recorded when an overlap exists between the position of
two teeth, which was most often observed with the p2 and p3. The
diastema between the p2 and p3 is not measured, but only visually
inspected and noted when it is larger than the gaps between p1 and
p2, and/or p3 and p4. Congenitally absent teeth and/or lost (pre)
molars with subsequent alveolar obliteration by bony overgrowth
are counted. However, it is not always possible to conclude if the
(pre)molar is absent from dental agenesis or if the tooth was lost
antemortem (cf. Losey et al., 2014b).The shape of the coronoid
process is classified as: (i) straight caudal border (Fig. 6), (ii) a
backwards curved coronoid apex with a concave-convex caudal
border (Fig. 7).

Furthermore, the body masses of all specimens are calculated
with the regression equations given in Losey et al. (2014a). Three
types of regression equations are available; one for recent dogs, one
for recent wolves and one for large canids, which is based on a
combined data set of recent wolves and dogs, all of known body
mass at death. These regression equations are calculated on TL (1).
For the Archaic dog group we use the equation for recent dogs
(logBM ¼ 3.046 * logTL � 5.259). For the recent wolves and speci-
mens from fossil Morphotype W, we use the equation for recent
wolves (logBM ¼ 2.945 * logTL � 5.104). For the specimens from
fossil Morphotype D, we use the equation for the combined data set
of dogs and wolves (logBM ¼ 2.840 * logTL � 4.859).These latter
canids can be expected to have body proportions intermediate
between those of wolves and recent dogs (Losey et al., 2014a). If
the mandible are not complete enough, the body mass is calculated
on base of the LPcC (4). For the Archaic dogs following equation is
used: (logBM ¼ 2.474 * logLPcC � 3.835). For the other groups
the equation for the combined wolf-dog set is used
(logBM ¼ 2.945 * logLPcC � 5.104).

The occurrence of other pathologic features of the jaw and the
dentition, the presence of broken teeth, the age at death of the
individuals and the osteometric and other characteristics of the
isolated canines are not dealt with here, but will be the subject of a
forthcoming paper.

4. Results

4.1. Multivariate analyses

In total, six DFAs are used each with a different set of mea-
surements in order to include as many incomplete jaws as possible.
The variables used, Wilk's lambda, the first two eigenvalues, the
Fig. 7. Lateral view of P�redmostí mandible 97-584-B-19 with skull fragment attached,
assigned in DFA3 to fossil Morphotype D and identified subsequently as Paleolithic dog
(see results), first premolar missing, TL(1): 174.00 mm, CLm1(13a): 28.50 mm, crown
length of upper carnassial: 24.80 mm; for abbreviations: see text.
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cumulative percentage of the first two axes, the set of measure-
ments, the scoring coefficients, the number and percentage of
misclassified cases, the number of specimens available for each
reference group and the number of specimens assigned to the
group of fossil Morphotype D or fossil Morphotype W can be found
in Tables 2, 3. For the five DFAs based on log10-transformed di-
mensions, Wilk's lambda is very low (l < 0.065, P < 0.0001)
denoting high discrimination between the groups (Table 2). These
DFAs have a high rate of correct classification (>87%), suggesting
that there are few errors in prediction (Table 2). After each DFA, the
unknown cases that after cross-validation could be classified as
fossil Morphotype D or fossil Morphotype W were added to these
reference groups. In all DFAs based on log-10 transformed di-
mensions, all specimens from Morphotype D are correctly classi-
fied. In these DFAs, all specimens fromMorphotypeWare correctly
classified or are classified as recent “Northern” wolf; only in one
DFA is one specimen classified as a recent “Southern”wolf (Table 2).
In DFA5 based on the size-adjusted variables, Wilk's lambda is
somewhat higher (l ¼ 0.151, P < 0.0001) and the rate of correct
classification is lower (73.7%) (Table 3).
AD as fMtD 5
AD as fMtW 2
AD as rNw 1
rNw as fMtW 2
rNw as AD 2
rNw as rSw 7
rSw as fMtD 1
rSw as FMtW 3
rSw as rNw 4
rSw as AD 2

Fossil unknown canids classified as
fMtD 0
fMtW 0
In order to verify if it is possible to use only three cases to
distinguish reference groups from each other, the DFA (tDFA1) with
the first set of measurements is tested three times with three
reference groups (AD, rNw, rSw) and each time one reference group
t the Gravettian P�redmostí site, the Czech Republic: The mandible,
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Fig. 9. Lateral view of the 97-583-B (3) mandible, assigned in DFA1 to fossil Mor-
photype D and identified subsequently as Paleolithic dog (see results), TL(1):
196.42 mm, CLm1(13a): 30.08 mm; for abbreviations: see text.
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contains three cases (Supplementary Table 1, Supplementary
Fig. 1e3). For these three trials, Wilks' lambda is small (<0.210)
and the centroids of the three groups are very well separated. All
wolf-like and dog-like canids are correctly assigned except a few
specimens. After cross-validation, four of these continue to be
assigned to another reference group. This is done several times
with different subgroups of assigned cases (not shown). Each time,
the group centroids are very well separate and the results are
similar. This implies that the set of measurements used to separate
these three reference groups is adequate, even with a limited
number of specimens in one reference group. The same four
specimens that aremisclassified in these trials are not used in DFA1,
but are added as test cases. DFA1 is then run with four reference
groups (AD, fMtD, rNw, rSw) (Fig. 8, Table 2). All group centroids are
well separated and the ranges of the AD and fMtD do not overlap
with those of the wolf-like canids (rNw and rSw); the ranges of the
two wolf-like canids, however, present a small overlap. The first
axis (85.7%) separates the centroid of the Archaic dogs from those
of the other canids; the centroid of fossil Morphotype D is well
separated from the centroid of the recent “Northern” wolves. The
first axis is positively dominated by the mandible length (LPcC) and
the crown length of the carnassial (CLm1), and negatively by the
height of the mandible (Hp2p3). The second axis (13.5%) accounts
for a smaller portion of the total variance. It clearly separates the
centroid of the fossil Morphotype D from the centroid of the recent
“Southern” wolves. The second axis is dominated positively by
height of the mandible (Hp2p3) and negatively by the length of the
premolar row p2ep4 (ALp2p4). The probabilities of the fossil un-
known specimens (Supplementary Table 2) permitted us to allocate
11 P�redmostí mandible to fossil Morphotype D (Fig. 9), and
19 P�redmostí mandible (Figs. 10 and 11), three mandible from
Belgium (Fig. 6) and three from the Russian Plain to the recent
“Northern”wolves. In total, 10 specimens are misclassified, of these
seven recent “Northern”wolves assigned to the group of the recent
“Southern” wolves or vice versa; four specimens (2rNw, 2 AD) are
assigned to fossil Morphotype D. The three test cases from Trou des
Nutons, P�redmostí (P�red 1) and Kostenki-17 are assigned to the
group of the recent “Northern”wolves (Supplementary Table 2). All
fossil specimens allocated to the recent “Northern” wolves are
subsequently classified with the fossil Morphotype W group.
Fig. 8. Discriminant Function Analysis 1 based on log10-transformed dimensions
showing the first two discriminant functions; AD: Archaic dogs, fMtD: fossil Mor-
photype D, fMtW: fossil Morphotype W, rNw: recent “Northern” wolves, rSw: recent
“Southern” wolves.
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First, the second set of measurements is tested with three
reference groups of which two contain only eight cases
(Supplementary Fig. 4, Supplementary Table 3). This test DFA
(tDFA2) separates very well the centroids of these three reference
groups, and Wilks' Lambda is small (0.077), indicating that the
groups are well discriminated even when only eight cases are used
in two of the three reference groups. Most of the test cases from
each reference group are correctly assigned except three speci-
mens, those are added in the second DFA (DFA2) as test cases. This
analysis is done several times (not shown) and the results are
comparable, so this set of measurements is adequate to distinguish
these reference groups also with a small number of cases in some
reference groups. DFA2 includes five reference groups (AD, fMtD,
fMtW, rNw, rSw), and the smallest group (fMtD) contains eight
specimens (Fig. 12, Table 2). In DFA2, the group centroids and the
ranges of the reference groups are well separated except for those
of the recent “Northern”wolves and fossil Morphotype W. The first
axis (73.9%) separates the centroid of the Archaic dogs from the
centroids of the other canids, and the centroid of fossil Morphotype
D from those of the recent “Northern” wolves and fossil Morpho-
type W. These separations are largely due to the length from the
indentation between the condyle process and the angular process
to the infradentale (LPcPa) and the total length of themandible (TL).
The second axis (20.7%) clearly separates fossil Morphotype D from
the recent “Southern” wolves. The most important variables here
are: the length from the indentation between the condyle process
and the angular process to the infradentale (LPcPa) and the height
of the mandible between p2 and p3 (Hp2p3). The probabilities of
the unknown specimens (Supplementary Table 4) permitted seven
P�redmostí mandible (Fig. 13) and one from Eliseevichi to be
assigned to fossil Morphotype D. Furthermore, this set includes the
Razboinichya canid (Ovodov et al., 2011). It is allocated to the group
Fig. 10. Lateral view of the 98-585-A P�redmostí 1924 mandible, assigned in DFA1 to
fossil Morphotype W and identified subsequently as Pleistocene wolf (see results),
TL(1): 191.70 mm, CLm1(13a): 28.40 mm; for abbreviations: see text.
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Fig. 11. Lateral view of the 97-583-C-P�redmostí 7 mandible, assigned in DFA1 to fossil
Morphotype W and identified subsequently as Pleistocene wolf (see results), TL(1):
176.28 mm; CLm1(13a): 28 mm (estimated) for abbreviations: see text. Fig. 13. Lateral view of the 97-583-B-P�redmostí 12 mandible, assigned in DFA2 to fossil

Morphotype D and identified subsequently as Paleolithic dog (see results), TL(1):
186.00, CLm1(13a):30.18 mm; for abbreviations: see text.
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of the recent “Southern”wolves with a posterior probability of 0.94
and a typicality probability of 0.32 (Supplementary Table 4). In
total, 13 specimens are misclassified. The mandible 97-584-F-99
from P�redmostí is after cross-validation removed from the group of
fossil Morphotype W.

The third set of measurements is tested with three reference
groups each containing 13 cases. Also this DFA (tDFA3) distin-
guishes very well the centroids of the three reference groups, and
Wilks'Lambda is small (0.023), indicating that the groups are well
discriminated even with a limited number of cases in each group
(Supplementary Fig. 5, Supplementary Table 5). Similar results are
obtained with other subgroups of classified cases (not shown).
Most of the test cases from each reference group are correctly
assigned except four specimens, and they are used in the third DFA
(DFA3) as test cases. In DFA3 (Fig. 14, Table 2), the group centroids
arewell separated, except for those of the recent “Northern”wolves
and fossil Morphotype W that are near each other. The first axis
(79.2%) is positively dominated by the alveolar length of the molar
row m1-m3 (ALm1m3) and negatively dominated by the height of
the mandible between p2 and p3 (Hp2p3). The Archaic dogs are
clearly separated from the other canids. The second axis (14.8%)
separates fossil Morphotype D from the other canids; this separa-
tion is mainly due to the total length of the mandible (TL) and the
height of the mandible between p2 and p3 (Hp2p3). The proba-
bilities of the unknown specimens (Supplementary Table 6)
Fig. 12. Discriminant Function Analysis 2 based on log10-transformed dimensions
showing the first two discriminant functions; for abbreviations: see Fig. 8.
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permitted assignment of one P�redmostí mandible to fossil Mor-
photype D, and one P�redmostí mandible and one from Mezin to
fossil Morphotype W. Thirteen specimens are misclassified
(Table 2). The mandible from Grands Malades is after cross-
validation removed from the group of fossil Morphotype W.

First, the fourth set of measurements is tested with three
reference groups each including only six cases (Supplementary
Table 7, Supplementary Fig. 6). This DFA (tDFA4a) separates very
well the centroids of the three reference groups, andWilks'Lambda
is small (0.007), indicating that the groups are well discriminated
evenwith each reference group composed of only six cases. Most of
the test cases from each reference group are correctly assigned
except two specimens, which are added in DFA4a as unknown
cases. This analysis is run several times, each time with different
subsamples of assigned specimens and each time with comparable
results (not shown). DFA4a is based on five reference groups (AD,
fMtD, fMtW, rNw, rSw) (Fig. 15, Table 2, Supplementary Table 8).
Here, the group centroids of the reference groups are well sepa-
rated except for the centroids of the recent “Northern” wolves and
fossil Morphotype W that more or less fall together. The first axis
(80.8%) separates the centroid of the Archaic dogs from those of all
other canids and the centroid of fossil Morphotype D from those of
the recent “Northern” wolves and fossil Morphotype W. The most
important variables of this function are the length of the tooth row
p1-m3 (ALp1m3) and the height of the mandible between p2 and
p3 (Hp2p3). The second axis (13.5%) separates Morphotype D from
Fig. 14. Discriminant Function Analysis 3 based on log10-transformed dimensions
showing the first two discriminant functions; for abbreviations: see Fig. 8.
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Fig. 15. Discriminant Function Analysis 4a based on log10-transformed dimensions
showing the first two discriminant functions; for abbreviations: see Fig. 8.

M. Germonpr�e et al. / Quaternary International xxx (2014) 1e19 11
the recent “Southern” wolves. This axis is positively dominated by
the length of the premolar row p2ep4 (ALp2p4) and the height of
the mandible between p2 and p3 (Hp2p3), and negatively by the
length of the jugal teeth row p1-m3 (ALp1m3). The probabilities of
the unknown specimens allowed, after cross-validation, for five
mandible from P�redmostí and one from Kostenki-8 (Fig. 2) to be
assigned to fossil Morphotype D, and for three P�redmostí mandible
to be assigned to fossil Morphotype W. Ten specimens are
misclassified.

The next DFA (DFA4b) has the same set of measurements as
DFA4a except that the measurements of the canines are not
included, in order to classify mandible without canines. When this
DFA is run it has a high frequency of rNw specimens classified as
fMtW and vice versa, and many unknown fossil cases fall in be-
tween these two reference groups (not shown). Therefore, the
DFA4b is rerun with the recent “Northern” wolves added as un-
known cases. In this DFA (Fig. 16, Table 2, Supplementary Table 9),
the group centroids of the reference groups are well separated. The
Archaic dogs are separated along the first axis from all other canids.
The centroid of fossil Morphotype D is separated from that of fossil
Morphotype W. This first function (74.0%) is positively dominated
Fig. 16. Discriminant Function Analysis 4b based on log10-transformed dimensions
showing the first two discriminant functions; for abbreviations: see Fig. 8.
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by alveolar length of the jugal teeth row p1-m3 (ALp1m3) and
negatively by the height of the mandible between p2 and p3
(Hp2p3). The second axis (21.7%) separates fossil Morphotype D
from the recent “Southern” wolves. The most important variables
from this function are: the length of the premolar row p2ep4
(ALp2p4) and the height of the mandible between p2 and p3
(Hp2p3). Based on their probabilities, 22 unknown fossil specimens
were, after cross-validation, assigned to one of the reference
groups. Four specimens are misclassified. Most recent “Northern”
wolves are assigned to fossil MorphotypeW, five are assigned to the
recent “Southern” wolves and seven are assigned to fossil Mor-
photype D. These latter misclassified cases include the Swedish
wolves and one wolf from Jamal that in previous DFAs were also
assigned to fossil Morphotype D.

The next DFA (DFA5) (Fig. 17, Table 3, Supplementary Table 10)
includes five reference groups (AD, fMtD, fMtW, rNw, rSw) and is
based on size-adjusted measurements: an index based on Hp2p3. A
large number of specimens are misclassified, including 5 Archaic
dogs that are assigned to fossil Morphotype D (Table 3). The cen-
troids of all reference groups are rather well separated except for
those of the Archaic dog and fossil Morphotype D that are situated
close to each other. The ranges of these two groups largely overlap,
while the ranges of all wolf-like canid groups also overlap. The first
axis (64.8%) separates AD and fMtD from the wolf-like canids. This
function is dominated by the index of the carnassial width (CWm1/
Hp2p3), the index of the canine width (CWC/Hp2p3) and the index
of the alveolar tooth row p2ep4. The second axis (18.2%) separates
the centroid of the recent “Northern” wolves from those of the
other canids. The most important variables of this function are: the
index of the canine length (CLC/Hp2p3) and canine width (CWC/
Hp2p3). A few unknown specimens fall between groups and are not
assigned. Others that are the left or right hemi-mandible of iden-
tified specimens are not taken into account.

In total, 83 (NISP) fossil cases are classified after cross-validation.
It is important to note that fossil Morphotype D and fossil Mor-
photype W are clearly distinct. The centroid of Morphotype W is in
all DFAs situated very near the centroid of the recent “Northern”
wolves. Furthermore, in all DFAs the ranges of these two groups
largely overlap. In addition, one of the specimens from fossil Mor-
photype W (Trou des Nutons) belongs to an extinct maternal
Fig. 17. Discriminant Function Analysis 5 based on size-transformed dimensions
showing the first two discriminant functions; for abbreviations: see Fig. 8.
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lineage of C. lupus (Thalmann et al., 2013). Therefore, we consider
that the specimens from fossil Morphotype W can be described in
what follows as Pleistocene wolves. The centroid of the fossil
Morphotype D is in all DFAs clearly separated from the centroids of
all wolf-like canids. In all log10-transformed DFAs, the centroid of
fossil Morphotype D is situated on the first axis to the right of the
centroid of the Archaic dogs, suggesting the larger size of the
specimens from fossil Morphotype D compared to the dogs from
the Archaic dog group. However, in the size-adjusted DFA (DFA5),
the centroids of these two groups are situated near to each other
and their ranges largely overlap. Therefore, we propose that the
canids from fossil Morphotype D can be described in what follows
as Paleolithic dogs.

Based on the DFAs, the P�redmostí site yields 37 mandible of
Paleolithic dogs and 37 mandible of Pleistocene wolves. Three more
Paleolithic dog mandible also are available from Russian sites (Eli-
seevichi, Kostenki-8 and Verholenskaya). Another 5 mandible from
Pleistocene wolves are identified or confirmed from Belgium (Cav-
erneMarie-Jeanne,TroudesNutons), theUkraine (Mezin), andRussia
(Kostenki-1 and Kostenki-17). The list of the identified fossil canids
with their individual measurements is given in Supplementary
Table 11. The rest of the mandible cannot be attributed to a refer-
encegroupbecause theyare individuals thatwere tooyoung (12), the
specimens were too fragmented (30) or have probabilities that are
ambiguous (14) or indicate that they are outliers (1).
Table 4
Results of one-way analysis of all measurements. The mean and the standard deviation are listed under each group, n equals the number of specimens in each group,
comparison for all pairs using TukeyeKramer: all pairs that differ significantly for each measurement are given; for the abbreviations of the measurements see text, PD:
Paleolithic dogs, PlW: Pleistocene wolves, AD: Archaic dogs, rNw: recent “Northern” wolves, rSw: recent “Southern” wolves.

ANOVA F P Paleolithic dogs Pleistocene wolves Recent Northern
wolves

Archaic dogs TukeyeKramer

Measur. n Mean St dev n Mean St dev n Mean St dev n Mean St dev

Length
TL (1) 211.71 <0.0001 20 180.15 9.39 16 190.68 7.25 39 189.97 7.71 39 149.66 7.06 PD-PlW, PD-rNw, PD-AD, PlW-AD, rNw-AD
LPcPa (3) 209.28 <0.0001 20 172.88 9.24 13 181.96 6.52 39 181.24 6.75 38 143.91 6.81 PD-PlW, PD-rNw, PD-AD, PlW-AD, rNw-AD
LPcC (4) 188.59 <0.0001 25 158.55 9.97 25 169.42 7.16 39 166.32 7.25 39 130.87 6.61 PD-PlW, PD-rNw, PD-AD, PlW-AD, rNw-AD
ALp1m3 (8) 328.33 <0.0001 31 94.86 3.53 36 101.16 2.87 35 99.26 3.76 27 75.88 3.62 PD-PlW, PD-rNw, PD-AD, PlW-AD, rNw-AD
ALp2m3 (9) 384.50 <0.0001 34 88.75 3.44 40 94.76 3.15 37 92.22 3.50 39 71.60 3.85 PD-PlW, PD-rNw, PD-AD, PlW-rNw, PlW-AD,

rNw-AD
ALm1m3 (10) 271.13 <0.0001 33 45.77 1.97 37 47.39 2.18 38 46.74 1.87 39 36.44 1.78 PD-PlW, PD-AD, PlW-AD, rNw-AD
ALp1p4 (11) 210.29 <0.0001 33 50.58 2.55 38 55.34 1.82 36 53.38 2.79 27 40.99 2.34 PD-PlW, PD-rNw, PD-AD, PlW-rNw, PlW-AD,

rNw-AD
ALp2p4 (12) 216.45 <0.0001 36 44.71 2.98 40 48.74 1.91 38 46.33 2.21 38 36.28 2.31 PD-PlW, PD-AD, PlW-rNw, PlW-AD, rNw-AD
Dental
CLm1 (13a) 242.83 <0.0001 36 28.88 1.50 40 29.93 1.33 39 29.48 1.56 39 22.45 1.22 PD-PlW, PD-AD, PlW-AD
CWm1 (13b) 154.08 <0.0001 33 11.93 0.77 39 12.07 0.66 39 11.86 0.85 39 9.09 0.56 PD-Ad, PlW-AD, rNw-AD
CLC 83.98 <0.0001 16 13.22 0.85 19 14.05 1.15 38 14.71 1.16 36 10.88 0.93 PD-rNw, PD-AD, PlW-AD, rNw-AD
CWC 77.91 <0.0001 16 9.39 0.69 17 9.40 0.79 39 9.84 0.93 37 7.31 0.55 PD-AD, PlW-AD, rNW-AD
Height
Hp2p3 (20) 85.75 <0.0001 36 28.48 2.36 40 27.16 1.54 39 25.86 1.87 39 22.02 1.60 PD-rNw, PD-AD, PlW-Ad, rNw-AD
Hp3p4 56.84 <0.0001 36 29.38 2.77 39 29.29 1.80 38 27.51 2.76 38 23.29 1.81 PD-rNw, PD-AD, PlW-rNw, PlW-AD, rNw-AD
Hm1m2 59.33 <0.0001 34 33.69 2.80 40 33.51 2.15 38 32.23 2.99 39 26.84 2.38 PD-AD, PlW-AD, rNw-AD
Thickness
GWcm (17) 53.51 <0.0001 34 15.66 1.30 40 15.48 1.25 38 14.43 1.27 39 12.61 0.87 PD-rNw, PD-AD, PlW-rNw, PlW-AD, rNw-Ad
4.2. Univariate analyses

As we are especially interested in the relationships between the
Paleolithic dogs, Pleistocene wolves, Recent “Northern”wolves and
Archaic dogs, ANOVAs were performed on all raw measurements
for these four groups, including the TukeyeKramer HSD pair wise
comparisons (Table 4); if two hemi-mandible are present only the
measurements of the most complete one are included. We also add
the range and median of these four groups (Supplementary
Table 12). The values for the recent “Southern” wolves and the
unclassified P�redmostí canids are in Supplementary Table 13. The
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ANOVAs help to consider which of the variables have contributed to
the group differences. In total, eight measurements of length, four
dental measurements, three measurements of height and one
measurement of thickness were taken. The Paleolithic dogs differ
significantly from the Pleistocene wolves for all eight measure-
ments of length (Table 4). Furthermore, one dental measurement
differs significantly between the Palaeolithic dogs and the Pleisto-
cene wolves: the crown length of the lower carnassial. The means
of the Paleolithic dogs are for all these measurements shorter than
those of the Pleistocene wolves. In addition, the Palaeolithic dogs
differ significantly from the recent “Northern” wolves in six mea-
surements of length and in one dental measurement (CLC); the
means in the Paleolithic dogs are smaller than those of the recent
“Northern” wolves. In addition, the means of the Palaeolithic dogs
differ significantly from those of recent “Northern” wolves for two
measurements of height (Hp2p3, Hp3p4) and one measurement of
thickness (GWcm); these means of Palaeolithic dogs are larger than
those of the recent “Northern” wolves. The Pleistocene wolves
differ significantly from the recent “Northern” wolves in three
measurements of length (ALp2m3, ALp1p4, ALp2p4), one mea-
surement of height (Hp3p4) and one measurement of thickness
(GWcm); themeans of these measurement are larger in Pleistocene
wolves than in recent “Northern” wolves. The Archaic dogs are for
all measurements significantly smaller than the other three
groups.
The results of the ANOVAs on the five indexes of length and the
four dental indexes are shown in Table 5. The Palaeolithic dogs and
the Archaic dogs differ significantly from the Pleistocene and recent
“Northern” wolves in four indices of length (ALp1m3/Hp2p3,
ALm1m3/Hp2p2, ALp1p4/Hp2p3, ALp2p4/Hp2p4) and in two
dental indices (CLm1/Hp2p3, CWm1/Hp2p3). The means of these
indices are in the dog-like canids smaller than in the wolf-like ca-
nids. In addition, the mean of the Palaeolithic dogs differ in one
index of length (ALp2m3/Hp2p3) from the one of the Archaic dogs.
The relative canine crown length to the height of the mandible
(CLC/Hp2p3) differs significantly between Paleolithic dogs and
t the Gravettian P�redmostí site, the Czech Republic: The mandible,
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wolf-like canids, while the relative crown width (CWC/Hp2p3)
differs between the Paleolithic dogs and the recent “Northern”
wolves. The range and median of these four groups are given in
Supplementary Table 14. The values of the recent “Southern”
wolves and the unidentified specimens from P�redmostí are in
Supplementary Table 15.
Table 5
Results of one-way analysis of all the indexes. The mean and the standard deviation are listed under each group, n equals the number of specimens in each group, comparison
for all pairs using TukeyeKramer: all pairs that differ significantly for each measurement are given; for the abbreviations of the measurements see text, PD: Paleolithic dogs,
PlW: Pleistocene wolves, AD: Archaic dogs, rNw: recent “Northern” wolves, rSw: recent “Southern” wolves.

ANOVA F P Palaeolithic dogs Pleistocene wolves Recent northern
wolves

Archaic dogs TukeyeKramer

Index n Mean St dev n Mean St dev n Mean St dev n Mean St dev

Length
ALp1m3/Hp2p3 35.90 <0.0001 31 3.344 0.175 36 3.727 0.194 35 3.815 0.248 27 3.503 0.181 PD-PlW, PD-rNw, AD-PlW, AD-rNw
ALp2m3/Hp2p3 41.20 <0.0001 34 3.123 0.174 40 3.497 0.176 37 3.554 0.234 39 3.260 0.167 PD-PlW, PD-rNw, PD-AD, AD-PlW,

AD-rNw
ALm1m3/Hp2p3 28.81 <0.0001 33 1.608 0.097 37 1.752 0.084 38 1.808 0.111 39 1.661 0.106 PD-PlW, PD-rNw, AD-PlW, AD-rNw
ALp1p4/Hp2p3 35.44 <0.0001 33 1.786 0.106 38 2.041 0.130 36 2.060 0.154 27 1.892 0.105 PD-PlW, PD-rNw, AD-PlW, AD-rNw
ALp2p4/Hp2p3 36.39 <0.0001 36 1.575 0.094 40 1.799 0.113 38 1.792 0.139 38 1.650 0.095 PD-PlW, PD-rNw, AD-PlW, AD-rNw
Dental
CLm1/Hp2p3 31.34 <0.0001 36 1.018 0.069 40 1.104 0.057 39 1.144 0.073 39 1.024 0.073 PD-PlW, PD-rNw, AD-PlW, AD-rNw
CWm1/Hp2p3 31.33 <0.0001 33 0.418 0.021 39 0.446 0.025 39 0.460 0.027 39 0.414 0.024 PD-PlW, PD-rNw, AD-PlW, AD-rNw
CLC/Hp2p3 39.21 <0.0001 16 0.471 0.028 19 0.519 0.035 38 0.570 0.031 36 0.496 0.036 PD-PlW, PD-rNw, AD-rNw
CWC/Hp2p3 38.80 <0.0001 16 0.331 0.019 17 0.350 0.026 39 0.381 0.022 37 0.334 0.017 PD-rNw, AD-rNw, PlW-rNw
4.3. Osteomorphological examination

4.3.1. Tooth crowding
Tooth crowding of the premolars is present in 24 mandible

identified as Paleolithic dogs from P�redmostí (Fig. 18), Eliseevichi
and Kostenki-8 (Table 6). In total, 60% of the lower jaws from
Paleolithic dogs show this feature. None of the Pleistocene wolf
specimens displays crowded teeth. The Archaic dog group (7.7%)
has a higher frequency of tooth crowding than the recent wolf-like
canids (<6%).
Table 6
Overview of non-metric characteristics of the mandible for all groups; Paldogs:
Paleolithic dogs, Plwolves: Pleistocenewolves, recent “N”wolves: recent “Northern”
wolves, recent “S” wolves: recent “Southern” wolves.

NISP Tooth
crowding

Diastema Alveolus
closed/absent

n (%) n (%) p1: n (%) m3: n (%)

P�redmostí Paldogs 37 22 (59.5) 1 (2.7) 4 (10.8) 4 (10.8)
P�redmostí Plwolves 37 0 (0.0) 22 (59.5) 2 (5.4) 4 (10.8)
P�redmostí unclassified 44 9 (20.5) 9 (20.5) 3 (6.8) 5 (11.4)

Other Paldogs 3 2 0 0 1
Other Plwolves 5 0 1 0 0
Other unclassified 1 1 0 1 0

Total Paldogs 40 24 (60.0) 1 (2.5) 4 (10.0) 5 (12.5)
Total Plwolves 42 0 (0.0) 23 (54.8) 2 (4.8) 4 (9.5)
Total unclassified 45 10 (22.2) 9 (20.0) 4 (8.9) 5 (11.1)

Archaic dogs 39 3 (7.7) 6 (15.4) 14 (35.9) 2 (5.1)
Recent “N” wolves 39 2 (5.1) 19 (48.7) 2 (5.1) 1 (2.7)
Recent “S” wolves 38 2 (5.3) 18 (47.4) 2 (5.3) 0 (0.0)

Fig. 18. Occlusal view of the P�redmostí 3 mandible showing crowding of the pre-
molars, its skull was described as from a Paleolithic dog (Germonpr�e et al., 2012),
CLm1(13a): 29.00 mm; for abbreviations: see text.

Fig. 19. Lateral view of the recent “Northern” wolf Smolensk 26825 mandible, TL(1):
187.1 mm, CLm1(13a): 30.2 mm; for abbreviations: see text.
4.3.2. Diastema between p2 and p3
Visual inspection of the mandible indicates that only one

Palaeolithic dog presents a diastema. More than half of the Pleis-
tocene wolf specimens have a visual gap between the p2 and p3
(Figs. 6, 10 and 11), while ~48% of the recent wolf specimens
(Fig. 20), from both groups, display this feature (Table 6).
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4.3.3. Congenitally absent and/or missing (pre)molars with
obliterated alveoli

Four specimens of the Paleolithic dogs (Fig. 7) have a missing
first premolar with an absent alveolus (Table 6). Missing premolars
are much more frequent in the Archaic dog group (35.9%; Fig. 3). In
the Pleistocene wolf group (~5%), two P�redmostí individuals lack
the first premolar and its alveolus. Also in recent wolves, this
characteristic is rare (~5%). The third molar is missing in five lower
jaws from Paleolithic dogs (12.5%) and in four Pleistocene wolves
(9.5%). Five percent of the Archaic dogs have an obliterated m3
alveolus, while this feature is present in one recent “Northern”wolf
(~3%). None of the recent “Southern” wolves is missing its third
molar.
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4.3.4. Shape of the coronoid process
Thirteen mandible from the Paleolithic dog group have a com-

plete coronoid process (Table 7). Of these, seven (54%) have a
backwards curving coronoid apex (Figs. 4 and 7); this occurrence
rate is slightly lower than the frequency of this feature in Archaic
dogs (59%). Twelve jaws from the Pleistocene wolf group are
complete enough to inspect this feature. Of these, only two (17%)
have a concave-convex caudal border of the coronoid process. This
frequency is slightly higher than among the recent “Northern”
wolves; most of the latter wolves present a straight caudal border
(95%) (Fig. 19). In the recent “Southern” wolves in our data set, 58%
of the jaws have a backwards curving coronoid apex (Fig. 20).
Table 7
Overview of the shape of the coronoid process with the frequencies of a straight caudal border of the coronoid process or of a backwards curved coronoid apex with a concave-
convex caudal border of the coronoid process for all groups; Paldogs: Paleolithic dogs, Plwolves: Pleistocene wolves, recent “N” wolves: recent “Northern” wolves, recent “S”
wolves: recent “Southern” wolves.

NISP complete
apex

Straight caudal
border: n (%)

Turned back
apex: n (%)

Broken apex/incomplete
coronoid process

P�redmostí Paldogs 12 6 (50.0) 6 (50.0) 25
P�redmostí Plwolves 8 6 (75.0) 2 (25.0) 29
P�redmostí unclassified 3 3 0 41

Other Paldogs 1 0 1 1
Other Plwolves 4 4 0 0
Other unclassified 1 1 0 2

Total Paldogs 13 6 (46.2) 7 (53.8) 27
Total Plwolves 12 10 (83.3) 2 (16.7) 30
Total unclassified 4 4 (100.0) 0 41

Archaic dogs 39 16 (41.1) 23 (58.9)
Recent “N” wolves 39 37 (94.9) 2 (5.1)
Recent “S” wolves 38 16 (42.1) 22 (57.9)
4.3.5. Body mass
Table 8 lists the minimum, mean, maximum and standard de-

viation of the body mass for all groups on the basis of TL (1) and
LPcC (4) calculated with the regression equations from Losey et al.
(2014a). The Paleolithic dogs have a mean body mass of about
36e37 kg. The mean body mass of the Pleistocene wolves is about
42e44 kg, and the mean of the recent “Northern” wolves is
somewhat smaller (41e42 kg). The mean body mass of the Archaic
dogs is about 23e25 kg and that of the recent “Southern” wolves is
about 27e29 kg.
Table 8
Range, mean and standard deviation of the body mass for all groups, based on the
regression equations of Losey et al. (2014a).

n Min Mean Max St dev

Palaeolithic dogs
TL (1) Canis model 19 29.10 35.52 48.36 5.57
LPcC (4) Canis model 25 25.87 36.56 49.03 6.05
Pleistocene wolves
TL (1) wolf model 14 32.44 41.61 45.68 4.35
LPcC (4) Canis model 21 35.65 43.52 55.52 4.73
Recent “Northern” wolves
TL (1) wolf model 39 30.96 40.62 49.37 4.79
LPcC (4) Canis model 39 30.74 41.47 49.30 4.64
Archaic dogs
TL (1) dog model 39 16.94 23.41 31.03 3.33
LPcC (4) Canis model 39 18.64 25.35 31.55 3.14
Recent “Southern” wolves
TL (1) wolf model 38 15.94 26.84 38.13 4.78
LPcC (4) Canis model 38 17.91 29.15 45.26 5.48
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5. Discussion

In this study, we investigated whether two morphotypes can be
differentiated among the mandible of Pleistocene large canids from
several Upper Palaeolithic sites: one morphotype (fossil Morpho-
type D) characterised by a relatively short and massive jaw and one
morphotype (fossil Morphotype W) characterised by a relatively
long and slender jaw. For this, several linear Discriminant Function
Analyses (DFAs) were used, each with a different set of log-10
transformed measurements. These sets were first tested with only
three reference groups (AD, rNw, rSw) and after testing runwith five
(AD, rNw, rSw, fMtD, fMtW) or four reference groups (AD, rSw,
fMtD, fMtW). The use of several DFAs, based on log-10 transformed
measurements, distinguished these two fossil morphotypes and
allocated numerous unknown Pleistocene cases to one of these two
morphotypes. For all these DFAs, both the frequency of misclassified
specimens (<13%) and theWilk's lambda (<0.065) are very low. This
indicates that the measurements used in the DFAs can separate the
reference groups. In all DFAs, the centroids of the fossil Morphotype
W are very closely located to the centroids of the recent “Northern”
wolves and/or their ranges largely overlap. Furthermore, the
mt-DNA of one specimen of fossil MorphotypeW, from the Trou des
Nutons site, belongs to an extinct population of C. lupus. These
features allowed us to identify the canids from fossil MorphotypeW
as Pleistocene wolves (PlW). In all DFAs, the centroids of the fossil
Morphotype D are clearly separated from the centroids of the wolf-
like canids. In addition, in the size-adjusted DFA, the centroid of
Fig. 20. Lateral view of the recent “Southern” wolf Tibet 3145 mandible, TL(1):
167.40 mm, CLm1(13a): 26.50 mm; for abbreviations: see text.
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fossil Morphotype D falls near the centroid of the Archaic dogs and
the ranges of these two canid groups largely overlap; they are
clearly separated from the centroids of the wolf-like groups.
Therefore the canids assigned to fossil Morphotype D are here
identified as Paleolithic dogs (Paldog). The assignments of the fossil
canid mandible reveal or confirm, after cross-validation, the pres-
ence of Paleolithic dogs in two Gravettian European sites
(P�redmostí, Kostenki-8), an Epigravettian European site (Eli-
seevichi) and a Late Upper Palaeolithic Siberian site (Verho-
lenskaya). Mandible from Pleistocene wolves are present at
following sites: Trou des Nutons (Belgium), Caverne Marie-Jeanne
(Belgium), P�redmostí (the Czech Republic), Mezin (the Ukraine),
Kostenki I-1 (Russia) and Kostenki-17 (Russia). Their measurements
are given in Supplementary Table 11. The measurements published
for the Siberian Razboinichya canid (Ovodov et al., 2011) could be
used in one DFA. This canid that has been described as an incipient
dog by Ovodov et al. (2011) is in DFA2 assigned to the group of the
recent “Southern” wolves with high probabilities (Supplementary
Table 4). Unfortunately, we do not have any reference material of
southern wolves dating from the Pleistocene, so it is presently not
possible to conclude if the Razboinichya canid could resemble local
(southern) Pleistocene wolves. It is clear however, that this
mandible does not resemble the mandible of the Paleolithic dogs
analysed here. This was also the conclusion of DFAs based on its
skull (Germonpr�e et al., 2013).

In all DFAs, a few recent wolf mandible were misclassified as
Paleolithic dogs. In these DFAs, some recent “Northern”wolves recur
as Paleolithic dogs; these are a wolf from Jamal (18,751) and the
wolves from Sweden (NRM-20065236, NRM-20075186, NRM-
20115019). Interestingly, these recent Swedish wolves are speci-
mens from a highly inbred population. The Scandinavian wolf
population is founded by few individuals and has been reported to
have a very high inbreeding coefficient and affected juvenile survival
(Liberg et al., 2005). This population also exhibits different types of
congenital malformations that have been reported as hereditary in
dogs (R€aikk€onen et al., 2013). More specifically, the Swedish wolf
NRM 20115019 exhibited such a type of malformation. It was found
with cryptorchidism (Swedish National Veterinary Institute nec-
ropsy report V0093/11). This wolf moreover shows a mild form of
malocclusion (R€aikk€onen et al., 2013) as do the Swedish wolves
NRM 20065236 and NRM 20075186. The osteometric resemblance
between the Swedish wolf and Paleolithic dog mandible possibly is
due to the fact that inbreeding in contemporary wolves couldmimic
the strong selective pressure acting upon wolves during the early
phases of domestication. Unfortunately, not much information is
available for the Jamal wolf 18,751. Its jaw presents heavy wear and
some teeth are missing, and this could have had biased the mea-
surements taken. Furthermore, our analyses reveal that themuseum
labels of a few specimens used in the reference groups are most
probably not correct. For most sets of measurements, the identifi-
cation of each specimen from three reference groups (AD, rNw, rSw)
was tested. Four mandible were recurrently misclassified in several
DFAs: one canid from Greenland labelled as dog (Scoresby 3299; its
label states that it is a surface found) is assigned to one of the wolf
groups; three specimens from the recent “Southern” wolf group
(Kashmir 36.11.22.1, Aden 24.8.13.1, Kowait 39.896) are assigned to
the dog-like groups. They are not used in the DFAs run to classify the
unknown prehistoric cases and their measurements are not
included in the ANOVAs as they are most probably misidentified,
and could be hybrids or feral dogs.

The mean and standard deviation of the variables of the four
most important groups (AD, PalD, PlW, rNw) are given in Table 4.
ANOVAs were performed on all raw measurements for these four
groups, including the TukeyeKramer HSD pair wise comparisons.
All variables were tested by ANOVA to determine whether they can
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be used to differentiate Paleolithic dogs from thewolf groups in our
study. TukeyeKramer HSD pair wise comparisons indicate signifi-
cant differences between Paleolithic dogs and one or both twowolf
groups for all measurements of length, two measurements of
height, one measurement for thickness, for two dental measure-
ments (Table 4), and also for all indexes of length and all dental
indexes (Table 5).

A reduction in skull size, snout length and mandible length
relative to the wild population are generally agreed to be a first
indication of domestication (Lawrence, 1967; Olsen, 1985; Morey,
1992; Benecke, 1994; Clutton-Brock, 1995). Furthermore, accord-
ing to Lawrence (1967), early dogs had massive jaws that are deep
dorsoventrally and thick lateromedially. A clear size reduction of
Paleolithic dog skulls and snouts compared to Pleistocene wolves
has previously been observed (Germonpr�e et al., 2009, 2012, 2013).
For all measurements of length used here, the means of the
mandible of the Paleolithic dogs are significantly shorter than those
of the Pleistocene and/or recent “Northern” wolf groups (Table 4).
Nonetheless, a few specimens from P�redmostí identified as Paleo-
lithic dogs are as large as large Pleistocene wolves (Fig. 9,
Supplementary Table 11). Furthermore, in addition to having
shorter mandible, the Paleolithic dogs also have higher and thicker
jaws than the recent “Northern” wolves (Table 4). As a result, the
Paleolithic dogs have a more massive mandible compared to the
more elongated mandible of the wolves. This is especially clear
when comparing mandible of similar size, as shown for the
mandible of the Paleolithic dog P�redmostí 3 (Fig. 4) versus the
Pleistocene wolf 97-583-C-P�redmostí 7 (Fig. 11), both of which are
about 17 cm long, and the mandible of Paleolithic dog 97-583-B (3)
(Fig. 9) versus the Pleistocene wolf 98-585-A-P�redmostí 1924
(Fig.10), which are both ~ 19 cm long. Themean crown length of the
lower carnassial of the Paleolithic dogs is significantly smaller than
this mean of the Pleistocene wolves. The carnassial crown lengths
of the Paleolithic dogs range from 25.5mm to 31.9mm. Notably, the
carnassial crown lengths of the Magdalenian Bonn-Oberkassel dog
(25.8 mm) (Nobis, 1986) and of the late Upper Paleolithic Ust'-
Khaita dog (26.5 mm) (Losey et al., 2013) fall in the size range of the
Paleolithic dogs, but outside the ranges of the Pleistocene wolves
(28.0e32.6mm) and the recent “Northern”wolves (26.7e33.4mm)
(Supplementary Table 12). Themean crown length andwidth of the
carnassials from the Pleistocene wolves in our analyses are very
similar to the lengths and widths of those from French Pleniglacial
wolves (Boudadi-Maligne, 2012) and the Magdalenianwolves from
Kesslerloch (Napierala and Uerpmann, 2012), although the mean
crown length of the British Late Pleistocene wolves (Flower and
Schreve, 2014) are smaller. The Pleistocene wolves are very
similar to the recent “Northern” wolves for five measurements of
length, all dental measurements and two measurements of height
(Table 4). It is thus not surprising that in the DFAs some Pleistocene
wolvesmandible are attributed to the recent “Northern”wolf group
and vice versa. However, the Pleistocene wolves differ significantly
in three measurements of length (ALp2m3, ALp1p4, ALp2p4), one
measurement of height (Hp3p4) and one measurement of thick-
ness (GWcm) with the recent “Northern” wolves: the mean values
of all these measurements are larger in the Pleistocene wolves than
in the recent “Northern” wolves. The more important thickness of
the mandible below the first carnassial in Pleistocene wolves can
maybe be explained by a more durophagous diet in Pleistocene
wolves compared to recent wolves. Bicknevicius and Ruff (1991)
have shown that the mediolateral robustness of the mandibular
corpus in Canidae can be correlated with bone-crushing executed
by the molars. A more durophagus diet has also been proposed for
Pleistocene American wolves compared to recent American wolves
on the basis of the larger frequency of tooth fracture in the fossil
specimens (Van Valkenburgh, 2009). Interesting in this context is
t the Gravettian P�redmostí site, the Czech Republic: The mandible,
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that the diet of several Pleistocene wolves from P�redmostí con-
tained a large fraction of mammoth. The Paleolithic dogs' diet at
this site included significant amounts of reindeer and very little
mammoth (Bocherens et al., 2013, submitted). This is the reverse
trend of what has been suggested by several authors (e.g. Crockford
and Kuzmin, 2012; Fladerer, 2001) namely that the canids that
utilised the mammoth remains at Palaeolithic sites developed dog-
like features. The results of the stable isotope study (Bocherens
et al., submitted) indicate that the Pleistocene wolves, which are
the morphotype with elongated mandible and well-spaced pre-
molars, more regularly consumed mammoth meat than the
Palaeolithic dogs, which are the morphotype with a shorter muzzle
and crowded premolars. Our study thus suggests that the presence
of dog-like features in large canids is not related to the scavenging
of mammoth carcasses, at least at P�redmostí.

In addition to standardized measurements, size-adjusted vari-
ables also are used: five measurements of length versus the height
of the mandible between p2 and p3 and four dental measurements
versus the height of the mandible between p2 and p3. For most of
these indexes, the means of the Paleolithic dogs are very similar to
those of the Archaic dogs; the means of the five length indexes and
the two carnassial indexes of both dog-like canids (AD, Paldog)
differ significantly from those of the Pleistocene and recent
“Northern” wolves (Table 5). In DFA5, based on these size-adjusted
variables, the centroids of the Paleolithic dogs and the Archaic dogs
fall closely together and their ranges largely overlap. This un-
derlines the large similarity in shape between the Archaic dogs and
the Palaeolithic dogs and their divergence in shape from the wolf-
like canids.

Snout shortening leads often to crowded teeth, not only in early
dogs (Wolfgramm, 1894; Stockhaus, 1965; Lawrence, 1967; Morey,
1992; Clutton-Brock, 1995), but also in other early domestic
mammals (e.g. Krause-Kyora et al., 2013). Nevertheless, tooth
crowding occurs in low frequencies in wild and captive wolves
(Wolfgramm, 1894; Dolgov and Rossolimo, 1964; Lawrence, 1967;
Buchalczyk et al., 1981; Benecke, 1994; Andersone and Ozoliņ�s,
2000; this study: Table 6), and also in fossil canids (Germonpr�e
et al., 2012), and this pattern has been attributed by some to dog
introgression (Koler-Matznick, 2002). Even one canid skull dating
from the Lower Pleistocene presenting tooth crowding has been
reported (Boudadi-Maligne and Escarguel, 2014). However, in this
study, 60% of themandible of the Paleolithic dogs showoverlapping
premolars (Table 6) (Fig. 18). Benecke (1994, Table 2: 21%) similarly
found a high frequency of tooth crowding in the lower jaws of the
P�redmostí canids. This is in stark contrast with the situation in our
set of Pleistocene wolf mandible where tooth crowding is absent,
although tooth crowding does occur in low frequencies (<6%) in our
reference groups of Recent wolves (Table 6). The Archaic dog
reference group contains mandible that present tooth crowding,
but this feature is not as frequent here (7.7%) as for the Paleolithic
dogs (Table 6). Following the generally accepted opinion that tooth
crowding is typical for early dogs, and due to the fact that tooth
crowding in wild wolves is encountered more rarely, the presence
of tooth crowding observed in the P�redmostí material could sug-
gest, independently of the evidence based on the metrics, the
presence of early domestic dogs at this Gravettian site. This char-
acteristic has also been described for large canids from another
Gravettian site, namely at Dolní Vĕstonice (~100 km southwest of
P�redmostí), where about 15% of the lower jaws of the large canids
are characterised by tooth crowding (Benecke, 1994). The mandible
and maxilla of the Paleolithic dog from the Gravettian Kostenki-8
site exhibit crowding of the premolars.

About 14% of the Pleistocene wolves and 22.5% of the Paleolithic
dogs are missing a premolar or molar and the corresponding
alveolus. The most frequent absent tooth is the m3, followed by the
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p1 (Table 6). For these two teeth it is not always possible to
distinguish between a tooth loss ante-mortem with subsequent
alveolar remodelling or dental agenesis. Congentially absent first
premolars and third molars have been described in modern
northern dogs and wolves (Losey et al., 2014b and references
herein). In the Archaic dogs (36%), the frequency of absent first
premolars and alveoli is higher than in all wolf groups (<6%) and in
the Paleolithic dog group (10%), but also this latter group counts
more absent first premolars than the Pleistocene wolf group (5%).
The third molar is absent in 12.5% of the Palaeolithic dogs and in
9.5% of the Pleistocene wolves. In all Pleistocene canids combined,
the frequency of the loss of this molar amounts to 11%, whereas in
all recent canids combined, the frequency is much lower with 3%. In
the northern canids studied by Losey et al. (2014b, Table 3), such
frequencies are clearly lower than in the Pleistocene canids. It is
possible that the absence of the third molar is related to high
fracture rates leading to high rates of antemortem loss of this
molar; the high fracture rate could be linked to food competition
among the Pleistocene canids and/or the eating of durophagus food
(frozen meat, large bones) (Van Valkenburgh, 2009; Losey et al.,
2014b). Canine loss with an obliterated alveolus was not observed
in the mandible of the Paleolithic dogs, although one Paleolithic
dog cranium experienced antemortem loss of a canine at P�redmostí
(Germonpr�e et al., 2012). Vil�a et al. (1992) found no canine loss in a
large sample of recent Eurasian wolf mandible. The study of Losey
et al. (in press, Table 3) reports very low frequencies of mandibular
canine loss in modern northern wolves and dogs.

A visible diastema between the p2 and p3 can be distinguished
in at least 47% of the mandible of recent and Pleistocene wolves.
This feature is almost lacking in Paleolithic dogs and is present in a
low frequency (15%) in Archaic dogs (Table 6).

In the Archaic dog and Paleolithic dog groups, the turned-back
apex of the coronoid process is a regular morphological feature,
present in more than half of the specimens that have a complete
process (Table 7) (Figs. 3, 4 and 7). Many authors consider the
turned-back apex of the mandible an importantmorphological trait
of dogs (Krantz, 1959; Benecke, 1987; Crockford, 2000; Koler-
Matznick, 2002; Ovodov et al., 2011). Olsen and Olsen (1977)
relate this specific shape of the vertical ramus to a more omnivo-
rous diet. Also, recent “Southern” wolves (Fig. 20) show this char-
acteristic in a high frequency (58%) (Table 7). According to Koler-
Matznick (2002), southern wolves could have obtained this char-
acteristic through introgression with dogs. Interesting in this
context is that Freedman et al. (2014) have shown that a significant
amount of ancient admixture between Chinese wolves and dogs
and between Middle-Eastern wolves and dogs has occurred in the
past. The majority (>80%) of the mandible of the recent “Northern”
wolves and Pleistocene wolves in our study present a straight
caudal border of the vertical ramus (Table 7, Figs. 6 and 19).

On the basis of the regression equations from Losey et al.
(2014a), the body mass of the Paleolithic dogs and the Pleisto-
cene wolves were calculated (Table 8). The Paleolithic dogs had a
mean body mass of about 36e37 kg, the Pleistocene wolves of
about 41e44 kg. These means are slightly larger than the mean
body masses of the Paleolithic dogs (35 kg) and Pleistocene wolves
(44 kg) calculated with regression equations for the condylobasal
skull length proposed by Van Valkenburgh (1990) (Germonpr�e
et al., 2012). Although the Paleolithic dogs were sturdy animals,
they were clearly lighter than the Pleistocene and recent “North-
ern” wolves.

In contrast with the high frequency of indications of human
manipulation of the canid skulls at P�redmostí (Germonpr�e et al.,
2012), no cut marks were observed on the mandible. However,
three jaws from this site are associated with skulls that were
manipulated by Gravettian humans; two were identified as
t the Gravettian P�redmostí site, the Czech Republic: The mandible,
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Paleolithic dog (P�redmostí-3, P�redmostí (-)), one as Pleistocene
wolf (P�redmostí-1). The brain case of the later canid skull was
perforated (Germonpr�e et al., 2012: Fig. 5), as was the brain case of
skull P�redmostí-3 (Germonpr�e et al., 2012: Fig. 3); the skull,
including the mandible, of specimen P�redmostí (-) was discovered
with a fragment of a large bone inserted between its incisors
(Germonpr�e et al., 2012; Figs. 7 and 8). Germonpr�e et al. (2012)
proposed that the manipulations of these canids by the Gravet-
tian humans hint at a specific relationship between the prehistoric
humans and the large canids, including rituals that could be con-
nected with the sending of souls.

A large portion of the fossil specimens from P�redmostí and the
other sites remains unassigned because they are either from young
individuals or are too incomplete; others are outliers, or fall be-
tween groups. Hence, for the time being, these jaws are not allo-
cated to one of the reference groups. Whether the unclassified
mandible correspond to domesticated dogs, wild wolves, crosses
betweenwild and domestic canids, feral animals of domestic origin,
or captive wolves remains currently unclear.

A question that lingers for the P�redmostí canid assemblage is
the high frequency of Pleistocene wolves. The utility of Paleolithic
dogs was probably very diverse. Their large body size made them
capable of transporting portions of prey carcasses, fuel wood, lithics
etc. (Germonpr�e et al., 2012; Shipman, this volume). Furthermore,
they could have been used in hunting and tracking, for their fur and
meat, and in rituals; their body parts (teeth, claws, etc.) could have
been used as symbolic objects (Crabtree and Campana, 1987;
Clutton-Brock, 1995; Crockford, 2000; Germonpr�e, 2010;
Shipman, 2010; this volume; Germonpr�e et al., 2012). The utility of
wolves was probably more limited. The presence of all skeletal el-
ements of the large canids indicates that whole skeletons were
present at the site (Pokorný, 1951; Germonpr�e, unpublished data).
Also Ma�ska's diary regularly notes the discovery of complete skel-
etons of large canids (Ma�ska, 2008). This implies that whole canid
carcasses were deposited at the site. It has been shown, based on
the large frequency of perforated canid neurocrania, that the brain
of these canids was eaten, perhaps during rituals (Germonpr�e et al.,
2012). Unpublished data on the postcranial material of the
P�redmostí canids indicate the presence of a few cut marks, possibly
related to filleting (Germonpr�e, unpublished data).Therefore, we
propose on the basis of the information at hand that at least some
canids from P�redmostí were eaten, as part of rituals. Notably, in the
nearby Gravettian open-air site of Pavlov I (Czech Republic), a large
number of large canids is present (NISP of 6190 and MNI of 57)
(Wojtal et al., 2012). The sheer quantity of bones and the cut marks
on these remains indicates that these animals were important
components in the life of the Pavlov I people, including as a source
of food (Wojtal et al., 2012).

Recent genetic research on the single nucleotide poly-
morphisms in the genomes of modern dogs and wolves has sug-
gested that the domestication of the wolf most likely happened in
Europe or the Middle East (vonHoldt et al., 2010), in contrast to
previous research that place the center of origin in China
(Savolainen et al., 2002; Pang et al., 2009). However, it is now clear
that modern wolves are not the ancestors of the extant dogs, but
that the source population is an extinct wolf group (Freedman
et al., 2014). A new study of complete mtDNA genomes of prehis-
toric and recent dogs and Pleistocene and modernwolves indicates
that the domestication of the wolf began in Europe, between
18,800 and 32,100 years ago (Thalmann et al., 2013). Others have
proposed slightly different windows of time during which the
domestication of the wolf began. Wang et al. (2013) estimate that
the population divergence time is around 32,000 years ago. Ac-
cording to Freedman et al. (2014), dogs and wolves diverged about
15,000 years ago. These differences in time are related to the
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different mutation rates that have been used to calculate the
estimated time of split between dogs and wolves (Larson and
Bradley, 2014). Freedman et al. (2014) consider 9000 years e

34,000 years ago a credible interval for the divergence time, taking
into account several mammalian mutation rates. As proposed by
Larson and Burger (2013), the domestication of the wolf was
probably part of a culturally linked process across a large region, in
this case Europe. Thanks to its rich canid assemblage, the Gravet-
tian P�redmostí site is a key site for the study of the early domes-
tication of the wolf.
6. Conclusion

Detailed morphometric analyses of the mandible in canid as-
semblages from several Late Glacial and Pleniglacial sites differ-
entiated two sympatric morphotypes among the fossil material.
These fossil morphotypes can be described as Paleolithic dogs and
Pleistocene wolves based on the metric characteristics of the
mandible. Most of this fossil material originates from the Gravet-
tian P�redmostí site. We show here that Paleolithic dogs were
present in two Gravettian sites: at P�redmostí (the Czech Republic)
and Kostenki-8 (Russia). The occurrence of Paleolithic dog remains
at Eliseevichi and Verholenskaya, two Lateglacial Russian sites, has
been documented previously, but is here confirmed. The mandible
of the Paleolithic dogs are significantly shorter than those of the
wolves in eight measurements of length; in addition, the crown
length of the carnassial of the Paleolithic dogs is significantly
shorter than this length in Pleistocene wolves. Furthermore, the
Paleolithic dogs differ significantly from the Pleistocene wolves in
five indexes of length and two dental indexes. This means that the
mandible of the Paleolithic dogs are more massive compared to
the elongated mandible of the wolves. The mandible of the
Paleolithic dogs present a high frequency of crowded premolars
and of a hook-like extension of the caudal border of the coronoid
process.

We hope that our study can enrich the debate on the early
domestication processes of thewolf and that detailed examinations
of additional canid assemblages containingmandible will hopefully
identify more Paleolithic dogs in the future. We hope that the data
set provided here can then be used as a reference for that purpose.
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