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Chapter 6: Discussion and Conclusions

6.1. General conclusions

This thesis references papers that critically evaluate important historically-
accepted classical morphometric and morphological osteological features that
have been used to separate ancient dogs and ancient wolves. Our focus is those
features that have not been re-evaluated the last two years. As reported in detail
in the Introduction, an important driving factor for this work is that many
historic morphological studies that focused on wolf-dog differences have needed
thorough re-evaluation. Among those studies, a number of conclusions had been
made based on small numbers of specimens; use of only modern specimens;
exclusion of relevant data from older studies; and lack of critical evaluation of
“axiomatic precepts”. In result, many earlier species assignments of specimens
should be questioned. Fourteen generally-accepted traits have been re-
evaluated, and conclusions are discussed. Criteria annotated with an asterix *,

based on our research, no longer can be used to distinguish wolves and dogs.

1*, It has been accepted historically that the process of domestication introduced
a number of oral pathologies in dogs (Andersone and Ozolins, 2007; Benecke,
1994; Stockhaus, 1965; Vila et al.,, 1993; Wobeser, 1992; Wolfgramm, 1894).
However, our study shows that, among 60 wild wolves of two subspecies (1680
teeth), oral pathologies of wolves are neither fewer nor different than dogs
(Chapter 2). Thus, oral pathologies cannot be used to distinguish modern dogs

from modern wolves.

2*, The dorsal coronoid process of the vertical ramus of the mandible has been
considered “typical” for dogs and C. lupus chanco. On that basis, the Tibetan
wolf was proposed as the ancestor of dogs (Olsen and Olsen, 1977). Our study of
the skulls of 384 dogs and 60 wolves of 4 subspecies shows that this morphology
cannot be used to distinguish modern dogs and modern wolves, since 20% of

dogs and 80% of C. . chanco specimens have the turned-back morphology.



Additionally, specimens of C. I pallipes have the same morphological trait
(Chapter 3). Genomic research also revealed that C. L chanco is well-separated
from the wolf group that lies along the pathway to the origin of dogs (Sharma et
al,, 2004). These studies support that the original idea of Olsen and Olsen is not
correct (1977).

3. Orbital angle (0OA) can be used to distinguish dogs and wolves, but only to a
limited degree (Chapter 4). Angles above 60° clearly are recent dogs; angles
under 35° are wolves. Mean orbital angles differ between wolves and dogs, with
mean angle 42° in wolves and 55° in dogs. Neolithic dogs have mean angle 47°
(range 35°-50°), in the 28°-52¢ range of modern wolves. Only a few OA have been
reported from ancient wolves, and those are larger on average (44°) than
modern wolves (42°) (Aaris-Sgrensen, 1977). Thus, our results show that OA
enlarged from 42° to 44° in wolves, to 47° in Neolithic dogs, and up to 55° in
modern dogs.

Enlarged OA resulted from an enlarged orbital region, with lateralization of the
frontal process of the zygomatic arch in dogs (Schmitt and Wallace 2012).
Accompanying are: maxillary skull widening at M1 level and at the rostral region
of the orbita; rostral and upward movement of frontals (stop formation); and
widening of the orbital region (Drake et al. 2015). Interestingly, OA shows more
fluctuating asymmetry (difference between left and right side) in Neolithic dogs
than in modern dogs, with wolves being the most symmetrical. This agrees well
with the evolutionary development of the three groups, with the oldest stable
species being most symmetrical, and newly developing species having more

asymmetry (Neolithic dogs).

4. Carnassial size reduction was advocated as a wolf-dog distinguishing trait,
but comparative sample sizes were small. Based on our extensive literature
search, we conclude that maxillary P4 mesio-distal diameters above 22.5 mm
indicate Pleistocene wolves, while ancient dogs have diameters under 21.8 mm.
This landmark thus clearly differentiates ancient dogs and ancient wolves.
Mandibular mesio-distal M1 diameters under 22.5 mm clearly are Pleistocene

dogs, and those above 26.9 mm are Pleistocene wolves. This metric thus allows



for partial separation of ancient dogs and ancient wolves (Chapter 5, Tables 8
and 9).

5*. Micro-anatomy of the protocone in P4 cannot be used to assign specimens
as wolf or dog (ancient or modern). This was our conclusion from a study that
we conducted with modern Eurasian wolves, and from a literature search on

Pleistocene wolves (Chapter 5).

6*. Contact points of the skull on a horizontal plane, studied in more than 200
specimens, cannot be used to distinguish modern dogs and modern wolves. We
observed considerable species overlap, with about 50% of all skulls resting on

either canine teeth or M1 (Chapter 5).

7* We studied the caudal border of the hard palate in nearly 250 dog
specimens, and concluded that there is no general caudal shifting. Modern dogs
and modern wolves, and Neolithic dogs, overlap greatly, but there was no
significant difference between Neolithic dogs and modern wolves. Modern dogs
did differ significantly from modern wolves and Neolithic dogs, having more
rostrally positioned caudal palatine border in 80% of specimens. Among modern
dogs, the palatine trait depends heavily on breed. German shepherd dogs
express the trait at only 8% prevalence (Chapter 5). These results document
differences between ancient and modern dogs. This should be taken into account

when studying ancient dogs and wolves.

8*. Based on the literature, our own measurements, and conversion formulas, we
could measure snout indices in more than 500 ancient and modern wolves and
dogs. Our conclusions are that modern mesaticephalic dogs do not have
significantly shorter snout index than modern wolves. Pleistocene wolves and
ancient dogs did differ statistically (Chapter 5). This conclusion is of utmost
importance. We are not the first to report this lack of snout shortening. Two
earlier studies also made this observation (Morey, 1992, Wayne, 1986), although
their results seemingly are ignored (Sablin and Khlopachev, 2002, Germonpré et
al.,, 2009).



9. The Snout width index does differ in ancient wolf and ancient dog specimens,
with dogs having a relatively wider snout. Modern wolves and modern dogs have
narrower snouts than their ancient counterparts, suggesting a trend toward
refinement (Cieri et al., 2014)(Chapter 5). In general, there is a trend among
modern specimens to have narrower and shorter snouts, both in wolves and

dogs.

10*. Mean Snout height, measured in more than 100 specimens, did not differ
between ancient wolves and ancient dogs, but did differ between modern wolves
and modern dogs. Still, very small snout height ratio (< 0.16) can be assigned as
ancient dogs in only a few instances, thus limiting the utility of the trait (Chapter
5).

11. Mean Skull height, measured in more than 100 specimens, differs in ancient
wolf and ancient dog specimens (Chapter 5). Modern dogs and modern wolves
differ in both snout and skull height indices, indicating again that modern species
are separated from one another to a greater degree than ancient members of
each species. Skull height difference, larger OA, and wider snout, define dog
skulls and align with conclusions from GM studies (Drake et al., 2015, Schmitt

and Wallace 2012).

12. Smaller size and isometrically related reduced skull length historically
has been accepted as a very important trait to distinguish fossil wolves and
dogs (Benecke, 1994, Boudadi-Maligne, et al., 2012, Clutton-Brock, 1962,
Clutton-Brock, 2012, Dayan, 1994, Degerbgl, 1961b, Mertens, 1936, Napierala
and Uerpmann, 2012, Pluskowski, 2006, Riitimeyer, 1861, Wolfgram, 1894,
Zeuner, 1963). The theory of size reduction was not followed in studies of
Upper Pleistocene canids, in which very large specimens were defined as dogs
(Camaros et al., 2016, Germonpré et al.,, 2009, Germonpré et al.,, 2012,
Germonpré et al,, 2015, Germonpré et al., 2017, Pidoplichko et al., 2001, Sablin
& Khlopachev, 2002). We studied weight and skull length in 359 modern wolf

specimens of one sub-species (C.L pallipes), and results confirm the rapid



reduction of weight and skull length in an anthropogenic environment
(Zuckerman and Kuhlman, 2000). We hypothesize that size reduction in
ancient dogs is based on the concept of anthropomorphic island dwarfism,
founder effects, and selection, and we consider this reduction to be paramount

for documenting ancient dogs (Chapter 5).

13*. Mandibular mesio-distal diameters (horizontal ramus) and tooth row
lengths have been shown to differ among groups of Pleistocene canids. Based on
these differences, specimens were assigned as dogs or wolves (Germonpré et al,,
2015). We demonstrated the same subdivision in a group of 75 modern German
shepherd dog skulls from a small geographic area. Thus, it is improbable that

these metrics can be used to distinguish prehistoric wolves and dogs (Chapter 5).

14*. The enigma of proposed large Paleolithic dogs

Relatively recently, dog domestication has been proposed to have occurred
about 20,000 years prior to earlier assumptions (cfr. Goyet in Belgium (34
kya)(Germonpré, et al., 2009). Previous reports also had proposed that earlier
Paleolithic canid specimens were dogs, including the specimen from Mezhirich
(Mezhyrich) (c. 14.5 kya) (Pidoplichko et al., 2001, Pidoplichko, 1998) and two
from Eliseevichi (c. 17 kya) (Sablin and Khlopachev, 2002). More recently,
additional insipient or proto-dogs were reported (adding to a total of 11) ( Table
2 of chapter 1, introduction, including references). These assignments as
putative or proto-dogs were based mainly on: a caudally-oriented coronoid
process, size of the OA, shorter and wider snout, P4 medio-distal diameter less
than M1+M2, and shorter skull length (not size reduction).

Concerns about the methodology and conclusions of these studies have been
expressed (Boudadi-Maligne and Escarguel, 2014, Crockford and Kuzmin, 2012,
Morey, 2014, Perri, 2013) and corroborated by genetic research as there is not
relation between aDNA of these canids and modern dogs. Three specimens were
evaluated for mtDNA (Thalmann et al., 2013). The Goyet and Razboinichya
specimens were genetically far from modern, Neolithic, or Magdalenian dogs

(Frantz, et al,, 2016, Pionnier-Capitan, 2010, Thalmann, et al., 2013). The



Razboinichya specimen (Ovodov et al., 2011), originally classified as a dog
(Dhruzkova et al. 2013), was re-assigned later as a wolf (Thalmann et al., 2013).
Additional concerns regarding this research are included in Chapter 5, and are
focused on methodology, that depended heavily on building a comparative dog
group to which new specimens could be compared. This particular ‘Adam and
Eve’ group consists of two Eliseevichi specimens, for which no solid evidence
supports distinguishing from wolves. Newly added specimens to the group are
thus also wolves with comparative physiognomy. Another concern is explaining
the enormous difference in percentage of proto-dogs assigned based on skull
measurements (only 13 reported from very many comparative Pleistocene wolf
skull samples), compared to assignments from mandible measurements (>30%)
from the same sites (Germonpré et al.,, 2015). At present, we see no evidence that

would distinguish proto-dogs from Pleistocene wolves (Chapter 5).

15. The wider dog snout is the consequence of a shape change of the mid-face,
maximized at the transversal plane of M1-P4. Enlargement can be noted in
rostral and dorso-lateral directions of the orbital, frontal, and rostral zygomatic
region (Studer, 1901; Drake, 2011; Rizk, 2012; Schmitt and Wallace, 2012).
These changes create a wider OA (Drake, et al., 2015, Janssens, et al., 2016)
based on dorso-lateralization of the frontal and orbital regions (Wolfgram, 1894,
Drake, 2011, Rizk, 2012, Schmitt and Wallace, 2012; Janssens et al., 2016c), thus
forming a stop, that is typical for dogs (Drake, 2011) (degree of angle change
between nasal and frontal bone seen from a lateral view). The changes reported
here are driven, at least in part, by the allelic composition and expression of the
Runx2 gene. A hyperactive variant enhances dorsal and lateral maxillary bone
growth, imposing adaptations on surrounding skull bones (Fondon and Garner,

2006).

6.2. Missing data

Although our research resolved several questions, it is clear that some

information remains incomplete, especially regarding ancient specimens.



1. Oral pathologies could be studied further in ancient Eurasian wolves and
ancient dogs. Due to the paucity of available dog skulls and teeth from the
Pleistocene and early Holocene, other comparisons must be relied upon,
including Mesolithic and Neolithic dog skulls from Danube, Scandinavia, and
Alpine lakes (Becker and Johansson, 1981, Bokonyi, 1975, Dimitrijevi¢, 2006,
Dimitrijevi¢ and Vukovi¢, 2012, Janssens et al, 20164, Riitimeyer, 1875).
Although interesting, these latter dogs are about 5000 (Mesolithic) or 8000
(Neolithic) years younger than the oldest known dogs, and probably they differ
substantially. The recent publication on crowding in prehistoric wolves (Ameen
etal, 2017) is interesting but it relates to American wolves. Previous, be it less
complete and refined analysis, did report on higher crowing in European wolves
(Benecke, 1984), thus exemplifying that phenomena, such as crowding, might be

regional and defined by genetics, diet and geographical region.

2. The dorsal coronoid process of the vertical ramus of the mandible could be
studied further in ancient specimens. However, odds do not favour finding
valued new data because modern C.I chanco is quite separate from dogs, based

on available evidence (Sharma et al., 2004).

3. Further study of the orbital angle in ancient Eurasian wolves is desirable.
Only one study reports angles in modern and ancient Scandinavian wolves
(Aaris-Sgrensen, 1977). They differ statistically, with ancient wolves having
larger angles than modern specimens (resp. 44° versus 41°). However, a small
number of specimens were examined, and new investigation should include
many more ancient specimens from different (preferentially Eurasian)

geographical regions.

4. Present conclusions about carnassial size reduction in dogs could change, if
more Pleistocene dog samples were examined. One possibility would be finding a
wider normal distribution, with more overlap between ancient dogs and ancient

wolves.



5. There is a definite need for further study of the micro-anatomy of P4 in a
large group of Pleistocene wolves and ancient dogs. Such a study should have
broad scope and should include detailed GM studies, also of other teeth (e.g. P3,
P4, M1).

6.. Based on our study of contact points of the skull on a horizontal plane, we
conclude that there is little value in studying this trait further in Pleistocene

wolves and ancient dogs.

7. There might be a difference between Pleistocene wolves and ancient dogs,
regarding the conformation of the caudal border of the hard palate. However,
there is little possibility to pursue new research because very few intact

Pleistocene dog skulls are known at present.

8-11. We studied a large number of ancient and modern specimens, in order to
calculate snout width and length, as well as skull and snout height indices.
Additional studies of even larger and more diverse fossil groups would be

worthwhile.

12. Skull length and stature-size reduction are specific changes among early
dogs. Since we rejected the assignment of large Pleistocene proto-dogs as actual
dogs, we see no reason to reject the theory of size reduction as a paramount
characteristic of early dogs. The very early generations of domesticated wolves
must have been difficult to distinguish from wild wolves, as their smaller size
likely remained within the normal size distribution (Gauss curve) of
contemporaneous wolves. Nonetheless, there are indications that size reduction
under anthropogenic selective pressure can occur very rapidly, leading to
extreme size reduction in very few generations (Gutiérrez-Gil, et al., 2016). Such
arapid change in body size also can occur when gene flow is reduced or blocked
(Berry, 1969), a phenomenon that must have occurred when wolves were bred

in the human niche.

6.3. Conclusions on modern versus old



Several statistical differences between modern wolves and modern dogs differ

when ancient specimens are studied.

The orbital angle of Neolithic dogs does not differ from modern wolves, while
there is a difference (in extremes) between modern dogs and modern wolves
(Chapter 3).

There is a need to compare fossil dogs with fossil wolves.
Tooth crowding is encountered much more among ancient wolves, compared to
modern wolves (resp. 36 and 18%)(Ameen et al., 2017).

There is a need to compare crowding in fossil Eurasain wolves with fossil
dogs.
The caudal border of the hard palate differs between Neolithic and modern
dogs, but not between modern dogs and modern wolves (Chapter 5).

It should not be taken for granted that the physiognomy of modern
wolves mimics that of Pleistocene specimens.
Mandible form differs between modern dogs and modern wolves, but not
between ancient wolves and ancient dogs (Drake et al., 2017).

This might be explained by the ongoing process of diversification of the
two sub-species.
Snout width. Modern wolves have significantly more narrow snouts than early
Holocene specimens (Chapter 5).

Both dogs and wolves seem to go through a refinement process (from
Plestocene to recent).
Skull and snout height (Chapter 5). While modern dogs and modern wolves can
be distinguished using snout height and skull height index, snout height index

cannot distinguish ancient dogs and ancient wolves (Chapter 5).

These differences suggest additional comparative research involving ancient
specimens. The observations imply a large number of Pleistocene wolves from
the origin regions of dogs (thus not American specimens). However, collections
are: a) not always easily accessible or well-known (China); b) not always

available for research (Denmark); c) sometimes small in number; d) sometimes



consisting mainly of American specimens; and e) sometimes consisting mainly of
heavily fragmented specimens.

Few Pleisocene dogs are available at present (n=18)(1 2), which limits
comparative studies. Considering the 100+ years over which existing specimens
were collected, the odds presently are low that large numbers of new Pleistocene
dogs will be discovered in the near future. Pleistocene dogs are extremely rare
and most are fragmented and incomplete. Mesolithic specimens from the Danube
Gorges are quite restricted by sample size, Europe and Asia. Larger collections
(hundreds of specimens) are Neolithic (Alpine lakes, Scandinavia, Danube,

Greece).

6.4. New characteristics for morphological analyses

We propose that additional new anatomical structures need to be evaluated to
investigate the speciation process. One prominent example is the inner ear that
is located in the extremely hard os petrosum, suggesting lower probability of
taphonomic damage. The petrous bone contains cavities in which basal sense
organs are located, including the coiled cochlea for hearing, the three
semicircular canals or labyrinths (anterior, lateral, osterior), and a vestibule for
balance. The morphology of these structures tends to be consistently species-
specific, with minor intraspecific variation among closely related taxa (Spoor
1993, Spoor and Thewissen 2008, Gunz et al. 2012, Grohé et al. 2016, Mennecart
and Costeur 2016), and with unimportant changes related to size (Grohé et al.
2016). Inner ear morphology has been used to define phylogenetic patterns
(Grohé et al. 2016, Mennecart and Costeur 2016) and distinguish even sub-
species (chimpanzees) (Gunz et al. 2012). We have completed a micro-CT scan
study of the inner ear of modern wolves and modern dogs, and have shown with
GM methods that the species differ statistically (in press). The next step is to

repeat this study with Pleistocene canids.

6.5. An overview of the major conclusions

In this thesis, we questioned the validity of all important traditional

10



morphometrics and morphologic criteria (Table 1 of chapter 1, introduction)
that have been used to classify ancient canid specimens. Historically, conclusions
from these methods were made based on small numbers of specimens, untested
basic specimens used as reference material, and untested diagnostic methods
and variables. We used much larger reference groups to explore whether some
observed variations (identified historically as signs of domestication) possibly
reflect natural variation of wolf physiognomy. It is our view that there is only
limited use for classical morphometrics and morphology to distinguish for
distinguishing ancient dogs and ancient wolves. From the traits that we have
evaluated, most earlier methods must be rejected. Some need further study on
additional Pleistocene specimens.

At present, the only acceptable wolf-dog distinguishing traits are:

1. Very small and/or very large OA

2. P4 mesio-distal diameter

3. Very small or large mesio-distal diameter of M1

4. Snout width index

5. Skull height index

6. Reduced size-stature, with isometrically-related morphology such as skull

length.

The above criteria thus are powerful tools to use for further multivariate studies.
The increasingly interdisciplinary combination of archaeozoology, classic and
GM morphology and morphometrics, and archaeo-genetics, will be needed to

determine conclusively the taxonomic identity of proposed early dogs.
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