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Abstract

Many of the millions of animals dedicated to the deities in Ancient Egypt were canids. In contrast to the rare textual sources,
the abundance of skeletal remains offers the opportunity to address the question of whether wild or domestic canids were
mummified. However, species identification from osteological material remains problematic because it relies on a simple
qualitative appreciation or traditional biometric analyses with low discriminatory power, often paired with incomplete com-
parative reference samples. Here we propose a new method of identification based on cranial form using a 3D landmark—
based geometric morphometric approach (GMM). We built predictive methods using a large reference sample of numerical
models of crania of modern canids, including a variety of domestic breeds (N=69, 38 different breeds) as well as feral dogs
(N=31), and all species of wild canids present in Africa or the Near East and likely to have been present in Ancient Egypt
(N=157). We then applied these methods to a sample of ancient canid remains (N=41). We compared the effectiveness of
multivariate discriminant analyses based on 3D GMM to that using traditional linear morphometric measurements (LMM)
commonly taken in the field by archaeozoologists. GMM performs better than LMM in determining the domestic/wild status
with cross-validation percentages reaching over 97.5%, and in determining the species among a reduced sample of wild
canids with a 96.4% rate (versus 88.2% and 85.2% in LMM respectively). With 3D GMM, we detected the presence of dogs,

but also African golden wolves and, for the first time, Near Eastern grey wolves among the mummies.
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Introduction

From the 1st millennium BC to the fourth century AD
(Roman period), ancient Egyptians mummified millions
of animals, including ibises, owls, snakes, crocodiles, fish,
cats, and dogs (Murnane et al. 2000; Ikram 2013; Kitagawa
2016; Porcier et al. 2019). Some of these animals had a
special status, which implied that their bodies were treated
for post-mortem survival much like humans, yet most were
classified as ‘votive offerings  to gods and goddesses by
Egyptologists. Among those, millions of mummified canids
have been discovered throughout Egypt (Dunand et al. 2005,
2017; Ikram 2013; Kitagawa 2016). They were dedicated to
the deities of Anubis and Wepwawet (depicted as a canid
or a human with a canid head), which were associated with
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death and travel, recalling wild nocturnal canids (or feral
dogs) that roamed human cemeteries (Brixhe 2019).

The precise identity of these two canid deities remains
uncertain, however: i.e. whether each god depicts a wild
canid or a domestic dog is still debated (Thiringer 2020).
Numerous authors have identified Wepwawet as a wolf
(Canis lupus), perhaps because it was sometimes depicted
with white or grey fur (Thiringer 2020), or because the
ancient Greeks named Asyut (one of the most well-doc-
umented dog necropolises) “Lycopolis” (city of wolf)
in its honour. Others identify Wepwawet as a “jackal”,
referring to depictions showing triangular pointed ears,
long bodies, and straight bushy tails. However, these rep-
resentations may be somewhat misleading as the ancient
Egyptians included symbolic codes in such depictions. For
example, when represented, jackals are completely black
(which corresponds to no known living species of jackals),
likely because this color represented regeneration and was
associated with Anubis (Schenkel 1963, 2007; Thiringer
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2020). The distinction between wild species from art and
text is therefore complex in ancient Egypt, where differ-
ent perceptions of the taxonomic diversity associated with
such symbolism likely existed. In all cases, however, a
distinction between wild and domestic animals seemed
important as they are frequently represented in opposing
positions. For example, in the Middle Kingdom and Sec-
ond Intermediate Period, the board game called ‘Hounds
and Jackals’ was popular (Thiringer 2020).

This singular religious phenomenon, and the uncer-
tainty surrounding the identity of the deities, thus raises
a simple question: which canids were used for mummifi-
cation? Whether wild canids or domestic dogs are repre-
sented in mummified offerings will provide insight into
e.g. supply strategies (animals bred on purpose, captured
from the natural environment, or imported as exotics) and
the relative importance of each in the religious practises
of ancient Egyptians.

Unfortunately, texts describing practises surrounding
canid mummification are scarce, being limited to rare and
obscure epigraphic sources dating to the Greco-Roman
period. For example, the Jumilhac papyrus (332 to 30 BC)
testifies that three kinds of canids were protected and ven-
erated, yet they were the subject of ambiguous considera-
tions. Two types of tjesem (tjesem is the ancient Egyptian
name for “hunting dog”, and it is used to designate a type of
greyhound-like dog) are described, but only one was given
a proper burial and reached a religious status, the other had
its body burned and its ba (i.e. soul, spirit) annihilated after
death. A jackal (“ounech”) is also described, and its death
was the object of celebrations because it was considered an
enemy of Osiris (Durisch Gauthier 2002; Bouvier-Closse
2003; Rouviere 2017). Strabon, in his geography, indicates
that “a cult and a gift of sacred food” existed for dogs at
Cynopolis, which may have been generalized to all of Egypt
(Yoyotte et al. 1997). Yoyotte et al. 1997, p. 152) even sug-
gested that pharaohs and some private persons had estab-
lished agricultural domains whose income ensured the feed-
ing of sacred animals and the maintenance of the priestly
personnel assigned to their cults.

Given the scarcity of epigraphic documentation, and the
diverse and ambiguous nature of artistic representations, it
appears that the zooarchaeological record offers us an alter-
native way of addressing the question of what canids were
mummified. Based on age-at-death data (most canid remains
are from very young animals) and the frequent dental anom-
alies and pathologies observed on these remains, it has been
proposed by both Egyptologists and archaeologists alike that
most canid mummies were likely domestic dogs, deliber-
ately bred for sacrifice by dedicated keepers (Dunand et al.
2005). Breeding dogs in captivity for sacrifice would have
secured a steady and reliable supply of specimens, affording
opportunities to satisfy the high demand from pilgrims, and
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allowing such practises to operate at a large scale. However,
wild canids were also occasionally collected (yet it is not
clear whether after natural death or intentionally hunted),
as attested by recovery of the bones of red or Ruppel’s fox
(Vulpes vulpes and V. rueppellii, respectively) and “jackal”
from previous excavations (Kitagawa 2016; Brassard 2017;
Dunand et al. 2017; Hartley 2017).

The identification of “jackal” in previous studies is some-
what problematic. A number of jackal species are native to
Egypt and the surrounding region, including the golden wolf
(Canis lupaster), the Ethiopian wolf (Canis simensis), the
side-striped jackal (Lupulella adustus), the black-backed
jackal (Lupulella mesomelas), and the Near Eastern golden
jackal (C. aureus). To date, conventional wisdom classified
Egyptian jackals as a subspecies of the golden jackal (Canis
aureus; Wilson and Reeder 2005, pp. 574-575). However,
recent genetic studies have revealed that they most likely
derive from another species altogether, one more closely
related to the grey wolf. Whilst studies first suggested that
African specimens belong to a cryptic subspecies of the grey
wolf (Canis lupus lupaster; Rueness et al. 2011; Viranta et al.
2017), others posited they are a completely distinct species
(the African golden wolf Canis lupaster also referred as
Canis anthus), showing morphological convergence with
Eurasian golden jackals (Koepfli et al. 2015). More recent
whole-genome analyses have suggested that it may well be
a hybrid of the grey wolf and the ‘Ethiopian wolf’ (Canis
simensis; Gopalakrishnan et al. 2018). Given that Egypt is
at the crossroads between Africa and the Near East (where
the golden jackal is present), it is possible that the Eurasian
golden jackal and the African golden wolf are both present
in modern and ancient Egypt (Viranta et al. 2017). Moreover,
other species of jackals are also present in other geographi-
cally close regions—for example the side-striped jackal
(Lupulella adustus), or the black-backed jackal (Lupulella
mesomelas); and should, therefore, be considered when
assessing species identification from canid bones and mum-
mies. Moreover, although there is no evidence that they have
ever lived in Egypt, grey wolves from the Near or Middle
East (corresponding to C. [. pallipes and C. l. arabs sub-
species) may have been present among mummified canids,
given the geographic proximity with Egypt and the ability of
these animals to travel long distances (Castell6 2018) or to be
imported along well-established trade routes. It is, therefore,
important to revisit conventions of how we determine and
categorize “dog/jackal” from zooarchaeological and mummi-
fied canids from Egypt, by including in our analyses compar-
ative specimens of all the species likely to be found in Egypt.

Finally, the extent to which imported ‘exotic’ canids may
have been used is still unknown. For example, though the
African wild dog (Lycaon pictus) was unmistakably rep-
resented on carved monumental palettes during the Predy-
nastic period (and only rarely during the Dynastic Period;
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Osborn and Osbornova 1998, p. 80), no osteological evi-
dence supports its presence anywhere in the Egyptian terri-
tory (Brémont 2021). It is thus possible that it was imported
from elsewhere in Africa. Indeed, animals were often rep-
resented in Egyptian art despite not being indigenous (e.g.
fallow deer, baboon, or elephant; Brémont 2021).

The current methods of determination of bones are prob-
lematic for several reasons. To date, the precise identification
of canid species has relied on a macroscopic osteological
description of bones, mainly skulls, mostly based on qualita-
tive criteria (seeLortet and Gaillard 1903, 1907; Kitagawa
2016; Dunand et al. 2017; Hartley 2017). Measurements
taken with callipers are also common, yet the exploration
of the trends in these metrics is often limited to bivariate
graphs or estimates of wither heights despite the availability
of more advanced multivariate analytical methods (Brassard
et al. 2021; Callou in Dunand et al. 2017). Moreover, these
previous studies unfortunately did not include all possible
species of modern canids present in Africa or the Near East.
Therefore, it is possible that some wild canids have remained
undetected and that their prevalence in faunal assemblages
of mummified canids could be more important than previ-
ously thought. The present study is the first to consider the
full suite of wild and domestic canids likely present in the
study region and will help establish a methodology for sepa-
rating domestic dogs from wild canids.

To date, studies of mummified Egyptian canids have not
included an examination of cranial size and shape using 3D
geometric morphometrics (3D GMM). This technique con-
sists of analyzing the 3D coordinates of anatomical points
called landmarks on the external surface of the object in
order to describe its size and shape. The 3D GMM approach
allows for a more thorough description and statistical analy-
ses of shape and has proven its ability to differentiate wild
and domestic canids in other contexts (Drake et al. 2017,
Ameen et al. 2019; Manin and Evin 2020) or other taxo-
nomically close species of mammals such as sheep and goats
(Evin et al. 2022; Jeanjean et al. 2022). Advances in 3D data
acquisition such as photogrammetry (the basic principle of
which is to build a 3D model of the object from 2D photo-
graphs) allow easy and cheap data acquisition directly in the
field or on museum collections (Evin et al. 2016; Fau et al.
2016). This technique is particularly promising for Egyptian
zooarchaeological studies since transporting archaeological
remains from the site or between administrative territories
within Egypt is forbidden under cultural heritage laws, thus
strongly limiting analytical techniques that cannot be under-
taken in the field. Photogrammetry in Egyptian archaeologi-
cal contexts has been limited to human mummies, artefacts,
monuments, and even sites (e.g.Lima et al. 2018; Prada and
Wordsworth 2018; Abdelaziz and Elsayed 2019; Vasilyev
et al. 2019). This is the first study to apply this technique to
the examination of animal mummies.

In this study, we propose a novel 3D GMM-based method
for the identification of canid species from mummified
remains, and above all the domestic versus wild status of
these canids, based on cranial shape and size. We focus on
complete crania (i.e. skull without the mandible) which are
abundant and often very well preserved in dog catacombs
or museum collections. Moreover, their shape carries a
strong phylogenetic signal (making it one of the elements
for which species diagnosis is easiest). First, we assess the
ability of cranial shape and size to distinguish between mod-
ern canids of known species, including a dataset of domestic
dogs incorporating dogs of known breeds as well as feral
specimens. We further sampled wild canid species present
in Africa or the Near East and likely to have been present or
possibly imported into Ancient Egypt. We then applied pre-
dictive methods on a small sample of ancient canid remains
from different dog catacombs found along the Nile valley
and maintained in the collections in the Musée des Conflu-
ences in Lyon (France). We used multivariate statistics to
optimize the exploitation of metric data, and compared the
effectiveness of discriminant analyses based on 3D geometric
morphometrics with that based on traditional morphometrics
using linear measurements. Although a few studies have sug-
gested that linear measurements are not accurate for dog/
wolf identification (e.g. Drake et al. 2015), detailed differ-
ences with other species remain to be explored, especially
in the context of ancient Egyptian mummies. In addition,
many canid remains were previously studied directly in the
field by taking linear measurements with callipers and whilst
a great amount of data are available (e.g. Kitagawa 2016;
Dunand et al. 2017; Hartley 2017), the studied specimens
are no longer accessible today and new data cannot be gener-
ated with another method. A determination method based on
linear morphometrics would thus allow to revisit the identifi-
cation of these ancient canid mummies, based on previously
recorded quantitative data. To do so, we used both linear and
geometric morphometric analyses commonly used in evolu-
tionary biology or zooarchaeology allowing us to assess the
morphological variation and to discriminate between puta-
tive species before predicting the identification of the ancient
remains (e.g. seeClaude 2013; Fabre et al. 2014; Evin et al.
2020; Parés-Casanova et al. 2020; Jeanjean et al. 2022).

Materials

Modern reference sample

We investigated a total of 257 crania of modern canids
collected from several institutions (detailed informa-
tion about the origin and constitution of this sample is

provided in SI 1). Wild canids are represented by 157
specimens from 13 species of the genus Canis, Lupulella,

@ Springer



59 Page4of20

Archaeological and Anthropological Sciences (2023) 15:59

Lycaon, Otocyon, and Vulpes (Table 1). Modern domes-
tic dogs are represented by 100 specimens from a mini-
mum of 38 different breeds (some pure, and others being
crossbreeds). Based on the assumption that ancient dogs
may be similar in shape to medium-headed modern dogs
rather than breeds with highly specialised morphologies,
we included in this sample 26 modern feral dogs from
Tunisia, Egypt, and Turkey, as well as 5 modern beagles,
whose skull shape is average among modern breeds (see
Brassard et al. 2022). We also included long-headed dogs
(i.e. dolichocephalic dogs, such as greyhounds, Afghan
hounds) and short-headed dogs (i.e. brachycephalic dogs,
such as Bullmastiffs, Boxers) to account for a full range
of domestic variability within our analyses. We estimated
how long- or short-headed the modern dogs are by cal-
culating their cranial width (measurement taken between
the zygomatic arches which corresponds to measurement
CR30 in Fig. 1) and length ratios (CR1), which corre-
sponds to the cephalic index CI (CI=CR30/CR1, Roberts
et al. 2010). We arbitrarily choose the cut-off values, to
obtain balanced groups: dogs with a CI>0.55 were con-
sidered brachycephalic, dogs with a CI <0.50 were con-
sidered dolichocephalic, and dogs with an intermediate CI
were considered mesocephalic.

We only considered subadult, young, and adult speci-
mens, with permanent teeth fully erupted (i.e. excluding the

juveniles). This limits ontogenetic variation since age is known
to have a significant impact on skull morphology, which is all
the more important in sexually immature canids (i.e. before
8—12 months, see Forbes-Harper et al. 2017; Brassard 2020).
Specimens were divided into categories depending on the
degree of closure of the cranial sutures (Barone 2010). We
considered as subadults specimens with all the permanent
teeth erupted but a suture between the basisphenoid and the
basioccipital (synchondrosis sphenooccipitalis) still open
(between 6 and 8/10 months). We categorized specimens as
young if the suture between the basisphenoid and presphenoid
was not completely closed (between 10 months and 1-2 years
old). Specimens were classified as adult if the basisphenoid
and presphenoid suture was completely closed (more than
1-2 years old). When the suture between the basisphenoid
and the presphenoid was not clearly visible, individuals were
classified as ‘young/adult?’. Subadults are sexually immature
specimens, but we chose to keep them in the analyses as we
want to propose a method with the widest possible range of
application (in terms of age).

Our aim is not to assess morphological differences
between age and sex categories. However, we were careful
to provide a reference sample that was as comprehensive and
balanced as possible. As such, there are fewer subadults than
adults in the sample, but their presence will help identify
subadults in the archaeological sample.

Table 1 Constitution of the

; Species Breed N By age
modern sample in terms of
species, breed, sex, and age Subadults Young Adults Young/adults?
at death. Sex information,
when available, is provided in Canis familiaris Total 100 (32.34) 10(5.3)  31(8.15) 35(14.10) 24 (2.5)
brackets as follows (female/ including
male) Feral 31 (13.15) 6(6.3) 13 (4.7) 8(6.2) 4(0.3)
Beagles 5(@3.2) 0 1(1.0) 4(2.2) 0
Brachycephalic 28 1 11 16 0
Mesocephalic 32 2 9 13 8
Dolichocephalic 40 7 12 14 7
Canis lupus 16 3(1.1D) 11 (2.3) 0 2
Canis lupaster 17 1 (0.0) 10 (4.4) 4(2.1) 2(1.1)
Canis aureus 0 2(0.1) 0 0
Canis simensis 1(0.0) 8(2.2) 0 0
Lycaon pictus 13 1(1.0) 6(2.2) 4(0.1) 2 (0.1)
Lupulella mesomelas 20 4(1.2) 10 (1.1) 1(0.0) 5Q2.2)
Lupulella adustus 8 0 4 (4.0) 1(1.0) 3(0.3)
Vulpes vulpes 23 3(1.1D) 8(3.2) 3(1.D) 7(1.3)
Vulpes rueppellii 15 1(0.0) 2(1.0) 12 (2.5) 0
Vulpes pallida 10 1(0.1) 2(0.2) 4(2.2) 3(0.1)
Vulpes chama 4 0 0 2(0.0) 2(0.2)
Vulpes zerda 13 1(1.0) 3(1.1) 4(1.0) 5(0.1)
Otocyon megalotis 7 0 0 4(1.3) 3(1.2)
total of the modern sample 257 24 (10.7) 88 (28.30) 77 (26.24) 56 (7.21)
Ancient mummies 41 7 7 2.2) 14 (1.0) 13 (1.1)
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Fig.1 Geometric and linear morphometric protocols: position of the
landmarks captured on the cranium, and correspondence with the
linear dimensions considered in our analyses according to von den
Driesch (1976). Landmark positions and linear measurement are

Archaeological specimens

We analyzed 41 archaeological crania from ancient canid
mummies collected in dog catacombs along the Nile Val-
ley by Louis Lortet, Claude Gaillard, and Gaston Maspéro
in the early twentieth century. No precise date is available
for these specimens, but some other dog mummies from the
collection were radiocarbon dated, and the oldest date to the
30th Dynasty, around 360 BC (Richardin et al. 2017; Porcier
et al. 2019). Geographic provenance is known only for 26

Sutura lambdoidea

described in Tables 2 and 3, respectively. Anatomical features men-
tioned in Table 2 are indicated. A lateral view, B ventral view, C dor-
sal view, D caudal view, E rostral view

specimens; these are from Assiout, Assouan, Rdda, Saqqara,
Tehneh, and Thebes (Lougsor; see SI 1). Some identifications
were proposed by previous authors (Lortet and Gaillard 1903,
1907), and are compared with the identification obtained in
our study.

Only specimens without pathological or taphonomic
deformation of at least one side of the braincase were
included in shape analyses. Several specimens showed
dental anomalies (in particular tooth absence with
healed alveolus, or advanced signs of periodontal disease
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characterized by osteolysis near the tooth alveolus, for
example in CCEC.51000031, see SI2 and Supplementary
Material). Dental anomalies, when present, did not affect
landmark acquisition, however.

Methods
Data acquisition
3D modeling

Scaled 3D models of the crania were obtained from different
operators and by different methods, including photogram-
metry, surface scanning (Einscan), and medical CT scan
protocols (see SI 2 for details). The models were repaired,
cleaned, simplified, and mirrored where needed using ©
‘Geomagic Wrap’ (version 2013.0.1.1206) and ‘MeshLab’
(v2016.12; Cignoni et al. 2008).

3D geometric morphometrics (GMM)

Cranial shape was quantified from the 3D coordinates of
landmarks placed by a single operator (first author CB) on
the numerical models using the software ‘IDAV Landmark’,
version 3.0.0.6 (©IDAV 2002-2005; Wiley et al. 2005).
Forty-one unilateral landmarks were placed on the left side
of the cranium (Table 2 and Fig. 1) and were then mirrored
for further visualizations, using the function ‘mirrorfill’
from the package ‘paleomorph’ in R (R Core Team 2021).
The resulting raw coordinates are available in the supple-
mentary material (SI3).

All following analyses were carried out in R, using
mainly the packages ‘Morpho’ (Schlager 2017) and
‘Geomorph’ (Adams et al. 2016).

Mirrored landmark coordinates were superimposed fol-
lowing a Generalized Procrustes Analysis (GPA) using the
function ‘procSym’ (Rohlf and Slice 1990; Goodall 1991;
Mitteroecker and Gunz 2009; Dryden and Mardia 2016).
During this procedure, the raw coordinates undergo transla-
tion, scaling, and rotation to standardise the relative posi-
tioning of the specimens around their centroid to minimize
the squared summed distances between corresponding
landmarks (Rohlf and Slice 1990). Centroid size (CS) is the
square root of the sum of squared distances of the land-
marks from their centroid (Bookstein 1991) and measures
the dispersion of the landmarks around the centroid. This
can be used as a univariate summary of the overall size of
the cranium. From this procedure, we extracted the Pro-
crustes coordinates and the log10-transformed centroid size,
which are used to describe cranial shape and size, respec-
tively. The new set of shape coordinates obtained from the
GPA—namely Procrustes coordinates—together represent
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the total amount of shape variation in the entire sample.
When the analyses focussed only on certain specimens, new
GPAs were conducted separately for each separate dataset
(corresponding to further analyses, e.g. when considering
all species or just some of them).

For visualizations of shape variation, the 3D surface scan
of the cranium of a feral dog was warped onto the consensus
shape of the GPA, and then deformed using thin-plate spline
using the function ‘tps3d’ (Bookstein 1989).

Linear morphometrics

We chose 13 linear measurements following the nomen-
clature of von den Driesch (1976) and commonly used by
archaeologists and Egyptologists (Table 3 and Fig. 1). To
obtain these measurements, we calculated the Euclidean
distance to the nearest 1| mm between corresponding 3D
landmark coordinates (Table 3). We chose these measure-
ments to represent the length, width, and height of the
cranium and avoid measurements that may carry redun-
dant information. To disentangle size and shape from the
LMM data (as done in GMM), we used the log-shape ratio
method (Mosimann 1970). Following this method, size
was computed as the log10 of the geometric mean of all
measurements (i.e. isometric size), and shape as the log10
of each measurement divided by the isometric size (shape
ratios).

Statistical analyses

To refine our morphometric descriptions and interpretations,
we performed analyses on (logl0-transformed) size (iso-
metric size in LMM and centroid size in GMM) and shape
(shape ratios in LMM and Procrustes coordinates in GMM)
separately. Considering that size is an important part of the
phenotype that may drive the differences between species
and that intraspecific variation related to ontogeny is limited
(as we focused on specimens older than 6 months), we did
not perform analyses on allometry-free shapes (allometry
refers to size-related changes in shape; Klingenberg 2016).
Statistical analyses were performed following the same steps
for 3D geometric (GMM) and linear morphometrics (LMM).
First (step 1), we visualized the overall morphometric cranial
variability in the total sample. Then (step 2), we attempted
to identify domestic dogs in the archaeological sample by
applying a predictive discriminant analysis that separates
modern domestic dogs from all the wild species considered
together in the modern reference sample. Finally (step 3),
we refined the identifications for the specimens identified as
wild by running a second predictive discriminant analysis
including only a subsample of the wild species. This three-
step approach allowed us to conduct statistical analyses on
reasonably large sample sizes.
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Table 2 Definition of the landmarks used in this study following the Nomina Anatomica Veterinaria nomenclature (NAV, 2017)

Landmark Definition

1 Most rostral point of Os incisivum, between incisor teeth I1 in dorsal view (Prosthion)

2 Most rostral point of Os nasale, on the midline (sutura internasalis)

3 Most rostral point on sutura nasoincisiva

4 Point at the junction of Os incisivum, Os nasale, and maxilla

5 Most caudal point of Os nasale, on the midline (sutura internasalis), and at the junction with Os temporale (nasion)

6 Most medial point at the postorbital constriction on the curvature corresponding to linea temporalis

7 Most lateral point of the Processus zygomaticus of Os frontale

8 Processus frontalis of Os zygomaticum

9 Most rostral point of the curvature of the lower edge of the fossa sacci lacrimalis

10 Bregmatic fontanel, most medial point of the sutura coronalis, on the midline (Bregma)

11 Most rostral and medial point on the sutura lambdoidea on the midline

12 Most posterior end of Os occipitale (inion, called akrokranion by von den Driesch)

13 Point at the extreme convex curvature of the tuberculum nuchale

14 Point at the extreme convex curvature of the crista supramastoidea

15 Most medial point of the tuberculum articulare of Pars squamosa of Os temporale

16 Most rostral point of maxilla in ventral view, on the midline

17 Most caudal point of Os palatinum, on the midline

18 Caudally to molar tooth M2, in the recess medial to tuber maxillae of Os maxilla (on the facies pterygopalatine)

19 Most caudal point of the synchondrosis sphenooccipitalis, on the midline

20 Most lateral point of the synchondrosis sphenooccipitalis, rostrally to the bulla tympanica

21 Most ventral point of foramen magnum of Os occipitale, on the midline (Basion)

22 Most caudal point of the Condylus occipitalis of Os occipitale in ventral view

23 Point on the Canalis n. hypoglossi of Os occipitale in ventral view

24 Ventral tip of the bulla tympanica

25 Tip of Processus paracondylaris

26 Most dorsal and caudal point of the foramen alare caudale

27 Most ventral and posterior point at the junction of the Processus zygomaticus of Os temporale and Os zygomaticum, on the
Arcus zygomaticus

28 Most caudal point at the junction between maxilla and Os zygomaticum, under Arcus zygomaticus, and near the tuber faciale

29 Most cranial point of the alveolus of the canine tooth, on lateral side

30 Most caudal point of the alveolus of the canine tooth, on lateral side

31 Most cranial point of the alveolus of the upper carnassial tooth P4, on lateral side

32 Point between the alveolus of P4 and M1 teeth, on lateral side

33 Point between the alveolus of M1 and M2 teeth, on lateral side

34 Most caudal point of maxilla behind tooth M2

35 Most dorsal point of the foramen infraorbitale

36 Most ventral point of the foramen infraorbitale

37 Most caudal point of curvature at the junction of maxilla and Arcus zygomaticus of Os zygomaticu on lateral side

38 Most ventral and caudal point of the foramen rotundum and alare rostrale

39 Most rostral point of meatus acusticus externus on lateral side

40 Most caudal point of meatus acusticus externus on lateral side

41 Dorsal and caudal border of the foramen magnum, on the midline (opisthion)

Step 1: preliminary visualization of the morphological
variability in the modern and archaeological sample

First, we visualized the morphological variability using box-
plots for size and principal component analysis (PCA) for
shape (we used the function ‘prcompfast” and a similar code

as the source code of the function ‘procSym’ to obtain the
eigenvalues and scores). PCA reduces the dimensionality

of shape data whilst preserving as much of the information

contained in the original data as possible. Thus, the first
factorial plane, defined by the two first PCA axes, provides
a representation of the overall variability in the dataset. The
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Table 3 Cranial measurements considered in this study following von den Driesch (1976)

Measurement Definition Correspondance
with landmarks

crl Prosthion—akrokranion 1-12

cr8 Prosthion—nasion 1-5

crl3 Median palatal length: staphylion prosthion 1-17

crl6 Length of the molar row (measured along the alveoli on the buccal side) 32-34

crl9 Length of the carnassial alveolus 31-32

cr20 Length of M1alveolus 32-33

cr23 Greatest mastoid breadth: greatest breadth of the occipital triangle: otion—otion 14-14'

cr28 Height of the foramen magnum: basion—opisthion 2141

cr30 Zygomatic breadth: zygion—zygion 27-27'

cr32 Frontal breadth: ectorbitale—ectorbitale 7-48

cr34 Greatest palatal breadth: measured across the outer borders of the alveoli 32-32'

cr36 Breadth at the canine alveoli 30-30'

cr40 Height of the occipital triangle: akrokranion—basion 12-21

contribution of linear dimensions to the first axes of the PCA
in LMM was visualized using bar plots. In GMM, axes were
interpreted based on visualizations and deformations from
the consensus to the theoretical shapes at the minimum and
maximum of the PC axes (which were computed using the
function ‘restoreShapes’). The morphological differences
between group means were visualized by deformations from
the consensus to the mean shape of each species (SI 1). The
PCA was calculated based on the Procrustes coordinates of
the modern specimens only, before projecting the archaeo-
logical specimens as supplementary individuals (using the
same source code as in the function ‘PCA’ from package
‘FactoMineR’).

We explored differences in shape variability between dogs
(N=100) and all wild canids grouped together (N=157)
through disparity tests (Foote 1997). The morphological
disparity of each group was estimated as the Procrustes
variance (i.e. the sum of the diagonal elements of the group
covariance matrix divided by the number of observations in
the group) using the residuals of a linear model fit (we used
the function ‘morphol.disparity’ with 999 permutations with
the formula shape ~ 1 to use the overall mean rather than
group means; (Zelditch et al. 2012).

Step 2: identification of the domestic dogs

In this second step, all the wild species were grouped into
one group to obtain a larger sample to oppose the domestic
group. The aim was to identify the domestic dogs among the
archaeological canids.

Differences in cranial shape between wild and domestic
groups were tested using MANOVAs (function ‘manova’)
on the scores of the non-zero PC components from the
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PCA in LMM. In GMM, we performed Procrustes ANOVA
on Procrustes coordinates with a residual randomization
permutation procedure (using the function ‘procD.Im’ with
999 iterations and ‘RPPP=TRUE’; (Goodall 1991; Collyer
et al. 2015).

The discriminatory power of GMM and LMM was also
assessed by linear discriminant analyses (LDA) paired
with a leave-one-out cross-validation procedure to deter-
mine classification accuracy. Classification accuracy
corresponds to the percentage of specimens correctly
re-assigned to their own group. The leave-one-out pro-
cedure removes one specimen at a time and predicts its
classification into a priori defined reference groups using
the LDA function computed on all the remaining speci-
mens. The procedure is repeated for each specimen in the
sample, each in turn being treated as an unknown. This
avoids predicting a specimen on the basis of a function
computed on data that includes the specimen itself which
would tend to spuriously inflate classification accuracy
(Kovarovic et al. 2011). A weakness of this method is that
it is sensitive to the number of variables, sample size, and
unbalanced design (seeMitteroecker and Bookstein 2011;
Evin et al. 2013, 2015). By grouping together all the speci-
mens of the wild species (N=157), we avoided the prob-
lem of small sample size for some species (e.g. C. aureus
is only represented by two specimens, Table 1). To avoid
the over-fitting of the data caused by the high number of
variables and unbalanced design, we performed analy-
ses after dimensionality reduction and homogenization
of group samples using the function ‘mevolCVP’ (Evin
et al. 2013). This function allows us to determine the num-
ber of PCs needed in order to maximize the differences
between groups. We replaced the original shape variables
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(Procrustes coordinates or shape ratios) with the scores of
these first PCs (Baylac and Frie3 2005; Evin et al. 2013).
In this procedure, perfectly balanced groups are obtained
by a random selection (repeated 1000 times) of a number
of specimens in the largest samples equal to the sample size
of the smallest group. The outcomes of this iterative resa-
mpling approach were summarized by the upper and lower
95th percentiles of the posterior probabilities of the 1000
balanced LDAs (called herein cross-validation percentage
or CVP). To track the reference specimens that are the
most difficult to assign to a group, we applied predictive
LDA to the same specimens as the one used to build the
predictive model. We used the ‘pldam’ function from Evin
et al. (2015) to perform analyses after homogenization of
group sizes, with arguments nrep = 1000, limproba=0, and
limCVP=95% in GMM or 85% in LMM. In other words,
each specimen was assigned to a group 1000 times, and the
final identification was the most attributed group among
the LDAs with a CVP above 0.95 in GMM and 0.85 in
LMM, without a cut-off value of the posterior probability
at each iteration. We extracted the frequencies of attribu-
tion to a group to discuss the robustness of the identifica-
tions for each specimen.

The archaeological specimens were then assigned to the
wild or domestic group using the same method.

Step 3: identification of the species among the wild group

In step 3, a new superimposition and PCA were performed
only with the wild modern specimens and by projecting in
the PCA, as supplementary individuals, the archaeological
specimens that were classified as wild in step 2 in order to
establish the list of the candidate species for further pre-
dictions of the wild canids among Egyptian mummies. In
further analyses, we included only the wild species that are
closest to the archaeological specimens on the first facto-
rial plane of the PCA. We also excluded species with low
sample sizes (e.g. Canis aureus, N=2). We then tested the
differences in mean cranial shape and disparity between
the candidate wild species using the same methods as in
step 2. The MANOVA in LMM and Procrustes ANOVA in
GMM were followed by post hoc tests (function ‘pairwise.
perm.manova’ from package ‘RVAideMemoire’, and func-
tion ‘pairwise’ from package ‘RRPP’). We assessed the dis-
criminatory power of GMM and LMM to distinguish these
wild species using the same linear discriminant method as
in step 2.

We finally performed a second predictive LDA to deter-
mine the species (among C. familiaris, C. lupus, C. lupaster,
and C. mesomelas) of the archaeological specimens identi-
fied as wild by the first LDA. We contrasted our identifica-
tions with the range of values in cranial size for each species
in the modern sample (illustrated in the boxplot of step 1).

Results

Step 1: variability in dogs compared to wild African
canids

Variability in cranial size

Dogs exhibit a large amount of variation in cranial size and
strongly overlap with other middle-sized to large canids for
both GMM and LMM analyses (Fig. 2), making size alone
an insufficient criterion for species identification or the sepa-
ration of wild from domestic specimens.

Variability in cranial shape

Dogs display as much intra-group variability in cranial
shape as all the wild specimens in our study when grouped
together, as observable on the two first PCA scores (Fig. 3)
and demonstrated by the results of the disparity tests for both
GMM and LMM analyses (GMM: P=0.042, Procrustes vari-
ance=0.0061 in 100 dogs and 0.0052 in the 157 wild canids;
LMM: P=0.4, Procrustes variance=12.2 in dogs and 13.5 in
wild canids). The GMM analyses even tend to suggest a greater
disparity in dogs compared to C. lupus, C. lupaster, and L.
mesomelas (P <0.003). Other comparisons are not significant
when retaining a P value below 0.01 (see SI 4 for details).

Moreover, we observe that the first factorial plane of the
PCA is much less discriminating between domestic and wild
species in LMM than for GMM (Fig. 3).

Step 2: distinction between wild and domestic groups
and identification of domestic dogs

In both GMM and LMM analyses and when only two cat-
egories are considered, domestic dogs and wild canids dif-
fer highly in their cranial shape (LMM: Py;anova <0.001;
GMM: Pp, o ustes ANOvas < 0.001, RZ=0.16).

Discriminant analyses performed in GMM on a bal-
anced sample and a reduced dataset (we kept only the first
12 PCs, which account for only 78.4% of the total vari-
ance but are enough to discriminate species according to
the results of the ‘mevolCVP’ function) show that each
specimen can be correctly classified between domestic and
wild with a global accuracy of 97.5% (95% confidence
interval: 97.45-97.54%). When applying predictive LDA
to the same specimens as the one used to build the predic-
tive model, all domestic dogs were correctly assigned, but
six wolves (out of the 16) and one golden wolf were not
correctly assigned (see SI 6). Thus, step 2 identifies 100%
of the dogs but it has only 62.5% accuracy for grey wolves
(and 94% for golden wolves). As a consequence, when
applying this model to an unknown sample, there may still
be wolves among the identified dogs.
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Fig.2 Visualization on boxplots of the variability in cranial size in
modern (N=100 dogs and 157 wild specimens) and ancient (N=41)
canids according to GMM (A) and LMM (B) analyses. Ancient dogs
are represented by red question marks, and modern dogs are in black.

LMM has less discriminatory power than GMM: the
accuracy of the balanced LDA is lower (analysis per-
formed on the first 8 PCs, which represents 93.7% of the
total variance: CVP =88.2% [88.09-88.30%]). Nine dogs
were classified as wild and 20 wild canids (including 9
wolves) were identified as domestic (SI 6).

When predicting the domestic status of the archaeologi-
cal specimens, 33 were identified as domestic dogs and 8
as wild canids in both GMM and LMM analyses. How-
ever, the class assignment is different between GMM and
LMM analyses for four specimens (Fig. 4A and Table 4).
In GMM, the frequency of attribution of all specimens to
a group was over 90%. For LMM, this percentage (when
considering LDAs with a CVP higher than 85%) was
lower, especially for some specimens that were easily clas-
sified in GMM (e.g. CCEC.51000010, see SI 6).

Step 3: identification of the species in the wild group

When the eight possible ancient wild canids (identified in
step 2) are projected in the first factorial plane of the PCA
performed on shape data (GMM) of the modern wild speci-
mens, they position close to C. lupus, C. lupaster, C. aureus,
and C. mesomelas (Fig. 4B1, B3), which allows us to refine
the list of candidate species for further prediction analyses.
Moreover, we observe that all ancient canids in our sam-
ple have cranial centroid sizes out of the range of V. zerda,
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B Linear morphometrics
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Modern wild species are indicated in different colors. Point shape
indicates the morphotype of modern dogs. See Table 1 and SI 2 for
details about the sample. The red dots and red vertical lines indicate
the mean and standard deviation for each group

V. pallida, V. chama, V. rueppellii, and O. megalotis in the
GMM analyses, and even V. vulpes in the LMM analyses
(Figs. 2 and 3, SI 5). Size thus supports the exclusion of
these species in step 3.

When considering only C. lupus, C. lupaster, and L.
mesomelas in our analyses (the sample of C. aureus was too
small to be included), we find significant differences in the
mean cranial shape between the three species in both GMM
and LMM analyses (GMM: P <0.001, R*=0.22, P <0.001
for all post hoc comparisons; LMM: P<0.001, P=0.02 for
all post hoc comparisons). We also observe that C. lupaster
(Procrustes variance=0.0017) is less variable in shape than
both C. lupus (Procrustes variance =0.0024, P=0.009) and L.
mesomelas (Procrustes variance =0.0024, P=0.008) in GMM
analyses (results are not significant in LMM). We also obtain
excellent classification rates in GMM analyses with the bal-
anced LDA: more than 96% (96.4% [96.3-96.5%]) performed
on the first seven PCs (representing 63% of the total variance).
The accuracy is lower in LMM analyses (85.2% [84.9-85.6%]
in the balanced LDA on the first 10 PCs).

When considering only C. lupus, C. lupaster, and L.
mesomelas in the balanced LDA, 2 canid mummies were
identified as C. lupus and 6 as C. lupaster (Fig. 4C), with
a frequency over 98% except for one specimen (Table 4).
CCEC.90010304 was indeed attributed to C. lupus only in
77% of the LDAs with CVPs higher than 95%. It was identi-
fied as C. lupaster in 23% of the LDAs (SI6). However, based
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Fig.3 Visualization of the variability in cranial shape on the first fac-
torial plane of the PCA in modern (N=100 dogs and 157 wild speci-
mens) and ancient (N=41) canids according to GMM (A) and LMM
(B) analyses. C Contribution of linear measurements to PC1 and PC2
in LMM analyses. Icon size is proportional to the logl0 of the cen-

on its centroid size, it is more likely to be a wolf (SI 5). For
the LMM analyses, there is more overlap between the wild
species in the PCAs, in particular between C. lupus and C.
lupaster (Fig. 4B2, B4), and five ancient specimens were iden-
tified as C. lupaster and three as C. lupus. Only three speci-
mens are attributed to the same wild species in GMM and
LMM (2 C. lupaster and 1 C. lupus, Table 4, SI 6). Given the
higher ability of GMM to distinguish between domestic and
wild canids, and to distinguish between C. lupus, C. lupas-
ter, and L. mesomelas, we consider the attributions related to
GMM analyses to be more reliable. All these attributions are

PC 1-30.8%

troid size. Ancient dogs are represented by red question marks, and
modern dogs are in black. Modern wild species are indicated in dif-
ferent colors. Point shape indicates the morphotype of modern dogs.
See Table 1 and SI 2 for details about the sample

compatible with the range of centroid size between species,
considering that some specimens are relatively young (Table 4
and Fig. 2). Yet one must note that one specimen identified as
a C. lupaster has a rather large centroid and isometric sizes
compared to modern golden wolves (CCEC. 51000004, SI5),
all the more because it is a young specimen.

In the PCAs, icon size is proportional to the log10 of the
centroid size. Ancient dogs are represented by red question
marks, and modern wild species are indicated in different
colors. See Table 1 and SI 2 for details about the sample,
and SI 6 for details about LDA attributions.
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Fig.4 Comparison of species predictions for archaeological dogs, in
GMM versus LMM analyses. A: frequency of attribution between
wild and domestic (step 2) during predictive LDA iterations (pldam);
B: visualization of the variability in cranial shape on the first factorial
plane of the PCA in all ancient (N=8) and modern (N=157) wild

Discussion
Statistical biases related to classification

Although our modern reference sample is representative of
all species potentially present in the region, some species
are represented by only a few specimens. Consequently, our
sample may not fully represent the variability within the
species, nor account for past variation not present in extant
populations. Several factors come into play here. Some
species are particularly difficult to find in collections. For
example, we had only one specimen of Vulpes chama (but
as it is limited to the extreme south of Africa, it is unlikely
to be found in ancient mummies) and only two Canis aureus
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25
Frequency of attribution (%)

specimens (B1, B2) or on the PCA performed on the candidate spe-
cies only (B3, B4) according to GMM (B1, B3) and LMM (B2, B4)
analyses. C: classification of the wild canid mummies: frequency of
attribution between C. lupus, C. lupaster, and L. mesomelas (step 3)
during predictive LDA iterations (pldam)

(for most specimens identified as golden jackal in the col-
lections, their location suggests that they were in fact Canis
lupaster). Moreover, we did not find any specimen of bat-
eared foxes (Vulpes cana) to include in our study. The native
range of this species along the Red Sea coastal mountains in
eastern Egypt (as well as in the south of the Arabian penin-
sula and Iran; Castell6 2018, p. 207) makes it a more likely
candidate for inclusion in mummified remains than foxes
from more geographically distant areas (e.g. the cape fox,
Vulpes chama). Previous studies suggest that the skull of V.
cana can be easily distinguished from that of V. rueppellii
(with which it is sympatric throughout its known African
range) by its “smaller size, sharply pointed and relatively
long snout” (Saleh et al. 2018, p. 18). It is also larger than



Page 130f20 59

Archaeological and Anthropological Sciences (2023) 15:59

I8 ds sun) 141 nsawod 610 001 001 VdOT-PIIM ON npeqnS  11€01006' 242D
epoy dssmuw) Gyl ATOM-PIIM 1670 / 001 onsawoq SO JMpe/3unox  01€01006" 040D
epoy dssmw) [¢'] nsswod  9+°0 001 001 VdOT-PIIM ON npeqng  60£01006°D42D

youya], dssmuw) 661 psawod 650 STLL 001 ATOM-PI'M ON $Mnpe/3unox  $0€01006" D40

I8 dssmuw) [p'] VdOT-PIIM 670 / 001 onsswoq ON NPV THT0001SDdDD

I8 dssmuw) Gyl ansswoq 610 001 9°66 VdOT-PIIM SO NPV 1€000016°D9DD

yauyaL, dssmuw) 661 vdOT-PIIM S0 / 001 dnsawoq SO ympe/3unok  £100001S DD
(002-661 514
ITosbnory :L06T PIE[[TED PUE 19LI0T) £20DS SIUD)  §G'] ATOM-PI'M 9570 001 001 VdOT-PIM ON Jnpe/ Sunox  0T00001S DHID
UBNossy Yl vdOT-PIEM 150 / 001 onsawoq ON Sunox  8000001$"DHID
epoy ("SI 16061 ‘Assore( % pre[ren) Sop Aens ¢¢'| ATOMPI'M S50 001 001 ATOM-PI'M ON IPY - LO0000TSOIDD
(€02-20T 31 6061
uenossy PIe[[leD PU® pIR[[[eD) 1U12}aPaop SIUDD  GG'| VdOT-PIIM LSO 001 001 VdOT-PI'M ON Sunox  $000001$"DADD
2 SnaAnp Suvy  1¢'| VdOT-PIIM €70 686 001 VdO'T-PI'M ON o[ruaAnf-ynpeqns  €000001$ OHID
€ pue o
Qoueuaaoxd 7sdais vl -ewoue
omydersoon UONRUIUIINGP SNOTAAI] ST VAT %E' L8 WIN'T SO somads pim barg  wop/piim baxg %96 WIND T8 a3y ar

WNIUBIO Q) UO UJILIM IO PIB[[IED) 9PNE[D) PUE JO}I0] SINOT AQ 9PBW UOIBIYHUSPI {UORUNULINAP SNOIARIL] "SDjauiosaul "7 QST A2isvdnj *D V4 1T ‘sndnj
D ATOM ‘SuUpuuDf ") DO 9ZIS SINAWOSI §T dZIS PIONUD §) P[IM St PayNuapI suswroads ay) uo (wepyd) suonerr yq-1 2anorpaid Sunmp (¢ doys) spjawosaw 7 pue “4aispdny - ‘sndnj *)
usamlaq uonnque Jo Kouanbaiy sa10ads pjim ba.g (wepyd) suonero)r YT 2anompaid Surmp (7 des) onsowop pue plim usamidq uonnque jo Kouanbaiy wop/pjim batg uaisodn) ) e 10§ a8re]
Jayier ST $000001S DHDD "suswroads [eorSojooeyore pue so10ads UISpPOW Ul SIZIS JLIIOWIOSI PUE PIONUAD JO UONNQLISIP Y} J0J G [S pue 7 “S1 0) 19Joy "SII[ewour [eIuap d) JNoqe S[Iejop Ioj ¢
IS 998 "uawroads [eor3ojoaeyore ay) jo syderdojoyd 1oy £ [S 99 "UONEIYISSE[D JO SOIouanbalj pue ‘suonnqrnie ‘UoNBULIOJUI PI[IBIAP 10J 9 [S 99§ dduruA0Id pUR ‘UonEUrIAp snotaald ‘sarfe
-woue [ejuap ‘aSe ‘(9z1s)) 9ZIS JNOqe Blep YIIM UONBIUOIJUOD pue (AJNT) sommewoydiow reaur] pue (NJND) OLIowoas uo paseq suawroads Jusroue Suowe Sprued plim JO UONBUIINS(  3|qelL

pringer

a's



59 Page 14 0f 20

Archaeological and Anthropological Sciences (2023) 15:59

V. zerda (Castell6 2018, p. 207). Previous studies based on
linear morphometrics have shown clear differences between
Eurasian golden jackals and African golden wolves, yet mor-
phometric comparisons of cranial shape between these spe-
cies are scarce. Further research is, therefore, needed before
a full evaluation of their presence or absence as mummi-
fied remains can be made. Additionally, the metadata on the
modern sample did not allow us to account for sex or age
differences. Due to the determinant role played by sexual
dimorphism and ontogeny in cranial shape (Younes and
Fouad 2016; Brassard 2020; Machado and Teta 2020), more
modern specimens of known sex and age for each species are
needed to build more accurate predictive models for exam-
ple to apply on different age categories of archaeological
remains.

Considering that some species have a low occurrence in
our primary dataset (e.g. C. aureus is only represented by
two specimens, Table 1), we preferred not to consider the
full suite of species likely present in the study region, but
rather to adopt a multi-step approach, by first determining
the wild/domestic status of the ancient canids and then the
species among those that were identified as wild after refin-
ing the list of species likely to be found in the wild archae-
ological sample. Indeed, LDA is very sensitive to sample
size, and large differences in the number of specimens across
groups may lead to the largest sample (i.e. dogs) dominating
the pattern of variance—covariance in the data, resulting in a
higher chance of assigning ancient specimen to these larger
groups leading to a possible misinterpretation of classifica-
tion accuracy (Kovarovic et al. 2011; Evin et al. 2013). To
take into account all species in our balanced LDA, a larger
and more robust sample is thus needed.

By considering large groups (i.e. domestic/wild and C.
lupus/C. lupaster/L. mesomelas) in our analyses and per-
forming analyses on balanced samples and on a subsam-
ple of the most discriminant PCs, we reduced the number
of predictors to below that of the number of individuals of
the smallest group and we ensured a satisfying number of
specimens to define the reference groups in balanced analy-
ses (n=100 in analyses separating between domestic and
wild, i.e. the number of dogs; and n=16 in analyses on the
candidate species only, i.e. number of C. lupus, Table 1).
We can thus consider that our results are robust (Kovarovic
et al. 2011). This is all the more important in the case of
dogs, considering their tremendous diversity in cranial shape
(which is as important as all wild species combined. This
result is in line with those of Drake and Klingenberg (2010)
who found that “the amount of shape variation among
modern domestic dogs [much of which being the result of
200 years of intensive breeding] far exceeds that in modern
wild species, and it is comparable to the disparity throughout
the Carnivora”; Figs. 2 and 3). However, a larger sample
for each wild species would be needed to provide a more
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accurate estimate of the precision of our method for wild
canids.

Geometric versus linear morphometrics applied
to archaeological remains

To date, Egyptologists have identified cranial remains based
on macroscopic criteria (e.g. the relative size of the carnas-
sial, which is unfortunately not always still present in the
alveola, or tympanic bubble). Metrics appears useful to clas-
sify mummified remains more objectively and are necessary
for the examination of large datasets. In this study, we dem-
onstrated that 3D geometric morphometrics is a very pow-
erful method for determining whether ancient mummified
canids were domestic dogs or wild canids. In addition, we
found it is much more accurate (with a degree of confidence
of over 97%) than linear morphometrics (88%). Linear mor-
phometrics is thus not sufficient, and 3D geometric methods
undoubtedly bring an additional refinement for the identifi-
cation of species and for estimating wild/domestic ratios in
large assemblages. We also obtained very satisfying results
when determining species among wild canids for a subset
of taxa that more closely resembled the ancient specimens
(C. lupaster, C. lupus, L. mesomelas, CVP of over 96%).

Problematic identifications between extant dogs
and grey wolves and among extant C. lupus, C.
lupaster, and C. mesomelas

Several factors may explain why some wolves were identified
as dogs in our modern reference sample and why the distinc-
tion between some C. lupus, C. lupaster, and C. mesomelas
remains difficult. First, recent changes in the classification
(and the ongoing evolution of taxonomic considerations, as
raised in the introduction) made the constitution of the refer-
ence sample challenging. Second, some wild canid species
are very similar in shape (see SI 1) due to strong morpho-
logical convergence, with specimens displaying remarkably
similar phenotypes to the point of being mistaken by trained
biologists. This may explain our difficulties in distinguishing
between C. lupus, C. lupaster, and C. mesomelas or between
V. pallida and V. rueppelli. Moreover, it is not impossible
that some modern specimens from the collections were origi-
nally misidentified, thus biasing the results of our predictive
models. In our study, C. lupaster occupies an intermediate
and overlapping morphospace position (Figs. 2 and 4B)
between jackal-like forms and wolf-like forms, as found in
previous studies (Machado and Teta 2020). These morpho-
logical similarities are in line with previous GMM studies
that showed important variation within Canis lupaster, with
some subspecies showing morphological convergence with
other species (e.g. between C. l. soudanicus and L. adusta,
or between C. [. bea, L. mesomeleas, and C. aureus). A
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robust species determination can be postulated by consid-
ering the species ‘ current African or Near Eastern distri-
bution (when not sympatric), but this cannot be definitive
since it presumes that species ranges and distributions have
not changed over time. A third significant challenge hinges
on the fact that sympatric members of the genus Canis can
readily hybridize in the wild, and that some of those hybrids
are viable and able to form taxonomic complexes that are
“ecologically and morphologically distinct from their par-
ent species” (Gopalakrishnan et al. 2018; Machado and Teta
2020). Past hybridization and admixture between domestic
and wild canids have been proven, for example between
dogs and the African golden wolf (Bahlk 2015; Mallil et al.
2020), golden jackals (Galov et al. 2015), or Iranian wolves
(C. lupus pallipes; Khosravi et al. 2013). The roaming of feral
dogs in ancient Egypt may have promoted this hybridization
and could explain why some ancient specimens were more
difficult to classify between domestic and wild types. Other
studies have identified gene flow between Eurasian golden
jackals from Israel and grey wolves, dogs, and the African
golden wolf (Koepfli et al. 2015), and between the Ethiopian
wolf (C. simensis) and the African golden wolf (Bahlk 2015).
Some studies have even suggested that the African golden
wolf may originate from the hybridization between grey and
Ethiopian wolves (Gopalakrishnan et al. 2018).

None of these limitations regarding species identification
necessarily represent a major obstacle for studies of mum-
mified canid remains. On the one hand, ancient Egyptians
had a different concept of species classification than we do
(Charron 2002). On the other, what also interests us is to
obtain information on the supply strategies/sourcing of the
animals and related insights into mummification practises
in conjunction with religious beliefs. Therefore, the most
important classification to be made is between domestic and
wild, and the method we outline here is excellent at doing so.

Domestic versus wild and identification of wild
canids in the ancient mummies of the Musée des
Confluences

Among the isolated crania of canid mummies from the
Musée des Confluences, based on geometric morphomet-
rics, we identified mainly dogs (N=33), but also eight wild
canids, belonging to either Near Easter grey wolves (N=2)
or African golden wolves (N=6). Ancient DNA analyses
would be necessary, however, to confirm our final determina-
tions and thus assess the reliability of the 3D GMM method
when applied to ancient remains. All specimens were clas-
sified in the domestic or wild group and then to C. lupus or
C. lupaster with high probability (considering the CVPs in
steps 1 and 2 and the number of similar attributions through
the 1000 balanced LDAs on a randomly selected balanced
sample, see SI 6). Only the case of CCEC.90010304 leads

to confusion between grey and golden wolf, yet the centroid
size tends to support the attribution to a grey wolf.

The identification of specimen CCEC.510000031 as a C.
lupaster was somewhat unexpected, because this cranium
shows traits that led us to classify it as a dog at first sight
(see SI 7). However, the slightly depressed frontal bones
and very developed zygomatic processes (somewhat abnor-
mally) may have biased our qualitative determination. This
individual could also be a hybrid, or an animal taken from
the wild and then bred in captivity. Our identification for this
specimen is thus to be taken with caution pending further
analysis of other available bones, such as the mandible. We
may note that this specimen was the only one among all
those attributed to the wild group to present dental patholo-
gies (Table 4, SI 2), whilst six ancient canids identified as
domestic had dental anomalies (see SI 2 and SI 6). The cra-
nium CCEC.510000031 indeed showed an advanced degree
of dental wear and signs of advanced periodontitis, with
osteolysis at the root of the molars and oronasal fistula (SI
8). Although periodontitis is often more severe in domestic
dogs (Harvey 1998) or captive animals, it is also described
in the wild. Berte (2017) has described similar traits in a
specimen of C. lupaster caught from the wild at the oasis of
Giarabub (specimen MSNG 26228, collected in 1926-1927
by C. Confalonieri; Berte 2017). Other studies also support
that tooth crowding and dental anomalies are not a proper
sign of domestication (e.g.Janssens et al. 2016; Ameen et al.
2017).

One of the mummified canids identified as an African
golden wolf (C. lupaster) is from Roda, others are from
Assouan and Lougsor (Table 4). Those identified as grey
wolves (C. lupus) are from Roda and Tehneh. Unfortunately,
due to the inconsistent recovery and curation practises of
the early twentieth century, the specimens hosted in many
museum collections are rarely properly contextualized (the
provenance is not even always known), limiting our interpre-
tations. It will thus be crucial to study specimens from the
field to go beyond the simple determination and description
and provide conclusions on the sourcing of the animals. To
our knowledge, this is the first study to consider the pres-
ence of Near Eastern wolves among canid mummies. It will
be necessary to enrich both our modern and archaeological
databases prior to questioning deeper the use of this species
for mummification.

Although 3D GMM is efficient for species determina-
tion, this method should be seen as complementary to the
qualitative/morphoscopic approach, since it only partially
captures shape compared to the human eye. Our own results
may have been better had we used sliding semi-landmarks
on curves and surface landmarks (i.e. landmarks placed on
the whole external surface of the skull). However, this would
have allowed us to capture only the skulls with an intact sur-
face, thus reducing our sample size. We instead considered
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only a limited number of anatomical landmarks to be able to
include also crania with a slightly damaged surface (includ-
ing crania which retained residues of mummified tissue; see
example in SI 7). Due to the special nature of the materials
under study, we were fortunate enough to have access to sig-
nificant numbers of complete crania, an uncommon feature
of most zooarchaeological collections. Three-dimensional
GMM methods can also be applied to fragmented remains
more efficiently than linear morphometrics, and we could
easily adapt the landmarking protocol to different fragmen-
tation patterns to include more specimens in the analyses,
using a subset of the landmarks considered in this paper
(for example see Brassard et al. 2022). Moreover, we only
analyzed isolated crania, but 3D models could be obtained
from medical scanners to access the data without the need to
unwrap the mummy. Building 3D archives of the specimens
allows moreover to later observe additional macroscopic or
quantitative characters not considered in the current study
and will facilitate future data sharing (Spyrou et al. 2022).

Conclusions and future perspectives

Geometric morphometrics provides a more efficient way of
identifying crania in mummified canids from Ancient Egypt
compared to traditional linear morphometrics. Based on a
sample of 100 modern dogs and 157 modern specimens of
13 wild species from Africa and the Near or Middle East,
predictive methods applied to the shape of their cranium
allowed to determine the domestic status of ancient mum-
mies and the wild species among C. lupaster, C. lupus, and
L. mesomelas with a probability over 96%. However, the
reference sample we used needs to be further expanded to
ensure it better represents the full diversity of shapes in wild
canids. The results provided in this article strongly encour-
age the use of landmark-based 3D geometric morphometrics
for a more reliable determination of ancient canids, not only
in Ancient Egyptian contexts but also for the identification
of ancient remains whose identification is unclear.

Our results revealed that the majority of mummified
canids in this dataset were the remains of domestic dogs.
Ancient DNA analyses could be deployed on the same
specimens to cross-validate the results with the predictions
based on 3D GMM in order to assess the reliability of our
method. Once confirmed, the next step would be to increase
the sample with specimens from contextualized sites, by
photographing skulls in situ in dog catacombs. It will be
then possible to further quantify the diversity in mummified
canids and that of ancient dogs to explore whether, for exam-
ple, some particular morphologies were favoured over oth-
ers, or if assumptions can be made on their living condition
(feral, captivity), thus opening new perspectives pertaining
to the source of canids used for mummification.

@ Springer

Close-range photogrammetry, as used here, is a relatively
easy and low-cost technique to reconstruct geometrically
accurate 3D models of specimens in situ, i.e. in dog cata-
combs, to further explore the diversity in mummified canids
in contextualized sites. It is now widely used in archaeol-
ogy (e.g. Drake et al. 2015; Evin et al. 2016; Hanot et al.
2017; Harbers et al. 2020; Neaux et al. 2021; Brassard et al.
2022; Spyrou et al. 2022) and can be applied to objects of
all size as long as photographs of the object can be obtained
under different orientations, for example by turning around
the specimen or placing it on a turning table. Specifically,
for canids, protocols for 3D model acquisition in the field
and later reconstruction after fieldwork are available (e.g.
Evin et al. 2016 or this study: see SI 10) and can greatly
complement traditional observations and measurements even
though they require more time. Moreover, it allows the safe-
guarding and sharing of ancient remains that one is not sure
to find across different field campaigns. In addition, new 3D
printing technologies allow to duplicate the ancient remains
via their numerical models which can be used for display in
for example museums or used for outreach activities.
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tary material available at https://doi.org/10.1007/s12520-023-01760-1.
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