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Abstract

The major cultural and techno-economic changes that occurred in Europe between 7,000 and 4,000
BC, including the development of agriculture, had major repercussions on the animals that lived close
to humans. The dog, the only animal that has been domesticated for thousands of years is probably a
good marker of the evolution of human societies at that time. Although many data inform us about
its status and genetic diversity, very few studies have documented its morphological variability and
the resulting possible functional adaptations in relation to anthropogenic constraints. Furthermore,
to date no studies have explored the variability in ancient red foxes although they are likely to develop
the same adaptations as dogs (but to a lesser extent due to their commensal nature). In this thesis, an
innovative morpho-functional approach is used to describe the evolution of mandible (the best
preserved bone in archaeological series and an important functional element of the masticatory
apparatus) from the Mesolithic to the very early Bronze Age in Western Europe and Southern
Romania. Photogrammetry and geometric morphometrics are used to quantify the shape of the bones
in 3D. In a first step, shape drivers and form-function relationships within the masticatory apparatus
are explored in a sample of modern dogs and foxes. The masticatory muscles of approximately 120
dogs of various breeds and foxes were dissected. A biomechanical model for estimating bite force
using muscle data is established and validated by in vivo measurements. Strong interrelationships
between the cranium, mandible, masticatory muscles and bite force are demonstrated for both species,
highlighting the strong integration despite the extreme artificial selections in modern dogs. A
predictive model of bite force using the shape of mandibular fragments is therefore developed to
interpret the variations in shape in the archaeological sample. The impacts of developmental and
environmental factors (climate, urbanism, diet) on the form or function are quantified by studying
433 Australian foxes. Secondly, the variability of ancient dogs and foxes (528 dogs and 50 foxes) is
compared with that of modern canids (70 dogs, 8 dingoes, 8 wolves, 68 foxes). Strong morphological
differences are demonstrated for both species, suggesting functional differences. Ancient dogs appear
highly variable in terms of size and shape, although less variable than modern dogs. Modern
hypertypes have no equivalent in our archaeological sample. More surprisingly, some ancient shapes
are not found in the extant sample. Finally, the variability existing in dogs prior to the Bronze Age is
explored and linked to the information already available. Strong differences between eastern and
western Europe are highlighted, reflecting the very different histories of dog populations in these two
areas. In each geographical area, temporal but also cultural differences in the size and shape of the
dogs are demonstrated. The study of foxes, although limited due to the scarcity of remains, reveals
the existence of a relatively large diversity. Variation in size and shape are then probably more related
to geographical and climatic variation than to anthropogenic constraints. Differences in bite force
over time are suggested for both dogs and foxes, suggesting changes in dog function, and possibly
functional adaptations to a diet that has become increasingly influenced by human practices.

Key words: canid, Canis familiaris, Vulpes vulpes, Neolithic-Chalcolithic, geometric
morphometrics, masticatory apparatus






Résumé

Les changements culturels et techno-économiques majeurs survenus en Europe entre 7000 et 4000
ans avant J.-C., notamment le développement de l'agriculture, ont eu d’importantes répercussions sur
les animaux qui vivaient prés des hommes. Le chien, seul animal domestiqué depuis déja plusieurs
millénaires, est probablement un bon marqueur de 1'évolution des sociétés humaines a cette époque.
Bien que de nombreuses données nous informent sur son statut et sa diversité génétique, trés peu
d'é¢tudes ont documenté sa variabilité morphologique et les éventuelles adaptations fonctionnelles en
découlant, en lien avec les contraintes anthropiques. En outre, a ce jour, aucune étude n'a exploré la
variabilit¢ des renards roux anciens, bien qu'ils soient susceptibles de développer les mémes
adaptations que les chiens (mais dans une moindre mesure en raison de leur nature commensale).
Dans cette thése, une approche morpho-fonctionnelle innovante est utilisée pour décrire I'évolution
de la mandibule (I'os le mieux préservé dans les séries archéologiques et un ¢lément fonctionnel
important de l'appareil masticateur) du Mésolithique au tout début de 1'dge du Bronze en Europe
occidentale et au sud de la Roumanie. La photogrammétrie et la morphométrie géométrique sont
utilisées pour quantifier la forme des os en 3D. Dans un premier temps, les facteurs de forme et les
relations forme-fonction au sein de I'appareil masticateur sont explorés dans un échantillon de chiens
et de renards modernes. Les muscles masticateurs d'environ 120 chiens de différentes races et de
renards ont été disséqués. Un modele biomécanique d'estimation de la force de morsure a partir des
données musculaires est établi et validé par des mesures in vivo. De fortes interrelations entre le crane,
la mandibule, les muscles masticateurs et la force de morsure sont démontrées pour les deux espéces,
soulignant la forte intégration malgré les sélections artificielles extrémes chez les chiens modernes.
Un modéle prédictif de la force de morsure utilisant la forme des fragments mandibulaires est donc
développé pour interpréter les variations de forme dans I'échantillon archéologique. Les impacts des
facteurs de développement et environnementaux (climat, urbanisme, alimentation) sur la forme ou la
fonction sont quantifiés par I'é¢tude de 433 renards australiens. Ensuite, la variabilité des chiens et des
renards anciens (528 chiens et 50 renards) est comparée a celle des canidés modernes (70 chiens, 8
dingos, 8 loups, 68 renards). De fortes différences morphologiques sont démontrées pour les deux
especes, ce qui suggere des différences fonctionnelles. Les chiens anciens semblent tres variables en
termes de taille et de forme, bien que moins variables que les chiens modernes. Les hypertypes récents
n'ont pas d'équivalent dans notre échantillon archéologique. Plus surprenant, certaines formes
anciennes ne sont pas trouvées dans 1'échantillon moderne. Enfin, la variabilité existant chez les
chiens avant I'dge du Bronze est explorée et mise en relation avec les informations déja disponibles.
De fortes différences entre I'Europe de 'Est et de 1'0Ouest sont mises en évidence, reflétant les histoires
trés différentes des populations canines dans ces deux régions. Dans chaque zone géographique, des
différences temporelles mais aussi culturelles dans la taille et la forme des chiens sont démontrées.
L'étude des renards, bien que limitée en raison de la rareté des restes, révele I'existence d'une diversité
relativement importante. Les variations de taille et de forme sont alors probablement plus liées a des
variations géographiques et climatiques qu'a des contraintes anthropiques. Des différences dans la
force de morsure au fil du temps sont suggérées pour les deux especes, ce qui laisse supposer des
changements dans la fonction du chien, et peut-étre des adaptations fonctionnelles & un régime
alimentaire de plus en plus influencé par les pratiques humaines.

Mots clefs : canidé, Canis familiaris, Vulpes vulpes, Neolithique-Chalcolithique, morphométrie
géométrique, appareil masticateur
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Introduction

Among all animals, dogs have revealed one of the most fascinating evolutionary stories,
owing to their close interconnection with humans and their proper evolutionary history.
Accordingly, they have long been the object of scientific curiosity.

Although widely documented, the sequence of events leading to the domestication of the
wolf and the origin of the dog is not fixed and continually evolves with new archaeological and
(paleo)genetic discoveries. The dog is considered to be the first animal ever domesticated, and
its domestication dates back to at least 13,000 years BC. Hunter-gatherers in many parts of the
world, including some in Western Eurasia, are said to have gradually selected the most docile
wolves and encouraged their reproduction, taking advantage of their companionship, especially
for hunting. The result was the rapid modification of their phenotype and a morphological
difference that became clearer and clearer over the generations compared to their wild
ancestors.

Long after their domestication, when dogs were already well differentiated from wolves,
major cultural and techno-economic changes occurred in the Near-East and gradually spread to
South-Eastern Europe and then to Western Europe between 7,000 and 4,000 years BC. This
Neolithic revolution was marked by profound changes in the ways of life and subsistence of
humans, which had strong repercussions on animals, especially those living closest to humans
such as dogs. From hunter-gatherers, humans became farmers. Regionally and chronologically,
human groups have developed different cultural identities succeeding or overlapping in a
complex mosaic, and consequently considerations towards dogs vary between cultures and
geographic localities. Indeed, depending on the period and culture, dogs may have had many
different statuses and functions, with clues to these roles provided by archaeological data.

In this PhD thesis, we focus on two geographical areas: Western Europe and South-Eastern
Europe, since they are characterized by different neolithisation processes and the dog
populations at these sites thus have undergone different evolutionary histories. We concentrate
on the period from the Mesolithic (period of the last European hunter-gatherers), to the very
early Bronze Age. Throughout the manuscript, this period will be referred to as the "pre-Bronze
Age period".

Humans and dogs co-evolved during this period, both adapting in parallel to the new
anthropic constraints and modifications of the environment. For example, both developed the
ability to digest the starch contained in cereals and pulses and more and more present in the diet
and food waste of the first farmers. Dogs also followed Neolithic human groups in their
movements from east to west, leading to changes in the genetic make-up of populations over
time.

While many studies have explored the diversity and adaptations of dogs at the genetic level
during this period, work on their morphology is much rarer and data are often scattered. The
objective of this PhD thesis was therefore to document the variability and evolution of the
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morphology of dogs that existed during this period (hence well after domestication and before
the Bronze Age), and to interpret the results in the light of available data concerning
archaeology and genetics.

To explore and better understand the impact of the proximity between humans and animals,
we also studied the variability and morphological evolution of a canid species that has remained
commensal and has been little studied to date in archaeozoology: the red fox.

We based our work on a bone that is generally well preserved in archaeological series and
is likely informative of the skull and thus of the overall morphotype: the mandible. We here
propose an innovative morpho-functional approach. Form is approached by means of the 3D
reconstruction of the bones by photogrammetry and the use of 3D geometric morphometrics.
Variation in form is interpreted in functional terms, by estimating the bite force and the relative
contribution of the masticatory muscles to this force.

To do so, we first explored the relations between form and function in the masticatory
apparatus of modern canids (mostly red foxes and dogs). In particular, we investigated whether
the form of the mandible is a good proxy for inferring the overall morphotype, muscle data, or
bite force. To do so, we dissected the jaw muscles of dogs, foxes, and dingoes and obtained in
vivo measures of bite force allowing to validate our models.

This thesis consists of 3 parts.

In the first (bibliographical) part, we establish the global framework in which this work was
carried out, by returning to notions of evolutionary biology and archaecozoology necessary for
the study of canids. We retrace the evolutionary history of canids from their appearance to the
present day, evoking domestication, the Neolithic period and also the very recent selection at
the origin of modern dog breeds. Next, we establish a non-exhaustive inventory of the
occurrences of canids in the archaeological record and the types of status granted by prehistoric
humans to these canids before the Bronze Age in Europe. This introductory part allows us to
detail the chrono-cultural context as the basis for the research questions explored in this thesis.

The second part is presented in the form of a compilation of published articles or
manuscripts. Its objective is to explore the architectural and functional relationships between
the mandible, the cranium, the masticatory muscles and bite force in relation to other parameters
(environment, urbanisation, diet) in modern dogs and foxes. In this part, the general
methodology and the notions necessary for the study of form and function are detailed.

In the third part, the methods are adapted and then applied to our archaeological corpus of
dogs and foxes. In this part, modern and ancient (pre-Bronze Age) canids are compared to
ensure the transposability of the methods, on the one hand, and also to document the evolution
of forms over time.
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Given the interdisciplinary nature of this thesis and in order to facilitate the reading of the
manuscript and its understanding by non-specialists, we regularly summarize the key points of
the different sections and/or chapters. At the end of the second part, we discuss more
specifically the aspects of functional anatomy resulting from the study of modern canids. In the
general discussion, we focus on the results obtained when applying the methods to pre-Bronze
Age canids. We try to answer the questions formulated at the end of part 1 and discuss the
prospects for future study.
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Part 1
Chapter 1.

The natural and cultural history
of canids in Europe from origin
to the very early Bronze Age,
state of the art






This chapter aims to provide a general framework for our research and to formulate the
questions we explored in this PhD thesis. First, we retrace the evolutionary history of canids
from their origin to modern times, in order to recall some key concepts in evolutionary biology
and archaeozoology. Then, through a synthetic bibliographical review, we focus on the
representation of canids in proto-historic societies from Europe/Western Eurasia, before
retracing the different typologies of relationships they have entertained with humans. Finally,
existing data on the morphological variability of these protohistoric canids will be reviewed.
The main questions that will be addressed in this thesis will be presented in the conclusion of
this chapter.
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The origins of extant canids in Europe: an history
between commensalism and domestication

Before addressing the core research questions of this thesis, it is essential to bear in mind a
certain number of concepts with regards to the evolutionary history of canids, from their origin
to their current presence by our side. Accordingly, in this section, we will briefly discuss the
phylogeny of canids, as well as the evolution of their distribution in Eurasia (in other words,
phylogeography?). More precisely, we will summarize the evolutionary history of the wolf and
its relatives (dog, dingo) and the red fox and its relatives (silver fox) since their emergence,
focussing on Europe.

The aim is not to be exhaustive, but to provide the necessary basis for understanding the
genetic and morphological diversity existing within these species through time and to link them
to natural phenomena first, and then to anthropogenic changes. We will deliberately be
synthetic and invite the reader to refer to the articles of Edwards ef al. (2012) and Statham et
al. (2012) for more details on the phylogeography of foxes, and to those of Loog ef al. (2018)
and Pilot ez al. (2010, 2019) for the phylogeography of wolves.

1.1. Phylogeny

The Canidae family (Fischer, 1817), which has been estimated to diverge about 50 million
years ago (Wayne, Benveniste and O’Brien, 1989), is part of the order Carnivora, and currently
comprises 13 genera and 36 species (updated from ITIS1 on 22 July 2020,
https://www.itis.gov/). Among them, we will focus in this PhD thesis on the grey wolf Canis
lupus (Linnaeus, 1758), its domesticated subspecies Canis lupus familiaris (Linnaeus, 1758),
its feral subspecies Canis lupus dingo (Meyer, 1793) and the red fox Vulpes vulpes (Linnaeus,
1758).

Numerous studies, mainly relying on morphology and cytogenetics, have been conducted to
elucidate the phylogenetic relationships of canids, but the results of these studies are quite
unstable (see Zrzavy et al., 2018). However, studies based on molecular data (especially on
nuclear markers; e.g. Lindblad-Toh et al., 2005; Zrzavy et al., 2018), converge towards a single
tree typology supported by combined molecular and morphological data. Accordingly, two
groups of recent Canidae can be distinguished, the "fox-like" monophyletic Vulpini (genera
Nyctereutes, Otocyon, Urocyon, Vulpes) and the "dog-like" monophyletic Canini, the latter
group being divided into two other groups: the South American Cerdocyonina (genera
Atelocynus, Cerdocyon, Chrysocyon, Dusicyon, Lycalopex, Speothos) and the Afro-Holarctic
"wolf-like" Canina (genera Canis s. str, Cuon, Lupulella, Lycaon). Canini and Vulpini separated

 Phylogeography is the study of the historical processes that are responsible for the contemporary
geographic distributions of individuals. This is accomplished by considering the geographic distribution of
individuals in light of genetics, particularly population genetics.
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more than 8 million years ago, so the phylogenetic distance between wolves and foxes is rather
great (Lindblad-Toh et al., 2005; Zrzavy et al., 2018). The species descending from these clades
(wolves and dogs on the one hand and foxes on the other hand) are therefore very distant
cousins.

The tree proposed by Zrzavy et al. (2018, Figure 1) summarizes the phylogenetic
relationships of 36 extant and 42 extinct species of Canidae, based on 360 morphological,
developmental, ecological, behavioural and cytogenetic characters and on 24 mitochondrial and
nuclear markers. However, the position of fossil canids in the tree is likely to be heavily
influenced by the almost exclusive use of morphological traits related to the skull, as these are
often the only traits available. Additionally, comparisons of morphological and genetic
phylogenies suggest that there are strong morphological convergences between species that are
very distant from each other, which can be linked to the phenomenon of hypercarnivory (diet
consisting of at least 75% meat). Indeed, in morphologically based phylogenetic trees, all canid
species assumed to be hypercarnivorous and/or large-tailed tended to form a deeply nested
clade, often next to Canis lupus (Zrzavy et al.,2018). Relatively hypercarnivorous species share
several cranial and dental features that could also be found in fossils: relatively short and deep
jaws and a very robust skull (Slater, Dumont and Van Valkenburgh, 2009). Shortened jaws are
associated with an enlarged palate, enlarged incisors and canines, the compression of the
premolars, adaptations of anterior upper molars for grinding, and reduction or loss of
postcarnassian molars (Van Valkenburgh, 1989; Van Valkenburgh and Koepfli, 1993; Wang et
al., 2004). On the contrary, in molecular trees, no unified 'hypercarnivorous clade' exists and
no recent hypercarnivore is closely related to the grey wolf. Thus, morphology alone groups
species that are distant phylogenetically, yet that show convergences in response to similar
ecological and functional constraints.
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Figure 1. The phylogeny of extant and extinct canids proposed by Zrzavy et al. (2018).

Dotted lines represent uncertain phylogenetic relationships, thick lines the known stratigraphic extent.

Divergence times are derived from Wang et al. (2008) and molecular clock analyses (Lindblad-Toh et al.,
2005; Perini et al, 2010; Nyakatura & Bininda-Emonds, 2012; vonHoldt et al., 2016; cited in Zrzavy et al.,
2018). Vulpini are in red; Canina are in blue; Cerdocyonina are in green; HCs are in orange; extinct taxa (1)

are in black.
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1.2. Wolves and red foxes from their appearance to the early
Holocene

1.2.1. First red foxes and wolves in Europe

1.2.1.1. Red foxes

The first Vulpini first appeared in North America at the end of the Miocene (~9 Ma; Wang
and Tedford, 2008). They only appeared and diversified in Eurasia at the beginning of the
Pliocene (~4 Ma). During the Plio-pleistocene, many species of foxes appeared, including the
Arctic fox (Wang, Tedford and Anton, 2010).

Fossil remains suggest that red foxes Vulpes vulpes have been present in continental Europe
for at least 71 kyrs (Sommer and Benecke, 2005; Edwards et al., 2012). Mitochondrial DNA
analysis suggest that all current foxes are from the Middle East (Statham et al., 2012) and that
the primary North American clade is 400 +/- 139 kyrs of age.

1.2.1.2. Wolves

Paleontological records attest to the appearance of the wolf Canis lupus in Europe about 800
kyrs ago, in the middle Pleistocene (Wang, Tedford and Anton, 2010, p. 148). Older evidence
of wolf occurrence is only known from Siberia and Alaska (Beringia). Wolves are thus thought
to have originated in the Palearctic (Kahlke, 1999 in Sommer and Benecke, 2005) and more
specifically in Beringia, before spreading throughout the Holarctic (Wang, Tedford and Antén,
2010).

The wolf appears to have been well established in Europe for about 400 kyrs (Meloro ef al.,
2011) and its presence has even become continuous in the Northern hemisphere for at least 300
kyrs (see additional information 1 in Loog et al. (2018). Remains of grey wolves found in
Saalian glacier assemblages (230 to 130 kyrs) attest to a very robust form (Sommer and
Benecke, 2005).

1.2.2.  Evolution through the Pleistocene and early Holocene

Both wolves and foxes maintained a wide geographical distribution in the Northern
hemisphere throughout the Pleistocene and Holocene® (Loog et al., 2018; Pilot et al., 2019).
This is likely related to the frequent introgression of ecologically diverse conspecific and
congeneric populations that could have facilitated adaptation to novel environmentals (Pilot ef
al.,2019), resulting in a great ecological flexibility. However, their demography has undergone
some major variations. In particular, during the late Pleistocene, profound climatic and
anthropogenic changes occurred and caused the extinction of many large mammals (Lorenzen
et al.,2011). Those species that survived — including grey wolves and red foxes — experienced
major demographic bottlenecks, local extinctions and phylogeographic changes (Edwards et
al.,2012; Statham et al., 2012; Loog et al., 2018; Pilot et al., 2019). In addition, the Pleistocene
glaciations had a profound effect on intraspecific genetic differentiation, and the divergence of

® The Holocene is a geoclimatic period of gradual warming that succeeded to the Pleistocene around 10,000
years ago at the end of the last ice age (Wiirm-Wisconsin).
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the corresponding subpopulations is at the origin of many extant species. Ancestral lineages
may have been isolated in different glacial refugia during the last glaciation (~50 kyrs) up to
the Last Glacial Maximum (LGM, 21-17 kyrs BP), which may have induced their long-term
geographic separation (Pilot ez al., 2010).

1.2.2.1. Geographical distribution

Red fox

During the last glaciation and up to the LGM the Iberian Peninsula, the Italian Peninsula and
the Balkans, and the Carpathians and Crimean Peninsula acted as glacial refuges for red foxes
(Sommer and Benecke, 2005). After a demographic bottleneck, they underwent a major
expansion in Eurasia (as suggested by mitochondrial DNA analyses of around 1000 red foxes,
Statham et al., 2012). This expansion was accompanied by a secondary transfer of a single
matrilineage (Holarctic) to North America.

During the last warmest interstage of the pleniglacial period (38-25 kyrs BC), the red fox
was present in Central Europe and its distribution extended at least partly to Southern England
(Sommer and Benecke, 2005). At that time, the Arctic fox (Alopex lagopus) and red fox were
probably sympatric in parts of their range.

During the LGM (22-18 kyrs BC), the arctic fox was distributed exclusively in Central
Europe, in addition to being present in glacial refuges. The combined distribution of the artic
fox and red fox persisted after the LGM and during the Late Glacial (15-9,5 kyrs BC) in Central
Europe, with the probable exception of the Allered interstadial (Sommer and Benecke, 2005).
The range of the arctic fox regresses towards the Northernmost regions of Europe during the
Holocene.

After the LGM, the earliest well-documented records of Vulpes vulpes in Central Europe are
between 14 and 13,5 kyrs BC (Sommer and Benecke, 2005).

Wolf

During the last pleniglacial period (75 to 15 kyrs BC), the wolf was already present in
geographical regions that served as glacial refuges for species more adapted to warm climates
as evidenced by bone remains: France, Spain, Ireland, Great Britain, Germany, Italy, Greece,
Moldavia and Ukraine(Sommer and Benecke, 2005). No drastic decrease in the distribution of
grey wolves i1s assumed (Sommer and Benecke, 2005). The omnipresence of the wolf during
the Holocene is likely not due to a recolonisation.

1.2.2.2. Genetic diversity (haplogroups history)

Red foxes

Analyses of the mitochondrial DNA of modern and ancient red foxes have suggested that
they show a high degree of phylogenetic structure throughout Europe (Edwards et al., 2012).
Only a few of the existing haplotypes were found in several locations. Among them, haplotype
Al is one of the most common and it has the widest geographical distribution (it is present
worldwide), haplotype A2 is mainly present in Scandinavia and Central Europe, haplotypes B
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and D are mainly found in the British Isles. Southern regions are less well connected than
Northern regions and Iberian foxes are relatively isolated from other European regions (Frati et
al., 1998; Edwards et al., 2012).

Wolves

Analyses of the mitochondrial DNA of modern and ancient wolves have revealed that there
are two European haplogroups (Pilot et al., 2010). Haplogroup 1 is also present in North
America, unlike haplogroup 2. These two hapologroups include European and Asian haplotypes
and overlap geographically, but differ significantly in frequency between populations in South-
Eastern and Western Europe. Haplogroup 1 predominates in Eastern Europe and the Iberian
Peninsula, while haplogroup 2 predominates in the Apennine Peninsula (a mountain range in
the Alpine belt that runs through Italy). Italian wolves are thought to have been genetically
isolated for thousands of generations south of the Alps, but the presence of a shared haplotype
between the Iberian Peninsula and Eastern Europe strongly suggests the existence of a past gene
flow between these two populations, thus implying the presence of haplogroup 1 in the extinct
intermediate populations of Central and Western Europe. Surprisingly, all ancient wolves in
Central and Western Europe (42 kyrs BC to 750 AC) have haplotypes belonging to haplogroup
2. The dominant haplogroup would therefore have changed from haplogroup 2 to haplogroup 1
over the last 40,000 years, before and after the LGM, which may be related to ecological
changes that occurred after __
the LGM (Pilot et al., 2010, o
Figure 2). The turnover was A
incomplete in Central and "
Western Europe < 3 { 5
(haplogroup 2 persisted) R
while it was complete in s
Northern America. e N {0 o o
Haplotypes of haplogroup 1 | < - . = ° R
appeared in samples of " R : '
wolves  from  Western ’ i an 4
Germany date to 250 to 550 3‘ N :‘ ' n S T
AC (Pilot et al., 2010). e e N

Figure 2. Distribution of

haplogroups 1 and 2 in extant
and ancient European wolves.
From Pilot et al (2010).

Haplotypes from haplogroup 1:
Haplotypes from haplogroup 2:

/\ Extant
@ Extant

A Ancient
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Other DNA analyses revealed that at the end of the Pleistocene, wolf populations in North
America would have experienced a bottleneck, following the diffusion of a maternal lineage of
Greenland wolves (contrary to previous studies that suggested an extinction replacement event)
but the authors found no argument for a similar bottleneck in Eurasia (Ersmark et al., 2016).
Loog and colleagues (2018) hypothesized the existence of this bottleneck in Eurasia based on
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the analysis of 90 whole mitochondrial genomes of modern wolves and 45 mitochondrial
genomes of ancient wolves from the Northern Hemisphere, the latter covering a period of 50
kyrs. Their results suggest that the wolves that exist today all originate from a single Late
Pleistocene ancestral population from Beringia (or a Northeast Asian region in close
geographical proximity). A bottleneck occurred (between 38 and 13 kyrs BC) with limited gene
flow between neighbouring demes, and the population rapidly expanded at the end of the LGM
(around 23,5 kyrs BC, between 31-12 kyrs BC), replacing indigenous Pleistocene wolf
populations across Eurasia (Loog et al., 2018). Despite this bottleneck, genetic variation
remained high throughout Europe until the last few centuries (Dufresnes et al., 2018).

1.3. The domestication of the wolf as a dog during the late
Pleistocene

Contrary to the evolutionary origins of the wolf and the fox, the origins of dogs are more
anthropic than natural, as they are intrinsically linked to humans. In return, dogs are suspected
of having profoundly influenced the course of human history and the development of the first
civilisations (Shipman, 2015b).

In this PhD thesis, we will not examine the first domestic dogs, but rather their evolution in
later times, when the domestication was certain and no confusion between them and their wild
ancestor was possible. However, in order to understand some of the questions that will be
addressed in this work, some background information on the process of domestication, and in
particular on the biological and anthropic phenomena that led to a divergence in the history of
dogs compared to their wild relatives, seemed useful.

1.3.1. The ancestral lineage of wolf at the origin of dogs

Grey wolves Canis lupus are the ancestors of the subspecies Canis lupus familiaris, in other
words, dogs. However, extant wolves are not believed to be the direct ancestors of modern dogs
(Freedman et al., 2014). In fact, during the late Pleistocene, one ancestral lineage of European
grey wolves — that occupied the tundra steppes more than 20 kyrs ago (~60-20 kyrs according
to Frantz et al., 2016)— would have diverged in a very short time to give rise to dogs through a
process of domestication (Thalmann et al., 2013; Freedman et al., 2014; Fan et al., 2016;
Freedman and Wayne, 2017), ensuring the evolutionary success of this lineage. Domestication
is associated with a first severe bottleneck, causing the divergence between dogs and wolves
(Freedman et al., 2014). Dogs occupied a new ecological niche, and found themselves favoured
in competition for resources, disease transfer or mixing with non domesticated lines (Lescureux
and Linnell, 2014; Pilot et al., 2019). Soon after their divergence from dogs, another major
bottleneck occurred in wolves. This means that dogs come from a population of wolves that
was much more genetically variable than the modern population of wolves (Freedman et al.,
2014). The ancestral lineage of wolf responsible for domestication is now extinct.
Morphological and isotopic data suggest that their extinction was linked to that of their
megafauna prey (Leonard et al., 2007). These populations were subsequently replaced by
modern lines of wolves (Larson et al., 2012).
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1.3.2. Domestication was initiated by a phase of commensalism

Somewhere in the last 11 to 35 kya BP, Late Pleistocene wolves were likely attracted to
hunter-gatherer encampments to feed on human food waste (Coppinger and Coppinger 2001;
Morey 1994 in Zeder, 2012; Freedman and Wayne, 2017). They would have followed humans
to take advantage of the carcasses they left behind in the landscape (Shipman, 2015b, 2015a).
This forced some wolves to migrate towards a human niche, reflecting their demographic
divergence from established territorial wolves (Freedman and Wayne, 2017). This would
therefore have been the beginning of a commensal relationship. This is the hypothesis put
forward by Zeder (2012). At this stage, the “proto-dog” benefited from the relationship with
man, while man does not really benefit from this relationship. The animals most likely to have
been attracted to human groups were probably not the alpha males (the most aggressive), but
rather members of the subdominant pack, wolves that were less aggressive but still distrustful
of males. These individuals, with higher stress thresholds, were probably better candidates for
domestication. Next, humans likely started to select these less aggressive wolves/dogs, which
would have paved the way for a domestic relationship for the first time in the animal world®.
This hypothesis was confirmed by the farm-fox experiment, as we will see in the next
paragraph.

The association then became more and more mutualistic, involving common activities from
which men now derived tangible benefits from this collective intelligence (hunting or protection
of the group against other humans or carnivores; Zeuner, 1963; Clutton-Brock, 1999; Vigne,
2012; Freedman and Wayne, 2017), which, however, remains difficult to deduce from the
archaeological remains (Boudadi-Maligne et al., 2020). Hunter-gatherers and proto-dogs thus
progressively developed closer social bonds.

Later on, the transition to a more sedentary lifestyle and the development of agriculture,
starting at around 11.5 kyrs BP in Western Eurasia, would probably have involved the selection
of modified phenotypes and the appearance of dogs of very different sizes, resulting in a marked
phenotypic divergence from their ancestors. This point will be discussed in further details in
section 2.3 and in Conclusion and discussion of Part 2 and perspectives for Part 3.

1.3.3. A unique but reproducible situation in other canids

The farm-fox experiment was a key stage in the comprehension of the domestication
process. It was carried out over several decades by a group of Russian researchers in Siberia
starting in the 1960s (Trut, 1999; Trut, Oskina and Kharlamova, 2009, 2012). They monitored
the evolution of a population of silver foxes originating from fur farms in Eastern Canada,
reproducing the first supposed stages of domestication. Silver foxes are eumelanic variants of
the red fox, thus belonging to the same species (Vulpes vulpes), although they may differ
slightly in osteological dimensions. These original silver foxes were already selected for their
fur but not domesticated.

¢ The dog is the first domesticated animal, since the other domestications coincide with or are posterior to the
development of agriculture, around 11.5 kyrs BP (Vigne, 2011; Zeder, 2012).
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At the beginning of the experiment, Dr. Dimitry Belyaev and his colleagues selected the
least shy individuals and eliminated the most aggressive ones from reproduction. In only a few
generations (6-15), they observed the same morphological, behavioural and beahvioral
variations as those observed between wolves and dogs (and consistently found in the
domestication of other species, which is called the “domestication syndrome™). These results
supported Belyaev's original idea that intentional selection on tameness and strictly behavioural
traits determined the establishment of the domestication syndrome.

Subsequent authors have contested these results, arguing that this study was biased because
most of the traits attributed to behavioural selection for tameness were prior to the experiment
(Lord et al., 2020). However, the quantitative evolution of these traits over the course of the
experiment does not affect, to our mind, the fact that behavioural selection influenced
morphological or physiological traits. These traits, although already existing in a small
proportion in the population prior to the experiment, have become increasingly frequent over
the generations, under the effect of the drastic selection.

These results reinforce the hypothesis that dogs rapidly emerged from a commensal
relationship and from the preferential breeding of docile and tame animals. However, strong
selection pressures were imposed during the experiment (only 3% of males and 8-10% of
females were allowed to breed in each generation, Trut, Plyusnina and Oskina, 2004) and these
are not directly transposable to prehistoric hunther-gatherers. The domestication process may
therefore have taken longer, and hybridisation with wild wolves may have complicated the
process as compared to the farm-fox experiment.

This selection for behaviroural traits had many biological effects, such as a modification in
the secretion of cortisol (hormone of stress) and serotonine, thus encouraging the development
of tame individuals through generations (Trut, 1999, Figure 3G) and the appearance of new
morphological traits (Trut, 1999, Figure 3G) and the appearance of new morphological traits
(cf section 1.3.4, Figure 3). A specific selection for morphological traits may have occurred
only later on, reinforcing the domestication syndrome characterictics (Trut, 1999; Saetre et al.,
2004).

Interestingly, this experiment proved that foxes can respond in the same way as proto-dogs
to anthropogenic constraints. However, in their evolutionary history, it has been otherwise. The
fox has never been domesticated and has remained commensal, although some evidence of a
special relationship between foxes and dogs in the past are attested to (see section 2). Never
very far from human settlements from which it benefits, it has always kept a certain distance
and remains more subject to natural selection pressures. The dog is the only large carnivore and
only canid that has ever been domesticated.

41



1.3.4. Changes related to domestication

Examination of wolf and dog remains in the early phases of domestication and experimental
studies on the domestication process have shown that the domestication has been accompanied
by a large number of genetic, morphological, physiological or even behavioural modifications
(e.g. Wayne, 1986; Trut, 1999; Horard-Herbin and Vigne, 2005; Trut, Oskina and Kharlamova,
2009, 2012; Pionnier-Capitan, 2010; Horard-Herbin, Tresset and Vigne, 2014; Mikl6si, 2014;
Lord et al., 2020).

Among the morphological manifestations of domestication in dogs, we notice:

o fur depigmentation, revealing a “star pattern” (Figure 3A) or specifically localized
depigmentation spots (mottling or piebaldness, Figure 3B,C), apparition of droopy ears
(Figure 3D) and an upward curled tail (or shortening of the tail, Figure 3E);

o reduction in length and torsion of the limbs;

o preservation of paedomorphic characteristics: juvenile traits are maintained, which is
especially observable in cranial morphology. This resulted in changes in cranial
dimensions, including a decrease in skull height and width, widening of the palate and
shortening of face and muzzle (Figure 3F), thus leading to the apparition of a marked
“stop” (a depression located between the frontal and the nasal regions). Brain capacity
also decreases (Kruska, 1988);

o these cranial modifications lead to a reduction in the space available for the teeth, causing
frequent tooth rotation, a reduction in size and number, overlap or occlusal problems with
an offset between the upper and lower rows of teeth, or reduction in the length of
premolar or molar rows;

o adecrease in sexual dimorphism, including within the skull, with the acquisition in some
males of morphological traits reminiscent of females;

o decrease in size and bone dimensions.

All domesticated species share the majority of these changes, which characterize the
“domestication syndrome” (Lord et al., 2020). The existence of such a syndrome is appealing
because it makes it possible to identify domestic animals dichotomously from their wild
counterparts. Consequently, many studies have used these morphological characteristics or
have compared the skeleton of wolves and dogs to identify specific osteologic criteria
(Belhaoues, 2018) to distinguish wolves and dogs in the archaeological record (Horard-Herbin,
2014), particularly to identify the first domestic dogs (e.g. Pionnier-Capitan, 2010; Pionnier-
Capitan et al., 2011; Horard-Herbin, Tresset and Vigne, 2014). However, these modifications
were not yet very marked at the beginning of the domestication process and are likely blurred
by hybridisation (Ardalan et al., 2011; Freedman et al., 2014). Additionally, the morphological
variability of ancient wolves (especially in the Pleistocene) is not well known because there are
few remains (Janssens et al., 2019). As in extant wolves, it seems to have been relatively
important as early as the Pleistocene (Boudadi-Maligne and Escarguel, 2014), making strict
identification of the subspecies difficult, especially in the early stages of domestication. The
length, height, and size of the skull, the width of the muzzle, the orbital angle and the mesio-
distal diameter P4 - M1 can however help, to a limited extent, to distinguish the frst dogs from
wolves (Janssens ef al., 2019)
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Figure 3. morphological and behavioural transformations observed in foxes during the domestication
experiment conducted by Belyaev. From Trut, Plyusnina and Oskina (2004)
A: Star pattern; B: Localized depigmented spots (piebaldness); C: Localized yellow-brown spots

(mottling); D: Floppy-ears; E: Curly tail; F: crania of female foxes from the domesticated population: norm
(left) and shortened and widened face (right); G: The behavior of an animal from the domesticated
population.
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1.3.5.  Geographical origins and timing of domestication

1.3.5.1. Methodological difficulties, a subject under debate

The precise timing, geographical origin and ecological context of early domestication are
still debated in the scientific community. This is due to many methodological difficulties.
Firstly, archives are fragmented in time and space, as ancient remains are rare (Larson ef al.,
2012).

It is also necessary to underline the difficulty of the osteological distinction between the dog
and the wolf, partly due to the possibility of hybridisation. Mixtures between dogs and other
wild canine lines (a large gene flow between the wolf-dog ancestor and golden jackals has been
demonstrated, Freedman et al., 2014 , or between resident native dogs and dogs from elsewhere,
may complicate the exploration of the evolutionary history of dogs based on genomic data
(Freedman and Wayne, 2017). Furthermore, early dogs were probably morphologically very
similar to wolves (Larson et al., 2012), perhaps even indistinguishable. It is thus very difficult
to know whether the remains of supposed dogs did not in fact belong to the ancestral lineage of
wolves at the origin of modern dogs, which could be morphologically distinct from modern
wolves (smaller for example), or whether they could not belong to a lineage other than the
ancestral lineage at the origin of modern dogs, as part of a failed domestication process (Larson
et al.,2012; Freedman et al., 2014).

1.3.5.2. Earliest remains

The location of the oldest remains of dogs is of interest to clarify the geographical and
temporal origin of domestication (see section 1.3.5.3) and to document the morphological
variability existing at such early periods (we will come back to this in section 2.4.2.1). This is
why we linger in this section to list the discoveries of the oldest dogs.

Fossil wolf remains have been found in association with hominids as early as 400 kyrs
(Clutton-Brock, 1995), but the first evidence of dog remains is much more recent.

In Europe, the first remains classified as dogs were found at Predmosti in Czech Republic
(estimated to ~27 kyrs; Germonpré et al., 2012), and at the Goyet cave in Belgium (~36 kyrs;
Germonpré¢ et al., 2019). However, subsequent studies have challenged these attributions, and
suggested the canids were more likely to be wolves (Boudadi-Maligne and Escarguel, 2014;
Drake, Coquerelle and Colombeau, 2015; Frantz et al., 2016; Freedman and Wayne, 2017),
perhaps descended from an extinct wolf lineage (Crockford and Kuzmin, 2012; Morey, 2014;
see response to these criticisms in Germonpré ef al., 2013, 2015).

Analysis of the entire mitochondrial genome of the Goyet dog revealed that it belonged to a
sister group (i.e. reciprocally monophyletic group) to all extant dogs and wolves (Thalmann et
al., 2013), suggesting that it was the result of an abortive domestication event or that it was a
morphologically distinct and now extinct wolf population adapted to megafauna hunting in
Beringia in the late Pleistocene (Leonard et al., 2007; Thalmann et al., 2013). Sequencing of
the mitochondrial genome of the Taimyr wolf, a 35 kyrs fossil specimen found in Northern
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Siberia, supports the existence of such a lineage (Skoglund ef al., 2015). The results showed
that this wolf was reciprocally monophyletic with a clade consisting of an interbreeding of
ancient and extant wolf and dog lines, again suggesting an early divergence between wolves
and modern dogs from an ancient wolf population now extinct.

Remains clearly attributable to the dog during the Upper Paleolithic in Western Europe have
been listed by Pionnier-Capitan ef al. (2011 , Figure 5, Table 1). Accordingly, dogs are present
in Western Europe from at least the Middle Magdalenian (i.e. from 13,000 cal. BC).

In Romania, there is to our knowledge no mention of Upper Paleolithic dogs (Balasescu,
Radu and Moise, 2005).

In the Middle East, the most ancient dogs originate from Iraq (~13 kyrs; Zeder, 2012).

In Asia, the oldest dog-like canid remains are found in the Razboinichya cave in the Altai
Mountains of Siberia (~33 kyrs; Ovodov et al., 2011). According to the authors, this could be
an attempt at domestication that failed due to climate and cultural changes associated with the
LGM and that did not lead to late Holocene lineages. The attribution to the dog was nevertheless
confirmed by genetic analysis of mtDNA (Druzhkova et al., 2013).

In East Asia, very few ancient remains have been found, the oldest (~ 12-13 kyrs in
Kamchatka, Russia and Northern China; Freedman and Wayne, 2017) being younger than the
oldest undisputed fossils in Europe (15 kyrs) and as old as the oldest remains found elsewhere
in Central Asia or in the Near and Middle East (5-13 kyrs).

The earliest American dogs very likely come from dog lines from the Old World (Leonard
et al., 2007), with the oldest confirmed remains from Koster, IL dated to ~9.9 cal. kyrs BP
(Leathlobhair ef al., 2018).

Figure 4. Location of sites in
Western Europe containing upper
Palaeolithic dogs. Sites are listed in

Table 1.
1: Erralla;
2: pont d’Ambon (France);
3: le Closeau (France);
4: Montespan (France);
5: grotte Jean-Pierre 1 (France);
6: le Morin (France);

7: grotte-abri du Moulin(France);
8: Hauterives-Champréveyres
(Switzerland);

9: Kesslerloch (Switzerland);
10: Bonn-Oberkassel (Germany);
11: Kniegrotte (Germany);

12: Teufelsbriicke (Germany);
13: Olknitz (Germany);

14: Mezin (Ukraine);

15: Eliseevichi I (Russia).
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Table 1. Sites with dog remains from the Upper Paleolithic in Western Europe and illustrated in Figure 4.
Completed from Horard-Herbin, Tresset and Vigne, 2014.

Location Site and code in the map Timing Reference
Iberian Erralla, Spain (1) Early Magdalenian ~ 19,000 BP Altuna, Baldeon and Mariezkurrena,
Peninsula or Allerod ~12,500 BP 1985
Garcia-Monco, 2005
Vigne, 2005
France Pont d'Ambon, Bourdelles (2) upper Azilian layer, preboreal Célérier and Delpech, 1978
12,952-12,451 cal. BP Célérier et al., 1999
dating on canid bone
Le Closeau (3) 14,999-14,319 cal. BP Pionnier-Capitan et al., 2011
14,596-14,055 cal. BP
Montespan (4) Middle Magdalenian Garcia-Monco, 2005
15,500-13,500 cal. BP Pionnier-Capitan ef al., 2011
Grotte Jean-Pierre 1, 10,050 + 100 BP from pollens Lequatre, 1994
Saint-Thibault-de-Couz (5) 12,027-11,311 cal. BP from the canid Chaix, 2000
skull
Grotte de le Morin, 15,005-14,155 cal. BP (OxA-23628) Boudadi-Maligne et al., 2012
Pessac-sur-Dordogne (6) 15,114-14,237 cal. BP (OxA-23627)
Grotte-abri du Moulin, Middle Magdalenian, Azilian Boudadi-Maligne et al., 2020
Troubat (7) 12,475-12,429 cal. BP (OxA-36550)
from a dog tibia
Swizerland Hauterives-Champréveyres, 13,000 BP (15,000-14,000 cal. BP) Morel et al., 1997
Neuchatel (8) Morel et Miiller, 1997
Kesslerloch (9) Napierala and Uerpmann 2012
Germany Bonn-Oberkassel (10) 14,708-13,874 cal. BP Nobis, 1981
Street, 2002
Bales 2006
Kniegrotte (11) Late Magdalenian 16,700-13,800 BP Musil, 1974, 2000
Teufelsbriicke (12) Early Dryas Musil, 2000
and Olknitz (13) 15,770-13,957 cal. BP
Ukraine Mezin (14) Epigravettian Pidoplichko, 1969, cited by Benecke,
14,700-14,300 BP 1987
Russia Eliseevichi I (15) 16,945-16,190 cal. BP Sablin et Khlopachev, 2002, 2003

All these studies therefore tend to suggest that Eurasian dogs appeared at least 15 kyrs cal.
BP (Pionnier-Capitan ef al., 2011, Figure 5), maybe even as early as 33 kyrs.
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Figure 5. Geographic origins and age of the oldest validated dog remains in Eurasia
From Freedman et Wayne (2017), which is modified from Frantz et al. (2016).
Dots represent sites containing dog remains and coloring is indicative of the timing.
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1.3.5.3. Scenario and timing

The study of genetic diversity and phylogenetic relationships observed between ancient and
modern dogs and wolves, and even other canine species such as the dingo, through
mitochondrial DNA and Y chromosomes analyses, lead scientists to propose two kinds of
scenarios: either domestication took place independently in several places around the globe, or
an initial domestication event resulted in a first monophyletic clade (clade I) that subsequently
underwent repeated cycles of hybridisation and selection for phenotypic variation (Vila et al.,

1997).

Three locations have been suggested as possible centres of domestication: Europe, Southeast
Asia, and the Middle East (Savolainen et al., 2002; Pang et al., 2009; Vonholdt et al., 2010;
Brown et al., 2011; Larson et al., 2012; Thalmann et al., 2013; Freedman et al., 2014; Wang et
al., 2016; Freedman and Wayne, 2017).

The dates of domestication are variable and depend on the methodologies (Vila ef al., 1997;
Savolainen et al., 2002; Wang et al., 2013, 2016; Skoglund et al., 2015; Frantz et al., 2016;
Freedman and Wayne, 2017). For example, the oldest archacological remains in Eurasia are
dated to about 15 kyrs BP (see previous section), but dogs could have been domesticated as
early as 135 kyrs according to Vild et al. (1997) who use mutation rates to estimate the
divergence between wolves and coyotes. This order of magnitude proved to be too large.
Savolainen et al. (2002) estimated the origins of dogs at 14+4 kyrs for clade A (1 founder), 11
+ 4 kyrs for clade A1, 16 = 3 kyrs for clade A2, 26 = 8 kyrs for clade A3, 13 £ 3 kyrs for clade
B and 17 + 3 kyrs for clade C. Their conclusion was that dogs either came from clade A (around
40 kyrs BP) or that they came from a group of founders from all three clades (around15 kyrs
BP). Based on by the mutation rate, Wang ef al. (2013) estimated that domestication occurred
around 32 kyrs BP and then corrected the date to around 33 kyrs BP (Wang et al., 2016),
assuming an outbreak in Southeast Asia. Freedman and Wayne (2017) deduced a dog-wolf
divergence moment of 11-16 kyrs BP, and expanded to 11-34 kyrs BP. Using the Taimyr wolf
sample (dated to 35 kyrs BP), Skoglund ef al. (2015) moved the previously reported wolf-dog
divergence from aroundl11-16 kyrs BP (Freedman et al., 2014) to around 27-40 kyrs BP.
Frantz et al. (2016) used archaeological samples to infer a mutation rate and suggested that
dogs originate to around 14-6.4 kyrs BP.

Today, the scientific community considers that dogs have been living with humans for at
least 15,000 years (Pionnier-Capitan ef al., 2011; Boudadi-Maligne and Escarguel, 2014; Perri,
2016; Janssens et al., 2019; Boudadi-Maligne et al., 2020).

The current consensus is the scenario proposed by Frantz et al. (2016). The authors proposed
that dogs may have been domesticated independently from geographically and genetically
differentiated wolf populations in East Asia first, and in Western Eurasia, and that East Asian
dogs then partially replaced those originating from Western Eurasia. The discrepancy between
East Asian and Western Eurasian dogs would date from ~14-6.4 kyrs, which is later than the
known presence of dog remains in these two regions. This suggests that dogs must have been
present in both regions before. Indeed, they showed that there was a significant turnover of
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mitochondrial DNA haplotypes between ancient and modern dogs, during which clade A
increased in terms of frequency, while haplotypes B, C and D decreased in frequency, which
could not be explained by genetic drift (Frantz et al., 2016).

1.4. Return to the wild: the case of the dingo

The dingo, Canis lupus dingo (Meyer, 1793), is another subspecies of the grey wolf. It
probably originates from a very small population of domestic dogs from Southeast Asia
(Savolainen et al., 2004) that returned to the wild (this is what we call a feral dog) during
prehistoric times.

The earliest remains (around 5,500 years BP) have been found in Ban Chiang (Thailand),
one of the oldest sites in Asia that testifies to the transition from hunter-gatherers to sedentary
farmers (Corbett, 1995). In Australia, the oldest remains are dated to 3,450 = 95 BP (Corbett,
1995) and its arrival has been dated by the molecular clock to around 4,600-5,400 years BP
(Savolainen et al., 2004).

Today, the dingo and its counterparts (e.g. the yellow dog of New Guinea) are widely
distributed in Southeast Asia. Isolated for more than 3,500 years, they represent a unique isolate
of early undifferentiated dogs. Accordingly, dingoes likely provide a good and unique picture
of what the first dogs looked like when they were still subject to natural constraints rather than
to strong anthropic selections for strictly aesthetic reasons. Nowadays, dingoes live in a
commensal relationship with the indigenous populations of humans. Indeed, they live in close
association with human groups, serving as guardians, hunting companions, or for
companionship (Clutton-Brock, 1989; Corbett, 1995; Koungoulos and Fillios, 2020, Figure 6).
However, these dogs remain relatively independent.

© Clutton-Brock, 1988

Flgure 6. Australlan Aborigines and their dingoes (Clutton Brock, 1989)
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1.5. Extant worldwide distribution and diversification of red foxes,
wolves and dogs

Foxes, wolves and dogs are still interacting in a large part of the Northern hemisphere.
(Lescureux and Linnell, 2014) since they do not have exactly the same ecological niches and

can therefore coexist (in particular, diets are somewhat different, Macdonald and Sillero-Zubiri,
2004).

Today, Vulpes vulpes and Canis lupus are the two species of wild carnivores with the widest
geographic distribution. They are found on all continents except Antarctica. These species are
thus able to colonize biotopes with very different and sometimes extreme environmental
conditions, thanks to their great adaptability and even morphological, physiological and
behavioral plasticity (Macdonald and Sillero-Zubiri, 2004).

The red fox, which has remained commensal, has furthermore accommodated well to
growing urbanism, taking advantage of the resources available in the cities (Hulme-Beaman et
al., 2016).

On the contrary, grey wolf populations have drastically decreased over the last two centuries
as a result of persecution, although they have recovered well in recent decades (Lescureux and
Linnell, 2014; Ersmark et al., 2016). Wolves have even come close to being totally
exterminated in Western Europe. As a result, diversity collapsed dramatically at the beginning
of the 20th century and recolonisation from a few homogeneous relict populations induced
drastic changes in the genetic composition (Dufresnes et al., 2018). Modern wolves are thus
significantly different from the prehistoric wolves that lived in this region. On the other hand,
in Eastern Europe, human persecution has had less effect on wolf demography. Diversity has
thus been less impacted (Duftresnes et al., 2018).

Another reason for the decrease in wolf populations is the tremendous increase in those of
dogs, directly threatening wolves through hybridisation, disease transfer, and competition. The
story of dogs has been a real success, thanks to their importance to humans and their great
plasticity. They rapidly expanded to Africa, America, and even Australia by following humans.
They have become widely used for a variety of purposes (e.g. as a source of food and fur, for
hunting, guarding, fighting, or for companionship). Thus, dogs have become the most common
carnivore, and are estimated to be close to 900 million individuals, worldwide (Gompper,
2014), and their population is still increasing (Lescureux and Linnell, 2014).

This population explosion has been accompanied by an explosion of genetic and phenotypic
variability. Hence, from the Chihuahua to the Rottweiller, the dog is currently the most variable
carnivore in terms of overall morphology, size and proportions (Drake and Klingenberg, 2010).

Numerous studies have explored the genetic basis of this morphological variability
(Lindblad-Toh et al., 2005; Freedman et al., 2014). It turns out that the evolutionary history of
dogs up to the time of breed formation is extremely complex. Indeed, it encompasses many
bottlenecks (after the first severe bottleneck related to domestication), local population
expansions, contractions, extinctions and replacements, as well as and gene flows with wolves
(Freedman and Wayne, 2017). Long after the initial process of domestication, and especially
during the last 200 years, dogs have undergone rapid phenotypic changes, with the creation of
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breeds through strong artificial selection and closed breeding systems imposed by humans
(Freedman and Wayne, 2017).

The term "breed" refers to a single population within a single species with distinct
hereditary, morphological and physiological traits as defined by standards in books that have
been established only since the nineteenth century (Pionnier-Capitan, 2010; Horard-Herbin,
Tresset and Vigne, 2014). The 353 breeds of dogs currently recognized by the FCI (Fédération
Cynologique Internationale, International Canine Federation, http://www.fci.be), are the result
of a very recent selection on specific physical or behavioral traits, in order to satisfy functional

needs (e.g. for work, hunting, or running) or for strictly aesthetic reasons. Moreover, some
authors have even drawn a parallel between cranial morphology and certain car models,
associating an emotional value to certain morphological traits. Hence, Bartosiewicz (2018)
stated that models of economy cars with a rather "cute" face (Kéifer model, i.e. beetle in German,
such as the Volkswagen Typ 1 or the two-horsepower Citroén 2 CV) recall the neotenic traits
of the highly modified small dog
breeds such as the pug, while sports
car models are more reminiscent of
a wolf's skull, with oversized
engines and a small cabin size
recalling the cranial proportions
(large splanchnocranium, small

neurocranium) of adult wolves
(Figure 7).

Figure 7. Neotenic features of a Fiat 500 (1967, left) and a Porsche 356B Coupe (1962, right), in
comparison with the cranial proportions of a pug (left) and wolf (right). Figure 6 from Bartosiewicz
(2018).

Although the notion of breed is very recent and therefore cannot be applied to ancient dogs,
morphological groups (morphotypes, characterized by different cranial proportions) are
already identifiable as early as the Bronze Age and Antiquity (Belhaoues, 2018), and the
phenomenon intensifies in the Middle Ages and during modern times (Horard-Herbin, Tresset
and Vigne, 2014). We will explore the variability in early periods (before the Bronze Age) in
section 2.3.6.4 and in the course of this thesis. In order to describe shape variation, a division
into dolichocephalic (elongated and narrow skull, akin to greyhounds), brachycephalic (broad
and short skull, akin to mastiffs or bulldogs) and intermediate mesocephalic types can be used.

The intensive selection of dog breeds has not been without consequences regarding their
genetic integrity and the population health. Strict selection based on a set of strict standards has
helped to homogenize breeds, reducing genetic diversity and led to the fixation of certain
pathological traits. Moreover, mitochondrial DNA analysis has demonstrated that indigenous
African village dogs have greater genetic diversity than purebred dogs (Boyko et al., 2009).

Thus, skeletal anomalies are frequent in some breeds and are even ancient. For example,
chondrodysplasia (dwarfism resulting in a reduction in the size of the limbs and their torsion,
as for example in the dachshund) is already known in ancient Egypt (Brassard, 2018) and is
found in sites dating to the Roman period (Teichert, 1987). In addition, most brachycephalic
breeds are affected by a brachycephalic syndrome resulting, among other things, in severe
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respiratory disorders. It should be remembered that some breeds would not be naturally viable
after this strict selection (many births are artificially supported in some breeds). Today, the
standards tend to integrate clauses ensuring the well-being and integrity of animal health, by
allowing more genetic variability.

Conclusion

By retracing the evolutionary history of canids likely to be found in archaeological sites in
Europe after the domestication of the dog (wolves, dogs, and red foxes), the following key
points emerge:

KEY POINTS

Red foxes, wolves and dogs have had very different evolutionary histories.

Red foxes have remained commensal and are today among the most widespread
carnivores on the planet, wolves have rarified and have remained wild, and dogs
emerged from an ancestral lineage of wolves at least 15,000 years BP through a
process of domestication likely because of drastic selection upon behavioural traits.
They have extraordinarily diversified these two last centuries.

= The different trajectories of dogs (anthropogenic or even artificial
evolutionary history) and red foxes (more natural evolutionary history,
although it has been likely also impacted by anthropogenic activities, due
to its commensal nature) may be interesting to compare.

Extant wolves are not the direct descendants of the ancestral lineage of wolfs that
were domesticated into dogs, which should be considered when comparing ancient
and modern wolves.

Although Canini (wolves and dogs) and Vulpini (red foxes) have been separated for
millions of years, experimental studies showed that the red fox is likely to respond
similarly to wolves/dogs to anthropogenic constraints.

= Red foxes are thus a good model to compare with dogs in order to
evaluate the effect of the proximity to humans.

The genetic and morphological variability in dogs has exploded very recently with
the creation of breeds, leading to extreme morphologies in modern dogs. However,

a certain variability, recalling some modern breeds, already existed in the Bronze
Age and Antiquity, as testified by bone remains. Considering that dogs were
domesticated at least in two places (East Asia and Western Eurasia), a somewhat
important variability probably existed from the very beginning.

In the following section, we discuss what happened after the domestication and before the
Bronze Age, during the emergence of the first agricultural societies.
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2.

The evolution of canids from the Mesolithic to the Bronze
Age: state of the art

Previously, we recalled the general evolution of dogs and red foxes, by insisting on their
origin and evolution during the last centuries. If the most radical upheavals concerning dog
history dates back to the time of wolf domestication or are very recent (with the creation of
breeds in the last two centuries and the increasing impact of urbanism on commensal species),
the history of these two species has not been without upheaval in more distant times. In his
thesis, Belhaoues (2018) argues that during the Bronze Age, dogs appeared rather commensal
and that they escaped from human control, while canine morphotypes greatly diversify in
Roman Antiquity, attesting to voluntary human selection to satisty specific demands.

Even before that, tremendous transformations in human societies, in particular the
emergence of agriculture during the Neolithic period, are known to have had repercussions on
animals living close to humans. Given that dogs were already domesticated at this time, the
question is how they were impacted by these profound socio-economic changes. However, as
we shall see in the following sections, although genetic or contextual archaeological data are
abundant, data on the morphology of dogs have been much less exploited and are relatively
scattered throughout the litterature.

For these reasons, we focus on the Neolithic period in this thesis, rather than on the early
stages of dog domestication or on later periods after the Bronze Age, that have already been
studied in detail.

2.1. The Neolithic transition: a period of major interest for studying
dog populations?

During the late Pleistocene (23-10 kyrs BC), due to the glacial climate, living conditions
were extremely difficult and not conducive to the exploitation of natural resources. After the
end of the last glaciation, about 12 kyrs ago, the climate warmed and stabilized, and natural
upheavals greatly diminished in magnitude. However, another upheaval took place, this time
of anthropogenic origin. The growing of the modern human population was accompanied by
major changes in their lifestyle, which strongly impacted the environment. Changing from a
nomadic to a sedentary lifestyle, human groups settled, first in hammlets and then in villages,
and gradually moved from a way of life based on hunting, fishing and gathering (during the
Epipaleolithic and Mesolithic periods) to a subsistence economy based on animal husbandry
and agriculture, resulting in the domestication of many animal and plant species (during the
Neolithic and later periods, Cauwe et al., 2007; Zeder, 2008; Vigne, 2011; Willcox, 2013).
Other innovations of this period include, in Western Eurasia, included architectural changes,
long-distance trade, the making of ceramic pottery, the establishment of a social hierarchy and
the use of symbolic expressions (Fowler, Harding and Hofmann, 2015). These major
technological, economic and cultural changes correspond to the so-called Neolithic Revolution
(the term was proposed for the first time by Vere Gordon Childe in 1936).
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This decisive transition in the History of Humanity took place between around 9,5 and 4
kyrs BC (Cauwe ef al., 2007) in Western Eurasia. It began in the Near East and the Neolithic
way of life gradually spread into Europe between 7 and 4 kyrs cal. BC (Tresset and Vigne,
2011). The Neolithic transition first impacted the south-eastern part of Europe, the Balkan
Peninsula and its margins, during the 7" millennium cal. BC. These areas retained a strong
influence from the Near-Eastern Neolithic. The Neolithic spread in Central and Western Europe
from the 6" millennium cal. BC and throughout the 5 millennium. It happened through two
main diffusion streams: the Impressa-Cardial cultures along the Northern coastline of the
Mediterranean (Mediterranean stream) and the Linienbandkeramik culture (LBK, “culture
Rubanée” or Danubian culture) through the Danubian corridor (danubian or continental stream,
Figure 8). The LBK culture is thus the earliest Neolithic culture in Central Europe, and dates to
5,5-4,7 kya BC. It is present from Slovakia to the Netherlands, through Moldavia, Ukraine,
Romania, Hungary, the Czech Republic, Western Germany, Northern France and Belgium.
This population replaced or co-existed with hunter-gatherer populations.

Eastern and Western Europe thus have somewhat different histories, in terms of cultures and
chronologies. The Danubian area retained some characteristics from the Balkan Neolithic but
also incorporated late indigenous hunter-gatherer features, resulting in both cultural and genetic
mixing (Cauwe ef al., 2007; Ollivier et al., 2018). On the Northern and Western plain margins
of Europe, the transition occurred much later. In the Northern plains of Central Europe, hunting,
fishing and gathering remained the dominant economy until 4-3,8 kyrs BC. In North-Western
Russia, the first signs of agricultural development were observed between 2,7 and 2 kyrs BC
(Fowler, Harding and Hofmann, 2015).

~ areas of cultural change Y
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Figure 8. Chronological spread of the Neolithic across Europe. The two main diffusion streams are drawn
and some of the oldest cultures (and further cited in the manuscript) are reported on the map. Modified
from Guilaine (2003).
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Some studies have suggested that farmers from the Near East would have immigrate to
Europe (Fowler, Harding and Hofmann, 2015) and substantially replaced the local hunter—
gatherer population, except on the Western and Northern margin of the continent, where
Mesolithic societies persisted longer (Haak et al., 2015). DNA analysis have revealed an
unbroken chain of ancestry from Central and SouthWestern Europe to Greece and
NorthWestern Anatolia, suggesting that these migrations would have been rather limited
(Hofmanova et al., 2016). The progression of the Neolithic from east to west would thus have
occured mainly through the diffusion of ideas. However, the scenario is very complex and
involves a combination of processes of the diffusion of ideas, physical migration (e.g. from
Anatolia to Greece and Bulgaria), acculturation and the contribution of local hunter-gatherer
populations.

These farmers were accompanied by several domesticated species (Zeder, 2008; Tresset and
Vigne, 2011), including dogs (Ollivier et al., 2018). Indeed, although dogs were already
domesticated prior to the Neolithic, they were an integral component of the Neolithic farming
package. Through the analyses of mitochondrial DNA of 99 ancient European and Near Eastern
dogs spanning the Upper Palaeolithic to the Bronze Age, Ollivier et al. (2018) have suggested
that during the Neolithic transition, dogs spread from the Near East into Europe, alongside other
domestic animals such as pigs, cows, sheep and goats. In Eastern Europe, incoming farmers
would have brought Near Eastern dogs with them rather than having primarily adopted
indigenous European dogs after they arrived, changing deeply the population. In Western and
Northern Europe, these migrating dogs got diluted into the native population.

During the Neolithic transition, the domestication of animals and plants greatly facilitated
food access, for both humans and the dogs that surrounded them (Freedman and Wayne, 2017).
This has been demonstrated by the coincidental between the regional advent of agriculture and
the increasing in the number of AM2YB gene copy in dogs through the Neolithic transition
around 7 kyrs BC (Arendt ef al., 2016; Ollivier et al., 2016, Figure 9). Thus, the growing input
of cereals and pulses in the diet of dogs has resulted in an increasing in the efficiency of starch
digestion, as it was previously reported in humans (Perry et al., 2007). In modern wild canids
(wolves and dingoes) and Huskies, the number of copies remains low (Freedman et al., 2014).
Within a single archaeological site (Bordusani and Harsova, Romania) individuals with low or
high copy numbers coexisted, suggesting that the expansion of the gene was not yet fixed in
dogs populations associated with agricultural Neolithic societies. However, it must be
considered that dogs posessing the genetic background to digest starch may still have had a
predominantly carnivorous diet. This was supported by isotope analyses which demonstrated
that dogs from Eastern European Chalcolithic sites (Bordusani, Harsova and Vitanesti) had a
diet rich in meat, even though they had a sufficient number of AMY2B copies to be able to
digest starch (Balasse ef al., 2016).

The Neolithic transition therefore seems to be a period of significant co-evolution between
humans and dogs. Indeed, the major changes in human lifestyles could not have been without
consequences on the dogs that lived with them. So far, there is no comparative data for
commensal species such as red foxes, but it is likely that they could have benefited from this
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increased access to food resources as well (by feeding on the garbage or on the small rodents
attracted by cereal storages).

Afterwards, the European Neolithic became a very complex mosaic of cultures (mostly
defined by ceramics) that vary greatly and succeeded or superimposed each other in time and
space, testifying to very different ways of life and social organisation. The Neolithic ends with
the invention and spread of copper metallurgy (which corresponds to the Chalcolithic) and then
the bronze metallurgy (which defines the Bronze Age, around the beginning of the third
millennium BC to the second millennium BC).
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Figure 9. Distribution of estimated Amy2B gene copy numbers between the Upper Palaeolithic and the
Bronze Age (a) through Eurasia (b). Figure 1 from Ollivier et al. (2016)
white: 2 copies, grey: 2-8 copies, black: more than 8 copies.
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2.2. Non-exhaustive occurrence of canid remains in the
archaeological record from the Mesolithic to the early Bronze Age

The first step of our study was to collect information on the occurrences of canids
around the Neolithic period (dogs, wolves and red foxes, the only species attested in Europe at
this time, as seen in section 19), in order to conceive our archaeological corpus. This long and
fastidious research has allowed us to describe (in a very general way) the evolution of the
frequency of canid remains in the chrono-geographic range relevant for our study.
Subsequently, this bibliographical research also allowed us to document the variability in
relationships between humans and dogs (see section 2.3).

The summary presented in this section is not meant to be exhaustive, given the abundance
of and frequent non-publication of faunal lists and the difficulty to access to some of the
bibliographical resources. However, this step enabled us to highlight some methodological
limitations related to the availability or even to the existence of archaeological material. Indeed,
our research has shown that the remains could be very rare for some species, or for some
chronological periods or geographical areas.

We will discuss some specificities on dog findings in the sites listed in this section in more
detail in the next section (section 2.3).

4 For the periods from the Mesolithic to the Bronze Age, no remains of Vulpes corsac or Cuon alpinus were
found in Europe (Sommer and Benecke, 2005). The documented Neolithic remains of Canis aureus originate from
Greece (Sommer and Benecke, 2005) and are therefore out of our area of interest.
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2.2.1. Methodology

Given that the aim was to study the evolution of the dog around the Neolithic transition, we
limited our research to the period from the Mesolithic to the Chalcolithic in South-Eastern
Romania and to the very early Bronze Age in Western Europe.

In South-Eastern Romania, the Neo-Chalcolithic era is divided into Early Neolithic, Late (or
developed) Neolithic and the Chalcolithic, which is devided into Early and Late (or developed)
Chalcolithic (Balasescu, Radu and Moise, 2005, Table 2).

Table 2. Chronological periods and related cultures considered in this thesis for South-Eastern Romania,
from Baldsescu, Radu and Moise, 2005. Dates are in BC.

Dates Period Culture
~4,600/4,500- Late/Developped Gumelnita — Salcuta —
3,800/3,700 Chalcolithic Cernavoda |
~5,000-4,500 Chalcolithic Vidastra — Hamangia
Early Chalcolithic 111 — Bolintineanu —
Boian — Stoicani-Aldeni
~3,500-5,000 Late/Developed Neolithic Vinca - Dudesti
Hamangia I et 11
~6,600-5,500 Early Neolithic preCris — Star¢evo-Cris

In Western Europe, to provide an effective framework, we split the Neolithic period into
three stages: Early, Middle and Late® Neolithic (Table 3).

Table 3. Chronological periods and related cultures considered in this thesis for France and Western
Europe (modified from Demoule, 2007; Ghesquiere and Marchand, 2010). Dates are in cal. BC.

Dates Period Culture
2,200/2,100 Early Bronze Age
2,200/2,100-2,500 Campaniforme
o Ferri¢res — Couronnien — Vienne —
2,500-3,500 Late Neolithic Charente — Seine-Oise-Marne —
Clairvaux — Horgen, ...
3.500-4,800 Neolithic Middle Neolithic Cerny — Chambon — Chasséen — Noyen

— Michelsberg — Cortaillod, ...
LBK (Rubané) — Villeneuve Saint
4,800-5,800 Early Neolithic Germain
Impressa — Cardial-Epicardial, ...
5.500-9,500 Mesolithic Castelnov'ien - Cuzoul'f Gazel '
Sauveterrien — Beuronien — Montclusien
8,000-9,500 Epipaleolithic Azilien
Paleolithic Upper Paleolithic Magdalénien — Solutréen — Gravettien —
Aurignacien — Chatelperronien

33,000 BC

¢ That gathers both the French “récent” and “final” Neolithic, as well as the French Chalcolithic.
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We have focused our research mainly on France and Romania because the Neolithisation
processes are different (see section 0) and dogs have been well studied in both areas (e.g.
(Arbogast et al., 2005; Pionnier-Capitan, 2010; Pionnier-Capitan et al., 2011; Ollivier et al.,
2013, 2016, 2018; Frantz et al., 2016). Our research led us to include Romania, France and
some countries bordering France (Switzerland, Germany, Belgium).

In this section, we focus on the dog and the red fox, since the study of the wolf is beyond the
scope of this thesis.

To list the occurrences of dog and red fox, we used several tools. The aim was not to be
exhaustive but to provide an overall picture for the two geographical areas studied.

For the red fox, we started from the synthesis provided by Fosse (1988).

For the dog, we used the unpublished synthesis of Bréhard er al. (2014) for French Early and
Middle Neolithic. This synthesis is broad but not exhaustive for the Early Neolithic, since it
does not include the Early Neolithic of Eastern France for example.

To list the presence of the two species in Southern Romania, we used mainly the synthesis
published by Balasescu et al. (2005a).

We also refer to Sommer and Benecke (2005) which lists a large pannel of canid remains
throughout Europe. Our database is complementary but cannot replace it, since our objective
was not the same as that of the authors: their approach was more naturalistic, and thus more
chronological than cultural.

We supplemented these data with archaeological databases.

An extraction from the I2AF database f was carried out by C. Callou on August 2018. This
database contains only very fragmentary data. We are limited by the state of encoding in the
database (all publications or reports are far from being recorded).

An extraction from the OBRESOC database® was carried out by S. Bréhard on March 2018.
This research database focused on an essential cultural group for the continental Early
Neolithic: the LBK culture. We will therefore be able to focus on this cultural group for which
the work was exhaustive at the time of the construction of the database (10 years ago).

Considering that the Neolithic history is different in Eastern and Western Europe, we

focused on several spatio-temporal entities:
o) Mesolithic in Romania and France;

Neo-Chalcolithic in Romania;
LBK culture (OBRESOC data especially) in Europe;
Early Neolithic in France;
Middle Neolithic in France/Switzerland;
Late Neolithic in France/Switzerland

o O O O O

fI2AF : Inventaires archéozoologiques et archéobotaniques de France, inpn.mnhn.fr
£ OBRESOC : Un observatoire rétrospectif d’une société archéologique : La trajectoire du néolithique Rubané,
https://trajectoires.cnrs.fr/actualite/anr-obresoc/
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2.2.2. Mesolithic dogs and red foxes in France and Romania

2.2.2.1. Romania

In the Romanian Mesolithic, the presence of dogs is well attested in some sites of the Iron
Gates (Table 4, Figure 10), such as Ostrovul Corbului (Haimovici, 1987) and Ostrovul Banului
(Balasescu, Radu and Moise, 2005). In Icoana, the identification is limited to "Canis sp." but
the presence of dogs is very likely likely (Balasescu, pers. comm.). In Cuina Turcului II, among
the 78 wolf remains it is very probable that there are also some dogs. Cranial remains are fairly
well represented, especially the remains of the mandible. Dog remains are attested at Alibeg,
but their attribution to the Mesolithic or early Neolithic levels has to be confirmed. Dogs are
attested in the Serbian Iron Gates: at the sites of Padina (including 42 mandibles), Vlasac (26
mandibles), Lepenski Vir (18 mandibles) and at Hajduc¢ka Vodenica (Dimitrijevi¢ and Vukovi¢,
2015). For the sites I could obtain the faunal list of, three contain fox remains: Cuina Turcului,
Ostrovul Banului and Ostrovul Corbului (Table 4).

2.2.2.2. France

In France, our research (mainly using the I2AF database) reveals that, during the Mesolithic,
sites yielding dog remains are rare and few have been excavated (Figure 10). However,
published data are scarce. In addition, there is no review article listing French Mesolithic sites
containing dogs.

We have not mentioned the site of Noyen-sur-Seine where 11 canid remains were excavated
from the Mesolithic layer, because it is not clear whether the remains belong to dogs or wolves
(the cranial measurements are compatible with wolves, Vigne and Marinval-Vigne, 1988).

French Mesolithic sites that have yielded red foxes are also rare, although slightly more
numerous. Fosse (1988) counted 5 Mesolithic sites, we counted about 23 based on the records
in the I2AF data base. Most often, the dog is not present on the sites that delivered foxes. Badger
and fox are often associated, which possibly indicates modern intrusions. In these conditions,
it is difficult to conclude that the fox could have been a prey to humans. As Fosse (1988) already
pointed out, the presence of red foxes is not systematic in all the sites nor in all the mesolithic
layers of the same site (for example at Gazel porche and ‘Abri III de Chinchon’, only one of
the five Mesolithic layers contained red foxes; and at Rouffignac the fox was absent whereas
the wolf, wildcat and marten were present; Fosse, 1988; Rozoy, 1978). Fox remains are
therefore rather occasional during Mesolithic.
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Figure 10. Romanian and French sites that have delivered remains of Mesolithic dogs or red foxes according to the literature. The sites are inventoried in Table 4
and Table 5. Dot size is proportional to the number of remains (NISP") of the species of interest on the site. Where data were not available, the size is the smallest

(1).

" NISP: number of identified specimens.
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Table 4. Remains of Mesolithic dogs found in Romania.

Map

Total

code site species NISP NISP Ref

1 Alibeg dog 1+ Baldsescu unpublished

2 Icoana Canis sp. 8006 236 Bolomey, 1973

3 Ostrovul Banului dog 269 35 Balasescu and Radu, 2012

3 Ostrovul Banului fox 269 11 Bailasescu and Radu, 2012

4 Ostrovul Corbului dog 3314 38 Haimovici, 1987

4 Ostrovul Corbului fox 3314 8 Haimovici, 1987

5 Cuina Turcului IT wolf - probably dog 684 78 Bolomey, 1973

5 Cuina Turcului IT fox 684 15 Bolomey, 1973

6 Hajducka Vodenica dog 1+ Dimitrijevi¢ and Vukovi¢, 2015

7 Lepenski Vir dog 1+ 21 Dimitrijevi¢ and Vukovi¢, 2015

8 Padina dog 1+ 48 Dimitrijevi¢ and Vukovi¢, 2015
Bokonyi, 1978

9 Vlasac dog 1+ 53 Bokonyi 1978

Dimitrijevi¢ and Vukovi¢, 2015

Table 5. Remains of Mesolithic dogs and red foxes recorded in France (mainly from I12AF and Fosse, 1988).

species Map site Totali NISP Ref
code NISP
dog 1 A Daupharde, Ruffey-sur-Seille, France 226 1 Séara, Rotillon and Cupillard, 2002
dog 2 Grotte de la Baume de Montandon, Saint-Hippolyte, France 173 2 Cupillard et al., 2000
dog 3 grotte des Perrats, Agris, France 170 3 Arbogast, inédit
dog 4 Rochedane, Villars-sous-Dampjoux, France 362 1 Bridault, 1993
Péquart et al., 1937; Jeunesse, 2001;

- Schulting and Richards, 2001; Pionnier-

dog > Téviec, France 366 I+ Capitan et Tresset, unpublished; Tresset,
unpublished

fox 1 A Daupharde, Ruffey-sur-Seille, France 804 9 Lena in Séara, Rotillon and Cupillard, 2002
fox 5 Téviec, France 1+ Rozoy, 1978
fox 6 Abri de Saint-Mitre, Reillanne, France 176 3 Helmer, 1979
fox 7 Abri IIT de Chinchon, saumanes, France 38 1 Helmer, 1979
fox 8 les Agnels, Apt, France 1478 10 Rillardon, 2010
fox 9 Aux Champins, Choisey, France 411 6 Léna in Séara, Rotillon and Cupillard, 2002
fox 10 les Baraquettes, Velzic, France 241 18 Fontana, 2000
fox 11 Bavans, France 254 3 Arbogast, Jeunesse and Schibler, 2001
fox 12 grotte du Bignalats, Arudy, France 622 20 Altuna and Marsan, 1986
fox 13 parc du Chateau, Auneau, France 12 Dubois et al., 1998
fox 14 Chinchon 2, Saumane-de-Vaucluse, France 40 1 Crégut-Bonnoure, 1988; Rillardon, 2010
fox 15 Dourgne, France 801 8 Geddes, 1993
fox 16 grotte des Escabasses, Thémines, France 1 Riviére, 2006
fox 17 Font-aux-Pigeons, Chateauneuf-les-Martigues, France 3601 17 Ducos, 1958; Geddés, 1980; Poulain, 1984
fox 18 Gazel, Salléles-Cabardeés, France 664 8 Geddes, 1980
fox 19 Gramari, méthamis, France 462 3 Guilbert et al., 2003; Rillardon, 2010
fox 20 Grotte a la peinture, Larchant, France 402 10 Bridault and Bautista, 1993
fox 21 I'abri Tardenoisien de la chambre des Fées, Coincy, France 12 1 Poulain, 1964
fox 22 abri du Roc Troué, Sainte-Eulalie-de-Cernon, France 83 1 Poulain, 1992
fox 23 grotte du Vauloubeau, Saint-Pierre-Quiberon, France 26 2 Crégut-Bonnoure, 2008; Rillardon, 2010

I NISP: number of identified specimens.
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2.2.3. Neo-Chalcolithic in Romania

During the Romanian Neolithic, identified sites yielding dogs and foxes are locaed in South-
Western Romania, whereas those containing remains dated to the Chalcolithic are located in
the South-Eastern part of the country. This is mainly related to the state of the archaelogical
excavations.

With regard to dog remains, there is a strong disproportion between the number of sites and
the number of remains according to the period (Figure 11). The number of dog remains (as well
as the number of sites containing dogs) is very low in the Early Neolithic and increases in later
periods. Dogs are frequent in the Vinc¢a and Boian cultures (in Isaccea-Suhat dogs are in second
place after cattle but they surpass both ovicaprines and pigs, in terms of NISP; dogs also surpass
pigs at Harsova-tell during the Boian culture) and a peak is even reached during the Gumelnita
(Late Chalcolithic; Balasescu, Radu and Moise, 2005). Still, it should be noted that in the
majority of Gumelnita sites, the frequencies (% NISP) of dogs do not exceed 5% of mammalian
remains. However, it occupies the first place ahead of other domestic animals at Cascioarele
during the Gumelnita culture (in terms of NISP), which is closely correlated with the good
representation of game species that reaches more than 70% (Baldsescu, Radu and Moise, 2005).
During the same culture (Gumelnita) at Bordusani-Popina it comes in second place, ahead of
ovicaprines and cattle species.

During the Neo-Chalcolithic, the red fox is present in most of South-Eastern Romanian sites
but the number of remains is often very low (Figure 11, Table 6). Like other wild carnivores, it
seems to have been hunted only sporadically. The number of foxes, as well as the number of
wolves is relatively more important during the cultures Vinca, Boian (where it represents almost
half of the carnivore sample) and Gumelnita (especially at Vitanesti, Bordusani and Harsova-
tell). This is likely related to the anthropophilia of the species (it was attracted by human
settlements to find its food).
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Table 6. Occurrences of canid remains from the Early Neolithic to the Chalcolithic in South-Eastern Romania - details by
site, from Balasescu, Radu and Moise (2005).

Peri Cultural Map

Site Dogs Foxes Wolves NISP
od group code

Gura Baciului- 8 Carcea-La Hanuri 3 235
Cércea 25  Gradinile 1 2 852
preCris 38  Magura-Boldul 30 4416
8 Carcea-La Viaduct 3 1 349
Early Neolithic 18  Dudestii-Vechi 8 564
~6,000-5.500 cal BC 21 Foeni-Gaz 1 502
Staréevo-Cris 21 Foeni-Silas 2 261
39  Magura-Buduiasca 1 66
35  Locusteni 1 331
41  Moldova Veche-Rat 4 424
24 Gornea-Caunita de Sus 7 1 3 1612
20 Foeni-Cimitirul Ortodox 1998 37 3765
20 Foeni-Cimitirul Ortodox 2003 234 10 3 16037
34 Liubcova-Ornita 1977 83 18 26 4774
34 Liubcova-Ornita IV-III 16 1 1668
Vinga 34 Liubcova-Ornita II-1 6 1 1107
43 Parta I 1998 8 2 1267
Late/Developed 43 Partal 1995 10 3 4296
s 43 Parall 18 1 2012
’ 46  Sanandrei cultura Banatului 2 1 150
46  Sanandrei Vinca C 151
46  Sanandrei post Vinca C 10 1703
2 Beciu 3 1 129
. 5 Branesti-Vadu Ana 1 20
Dudegti 19 Farcasu de Sus + 1 345
39  Magura-Buduiasca 12 1 4 594
Hamangia II 12 Golovita (Hamangia 1I) + 92
Vadastra 39  Magura-Buduiasca 1 60
11 Cernavoda (Hamangia I1-1IT) 4 354
12 Cheia (Hamangia IIT) 6 8 1444
Hamangia 27  Hamangia (Hamangia III) 3 70
51  Techirghiol (Hamangia III) 7 14 1094
10 Ceamurlia de Jos (Hamangia I11) + 147
15  Coslogeni 6 10 433
Bolintineanu 22 Galatui 1 1 363
36  Lunca 7 1 394
3 Bogata 4 3 170
14 Ciulnita 14 2 2489
Early Chalcolithic 30 Isaccea-Suhat 106 " 7%
~5.000-4.500 BC 32 Laceni-Magura 9 6 226
Boian, Giulesti 48  Silistea-Conac 8 6 141
52 Varasti 7 260
Boian-Vidra 54  Vladiceasca 46 7 2 2655
28 Harsova-tell 77 4 1527
31  Izvoarele 50 2 1136
Boian-Spantov 32 Laceni-Magura 10 252
44  Radovanu 142 23 1 4703
50  Tangiru 25 421
1 Aldeni 3 28
. . 17  Draganesti 7 2 1 674
Stoicani-Aldeni 5, Liscoteanca 7 515
49  Suceveni 18 806
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Cultural Map

Period Site Dogs Foxes Wolves NISP
group code
4 Bordusani 1343 143 64 9317
7 Carcaliu 13 481
13 Chitila 8 481
28  Harsova-tell 896 14 26 5310
Gumelnita 29 insura;e_i 20 5 5 581
37  Luncavita 21 4 6 924
37  Luncavita G 16 1 2 548
42 Navodari 27 4 12 425
47  Seinoiu 1 97
50  Tangéru 4 256
6 Bucsani 15 5 808
9 Ciscioarele 166 1 3 2829
Late/Developped 40  Mariuta 13 3 526
Chalcolithic 17  Draganesti-Olt A 14 1 719
~4.600/4.500 - 17 Driginesti-Olt B 35 2 1515
3.800/3.700 BC sanestl
26  Gumelnita A 62 3 2 1886
26  Gumelnita B 14 2 2 476
53 Vitanesti A2 252 61 72 9089
53 Vitanesti Bl 90 19 18 3662
55  Vladiceasca GAl 18 4 475
55  Vladiceasca GA2 127 15 3 3518
55  Vladiceasca GB1 23 2 1013
. 16  Cuptoare-Sfogea 27 1 994
Saleuta 17  Draganesti-Olt 20 2 2 887
11 Cernavoda 11 2 285
Cernavoda I 28  Harsova-tell 63 3 358
45 Ramnicelu 34 5 2838
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2.2.4. Neolithic in France — general trends

The synthesis of Bréhard ef al. (2014) revealed a large imbalance in the number of sites and
the number of dog remains for each period/culture, as it has been observed in the previous
section for Eastern Europe. There is almost the same (consistent) number of sites dated to the
VSG culture, Cardial-Epicardial cutures (Early Neolithic) and Chasséen or Cortaillod cultures
(Middle Neolithic). However, the number of dog remains is much lower during the Early
Neolithic compared to the Middle Neolithic. Dog remains are especially numerous during the
Chasséen culture and even more during the Cortaillod culture, despite the fact that the number
of sites is not that different than during the Early Neolithic (Figure 13).
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Figure 13. Evolution of the frequency of dog remains in the Early and Middle Neolithic sites of France
according to chrono-cultural groups. A: South of France (Middle Neolithic sites from Swizterland are
included); B: North of France. Matignons culture is from the very beginning of the Late Neolithic. From
Bréhard et al. (2014).

In the following sections, we augmented the database of Bréhard et al. (2014) with Early
Neolithic sites from the Eastern part of France and with sites studied after the completion of the
synthesis.
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2.2.5. Early Neolithic in France and LBK culture in Europe

During the Early Neolithic in France, dog remains are rare (both in terms of number of sites
and number of remains per site, Table 7, Figure 13, Figure 14). However, it is likely that the
canine population at that time was much larger than suggested by the excavated dog remains
(Arbogast, 1995). Indeed, frequent dog bite or chewing marks are observed on the bones of
other species (for example in Armeau, Poplin, 1975). The geographical distribution of the sites
which yielded dog remains is linked to both the state of archaeological excavations and to the
fact that our synthesis is not exhaustive.

The scarcity of dog remains may relate to their status during this period. Some authors have
suggested that dogs were not found in household refuses because the dogs would have been
rarely eaten and would hence have benefited from a special position relative to humans (Poplin,
1975; Arbogast, 1989).

The number of red fox remains is also pretty low during the Early Neolithic (Table 7, Figure
14), as already reported by Bedault (2012). They are sometimes associated with other digging
animals, notably the badger, as at Fontbrégoua, Saint Mitre, Gazel I, Jean-Cros or “Les
Obeaux”, where the red fox may be intrusive (Helmer, 1979; Poulain, 1979; Fosse, 1988).
However, they are often associated with other fur-bearing carnivores. This is consistent with
the fact that among wild species, aurochs, deer, wild boar and roe deer were the most frequent
game species at this period, even though the hunting of numerous fur-bearing carnivores,
rodents and lagomorphs (badger, marten, weasel, beaver, hare) likely had a significant
secondary role (Arbogast, 1994).

Foxes and dogs are found together at a few sites.

Northern Fance was neolithicized by the LBK culture (or “culture Rubanée”), a major pan-
European culture (see section 2.1). The OBRESOC database allowed us to extend the
referencing of sites dated to the LBK containing dog and/or red fox remains in Europe (Figure
14, Table 7). These data confirm what we already observed in France. Although sites are more
numerous, the number of dog remains is generally very low with the exception of some sites
such as Herxheim, which reveals singular cultural practices for that period (see section 2.3.4.2).
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Table 7. Occurrences of dog and fox remains from the Early Neolithic in France and LBK culture in Europe. From Bréhard
and Vigne (in press); Bedault (2012); Bréhard et al. (2014) for Southern and Northern France, from [2AF database for
Eastern France, and from OBRESOC database for the LBK in Europe.

Country Map Culture Sites Reference NISP NISP
code dogs foxes
Southern 1 Péricardial Jean-Cros (2a-b) Poulain, 1979 7 32
France 2 Cardial ancien Gazel I (sensu Manen) Geddes, 1980 modified by Vigne, 2007 5 20
3 Cardial ancien grotte de 1'Aigle (c5) Khawam, 2016 5 35
4 Cardial ancien grotte de Fontbrégoua (C48-45) Helmer, 1979 1 9
4  Cardial récent grotte de Fontbrégoua (C44-41) Helmer, 1979 9
5 Cardial Abri de Fraischamp 2 (C4-C3) Helmer, 1979 2
6 Cardial Saint Mitre (C3) Helmer, 1979 1 4
7 Cardial Baume Saint-Michel (C5b) Helmer in Hameau et al., 1994 2
8 Cardial récent grotte Lombard Helmer, 1991 1 16
9 Cardial/Epicardial Leucate-Correge Geddes, 1984 1 3
10  Epicardial ancien "Le Tai" Bréhard and Vigne, in press 33
2 Epicardial ancien Gazel 11 Geddés, 1980 modified by Vigne, 2007 20 11
11  Epicardial ancien grotte de Camprafaud (C18-C19) Doumerc, 2016 3 8
11  Epicardial récent grotte de Campraftaud (C17) Doumerc, 2016 3
2 Epicardial récent Gazel 111 Geddés, 1980 modified by Vign& 2007 23
Northern 12 RBP Ancien et Moyen  Ay-sur-Moselle Arbogast, 2001 unpublished 3
France 13  RBP Ancien et Moyen  Menneville "Derriére le Village" Hachem, 1996a 3
14  RBP Ancien et Moyen  Cuiry les Chaudardes "Les Fontinettes" Hachem, 1996b 12 19
(Phases 1-4)
15 RBP Ancien et Moyen  Pont-Saint-Maxence "Le Joncoire" Arbogast, Jeunesse and Schibler, 2001 2 1
16 RBP Ancien et Moyen  Armeau Poplin, 1975 3
17 RRBP/Rubané final Etigny Carré, 2004 1
13  RRBP/Rubané final Menneville "Derriére le Village" Hachem, 1996a 3
18 VSG Jablines "La Pente de Croupetons"” Bostyn, Hachem and Lanchon, 1991; 1 2
Hachem in process
19 VSG Trosly-Breuil "Les Obeaux" Arbogast, 1993 and unpublished 8 1
20 VSG Bucy le Long "La Fosse Tounise" Bedault, 2012 6 1
21 VSG Bucy le Long "Le Fond du Petit Marais/le Bedault, 2012 3 1
Grand Marais"
22 VSG Tinqueux "La Haubette" Bedault, 2012 1
23 VSG Vignely "La Porte aux Bergers" Bedault, 2012 3 2
24 VSG Luzancy "Le Pré aux Bateaux" Bedault, 2012 6
25 VSG Mareuil-1és-Meaux "Les Vignolles" Arbogast, Schaefer, inédit 2 2
26 VSG Changis-sur-Marne "Les Pétreaux" Hachem in Lanchon ef al., 2008 1
27 VSG Villeneuve-la-Guyard "Les falaises de Bedault, 2012 3
Péproux"
28 VSG Passy "La Sablonniére" Bedault, 2012 4 1
29 VSG Aubevoye "La Chartreuse" Bedault, 2012 1
30 VSG Longeuil-Sainte-Maris "La butte de Rhuis III"  Arbogast, 1995 12
31 VSG Maurecourt "La Croix de Choisy" Bémilli, 2006 1
32 VSG Alizay-la-Chaussée str 506 Bemilli unpublished 2
Eastern 33  Rubané ancien Bischoffsheim Le village Arbogast, 1991 1
France 34  Rubané ancien Dachstein "Am Geist" Arbogast, 1994 1 6
35  Rubané récent Rosheim "Sainte-Odile" Arbogast unpublished 4 1
36  Rubané récent Rosheim "Sabliére Helmbacher" Poulain in Thévenin and Sainty, 1979 7
37  Rubané récent Rouffach "Gallbiihl" Poulain, 1984 2 1
38  Rubané final Wettolsheim "Ricoh" Arbogast, 1994 3
39  Rubané final Pfulgriesheim "Langgarten" and "Buetze" Meunier, Sidéra and Arbogast, 2003 2
40  Rubané final Westhouse "Ziegelhof" Lefranc et al., 1998 1
41 Rubané Oberlarg "Mannlefelsen 1" Poulain, 1984 3
42  Rubané Ensisheim "Ratfeld" Arbogast, 1994 9 15
43  Rubané Reichstett Poulain-Josien, 1978 7 1
44  Rubané Colmar "route de Rouffach" Poulain, 1989 47 3
45  Rubané ancien a récent  Reichstett "Schamli" Poulain-Josien, 1978 1
Belgium 46  Culture omalienne Liége "Place Saint-Lambert" Otte, 1984 1
Germany 47 LBK Ammerbuch-Reusten Uerpmann, 2001 1 1
48 LBK Stuttgart "Cannstatt 1" Brunnacker et al., 1967 2
49 LBK GroBgrabe "Gebinde" Miiller, 1964 1
50 LBK Dresden "Cotta (Fpl. 4)" Benecke, 1999 1
51 LBK Eisleben "Voswelle" Daohle, 1994 4 3
52 LBK Langweiler 8 Uerpmann in Boelicke and Aniol, 1988 4
53 LBK Straubing "Lerchenhaid Fundplatz A" Ziegler, 1985 4 1
54 LBK Ammerbuch-Pfaffingen "Liisse" Stork, 1993 1
55 LBK Riedstadt/Godelau "Nachtweide" Uerpmann, 2001 6 1
56 LBK Schlotheim Miiller, 1964 1
57 LBK Bruchstedt "Strasse der Einheit" Miiller, 1964 1
58 LBK Miiddersheim "Strasse Diiren-Ziilpich, Schietzel and Stampfli, 1965 1
Ziegelei St. Antonius"
59 LBK Zauschwitz/Weideroda Miiller, 1964 1
60 LBK Ehringsdorf/Weimar Miiller, 1964 1
61 LBK Gotha "Korner (Lehmgrube der Ziegelei)" Miiller, 1964 1
62 LBK Erfurt "Rankestraf3e" Miiller, 1964 1
63 LBK Herxheim Jeunesse, Boulestin and Zeeb-Lanz, 2009 250 2
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Country Map Culture Sites Reference NISP  NISP
code dogs foxes
64 LBK Bruchenbriicken Uerpmann, 2001 2
65 LBK Dammendorf (Windmiihlenberg) Miiller, 1964 10
66 LBK Hohlstedt Miiller, 1964 1
67 LBK Kothen"Scherbelberg" Miiller, 1964 2
68 LBK Barleben "Schweinemaisterei"” Miiller, 1964 1
69 LBK Trobsdorf/Burgscheidungen Miiller, 1964 3
Austria 70 LBK Mold "Im Doppel" Schmitzberger, 2010 1
71 LBK Pulkau Wolff, 1980 3
72 LBK Poigen "Bachrain" Wolff in Lenneis, 1977 1
73 LBK Schwechat "Unteres Feld" Ruttkay, 1971 1
74 LBK Unteres Feld grupe 1-14-6 Ruttkay, 1971 5
75 LBK Brunn am Gebirge "Fundstelle 1, Wolfsholz"  Pucher, 1998 2
Czech 76 LBK Mikulov "Jeleni-Louka" (Kratochvil, 1973) 5
Republic 77 LBK Roztoky (Peske, 1991) 1
78 LBK Hostivice "Sadova" Kovacikova, 2011 1
79 LBK Chotébudice Kovacikova, 2011 2
Hungary 80 LBK Folyas "Fundstelle Szilmeg" Bokonyi, 1959 7
81 LBK Battonya "Godrosok" Bokonyi, 1984 7 6
82 LBK Tiszalok "Hajnalos" Voros, 1989 in Arbogast, Jeunesse and 1 1
Schibler, 2001
83 LBK Gy6r "Papai Vam" Bokonyi, 1974 3
84 LBK Szarvas Bokonyi, 1987 in Arbogast, Jeunesse and 1 1
Schibler, 2001
85 LBK Tiszavasvari "Keresztfal" Bokonyi, 1974 1
86 LBK Pilismarot "Szobi Rév" Bokonyi, 1974 2
87 LBK Voros Csillag Tsz Bokonyi, 1974 1
88 LBK Tiszavasvari "Deakhalmi dilo" Bokonyi, 1974 1
89 LBK Pomaz "Zdravlyak" Bokonyi, 1959 3
90 LBK Borsod "Derekegyhazi Diilo" Bokonyi, 1959 1
Moldova 91 LBK Floresti 1 Calkin 1970 in Arbogast, Jeunesse and 1
Schibler, 2001
92 LBK Novye-Rusesty 1 David and Markevic, 1967 in Arbogast, 18 25
Jeunesse and Schibler, 2001
Poland 93 LBK Brzesc Kujawski Bogucki, 1982 in Arbogast, Jeunesse and 1
Schibler, 2001
94 LBK Gniechowice Kulczycka-Leciejewiczowa and Romanow, 3
1985
95 LBK Lagiewniki 5 Sobocinski, 1981 7 1
96 LBK Zalecino 4 Sobocinski, 1984 13
97 LBK Grabie 4 Sobocinski, 1985 1
98 LBK Lojewo 1/22 Sobocinski, 1985 1
Slovakia 99 LBK Berek, Bina Ambros unpublished in Arbogast, Jeunesse 2
and Schibler, 2001
100 LBK Fedelemka, Sarisské Michalany Siska, 1989 4 2
Ukraine 101 LBK Girka Polonka Kotova, 2003 1
102 LBK Rovno Kotova, 2003 5 2
103 LBK Gnidava Kotova, 2003 1
104 LBK Golysev 2 Kotova, 2003 3
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2.2.6. Middle Neolithic in France and Switzerland

In France, the Middle Neolithic is a complex mozaic of cultures. Indeed, it is characterised
by the co-existence and succession of several cultures in the north (Cerny, Michelsberg,
Northern Chasséen, Noyen group) and the existence of a cultural complex that dominated in
the south (Southern Chasséen). Many exchanges and influences occurred between these
regional cultures, as well as with those in Eastern France and Switzerland (Cortaillod, Middle
Burgundian Neolithic NMB, Bostyn et al., 2011).

Our synthesis shows that there are many more sites and more information on canid bones in
the Middle Neolithic than in the Early Neolithic (Figure 14, Figure 15). However, there are still
some lacuna in data from Central France or Brittany, likely linked to the state of archaeological
excavations or research.

The number of dog remains increases considerably while the number of fox remains remains
relatively low (Figure 14, Figure 15). This is particularly evident during the Chasséen and the
Cortaillod. Dog remains belong to complete individuals or to scattered remains of many
different animals. This thus suggests two different types of human-dog relationships. We will
detail this further in section 2.3.

The possibility that the fox was intrusive still exists at this period, in particular at Collombey-
Barnaz II where it was associated with the bear, and perhaps at Dourgne C4 (Fosse, 1988).
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Figure 15. Remains of dogs and red foxes from the Middle Neolithic in France. Sites are listed in Table 8. Dot size is proportional to the number of remains (NISP) of the species of
interest on the site. Where data were not available, the size is the smallest (1).
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Table 8. Occurrences of dog and fox remains from the Middle Neolithic in France, from Bréhard (2011), Hachem (2011),
Bréhard et al. (2014) and the I2AF database.

Cultural phase Map Sites Reference NISP — NISP
code dogs  foxes
Middle Neolithic 1
Southern France
— transition between Early and 1 Chemin de Barjols FS 1069 Cockin and Furestier, 2009 cited in 1+
Middle Neolithic Remicourt et al., 2012
— Middle Neolithic 1 2 Saint-Maximin-la-Sainte-Baume "Le clos de Roque" Blaise in Remicourt ez al., 2012 1
— Montbolo 3 Grotte de Montou Loirat, 2000 48
— Pré-Chasséen 4 Grotte de Fontbrégoua (C30-36) Helmer, 1979 3 1
— Chasséen 5 Grotte de Camprafaud (C14-15) Poulain, 1985 2
— Early Chasséen 6 Giribaldi a Nice Helmer, 2004 1
7 Grotte de I'Eglise supérieure (C7-8) Helmer, 1979 16 1
8 Grotte de Fontbrégoua (C20-29 and C19-8) Helmer, 1979 11
9 Grotte d'Unang (ensemble 3) Poulain-Josien, 1993 2
10 Castelnau-le-Lez "jardins de vert-Parc" Vignaud, 2003 4+
11 Berriac "Les Plots" Vaquer, 1998 1+
12 Nimes "Cadereau d’Alés" Hasler and Noret, 2004 ; 2+
Chevrier, 2014
13 Juvignac "ZAC de Caunelle" Convertini et al., 2014 ; Chevrier 2014; 14+
Bréhard unpublished
14 Béziers "le Cres" Loison and Schmitt, 2009 9+
15 Valros "le Pirou" Caillat in Gandelin, 2015 22+
16 Mas de Vignolles IV Forest in Jallot, 2004 1+
Northern France — Cerny 17 Balloy les Réaudins LRE Tresset, 1996b 8
18 Zac Dunant a Conty Hachem, 2011; Bostyn et al., 2016 4 1
Middle Neolithic 2
Late Chasséen 19 Grotte de I'Eglise (C5-6 ; C8-9) Helmer, 1979 1
Helmer, 1979
20 Grotte de I'Eglise supérieure (C6-3) Helmer, 1979 41 4
8 Grotte de Fontbrégoua (C19-8) Helmer, 1979 7
21 Grotte C Poulain, 1971 18
22 Grotte Murée (C11-7b) Helmer, 1979 39 3
5 Grotte de Camprafaud (C12-13) Poulain, 1985 6 4
23 Cavanac "La Toronde" Carrere, 1986 6
24  Auriac, sol P IV Bréhard, 2011 13
25 Combe Obscure (C5) Helmer, 1991b 1
26 Trou Arnaud (c. A, B, E) Helmer in Blaise, 2009 19
27 Baume d'Oullen (C4) Helmer and Vigne in Blaise et al., 2009 4
28 Saint Paul-Trois-Chateaux "les Moulins" Bréhard, 2011 624
29 Chateauneuf-du-Rhone "la Roberte" Bréhard, 2011 307
30 Montélimar "le Gournier", zone E-F Bréhard, 2011 25
31 Villeneuve-Tolosane "la Terrasse", puits R21-1 Fontaine, 2002 226
32 Montesquieu-de-Lauragais "Narbons" (fosse 1020) ~ Martin in Tchérémissinoff et al., 2005 2
33 Saint-Maximin-la-Sainte-Baume "chemin d'Aix" Martin et al., 2008 55
Chassén 34 "le Tai" Bréhard et Vigne in press 2
35 Trets "Bastidonne" D’Anna, 1993 1+
36 Rousillon "Les Martins" Vaquer, 1998 3+
Middle Neolithic 2 37 Pont-sur-Seine "la Ferme de I'Tle" Hachem, 2009 1
Cortaillod Valais 38 Sion "Petit-Chasseur I" Chaix, 1988 3
39 Rarogne-Heidnisch-Biihl 11 Chaix, 1976 5
40 Saint Léonard "sur le Grand Pré" Chaix 1976 27 1
Eastern Switzerland
— Egolzwil 41 Kleiner Hafner SA+B Arbogast et al., 2005 1+
— Cortaillod 41 Kleiner Hafher 4A-4C-A-3-4D-4E-4F-4G Arbogast et al., 2005
42 Mozart Str. 6u, Str 60, str. 5u, str. 50 Arbogast et al., 2005 1+
43 Meilen Rohrenhaab 5 Arbogast et al., 2005 1+
— Pfyn 44  Seefeld 9 Arbogast et al., 2005 1+
45 Pressehaus L Arbogast et al., 2005 1+
46 Feldmeilen Vor. 9-8-6 Arbogast et al., 2005 1+
44  Seefeld 8-7-5 Arbogast et al., 2005 1+
45 Pressehaus J Arbogast et al., 2005 1+
46 Gachnang Niderwil Arbogast et al., 2005 1+
47 Horgen Dampfschif. Arbogast et al., 2005 1+
43 Meilen Rohrenhaab 3 Arbogast et al., 2005 1+
42 Mozart Str. 4u - Str. 4m - Str. 40 Arbogast et al., 2005 1+
Western Switzerland Arbogast et al., 2005
— Egolzwil 48 Egolzwil 3 Arbogast et al., 2005 1+
— Cortaillod 49 Muntelier/Fischergissli Arbogast et al., 2005 1+
50 Burgidschisee SW- Siid Arbogast et al., 2005 1+
— Cortaillod classique 51 Twann US(B) Becker 1981 in Chiquet, 2012 185 1+
51 Twann US(G) Grundbacher and Stampfli in Chiquet, 147
2012
49 Montilier Strandwerg Reynaud Savioz, 2005 in Chiquet, 2012 231
49 Montilier Fischergassli Morel, 2000 in Chiquet, 2012 168
49 Montilier dorf Lopez, 2003 in Chiquet, 2012 37
52 Auvernier-Port Vb-c Chaix in Chiquet, 2012 11
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52  Auvernier-Port Va-a' Chaix in Chiquet, 2012 7
— Cortaillod moyen 53 Concise-sous-Colachoz (E2B, E3B) Chiquet, 2012 209
Cultural phase Map Sites Reference NISP  NISP
code dogs  foxes
54 Thielle-Mottaz Chaix, 1979 in Chiquet, 2012 2
55 Yverdon Garage-Martin, c18-19 Chaix, 1976 in Chiquet, 2012 58
— Cortaillod tardif 53 Concise-sous-Colachoz (E4A; E6) Chiquet, 2012 28
51 Twann OS Becker and Johansson 1981 in Chiquet, 1994
2012
55 Yverdon Garage-Martin, c14-16b Chaix 1976 in Chiquet, 2012 18
52 Auvernier-Port III Chaix in Chiquet, 2012 46
— Cortaillod moyen et tardif 51 Twann MS Becker and Johansson 1981 in Chiquet, 1629 2+
2012
Northern Chasséen 56 Jonquiéres "le Mont d'Huette" Poulain, 1984b 71 11
57 Catenoy "le camp de César" Méniel, 1984 5
58 Boury-en-Vexin "le Cul Froid", dépotoirs Méniel, 1984 6
59 Paris "Bercy", Quartier Sud (couches et chenal)  Tresset, 1996 155 4
60 Louviers "La Villette" Tresset, 2005 40
61 Maisons-Alfort "Zac d'Alfort" Hachem et al., 2002 3
Western Middle Neolithic 62  Migné-Auxances "Temps-Perdu" Braguier, 1999 1
Michelsberg 63 Maizy "Les Grands Aisements" Hachem, 1989 2 9
64 Bazoches "le Bois de Muisemont" Hachem, 1987, 2011 5
65 Arnaville "Le Rudemont" Thévenin, 1981; Blouet et al., 1984; 10+
Arbogast, 1989
66 Vendenheim "the Gates of the Kochersberg" Lefranc et al., 2015 1+
67 Rosheim Poulain in Thévenin, Sainty and Poulain, 166
1977
67 Rosheim "Sainte-Odile" Poulain in Thévenin, Sainty and Poulain, 4 1
1977
67 Rosheim "Leimen" Lefranc, Arbogast and Boés, 2007; 1+
Arbogast et al., 2013
68 Mairy "Les Hautes Chanviéres" Arbogast, 1994 94
69 Vignely "la Noue Fenard" Claudet, 2003 7 1
70 Holtzheim Kuhnle et al., 1999 1
71 Heilbronn-Klingenberg "Schlossberg", structure 619  Seidel ez al., 2008 1+
72 Miinster "Schnarrenberg" Joachim, 1984 3+
Grossgartach/Roessen 73 Obernai Guthmann, Lefranc and Arbogast, 2016 4
Rossen final/tardif 74 La Terre saint Mard, Osly-Courtil Hachem, 2011 3
Epi-Roessen 75 Berry au Bac "La Croix Maigret" Méniel, 1984a 21 4
Epi-Roessen 76 Saint-Julien-les-Metz "Ferme Grimont" Brunet et al., 2006 1
Groupe de Noyen 77 Gravon, enceinte FA Tresset, 1996b 32
78 Noyen-sur-Seine "le Haut des Nachéres" Fd Tresset, 1988 31 1
(fossé+enceinte)
Grpe de Balloy 79 Chatenay "le Maran", enceintes F, FA Tresset, 1996b 2
79 Chatenay "la Bachére" Tresset, 1996b 8
Middle Neolithic in Burgundy 80 La Redoute "Camp de Chassey" (niv 6) Poulain, 2005 38
81 Vitteaux "Camp de Myard" (secteurs 3,7, 10 & 11)  Poulain, 2003b 22 1
82 Chatelet d'Etaules (secteur 3 c. IIIb) Poulain, 2003a 5
83 Cohons "La Vergentiére" (sondages 1, 2 et 6) Poulain, 1992 25
84 Grotte du Gardon (c46-43) Chiquet, 2013 1 6
85 Clairvaux XIV Arbogast et al., 2005 1+ 8+
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2.2.7. Late Neolithic in France

Contrary to the Early and Middle Neolithic, no synthetic and critical work has been done on
sites providing dog remains for the end of the Neolithic in France. Our work is only based on
I2AF database, without a critical approach of the chrono-cultural attribution of the sites or on
the taxonomic identification of the remains.

We did not include the sites recorded as from the transition between the Late Neolithic and
the Bronze Age.

Sites containing dogs are always very numerous through the Late Neolithic and the number
of dog remains is much higher than that of foxes (Table 9, Figure 16). Data is still incomplete

in central France and Brittany.

The presence of foxes is certainly intrusive at “Pierre levee” in Nieul-sur-1'Autise
(Campaniforme) and at Gimel and at “I’Homme mort” (Fosse, 1988).
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Red foxes

Figure 16. Remains of dogs and red foxes from the Late Neolithic in France, mainly from the I12AF database. Sites are listed in Table 9. Dot size is proportional to the number of
remains (NISP) of the species of interest on the site. Where data were not available, the size is the smallest (1).
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Table 9. Occurrences of dog and fox remains from the Late Neolithic in France, mainly from the [2AF database.

Country Map Culture Sites Reference NISP  NISP
code dogs  foxes
France 1 Matignons Chenommet FIII "Bellevue" Bréhard, Beeching and Vigne, 2010 11

2 Matignons Juillac-le-Coq "Matignons" - camps 1 et 2 Poulain-Josien, 1966 369 3

3 Matignons Festalemps "Bois de Fau" Braguier, 2000 134 3

4 Artenac Douchapt "Beauclair” Braguier, 1997 10

5 Artenac Aslonnes "Camp Allaric" Thévenin, Sainty and Poulain, 1977 ?

6 Artenac Port-des-Barques "Piedmont" Braguier, 1997 1

7 Artenac/Peu-Richard Challignac "le Camp" Braguier, 1997 55 2

8 Artenac/ Peu-Richard Jarnac-Champagne "Merciere" Braguier, 2000 4

9 Artenac/Matignons/Peu-Richard Echiré "Les Loups" Burnez, 1986 1+

10 Artenacien Saint-Méard-de-Drone "Gros Bost" Braguier, 2000 1

11 Artenacien/Peu-Richard Saintes "Diconche" Bokonyi and Bartosiewicz, 1999 803 7

12 Artenacien/Peu-Richard Saint-Georges-d'Oléron "Pontheziére" Tresset, in press, Laporte, 1990, 18
Laporte 1994 in Braguier, 1997

13 Couronnien Martigues "Collet-Redon" Durrenmath et al., 2003 6 1

13 Campaniforme Martigues "Collet-Redon" Durrenmath et al., 2003 2 3

14 Couronnien Martigues "Ponteau-Gare" Margarit, Durrenmath and Gilabert, 16 7
2002

15  Ferriéres Chauzon "Beaussement" Poulain-Josien, 1965 10

16  Ferriéres Saint-Aunés "Saint-Antoine" (ZAC), tranche 3 Ott et al., 2008 3

17 Groupe de Kerugou Machecoul "les Prises" Boujot and I'Helgouach 1987 in 75
Braguier, 1997

18  Matignons ; Peu-Richard Nuaillé-d' Aunis "la Mastine" Cassen and Scare 1987 in Braguier, 2
1997

19  Matignons et Peu Richard Gensac-la-Pallue "Soubérac" Poulain-Josien, 1965 15 1

20  Matignons/Peu Richard Semussac "Chez Reine" Poulain-Josien 1965,1967b, 1984, 147 3
Cassen 1986 in Braguier, 1997

21  Matignons/Peu Richard/Artenac Nieul-sur-1'Autise "Champ Durand" Braguier, 1999b 89 1

22 Matignons/Peu-Richard Villedoux "le Rocher" Braguier, 1999b et Braguier, 1997 2

23 Munzingen Holtzheim Kuhnle ez al., 1999 1

24 Néo final Saint-Maximin-la-Sainte-Baume "Le clos de Blaise in Remicourt et al., 2014 167

Roque"

25  Néolithique final+ récent Baume de Layrou Collonge, 2000 13 6

26  Peu-Richard Segonzac "Fontbelle" Braguier, 2000 23

27  Peu-Richard Vibrac "la Grande Plaine" Burnez, in press, in Braguier, 1997 23

28  Peu-Richard Authon-Ebéon "le chemin Saint-Jean" Louboutin, Burnez and Braguier, 14 3
2003

29  Peu-Richard Mainxe "Montagan" Braguier, 1997 1 3

30  Peu-Richard/Bronze final Longeves "Pied-Lizet" Cassen, Scare 1987 in Braguier, 1 6
1997

31 SOM Marolles-sur-Seine "Gours aux Lions" Poulain, 1984c¢ 1

32 Val-de-Reuil "Butte Saint-Cyr" Billard, Guillon and Verron, 2010 10

33 Nimes "Cadereau d’Alés" Hasler and Noret, 2004 1+

34 Dolus-d'Oléron "Ecuissiére" Braguier, 2009 3

35 Pagny-sur-Moselle "En Navut" Arbogast, 1994 51

36 Lutz-en-Dunois "Eteauville" Poulain-Josien, 1965b 6 4

37 Thémines "grotte des Escabasses" Braguier in Valdeyron, 1998 5

38 Grotte du Gardon (c37) Ansermet, 1999 3 1

39 Biarritz "grotte du Phare" Lehnebach, 2003 1 1

40 Le Tai Manen, 2005 65 7

41 Saint-André-de-Sangonis "Lagarel, A750" Georjon et al., 2007 8

42 Béziers "le Gasquinoy" Forest in Buffat et al., 2008 1

43 Valenciennes "les Lauréades" Deckers et al., 2009 69

44 Bédoin "Limon-Raspail" Cauliez et al., 2005 2

45 Mas de Vignoles IV Hasler and Noret, 2004 1+

46 Clairvaux-les-Lacs "Motte-aux-Magnins" Chenevoy and Chaix, 1985 7

47 Manduel "Fumérian" Hasler et al., 2011 40

48 Thémines "Roucadour" Mougne, 2006 3 4

49 Meaux "route de Varreddes" Bémilli, 2005 6

50 Saint-Etienne-de-Gourgas Poulain-Josien, 1972 3 1

51 Bury Salanova, 2007 3+

52 Fontbouisse Caissargues "Moulin Villard" Carrere and Forest, 2003 1+

53  Fontbouisse Cambous Poulain 1978b in Carrére and Forest, 3
2003

54 Bonifacio "Araguina-Sennola" Vigne, 1988 1

55 SOM Sublaines "Dolmen de Villaine" Poulain, 1972 7

56 Grotte de Camprafaud (C7-C8) Poulain, 1985 7

56 Grotte de Camprafaud (C3) Poulain, 1985 4

57 SOM Tinqueux "I'Homme mort" Thérése Poulain, 1984c 11

58  Peu-Richard/Artenac Sainte-Soline "Montiou" Guinot in Germond, Bizard and 1
Guinot, 1987

59 Bretonvillers "Roche-Chévre" Baudais et al., 1993 1

60  Treilles (groupe des) / Saint-Rome-de-Cernon "grotte 1 de Sargel" Erroux and Poulain, 1984 37 9

Chalcolithique
61 Vignely "la Noue Fenard" str 264 Brunet et al., 2020 1
63  Campaniforme Avignon "La Balance - Rue ferruce", C9-10-11-  Helmer, 1979 7
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64  Campaniforme Montagnac-Montpezat "La grotte murée" C6-C7 Helmer, 1979 18 2
Country Map Culture Sites Reference NISP NISP
code dogs  foxes
65  Campaniforme Saint-Come-et-Maruéjols "Bois Sacré" Poulain, 1974 1
66  Campaniforme Nieul-sur-1'Autise "Pierre levée" Thérése Poulain, 1979 42 14
67  Campaniforme Castellar "Abri Pendimoun" Binder, 2002 1
68 Fontbregoua "Baume" Helmer, 1979 1
69 Venasque "Capty" Helmer, 1979 4
70 Courthézon "Plaine des blancs" Helmer in Muller et al., 1986 1
71 Compiégne "Gord" Méniel, 1984a 1
72 Grabels "Gimel" Poulain-Josien, 1957 1 1
73 Saint-Mathieu-de-Tréviet "le Lébous" Carrére and Forest, 2003 1+
74 Claret "Rocher du Causse" Carrére and Forest, 2003 1+
75 Saint-André-de-Cruziéres "grotte Chazelles" Favrie, 2003 2
76 Saint-Gély du Fesc "Les Vautes" Carrére and Forest, 2003 1+
77 Bretteville-le Rabet Arbogast, 1989 2+
78 Entzheim "Aeropark" Croutsch et al., 2007 1+
79 Chemin de Barjols Gourichon in Cockin and Furestier, 1+
2009
80  Clairvaux Chalain station 19 Pétrequin et al., 2002 3+
80  Clairvaux Chalain station 3 Arbogast, 1997 16 29
80  Horgen Chalain station 3 Arbogast, 1997 113 11
Switzerland 81 PfiffikonBurg Deschler-Erb and Marti-Gridel, 2004 1+
82  Horgen Twann UH MH OH Arbogast, Jeunesse and Schibler, 1+ 1+
2001
83  Horgen Arbon-Bleiche 3 Deschler-Erb and Marti-Gridel, 2004 58
84  Horgen/Cordé Feldmeilen vor. 4-3-1-1y-1x Deschler-Erb and Marti-Gradel, 2004 1+
85  Horgen/Cordé Seefeld 4-3-2-F-E-D-C/B-A Arbogast et al., 2005 1+
86  Horgen/Cordé Pressehaus G-E-C2 Arbogast et al., 2005 1+
87  Horgen/Cordé Mythenschloss 3 -2.4-2.2-3 - Arbogast et al., 2005 1+
88  Horgen/Cordé Zug-Schiitzenmatt Arbogast et al., 2005 1+
89  Horgen/Cordé Mozart Str. 3u-3a-30-2u-20 Arbogast et al., 2005 1+
90  Horgen/Cordé Scheller S4-S3 Arbogast et al., 2005 1+
91  Horgen/Cordé Sennweid S5-S4 Arbogast et al., 2005 1+
92  Horgen Port Conty Lattrigen VI Arbogast et al., 2005 1+
93 Horgen occidental Neuveville-Schaffis Arbogast et al., 2005 1+
94 Horgen occidental Portalban les Gréves Arbogast et al., 2005 1+
95  Horgen occidental Liischerz-Binggeli Arbogast et al., 2005 1+
96  Horgen occidental Saint-Blaise Dames 9 Deschler-Erb and Marti-Gréadel, 1+
2004; Arbogast et al., 2005
97  Horgen occidental Nidau 3 Arbogast et al., 2005 1+
98  Liischerz Suisse occ Vinelz 1960 Arbogast et al., 2005 1+
99  Liischerz Suisse occ Yvonand IV Arbogast et al., 2005 1+
100  Liischerz Suisse occ Yverdon Garage-Martin, c11-12 Arbogast et al., 2005 1+
96  Liischerz Suisse occ Saint-Blaise Dames 7 Arbogast et al., 2005 1+
101  Liischerz Suisse occ Auvernier "Brise Lames" Deschler-Erb and Marti-Gridel, 1+
2004; Arbogast et al., 2005
102 Liischerz Suisse occ Pont-de-Thielle Arbogast et al., 2005 1+
95  Liischerz Suisse occ Liischerz-Dorf, dus. Stat Arbogast et al., 2005 1+
101 Auvernier/Cordé Suisse occ Auvernier Stampfli 1976b 1+
in Marti-Gridel and Stopp, 1997
101 Auvernier/Cordé Suisse occ Auvernier-La Saunerie Arbogast et al., 2005 1+
98  Auvernier/Cordé Suisse occ Vinelz-Hafen Arbogast et al., 2005 1+
103 Auvernier/Cordé Suisse occ Sutz-Riitte Arbogast et al., 2005 1+
98  Auvernier/Cordé Suisse occ Vinelz-Alte Stat, NW Arbogast et al., 2005 1+
96  Auvernier/Cordé Suisse occ St-Blaise Bain Dames Auvernier-E-F-G-H Arbogast et al., 2005 1+
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Conclusion

Concerning the evolution of the occurrence of dog remains from the Mesolithic to the pre-
Bronze Age in Western Europe and in Romania, the following key points emerge:

KEY POINTS — dogs

In South-Eastern Romania, dog remains are more abundant in the later
periods, especially in the Gumelnita culture.

In Western Europe, the trend is the same. The importance of dogs in

archaeological sites from the Mesolithic to the pre-Bronze Age increases

over time, which has already been suggested by some authors (Arbogast,
1995). They are little represented in the Mesolithic and Early Neolithic, but
the number of remains explodes in the Middle Neolithic, with the presence
of many complete skeletons in connection or, on the contrary, isolated bones
in food refuses (see section 2.3).

About the evolution of the occurrence of red foxes remains from the Mesolithic to the pre-
Bronze Age in Western Europe and in Romania, the following key points emerge:

KEY POINTS — red foxes

Red foxes are poorly represented in sites from the Mesolithic to the prd
Bronze Age, in both Western Europe and Romania. This is due to several
reasons. First, fox remains may have not always been correctly identified
(some were only identified as Canidae without further precision). Moreover,
it also illustrates a reality of the material: foxes are not very frequent in
excavated sites. This is explained by the natural behavior of the fox: it tends
to keep a distance from human settlements and is therefore unlikely to be
found in food waste. Accordingly, studying fox remains for comparative
purposes with dogs needs a lot of time and energy, which may have
discouraged zooarchaeologists.

Interestingly, the percentage of fox remains tends to decrease over time,
which is particularly evident in some Neolithic stratified sites. For example,
at Gazel and Camprafaud, the percentage of red fox remains is maximal at
the Early Cardial Neolithic, to become zero during the Epicardial and
remains either very low (Camprafaud) or null (Gazel) in later periods
(Vigne, 1988). The same can be observed in the stratified site of
Fontbrégoua or the ‘grotte de I’Eglise’ (Helmer, 1979). This trend is
confirmed when looking at other Early Neolithic sites such as ‘Eglise
supérieure”, or even Late Neolithic sites such as ‘la grotte Murée’ (Helmer,
1979; Vigne, 1988).
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2.3. The place of canids in European societies of the pre-Bronze Age

In this section, we use the information collected in the previous section (2.2) to document
the variability of status conferred by protohistoric humans to canids in the chrono-geographic
range relevant for our study. We do so by assessing the impact of the transition from a predation
economy (Mesolithic) to a production economy based on agriculture (Neolithic) in Western
Europe and Romania. In this section we do not aim to be exhaustive. We only provide a few
examples, by recalling some of the sites listed in section 2.2. This will give a global framework
to the corpus we studied in the Conclusion and discussion of Part 2 and perspectives for Part 3,
and will bring to light some major questions we will raise in conclusion of this Part 1, and that
we will try to answer in Part 3.

One of the major problems when looking at foxes in archaeological contexts is the lack of
data. Not only are the remains scarce, but information on the skeletal parts is far from being
systematically provided. Anthropogenic marks are only exceptionally mentioned in
publications of archaeozoologists. The interpretation of red fox remains is also particularly
tricky because it is a digging animal (like a badger) that can simply and relatively frequently be
intrusive, especially in cave sites, as highlighted it in the previous section. It is then essential to
look more closely at the skeletal parts that have been excavated and at possible anthropogenic
marks, and to look at the species which are associated with the fox (hunted species, furbearing
species, humans). In the case of the simultaneous presence of several diggers, either the site
was used for a long time as a burrow/hole, or the site testifies to a specialized hunting of animals
for fur (Mallye, 2007). It is not uncommon to find several associated commensal animals
(notably foxes and badgers), as badger dens may serve as a den for foxes (San, 2002; Mallye,
2007). This is a real issue because the remains can be either contemporary to humans, or the
deposit could have been made more recently, after humans abandoned the site. It then is difficult
to replace the remains in a reliable chrono-cultural context and to interpret their status with
certainty. For example, in the case of a complete skeleton, the fox can either be considered as
intrusive (it can be either sub contemporaneous to the other structures or much posterior in
time) or as being intentionaly buried by humans (Fosse, 1988).
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2.3.1. The omnipresence of dogs in the life and mental
representations: evidence from art

The cultural importance of the dog is underlined by the representations of this animal in the
art. Dogs are depicted on the walls of tombs since the earliest Neolithic periods. For example,
the famous sculptures/engravings at Gobekli Tepe from the early PPNA/PPNB depict cats,
cattle, snakes and pigs, as well as dogs (Klaus Schmidt, 2010; Zalai-Gaal et al., 2011). Dogs
and foxes are also represented on ceramics or dishes, with engravings (e.g. at Hallan Cemi
Tepesi), sculturing (e.g. at Codzadermen VI in Gorni Pasarel during the Karanovo-Gumelnita
culture, or at Vinc¢a where a four-legged container probably representing a dog was found) or
even paintings (e.g. Gimbutas, Zalai-Gaal et al., 2011). Another example consists of tiny argile
sculptures representing dogs in the Lengyel culture, or in the Chalcolithic levels of
GroBwardein-Salca (“Herpaly-Salca”, Zalai-Gaal et al., 2011). These representations reinforce
the idea that canids were omnipresent in protohistoric human life and they attest to the overall
perception of the dog’s spiritual qualities in human communities (Zalai-Gaal et al., 2011).

2.3.2. Commensal animals living close to humans, or even daily
allies

Dogs were probably wandering around settlements and likely took advantage of the garbage
left by humans. Canine coprolites and traces of chewing on human food wastes are often found
in sites from the Epipaleolithic (Natoufian sites in the Northern and Southern Levant, Vigne
and Guilaine, 2004) or Early Neolithic in Europe (Poplin, 1975; Arbogast, 1989; Horard-
Herbin, Tresset and Vigne, 2014). This attests to the presence of live dogs, even when their
bone remains are rare, Neolithic dogs may have acted like ‘garbage collectors’ around the
villages.

In addition, mixed diets in dogs and humans are attested to since the Mesolithic as evidenced
by isotope analysis of Mesolithic dogs in the Iberian Peninsula (7,903-7,570 years cal. BP).
This revealed that dogs included a high percentage of aquatic food in their diet, similar to
humans (Grandal-d’ Anglade ef al., 2019). Similar evidence exists for many Neolithic sites in
France, China, Anatolia and in the Iberian Peninsula ( e.g. Pechenkina et al., 2005; Guiry, 2012;
Le Bras-Goude, Herrscher and Vaquer, 2013; Pearson et al., 2015). Later, the introduction of
cereals and pulses in the human diet likely encouraged dogs (and probably red foxes) to stay
close to human groups, as they could fed on it and gained time and energy to obtain food. This
is supported by genetic analyses of Neolithic and Chalcolithic dogs, revealing the acquisition
of the ability to digest starch (Ollivier et al., 2016) and isotope analyses on late Neolithic dogs
and foxes from the Iberian Peninsula, revealing that both canids had anthropogenic diets
(Grandal-d’ Anglade et al., 2019).
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This type of commensal relationship is higly plausible, considering that it is commonly
observed in indigenous societies traditionally living with dogs (Digard, 2006), such as among
the Sentinels (Figure 17). The Sentinels are a hunter-gatherer tribe that has been living in
autarky on the North Sentinel Island in the Andaman Islands, an archipelago in the Indian
Ocean, for around
50,000 years. Their
African ancestors are
believed to  have
colonized the island
about 50,000 years ago.
Some geneticists
consider them to be the
direct descendants of
the first humans to
colonize Asia in the
Paleolithic, before the
invention of agriculture
(Endicott et al., 2003).

Figure 17.Jarawa hunter-gatherers and their dogs (from https://www.ouest-france.fr/)

Moreover, dogs may have been allies in hunting, for guarding the settlements against wolf
attacks and for herd control, especially in agricultural societies where hunting was not a crucial
activity anymore, as deduced from ethnographic information (Coppinger and Schneider, 1995;
Albizuri et al., 2019). They may even have been appreciated for companionship. However,
these roles are difficult to demonstrate based on archaeological data (Digard, 2006; Horard-
Herbin, Tresset and Vigne, 2014). However, some archaeological fndings provide clues. We
indeed observed in section 2.2 that during the Early Neolithic, dog remains were rare in habitat
structures. Additionally, sometimes no cut marks or evidence for cynophagy is obvious. It is
thus likely that the dog had a function other than food (Bedault, 2012) or other economic roles
(Arbogast, 1995). It may have had a privileged status, perhaps “already playing its role as a
herdsman and companion”, as suggested by Poplin (1975). In the Late Neolithic at Diconche
(Artenac, Peu-Richard), dogs were mostly old animals, suggesting that they were not bred
primarily for their meat, but maybe rather as associates for hunting and/or herding and
housekeeping (Braguier, 1997; Bokonyi and Bartosiewicz, 1999).

Archaeological remains rarely allow us to conclude on the function occupied by the canids
during their lifetime and the hypotheses advanced can hardly be definitively proven. We know
much more about their use after their death, thanks to osteoarchaeozoology.
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2.3.3. Use as raw material

Canids (both domestic and wild) have been intensively used as raw material in all periods
since the Paleolithic, for their fur or for the manufacture of ornaments or symbolic objects.

2.3.3.1. Fur

There are several archacozoological indications of pelting activity (Helmer, 1992; Arbogast
et al., 2005). Among them are: the selective presence of certain parts of the skeleton which are
likely to remain attached to the skin after skinning (skull, caudal vertebrae and extremities of
the limbs, i.e. phalanges, metapodes), the presence of specific cut marks (the most explicit
marks being located on the less fleshy parts, where the skin is in direct contact to the bone, e.g.
on the metapodes, just above and around the muzzle, or on the rostro ventral border of the
mandible), and the presence of other fur species. However, these indicators are often confusing
and fur exploitation can rarely be definitively proven. Indeed, skinning marks are often slight
and difficult to discern, and not highly specific to skinning. In many cases, cut marks suggest
that both fur and meat were collected jointly likely not to spoil ressources.

Skinning marks are frequently attested in wild species (foxes and wolves) in all periods, but
it is not clear wether skinning preceeded the recuperation of the fur only, or if the flesh was also
eaten.

A few cases suggest fur use in dogs as soon as the Upper Paleolithic. For example, skinning
marks are visible on the dog remains of Pont d'Ambon (Pionnier-Capitan et al., 2011) and
Hauterive-Champréveyres (Studer, 1989 cited in Arbogast et al., 2005). Evidence has also been
found on dogs of other sites from Western Europe (see Pionnier-Capitan ef al., 2011) and in
Romania (see Béldsescu, Radu and Moise, 2005; Pionnier-Capitan ef al., 2011). For example,
skinning marks have been observed in sites dated to the Vinca, Dudesti, Boian and Gumelnita
cultures.

2.3.3.2. Ornaments

Some elements of the skeleton could be used as ornamental objects, such as canines (e.g. in
Twann and in Pfulgriesheim, Arbogast in Meunier, Sidéra and Arbogast, 2003; Mallye, 2007;
Figure 18A), metapodial elements (e.g. in Chalain 4, Maréchal et al., 1998, Figure 18B; and
in Twann, Schibler, 1981), or even mandibles (e.g. in Sultana, Romania, Lazar, Margarit and
Balasescu, 2016, Figure 18C).

This use of canid teeth/bones to make pendelocks was very widespread since the Upper
Paleolithic, and does not seem to be representative of a given cultural context (Braguier, 1997;
Arbogast in Meunier et al., 2003).

The distinction between bones or teeth of foxes and dogs can be difficult when fragmented,
but the literature suggests that wild animals would have been used preferentially. However,
sometimes, although rather rare, the dog was privileged. This was notably the case at the end
of the Neolithic period in the French and Swiss lakeside settlements (Arbogast et al., 2005).
Indeed, perforated canines of canids (foxes, dogs or wolves, sometimes associated) gained
importance among the pierced teeth, dogs being given a prominent position (dog and bear
predominated, followed by fox, wolf, badger and wildcat, Maréchal et al., 1998). The same
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goes for the use of metapods during the late Cortaillod in Western Switzerland sites (Maréchal
et al., 1998). At Chalain 4, for example, a group of pierced metatarsals and metacarpals were
assigned to both domestic (dog) and wild (fox) canids (Maréchal et al., 1998, Figure 18B).
Additionally, the use of dogs for ornaments or manufactured objects was rare but well
documented throughout the Neolithic to the Bronze Age, for example in Hungary (Vretemark
and Sten, 2010; Horard-Herbin, Tresset and Vigne, 2014) and Romania (Lazar, Margarit and
Balasescu, 2016, Figure 18C).

ornaments.
A: Pierced canines of canids, used as pendelocks, Pfulgriesheim, France, Entzheim group (limit between
Middle and Late Neolithic), from Meunier et al. (2003).
B: Grouping of dog and fox pierced metapodes, Chalain 4, Switzerland, Late Neolithic, 3,000 BC, from
Maréchal et al., 1998.
C: Pierced dog mandible used as a pendelock, Sultana, South-Eastern Romania, Chalcolithic, Gumelnita
culture, from Lazar, Margarit and Balasescu (2016).

Decoratively modified dog bones or teeth were sometimes placed with human burials
(Morey, 2006). This was a widespread custom in the LBK, and was already attested in the
Mesolithic Vedbaek in Denmark (Zalai-Gaal et al., 2011). These ornamental objects are indeed
often excavated in sites of high symbolic power or in sepultures. The authors have given these
objects a cultural or religious significance, particularly when they are found in a funerary
context (Braguier, 1997). A symbolic significance is provided to these objects when they are
distinguished from the “statistical inventory of the fauna consumed” (Leroi-Gourhan and
Bernot, 1988) and when the choice does not appear to be related to the abundance of the species
hunted, and therefore not directly related to survival (Taborin, 2004), or a trophy or magic value
related to hunting (amulet), especially when wild animals are favoured (Arbogast ef al., 2005).
They could also be objects of exchange, identity markers, etc. (Arbogast et al., 2005). The
increased use of the dog is likely more closely linked to its symbolic role, since hunting
activities (and accordingly the involvement of dogs in these activities) were limited in late
periods (Arbogast et al., 2005).
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2.3.4. Dog burials or dogs directly associated with human burials

Complete or almost complete dog skeletons can sometimes be found in connexion which
may suggest special care towards the animal body. In many locations distributed worldwide,
since the Mesolithic and throughout the Holocene, canids, and especially dogs, have been
buried more or less closely to deceased people. This warrants some particular consideration and
perhaps even provides evidence for an affectionate rather than a gastronomic relationship
between humans and dogs (Davis and Valla, 1978a).

Humans sometimes treat other animals in such a fashion (wild animals of economic use such
as the reindeer have figured into the sacrificial practices of ancient humans as well), but not as
often as dogs (Morey, 2006). Unique care was devoted to this species for the past 12-14 kyrs
(see Table 1 in Morey, 2006). Before the Epipaleolithic, dog burials are unknown.

These descoveries raise the question of the status of these animals and their possible
symbolic association with the dead: were they considered as offerings or did they correspond
to authentic dog burials? The conclusion often remains difficult to establish. These findings do
not inherently reflect the status of these animals as friends, especially taking into account the
frequency with which dogs were sacrificied before being placed with (sometimes sacrificied)
humans (Morey, 2006).

According to Larsson (1990), there are three different contexts for dog burials, that have

different symbolic significance:

o the skeleton is complete and associated with a human skeleton’, such a bond reflecting
how people perceived dogs and gave them spiritual qualities, maybe even wanting to
continue the association in the spirit world (Morey, 2006);

o only a part of the skeleton is buried associated with a human skeleton;

o the skeleton is complete and isolated (this is the most frequent situation according to
Morey, 2006). Skeletons of complete canids are sometimes accompanied by objects and
can therefore be interpreted as ritual deposits, offerings addressed to higher entities
(Larsson, 1990).

The literature reveals that singular and different practices took place from the Epipaleolithic
to the Bronze Age. We will therefore come back to some of the major discoveries in the
following pages.

J The presence of lithics and/or worked bone can replace that of a human skeleton (Larsson, 1990).
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2.3.4.1. Epipaleolithic and Mesolithic

The dog had already considerable symbolic significance for hunter-gatherers. Indeed, dog
burials are known from the Near-Eastern Natufian (10-8 kyrs BC, Davis and Valla, 1978b;
Tchernov and Valla, 1997) or in the European Mesolithic (Larsson, 1990).

In the Near-East, associations between dogs and humans indicate a close relationship
between them at very early stages, likely $ -
more akin to an affective relationship than to
a gastronomic one. For example, in the
Natufian site (around 12-10 kya BP) of Ain
Mallaha in the Near East, a puppy of 4-5
months was found clearly associated with a
human burial with the person’s hand lying on
the body of the animal (Davis and Valla,
1978b; Tchernov and Valla, 1997, Figure
19). One grave from Hayonim Terrace (Late
Natufian, 11" millennium BC) contained the
skeletal remains of three humans and two
complete dogs.

Figure 19. Tomb H.104 at Mallaha, showing the
human skeleton and puppy.

In Northern Europe, the Mesolithic site of Skateholm in Sweden, dated to around 5 kya BC,
is particularly remarkable (Larsson, 1990, 1994). Dogs were sometimes placed in human graves
next to human bodies (in one case, the dog was even likely sacrificed before being buried with
the person, as its neck was broken), or sometimes dismembered. Finally, in other cases, dogs
were placed in authentic sepultures, all grouped together in a well-defined area. Their bodies
were accompanied by occasional deposits, some of these burials being even more richly
furnished than most human graves. Post-inhumation manipulations similar to humans are
attested on some dog bodies, suggesting that the same symbolism may have applied to both
humans and dogs. Other cases are attested in Mesolithic Denmark and the Netherlands (e.g.
Larsson, 1990; Kannegaard Nielsen ef al., 1993; Verjux, 2004; Louwe Kooijmans, 2011).

Similar practices have been documented in hunter-gatherer populations in Asia, North
America and Australia (Hasler and Noret, 2004).

Interesting cases are also known during the Mesolithic in the Iberian Peninsula. For example,
in the Muge shell-middens (Cabeco da Arruda, Portugal), some 200 human skeletons have been
excavated, as well as canid remains (including an almost complete dog) without evidence of
cut or burn marks or fractures, suggesting that dogs were probably not consumed but buried
intentionally, although there is no direct association with a human burial (Detry and Cardoso,
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2010; Pires et al., 2019). In Pogas de Sao Bento (Sado Valley), human graves have been found
as well as a dog burial, and the authors suggested the dog may have been deliberately buried,
perhaps as part of a ritual (Arias et al., 2015; Pires et al., 2019).

At the Iron Gates, in Serbia, associations between human skeletons and fragments of dog
skeletons are also found during the Mesolithic. In Lepenski Vir, skeletons of men were
associated with dog skulls, while a dog without skull was associated with a woman (Zalai-Gaal
et al., 2011). On the same site, whole parts of dog skeletons were found correctely connected,
suggesting that the dog may have served as a sacrificial animal (according to Bokonyi in
Balasescu, Radu and Moise, 2005; Zalai-Gaal et al., 2011).

2.3.4.2. Early Neolithic in Western Europe

Interestingly, during the the Early Neolithic in Eastern and Western Europe, dog burials are
almost inexistant. A very special site at this period is Herxheim (LBK, Germany). Human
remains testify of a very singular treatment of the human body, and cannibalism has been
demonstrated. More than 200 dog remains, associated with these human remains, have been
excavated. They correspond mostly to skeletal segments, belonging to at least thirteen animals.
They showed burn or cut marks (Figure 72), but no fracture (to collect bone marrow), contrary
to the other taxa. These dogs were eaten and the anthropogenic marks testify to a special
treatment of the carcasses (roasting, skull removal) whose aim remains unknown (Arbogast,
1989; Zeeb-Lanz et al., 2009). This confirms the very special relationship between humans and
dogs at these early periods.

2.3.4.3. Middle Neolithic in Western Europe

In later periods of the Neolithic in Western Europe, complete skeletons in connection are
relatively frequent, particularly during the Chasséen in Southern France. Dog deposits in funeral
and habitat contexts are indeed a cultural component of the Southern Chasséen (Loison and
Schmitt, 2009). These descoveries raise several questions: were these burials authentic dog
burial, or were they offerings (Hasler and Noret, 2004)?

Sites where dogs and humans are directly associated

Sometimes, dogs are closely associated with humans, maybe illustrating a greater closeness
between them (Arbogast et al., 2005).

For example, in the necropolis dated to the early Chasséen of “Le Cres” in Béziers, one
grave associate a complete dog in connection with a human (SP13, Amt 107). They are
deposited top to tail, opposite each other in the pit (Loison, Fabre and Villemeur, 2003; Loison
and Schmitt, 2009). In parallel, seven complete dogs in connection but isolated have been found
buried in three pits (Loison and Schmitt, 2009). These dogs were given funeral treatment
identical to humans.

In Obernai, the skeletons of four complete dogs were found on the same level and in strict
contact with the remains of two children (Guthmann, Lefranc and Arbogast, 2016). They
probably belong to the Grossgartach or Roessen occupation (Middle Neolithic) of the site.
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More or less complete and connected canids were also found associated with human deposits
at the Chasséen sites of “la Bastidonne™ at Trets and “les Martins™ at Roussillon (D’ Anna, 1993;
Vaquer, 1998).

Sometimes, the contemporaneity of the human and dog deposits is not assured. For example,
more than 10 dog skelettons were found associated with human deposits at Arnaville “Le
Rudemont” during the Michelsberg culture (Thévenin, 1981; Blouet et al., 1984; Arbogast et
al., 1989). However, the direct association could not be verified and many cut marks were
observed on the bones, rendering the hypothesis of a burial of the complete bodies unlikely.
Another hypothesis is the deposit of dogs or part of dogs as inventory offerings. Another
example is at “Les Moulins” in Saint-Paul-Trois-Chateaux (Late Chasséen), where a pit
containing the grave of an adolescent girl also yielded some scattered remains of a dog with cut
marks, but the dog remains are unlikely to come from the same stratigraphic unit than the human
(Crubézy, 1991; Beeching and Crubézy, 1998; Bréhard, 2007).

Complete dogs in connexion but isolated, in sites that yielded human
burials

Sometimes, complete dog skeletons are excavated in contemporaneous but distinct structures
than those that yielded human burials.

For example, at “Le Pirou” in Valros (early Chasséen, dated to the second half of the 5%
millennium cal. BC), 10 funerary pits with complete (or almost complete) dog skeletons have
been excavated in a habitat context, besides pits with human remains (Gandelin, unp. report
2015, Figure 20).

Figure 20. Complete dog skeleton in a pit in Le Pirou at Valros, early Chasséen, second half of the 5t

millennium cal. BC (from https://multimedia.inrap.fr/ )
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In a pit in “Cadereau d’Ales”, two complete canid skeletons from the early Chasséen were
discovered, laying on a pile of stones (Hasler and Noret, 2004, Figure 21). The position of the
two bodies may suggest that they were intentionally deposited rather than simply dumped in
the pit. However, no internal elements in the pit neither physical links between this structure
and the individual human burial one metre away allow to prefer either of these hypotheses
(Hasler and Noret, 2004)

Figure 21. Dog skeletons from pit 1094 of Cadereau d'Ales, early Chasséen (Photo by Vianney Forest in
Hasler and Noret, 2004)

At “Mas de Vignoles IV”, several dog skeletons were exhumed (Jallot, 2004). One is
attributed to the Chasséen, another to the Late Neolithic Fontbouisse, but most of them can not
be attributed to a precise chrono-cultural period (Hasler and Noret, 2004).

In the site “jardins de Vert-Parc” at Castelnau-le-Lez, a pit provided the remains of four dogs
(early Chasséen, Vignaud, 2003). Similar deposits were recorded on the site of “les Plots” at
Berriac (early Chasséen, Vaquer, 1998). At these sites pits with human skeletons have also been
excavated.

At Boury-en-Vexin “Le Cul froid” (Northern Chasséen), three young adult dogs, including
one complete, were excavated among the exceptional animal deposit layer of the ditch; these
deposits have been interpreted as having a religious function (Méniel, 1987).

Other dog burials in sites where human burials have been excavated are reported in the
Middle Neolithic 1, notably at “Chemin de Barjols” (pit FS1069, 4,800-4,400 BC, Cockin and
Furestier, 2009; Remicourt et al., 2012) and likely in Clos-de-Roque at Saint-Maximin-la-
Sainte-Baume (Cockin and Furestier, 2009; Remicourt et al., 2012, p. 267).

90



There are also finds from the Michelsberg culture. For example:

- at Rosheim “Sabliére Maetz”: two complete dog skeletons in connection — an adult male
and a puppy —, were found in a pit (Poulain in Thévenin, Sainty and Poulain, 1977, p.
619);

- at Rosheim “Leimen” (ST87, Michelsberg/Munzingen): the complete skeleton of an old
female dog was placed in a position that seemed to indicate “careless handling, as if the
animal had been lifted by its legs to be placed in the pit on its back, head first” (Arbogast
et al.,2013). No anthropogenic marks were noticed. Three human adults and a child were
found in separate structures;

- in Vendenheim “The Gates of the Kochersberg”, where a dog was placed in a pit and a
child was placed on top after filling, the deposits being clearly separated in time (Lefranc
etal., 2015).

Interestingly, no complete dog skeleton was found during the Middle Neolithic (mainly
Cortaillod culture) in French or Swiss lakeside settlements (Arbogast et al., 2005).

At the end of the Middle Neolithic, cases are known in Germany, for example in Regensburg
“Kumpfmiihle” (Miinchshofen culture, 4,6-4,2 kyrs BC). A complete dog in connection was
found mixed with the remains of four anatomically disordered humans and a pig (Lichardus
and Lichardus-Itten, 1985; Meixner, 2009; Banfty, 2017).

There are also cases in the Iberian Peninsula (Villalba, 1999; Martin Coélliga et al., 2005;
Albizuri et al., 2019) and Northern Italy (Beyneix, 2003; Hasler and Noret, 2004; Bernabo Brea
et al., 2010) in the Middle Neolithic (from the end of the 5™ millennium BC). The presence of
dogs was interpreted as a stereotyped ritual activity and an evidence of accompanying offerings.
The significant number of cases would be related to the development of ceremonial activities
based on dog sacrifice. These persisted for hundreds of years in different cultural environments,
even during the Chalcolithic and the Bronze Age. Interestingly, the isotopic analyses conducted
by Albizuri et al. (2019) suggested that most of these dogs shared their diet with human
communities.

2.3.4.4. Late Neolithic in Western Europe

At the end of the Neolithic period dog burials were still evidenced in Southern France
although they seem less frequent than during the Middle Neolithic.

Among cases of complete dogs clearly associated with humans in a funerary context, one
can mention the Late Neolithic occupation of “Cadereau d’Ales”. In the tomb 1213 of the
funerary complex 1070, the skeleton of a dog was found located about 40 centimetres from the
skeleton of a child, arranged on the same plane and in the same orientation (Hasler and Noret,
2004). In “Mas de Vignoles I'V” as well, a dog skeleton was found under a human body from
which it was isolated only by a few slabs (Hasler and Noret, 2004). In the site “Aeropark” in
Entzheim, a dog was buried about 15 centimeters above the skull of an adult man in a pit dated
to the Late Neolithic (3,800-3,640 cal. BC, Croutsch et al., 2007, p. 233).
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In “Chemin de Barjols”, complete dog skeletons were also found during the Late Neolithic,
additionally to the dog burial dated to the Middle Neolithic (pit 1057, Gourichon in Cockin and
Furestier, 2009). In Bretteville-le Rabet, a pit yielded dog skeletons (from an adult and a
juvenile, Arbogast ef al., 1989) but we could not verify the presence of human remains at the
site.

We also find complete or partial dog skeletons in the habitat zone, outside the sepulture
settings, in Diconche, Champ Durand (Braguier, 1997), Feldmeilen, PfaffikonBurg, Auvernier
Brise Lames, Saint-Blaise and Arbon-Bleiche 3 (Figure 22, Deschler-Erb and Marti-Gradel,
2004). At Chalain 19 ey ORI e % Rt :
(Switzerland), the skeletons are on [
the contrary located at the periphery
of the habitat zone, suggesting that

they correspond to an evacuation of
naturally dead animals (Arbogast et
al., 2005).

Figure 22. Dog skeleton elements in
anatomical proximity in Arbon-Bleiche
3. From Arbogast et al., 2005.

2.3.4.5. Neo-Chalcolithic in Eastern Europe

Interestingly, in South-Eastern Romania, no complete dog skeleton has been excavated,
neither for the Neolithic nor for the Chalcolithic period (Balasescu and Radu, 2004; Balasescu,
Moise and Radu, 2005; Balasescu, Radu and Moise, 2005; Lazar, Margarit and Balasescu,
2016; Balasescu pers. comm.). However, complete dog skeletons closely associated with
humans or isolated in stuctures in sites that yielded human burials are known in geographically
close areas, as for example in Hungary, since the Vinc¢a culture. Dogs where also sometimes
used as offering deposits in these neighboring areas (Lazar, Margérit and Béldsescu, 2016).

Remains of more or less complete dogs (sometimes only the skull) associated with humans
or objects can also be found in sites of the Late Neolithic Lengyel culture or from the
contemporary neighbouring cultures in Hungary and Central Europe (cf Zalai-Gaal et al.,
2011). For example, at the site of Alsonyék-Bataszék in Hungary, during the Lengyel
occupation (first half of the 5™ millenium cal. BC), complete dog skeletons or skulls were
discovered beside the deceased (Zalai-Gaal ef al., 2011, Figure 23; Osztés et al., 2016). We
observe deposits very similar to those from the Chasséen.
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Figure 23. Dog and human burials in Alsonyék-Bataszék. Top: M6-To-5603/1, tomb 964; Bottom: M6-To-5603/1, tomb 1991. From Zalai-Gaal et al., 2011.
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2.3.5. Fox burials

There are a few cases of complete fox skeletons associated with funerary objects or
human remains evoking the existence of wild canid burials.

The oldest attestation dates back to the Epipaleolithic in the Near East. In parallel with
dog remains found associated with human burials (see previous section), a case of fox-man
burial is attested in the pre-Natoufian period at the site of “Uyun al-Hammam” (Mabher et al.,
2011). The remains of a fox were spread between two tombs. According to the authors, a human
(Tomb 1) and a fox (Tomb 8) were buried side by side in two adjacent graves. Then tomb 1
was reopened to remove the human skull, and the fox's grave was also reopened. The bones of
the two individuals were mixed together. The treatment of the bodies is reminiscent of the
treatment of human remains. The authors therefore suspected that the fox was not a grave good
but rather a familiar animal appreciated for its companionship. The special relationship with
this animal would have been honoured. The authors even argued that the fox may have been
killed to be buried next to the human when the human died. Then, when the grave was reopened,
the bones would have been moved to maintain this link in the afterlife. This hypothesis is likely
when considering some similar contemporary burials involving wild animals, such as the 8-
month-old cat in Shillourokambos (Cyprus) that was buried about 20 centimeters from an adult
human (Vigne et al., 2004).

The other published cases are much more recent.

Two Middle Neolithic sites in Germany (dated to the Michelsberg culture) have delivered
connected fox remains (skull and mandibles at Heilbronn-Klingenberg “Schlossberg” and
complete skeletons of three individuals resting on a charred stone at Miinster “Schnarrenberg”).

In France, only one case of fox burial is attested in the Late Neolithic (Munzingen B culture,
3,783-3,695 cal. BC), at “Terres de la Chapelle” in Enthzeihm (Guthmann, Lefranc and
Arbogast, 2016, Figure 24). The complete skeleton of an adult male red fox, in perfect
anatomical connexion, was found in a pit. No anthropogenic marks were observed. It was
oriented east-west in the cranio-caudal direction, resting on his right flank, with his head on his
left side, which resulted in a very acute angle, with his limbs strongly bent and his extremities
leaning against the north wall of the pit, as if, according to the authors, he had been intentionaly
placed into a resting position. The animal was closely associated with the fragments of a goblet,
a femur and a tibia of a young bovine. Pit filling appears to have been rapid after the animal
was placed in the structure. As in “Uyun al-Hammam”, the authors have suggested that this
would be a burial of a tamed animal rather than a grave offering. However, this case remains
controversial, and the unnatural position of the skull raises questions (Claude Guintard, pers.
comm.). The burial of a wild animal that died naturally can not be excluded.

On the necropolis of Van-Yoncatepe, in Eastern Anatolia (first millennium BC), the remains

of five foxes were discovered associated with human skeletal remains (Onar, Belli and Owen,
2005).
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Four foxes (as well as a large number of dogs) have been found in Can Roqueta (Barcelona)
and Minferri (Lleida), in graves from the Early-Middle Bronze Age. As stated above (see
section 2.3.1), isotopes analyses have revealed shared diets between humans, dogs and foxes,
suggesting a controlled feeding by humans (Grandal-d’ Anglade et al., 2019).

i of

molette

ossements de boviné
(fémur et tibia)

e o ™ ™

2015

Figure 24. The fox from Entzheim in its pit. Late Neolithic (Munzingen B, 3,783-3,695 cal. BC). From
Guthmann, Lefranc and Arbogast, 2016.
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2.3.6. Meat consumption

2.3.6.1. General trends

The presence of scattered remains of canids in garbage structures, as well as cut marks
(filleting, dismembering) or localized burn marks on the bones, attest to a significant
implication of canids in the butchering activities from the Upper Paleolithic to the Bronze Age
all over Europe.

The consumption of red fox (or wolf) flesh is attested since the Palaeolithic (Helmer, 1979).
Helmer (1979) estimates that a fox can provide with 4 kg of meat in average. However, this
consumption seems rather opportunistic, and wild canids seem to have been exploited primarily
for their fur rather than for their meat. During the Paleolithic and Mesolithic periods, while food
resources consisted mainly of large herbivores, wild carnivores roaming near settlements were
certainly an important supplementary meat resource for hunter-gatherers (Hainard and Perrot,
1961). Fox hunting was thus more likely related to its abundance near prehistoric sites rather
than to a selective hunting (Fosse, 1988).All the parts of the body were thus probably exploited
to avoid spoiling anything (Fosse, 1988; Arbogast and Pétrequin, 1993). Thereafter, their
consumption seems to decrease through time, and was rather neglected in the Neolithic period.

As for dogs, they were consumed frequently in Europe during the Neolithic (e.g. (Helmer,
1979; Arbogast et al., 2005; Balasescu, Moise and Radu, 2005; Balasescu, Radu and Moise,
2005; Bréhard, 2007; Pionnier-Capitan, 2010; Horard-Herbin, Tresset and Vigne, 2014)
although they were not a primary food resource in most protohistoric European cultures (Zalai-
Gaal et al., 2011). Although secondary and relatively marginal in terms of quantity, the
consumption of dog meat is attested continuously from the upper Paleolithic (nine remains
show marks of disarticulation and filleting in Pont d'’Ambon, Pionnier-Capitan et al., 2011) to
the Iron Age (Horard-Herbin, 2014). It declined in the Roman era and gradually stopped, for
example, in Gaul in the second century AD (Lepetz, 1996). However, it should be noted that
there were canine butcheries until the beginning of the 20th century in Europe. Today, no
French law prohibits dog meat consumption, as long as their slaughtering respects the hygiene
and slaughter rules that are stipulated in the rural code. Nowadays, dog meat is mostly
consumed in South Korea and China.

In the following pages, we will go into a little more detail about the different periods from

the Mesolithic to the end of the Neolithic period in Western Europe and we will summarize
occurences in the Neo-Chalcolithic in Romania and Serbia.
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2.3.6.2. Mesolithic

During the Mesolithic period, meat was entirely obtained by hunting activities. It is likely
that Mesolithic humans were not reluctant to use and exploit all available resources to the
fullest. The red fox and the wolf were therefore probably part of the kill count. Besides,
dismembering marks were visible on the neck of the femur of a Mesolithic wolf at Noyen-sur-
Seine (Vigne and Marinval-Vigne, 1988).

In France, in the late Mesolithic site of Téviec (Péquart ef al., 1937; Schulting and Richards,
2001), animals and deceased persons were intimately connected, animals having been assigned
different statuses (food waste, decorative element of the tomb, offering, and ornament; Fontan,
2019). However, dog remains, scattered and fragmented, were found among the food refuse
and not directly associated with human sepultures. It is thus likely that they were eaten (Ollivier
et al., 2018, supplementary data). We did not find any indication regarding the presence of
anthropogenic marks on dog or fox remains from other Mesolithic sites in France. Evidence of
meat use therefore remains difficult to attest for dogs at this period.

Cynophagy is however attested in Eastern Europe, in the Late Mesolithic site of Zamostje 2
(Russia, Chaix, 2013, p. 20) where different types of cut marks have been observed on dog
remains, demonstrating a full range of technical operations linked with skinning, defleshing and
disarticulation.

In South-Eastern Europe, in Serbia, the dog would have been sacrificied and consumed in

Lepenski-Vir III (Schela Cladovei culture). Indeed, cut and burn marks have been found on the
dog remains (Balasescu et al., 2005, see section 2.3.4.1).
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2.3.6.3. Neo-Chalcolithic in Romania

In Romania, the dog was widely consumed and its fur was often taken jointly, as evidenced
by cutmarks (skinning, dismembering and filleting marks) and localized burn marks observed
at many sites from the Neolithic and Chalcolithic. Evidence has been found in the cultures of
Dudesti (Beciu and Magura-Buduiasca, Figure 25), Vinca (Liubcova-Ornita, as well as in
Divostin in Serbia), Boian (Isaccez-Suhat, Silistea-Conac, Harsova-tell, Izvoarele) and
Gumelnita (Harsova-tell, Bordusani-Popina, Mariuta, Vitanesti).
To date, no evidence of meat consumption nor fur sampling has been identified on the dog
bones during the Staréevo-Cris or the Hamangia cultures in Romania (Baldsescu, Radu and
Moise, 2005). However, evidence for these cultures has been found in other neighbouring
countries in Eastern Europe (Lazar, Margarit and Balasescu, 2016).

Figure 25. Dog mandible with skinning marks, Magura-Buduiasca, Dudesti culture, Neolithic. From

Baldsescu, Radu and Moise, 2005.

Bordusani and Harsova show similar slaughter profiles: dogs were mostly slaughtered when
still young, i.e. before three years according to Horard-Herbin (2000; Pionnier-Capitan, 2010;
Figure 26). This is likely because animals had reached weight maturity and had became ideal
targets for meat consumption.
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Figure 26. Slaughter profiles of dogs from Bordusani and Harsova with the age classes proposed by
Horard-Herbin, 2000 (see Figure 55). Nd: number of teeth. From Pionnier-Capitan, 2010, p. 108
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2.3.6.4. Early Neolithic in France

During the Early Neolithic, cut or burn marks are attested on the remains of red foxes and
even on those of burrowing animals that one might think intrusive. Carnivores were however
never hunted in large quantities during the Early Neolithic. They rather constituted an additional
opportunity more than a selective prey, but they were probably prized more for their fur.

For example, on the fox remains dated to the Early Neolithic in “Le Tai” at Remoulins
(Epicardial culture), dismembering and filleting marks were observed on the acetabulum of a
coxa and on the inside of a rib, and under the head. Localized burn marks were also identified
on a lumbar vertebra and a metatarsal, indicating that these animals were not exploited solely
for their fur, but that the carcasses were also prepared for meat consumption (Bréhard and
Vigne, in press). The same is true for the badger.

At Camprafaud C19 (Epicardial culture), a femoral head as well as other fox bones (ulna,
distal extremities) show burn marks (Doumerc, 2016). Furthermore, different skeletal parts are
present, suggesting that foxes were used for all the resources they could offer (meat and possibly
the fur). In addition, other fur animals show anthropogenic marks on this site during the Early
Neolithic: the cranial fragment of a badger revealed cut marks (in C18), and lagomorph remains
(coxal, ribs, scapula) showed cut and/or localized burn marks (in C18-C19, Doumerc, 2016).
This confirms the meat consumption of small fur animals at this period in this site.

Similarly, in Leucate-Correége, the burned tibia of a fox was found in association with a rib,
as well as leg tips and skull remains, suggesting a use of the meat and/or skin (Fosse, 1988).

For dogs, evidence is almost inexistent. We only recall here the case of Herxheim (cf p. 88),

where Early Neolithic dogs show localized typical marks of cooking (burn marks on the upper
teeth, Arbogast, 2018).
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2.3.6.5. Middle and Late Neolithic in France-Switzerland

Fox remains are never very numerous in the Middle and Late Neolithic, but when present,
they are often the only representative carnivores (Fosse, 1988). During these periods, clear
evidence of fox meat consumption is rarer than in earlier periods. It seems that foxes occupied
only a marginal role in meat resources, when the consumption of wild species was already very
limited.

On the contrary, dog meat consumption is very well documented in the second half of the
Neolithic period, especially in the Chasséen and Michelsberg cultures from the Middle
Neolithic and during the Late Neolithic (Arbogast, 1995; Arbogast et al., 2005; Bréhard, 2007;
Pionnier-Capitan, 2010). Here are a few examples.

In “Les Moulins” at Saint Paul-Trois-Chateaux, and “La Roberte” at Chateauneuf-du-
Rhone (late Chasséen), skinning, dismembering and filleting marks, as well as localized burn
marks observed on dog bones demonstrate meat consumption. Moreover, dog remains represent
as much as 25% of the mammal remains on these sites (compared to a mean of 7% for Southern
Chasséen: Figure 13) and most of their remains are concentrated in a few pits. Given these
results, Bréhard (2007, 2011) proposed that dogs were consumed during collective meals, when
different groups of people gathered at these two sites.

In “Hautes Chanvieres” at Mairy (Michelsberg culture), a cut mark characteristic of filleting
was evidenced on a femur, and localized incisions were observable on a metatarsal, probably
resulting from skinning. This does not seem to be the most common treatment for this animal
in Michelsberg settlements (Arbogast, 1995), but cut marks have been observed on the dogs
from Rudemont (see page 88).

The use of dog meat as a complemental resource would have been all the more opportune as
the development of herding played a secondary role (Hiister-Plogmann and Schibler, 1997;
Arbogast et al., 2005). Accordingly, in some French or Swiss lakeside settlements, dog remains
reach or even exceed 10% of the total NISP, and the consumption of dog meat may have been
as important as that of small domestic ruminants (Arbogast et al., 2005). In Twann, many
butchering marks (skinning, dismembering and filleting) have been observed on the skull or
long bones of dogs dated to the Cortaillod culture (Pionnier-Capitan, 2010; cf Part 3 section
3.1.2.2, Figure 87). Additionnaly, the distribution of ages at death (slaughter profile) suggests
that some dogs were preferably selected to be eaten (Arbogast et al., 2005; Pionnier-Capitan,
2010, pp. 107-109). In Twann, dogs were mostly 6 to 12 months old when they died (Figure
27, Becker and Johansson, 1981). These animals therefore had reached weight maturity and had
became ideal targets for meat. The same applies during the Horgen culture (Late Neolithic) in
Zurich lakes (Hiister-Plogmann and Schibler, 1997) and Arbon-Bleiche 3 (Deschler-Erb and
Marti-Grédel, 2004), where frequent cut marks were reported, confirming the intention to
dismember the carcasses and remove the flesh. In the latter site, there were many puppies under
six months of age which could be related to population regulation practicies, although animals
could also have been eaten. Dog meat consumption is also well attested in the likeside villages
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of Neuchatel and Bienne at the end of the Neolithic and early Bronze Age (Arbogast ef al.,
2005).
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Figure 27. Slaughter profile of the dogs from Twann during the Cortaillod culture, based on the state of
tooth eruption and tooth wear. Translated from Arbogast et al,, 2005. m: month, yo: years old.

Dog were probably also eaten during the Late Neolithic at “Soubérac” in Gensac-la-Pallue
(where a partially burned mandible was found) and in “Clos-de-Roque” at Saint-Maximin-la-
Sainte-Baume (some bones show cut marks and dog remains were found associated with other
domestic animals, especially in St2096, Remicourt et al., 2012).
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Conclusion

KEY POINTS

All these data illustrate the variety of relationships that existed
between hunther-gatherers or farmers and canids, from the Mesolithic
to the Bronze Age. Dogs and red foxes may have been considered as
individuals on their own, the companion of a deceased person, a sacrificial
object, or the source of raw material necessary for survival, or for ornements.
These uses varied over time, but they often combined, and some periods
were very complex because uses may have been diverse, even within the
same site and occupation.

The status depends in part on the domestic/wild status of the animal, as
dogs seemed to be buried more than other canids, showing a special bond
with humans, in both life and the afterlife, and from the earliest periods.
Indeed, during the European Mesolithic, the burial of complete dogs is
attested in several areas and seemed to reflect a symbolic function of
accompanying the deceased to the afterlife (especially in Western and

Northern Europe) or ritual practices (associated with consumption at the Iron
Gates sites in Romania or Serbia). This status could also have been granted

to some wild, perhaps tamed, foxes, but generally this happened at later
periods.

During the Early Neolithic, dogs were little represented in faunal
remains in most part of Europe. Dogs may have played the privileged role
of companion — as allies for hunting, herding or protecting villages —
especially in Western Europe, where the site of Herxheim stands out.
Indeed, it yielded a significant number of dog remains belonging to a small
number of individuals, but the site was very unusual, due to the practice of
cannibalism associated with ritual animal meat consumption. But
otherwise, dogs were not much consumed and they were rather evacuated
outside the settlements after their death without further consideration.
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KEY POINTS

The presence of dogs then increased and reached a peak in Western
and South-Eastern Europe during the Middle and Late Neolithic in the first
case, and in the Chalcolithic Boian and Gumenlitsa cultures in Romania.

Interestingly, a much greater diversity of statuses seems to have been
attributed to dogs in Western Europe than in Romania during these
periods. In Romania, dogs were widely eaten and their fur was collected,
although they certainly also played other roles, such as guarding (of herds
and settlements), hunting, or simply providing companionship.

In Western Europe, the diversity of dog statuses, sometimes even
simultaneously, is more obvious. They may even seem sometimes
ambiguous since dogs were considered as an animal for slaughter, the object
of an offering or sacrificial deposit (associated with meat consumption or
not) and probably also as a companion and an auxiliary in life. They lived
close to humans in the settlements, and some authors have hypothetised that

populations could have been regulated to prevent dogs from swarming. They
were sometimes thrown unceremoniously outside settlements, or carefully

placed in pits close to dwellings, or even placed with humans. They were in
other cases dismembered, eaten and mixed with other food remains; this dog
meat consumption is likely to have sometimes occurred in the framework of
collective events.

Red foxes seem to have been primarily hunted for their fur, especially
in the early periods, and hunter-gatherers probably also consumed their
meat to optimize resources. Their importance seems to have diminished
over time, like that of other wild animals. However, there are some particular
deposits attesting to a special link (perhaps taming) between humans and
wild animals at the very end of the Neolithic and the beginning of the Bronze
Age. We have not been able to explore the presence of the red fox in Europe
as widely as that of the dog, however, and our conclusions are drawn mainly
from our observations in France.
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2.4. Morphological evolution of dogs from the Epipaleolithic to the
pre-Bronze Age: state of the art

In this section we synthesise available information on the morphology of dogs. This
encompasses genetic data that provides information on the colour of their coat (Ollivier et al.,
2013, see section 2.4.1), and osteometric data that provides indications on the stature, wither
height, gracility or, more rarely, on variability in skull shape (see section 2.4.2). This synthesis
should allow to identify limitations of previous studies and missing knowledge about the
morphological variability that existed within canids prior to the Bronze Age. This should enable
to raise questions that we will address in the conclusion of Part 1 and that we will try to answer
in the course of this thesis.

2.4.1. Variations in coat colour

Ollivier ef al. (2013) analyzed the genome of 15 ancient dogs and 19 ancient wolves from
14 different archeological sites, throughout Eurasia, spanning from the end of Upper
Palaeolithic (12 kyrs cal. B.P.) to the Bronze Age (4 kyrs cal. BP). They have demonstrated
that the alleles and genes responsible for a light coat (allele R301C of the gene Mc1#¥), or for a
dark coat (allele KB of the gene CBD103") were both present on wolf or dog-like canids as early
as the Mesolithic (around 11-8 kyrs cal. BP, in Icoana, Romania, Figure 28). These mutations
then persisted in different areas in Eurasia, through the Neolithic and the Bronze Age.

In modern canids, the allele R301C of the gene Mcr is only retrieved in Siberian Husky and
Alaskan Malamute, but not in any other modern dog breed nor the modern wolves in their
sample. In contrast, the K® allele is widely distributed among modern domestic dogs (including
ancient breeds originating in Asia and Africa). However, the allele K® is very rare in the wild
(it has been reported in wolves from North America and Italy only), suggesting that a strong
natural selection against this mutation seems to exist in wild contexts. Its presence in wolves is
likely derived from past hybridisation with domestic dogs. The authors have hypothethised that
the allele K could come from the wolves that formed the population where the domestication
process occurred, or it could be explained by some mutations related to the relaxation of natural
selection, which could explained why it was found such early in the history of dogs (Ollivier et
al., 2013).

X Melanocortin 1 Receptor.
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Figure 28. Distribution of the R301C mutation (A1, A2) and of the K& allele (B1, B2), before (A1, B1) and
after (A2, B2) the neolithisation. From Ollivier et al. (2013). Blue: presence of R301C mutation, white:
absence of R301C mutation, black: presence of KB allele, orange: absence of KB allele, question mark:
undetermined.
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2.4.2. Variation in osteometric measurements

The aim of this last section is to synthesise the available osteometric information of canids
from the Upper Paleolithic to the early Bronze Age. The information related to the form of a
bone can be split into two components: information about the size, and information about the
proportions between the different parts of the bone (i.e. shape). Throughout the following
section, we follow this decomposition, by treating information relating to size and information
relating to shape in parallel. Moreover, observed trends are confronted to the paleogenetic data
on canid haplogroups, in order to cross information on morphological and genetic variability
(Ollivier et al., 2018).

Our survey revealed that osteometric data on canids are often scattered in the literature. To
date, there is no complete synthesis in a global diachronic framework Only some unpublished
archaeozoological studies have attempted to explore the diachronic evolution of dogs at the
European scale. One must also mention the PhD thesis of Maud Pionnier-Capitan (2010) about
the domestication of the dog in Eurasia, and the master thesis of Andréa Filippo (2017) about
the exploration of the morphological diversity in dog mandibles in Europe and the Middle East,
from the Epipaleolithic to the early Bronze Age. There are also a few rare synthetic
publications, which compile available osteometric data for some particular chrono-cultural
groups or areas where dogs were well represented. This is for example the case of the
publication by Arbogast et al. (2005), which reports findings on the dog remains from the
Middle and Late Neolithic in Swiss and French lakeside settlements, or in Balasescu, Radu and
Moise (2005) for the whole Neolithic-Chalcolithic period in the South-Eastern part of Romania.
We therefore started from these studies and supplemented it with osteometric information
collected from publications listed in section 2.2.

Additionnaly, our survey revealed that the exploitation of osteometric data is, so far, very
limited and uncomplete. It is often limited to the use of simple linear measurements, which
mainly provide an indication of bone size, or of that the stature by means of equations to
estimate wither heights. However, these equations only give a very approximate indication of
the size of the individual. Sometimes, two measurements are used jointly (e.g. gracility index)
and provide information on robustness. Analyses taking into account more than two dimensions
(using PCAs, see section 2.2.4) and decomposing form into size and shape using the log-shape
ratio method of Mosimann (1970) are very rare (and only limited, to our knowledge to Bréhard,
2007 and Filippo, 2017). However, even these more advanced multivariate methods do not
account for the geometry of the bones, as is possible by means of geometric morphometrics
(see section 2.2.3). Very few publications have used geometric morphometrics to describe dogs
prior to the Bronze Age. Only two studies testify to early attempts. The PhD thesis of Pionnier-
Capitan (2010) presents an attempt on the lower carnassial tooth, but few results have emerged,
teeth being extremely conservative (see Part 2). Additionnaly, the unpublished master thesis of
Filippo (2017) presents an attempt on the mandible, although the overall sample size remains
rather low.
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For the red fox, there is to our knowledge no synthesis that provides information on their
morphological variability from the Upper Paleolithic to Bronze Age in Europe. Data are
scattered in the literature and they are very limited. We will therefore only focus on the dog in
the following pages. Helmer (1979), however, noted that Neolithic foxes from South-Eastern
France were of equal or greater size compared to modern foxes, unlike the Neolithic foxes of
Burgéschisee Siid which were smaller than present-day Swiss animals.

2.4.2.1. Late Upper Paleolithic

Dogs in Western Eurasia already displayed a wide variety of statures even before the
Holocene. Pionnier-Capitan et al. (2011) reports the simultaneous existence of several
morphological groups, that were confirmed by later discoveries (Boudadi-Maligne et al., 2012,
2020; Horard-Herbin, 2014, see Table 1 for more informations on the cited sites):

+ Dogs of medium size (wither height estimated to 45-60 ¢m) with a rather modified
morphology (strong allometric differences) in the Near East during the Natufian and in
Northern Zagos contemporary cultures (Tell Mureybet, Syria; Hayonim Terrace and Ein
Mallaha, Israel; Pelagawra’s cave, Zagros), or in South-Western France during the
Azilian (Grotte abri du Moulin, Troubat).

+ Dogs of medium to large size (wither height estimated to more than 60 cm) and fairly
robust, with a morphology similar to modern wolves held in captivity, in Eastern Europe
(some of these "large dogs" were probably wolves according to Boudadi-Maligne and
Escarguel, 2014), and France (Kniegrotte, Germany; Mezin, Ukraine; Eliseevichi I,
Russia; Le Closeau, France).

+ Small to very small dogs (wither height estimated to 30-45 c¢cm or less than 30) in
Western Europe (Bonn-Oberkassel, Teufelsbriicke and Olknitz, Germany; Hauterive-
Champreéveyres, Switzerland; Grotte Jean-Pierre 1, Pont d’Ambon, Montespan, Grotte
de le Morin, France; Erralla, Spain, Iberian Peninsula). The smallest dogs have been
found in the Westernmost regions (France, Iberian Peninsula). One example is the small
dog of Montespan (France), dating from the Middle Magdalenian (15,5-13,5 kyrs cal.
BP; Pionnier-Capitan et al., 2011), more or less contemporary with the first large dogs
of Russia (Sablin and Khlopachev, 2002).

At this period, all European dogs, however, belong to the same haplogroup C but very few
data are available (Ollivier ef al., 2018).
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2.4.2.2. Mesolithic

Very few osteometric data are available for the European Mesolithic (see section 2.2.2), and
they only provide indications on the size of the bones or individuals.

Dogs of the European Mesolithic were already well distinguished from wolves. Indeed,
Mesolithic dogs from Northern France would have been smaller than Mesolithic wolves, based
on humerus lengths (Pionnier-Capitan et al., 2011, Figure 29), but the number of wolf
specimens is too low to be sure. Additionally, we have seen in section 2.4.1 that black coats
were already present in dogs of the Romanian Mesolithic at Icoana, or in wolf/dog hybrids, but
not in strictly wild wolves (Ollivier et al., 2013).
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—— Holocene wolves
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Figure 29. Humeral measurements on canids from the Mesolithic and Neolithic, modified from Pionnier-
Capitan et al. (2011)

Some dogs are large and reminiscent of wolves. Accordingly, Romanian Mesolithic dogs
of Ostrovul Banului and Icoana (and perhaps of Ostrovul Corbului) have a jugular dental row
whose dimensions are quite similar to those of the wolf, although the molar row is smaller
(Pionnier-Capitan, 2010). The two Mesolithic "Canis sp." from Noyen-sur-Seine (France,
seventh millennium BC; Vigne and Marinval Vigne, 1988) are thought to be wolves with some
morphological characteristics reminiscent of modern wolves held in captivity (shortened snout
for one, strong depression of the sagital gutter for the other), which leads the authors to suggest
the possibility of proto-breeding.

Other dogs are of more average size. For example, in Montandon, a wither height of 51.1 to
52 cm is given (Cupillard et al., 2000). At Cabego da Amoreira in the Muge Valley in Portugal,
a wither height of 48.5-51cm was estimated from an almost complete skeleton of Mesolithic
Canis, and the authors suggest that this medium-sized dog was reminiscent of the Dalmatian,
English Springer Spaniel or the Portuguese water-dog (Detry and Cardoso, 2010, Figure 30).

Other Mesolithic dogs are much smaller, as for example in Téviec (France, 6™ millennium
BC; Pionnier-Capitan, 2010).
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Figure 30. Mesolithic Dog of Cabego da Amoreira in the Muge Valley in Portugal, from Detry and Cardoso
(2010)

Our appreciation of the overall variability in canids at this time is very limited, but
morphological variability thus already seemed to exist (presence of black dogs from the
Mesolithic period, and small dogs of less than 30 cm since the Epipaleolithic). At this period,
European dogs belong to haplogroup C (Ollivier et al., 2018), but a high frequency of
haplogroup A was found in Mesolithic dogs from the Iberian Peninsula (7,903-7,570 cal. BP),
suggesting that some geographic variation and genetic variability already existed (Pires et al.,
2019).

2.4.2.3. From the Mesolithic to the very early Bronze Age

2.4.2.3.1. Dogs versus wolves
Size

In Eastern and Western Europe, Neolithic dogs were much smaller than wolves, making
confusion unlikely. This was demonstrated by many studies, based on the length and width of
the lower first molar (Pionnier-Capitan et al., 2011, Figure 29), on measurements taken on the
mandible (Filippo, 2017, Figure 32), or on long bones and size estimates (Arbogast et al., 2005;
Forest and Rodet-Belarbi, 2018).

Shape

The multivariate statistical analyses of linear mandibular measurements (traditional
morphometrics), or landmarks (geometric morphometrics) by Filippo (2017) have shown that
the morphological spaces of ancient wolves was included within that of ancient dogs, all periods
confounded, suggesting that ancient dogs are close in shape to their wild relatives. However,
although this study has shown that the variability of modern dogs overlaps that of ancient dogs
much, a proportion of Eastern and Western European dogs are outside this variability (Figure
31) suggesting that some ancient morphologies could have no modern equivalent and that the
variability in shape may have been, surprisingly, greater in the past.
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Figure 31. Variability in mandibular shape shown by Principal Component Analyses performed on (A)
three mandibular measurements (von den Driesch’s dimensions 9, 10 and 11) or (B) 2D coordinates of
landmarks on the mandible of ancient dogs and modern dogs and wolves. From Filippo, 2017.

2.4.2.3.2. Variations in size — general trends

Many studies have suggested that, from the Mesolithic to the pre-Bronze Age, in both
Eastern and Western Europe, dogs progessively decreased in mean size and the variability
in size tended to increase (Arbogast et al., 2005; Balasescu, Radu and Moise, 2005; Clark,
2006; Pionnier-Capitan et al., 2011; Filippo, 2017, Figure 32). This was for example illustrated
in the increasing of coefficients of variation for isolated measurements of cranial and post-
cranial skeletal elements in the study of Pionnier-Capitan et al. (2011).
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Epipal: Epipaleolithic; Meso: Mesolithic; Neo: Neolithic; Chalco: Chalcolithic
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Eastern Europe

Cranial remains are well represented in South-Eastern Romania, especially the mandibles,
which allowed to estimate the length of the corresponding skulls (Table 10). The post-cranial
skeleton is also well represented, but rather fragmented, so only a few complete bones could be
used to estimate the wither heights (Table 10).

Osteometric data seem to attest to the existence of a fairly homogeneous and similar
population throughout the Neo-Chalcolithic of South-Eastern Romania, with dogs of medium
size and medium robustness, and smaller than in the Mesolithic of Ostrovul Corbului
(Balasescu, Radu and Moise, 2005). The lower first molar (M1) is constantly decreasing in size
between the Mesolithic (Icoana), Early Neolithic (Cuina Turcului, Staréevo-Cris) and
Chalcolithic Boian and Gumelnita cultures (Balasescu, Radu and Moise, 2005). The same is
observed when considering the mean centroid sizes of the mandibles in multivariate analyses
(Filippo, 2017, Figure 32). The decrease in mean sizes is related to an increased variability and
the presence of small to very small dogs, notably at Bordusani and Harsova during the
Gumelnita culture (33 cm, Béldsescu, Radu and Moise, 2005). Besides, many of the Gumelnita
dogs show a phenomenon of oligodontia with the absence of the lower third molar for at least
15% of the total number of mandibles analysed at Bordusani-Popind and Harsova-tell
(Pionnier-Capitan, 2010). Dogs from the Gumelnita are, on average, smaller than dogs from the
Boian culture. The dogs at Bordusani-Popina are smaller, which may reflect the isolation of the
community.

Table 10. Cranial lengths and wither heights estimated for Romanian Neolithic dogs. From Baldasescu, Radu and

Moise, 2005.
Culture Site Cranial ‘length Wlt‘her height
N  mean min max N mean min max robustness
Gura Baciului-Carcea / / / / / / / / /
40.5
Moldavie >0.8
Star¢evo-Cris / / / / 3 44.2 Dudestii 7.4
Veche- Vechi
Rat
L 154.7
sy 118.4 cimetiere 40.1
Vinca 171395 Foeni-Orthodox Par;tell Part-tell 11
. 139.3 47.9
Dudesti ! Magura-Buduiasca Magura-Buduiasca
< 45.5
Vidastra Vidastra
Hamangia 3 1355 14125.53 an 46.8 7.3
g Loa Cle - Cheia ’
Hamangia
Boian 14 139.9 127.1 153.2 3 40.5 37.4 44.8
All 92 1319 98 39 40.2 334 46.8
Bordusani- | 3¢ 1544 99 13 40.4 33.4 46.8
Popina
Harsova- ah = o . 20 0 o )
32.5 8. 2: 39. 43,
Gumelnita el 17 1325 118.4 3 39.9 34.1 43.6
Insuratei 1 148.8
Luncavita 3 98 and 99.7 179
Vladiceasca | 28  139.9 119.8 163.4 423
Vitanesti 7 137.9 121.3 144.5 40 44.2
Cernavoda Harsova- 127.1 45.1
tell
Bolintineanu,
Salcuta et / VR / / / / / /
Stoicani-
Aldeni
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Western Europe

Few remains of dogs dated to the Mesolithic or Early Neolithic are available (see section
2.2.5), and osteometric data are scarce, rendering our evaluation of the variability in size at that
time very uncomplete. Available data suggest that Mesolithic dogs are on average bigger than
Neolithic dogs but the scarcity of data for the earliest periods makes it very hypothetical (Figure
32). Measurements taken in Herxheim (Germany, LBK, end of the sixth millennium cal. BP),
indicate that these Early Neolithic dogs were relatively large (although significantly smaller
than wolves). In addition, they had a shortened face and teeth were often missing (Pionnier-
Capitan, 2010; Arbogast, 2019).

More information is available for the Middle Neolithic, with series of measurements for
large populations, particularly in Swiss and French lakeside settlements, providing us with a
more comprehensive idea of the variability that existed at that time, and even between regions,
periods and cultures. Dogs of the Middle and Late Neolithic were of medium to small size,
with wither heights ranging from 35 and 55 cm. There is indeed concordant evidence in many
regions (Table 11). Dogs seem relatively larger during the Late Neolithic in Switzerland.

Dog size decreases during the Middle Neolithic and up to the end of the Neolithic. This
decrease in mean size is accompanied by an increase in the variability.Indeed, through the
comparison of measurements of long bones from sub-complete dogs from Mairy, Bercy, Boury-
en-Vexin, les Magnins with modern dogs (a female small Dane and a male large bullhead),
Bréhard (2007) shows that a variability seemed to exist within the animals of the Middle
Neolithic. Measurements of the mandibles of “Les Moulins” and “La Roberte” also show clear
variations in size (Bréhard, 2007).

The decrease in size is related to the presence of small to very small dogs in many sites of
the Chasséen complex during the Middle Neolithic (Bercy, “les Moulins”, “la Roberte”,
“Champ du poste” in Carcassonne) or associated cultures (Pionnier-Capitan, 2010; Horard-
Herbin, Tresset and Vigne, 2014; Forest and Rodet-Belarbi, 2018). These small dogs do not
appear in the earliest period, but the scarcity of the material does not allow to exclude their
presence in dog populations.

To date, no very large dogs are attested in the Middle Neolithic period in France
(Bréhard 2007). They do not reappear until the end of the Neolithic period (Bréhard, 2007;
Pionnier-Capitan, 2010). For example, the dogs of Bury (extreme end of the Neolithic;
(Salanova et al., 2017) were large, with a slightly shortened face. DNA analysis revealed that
at least one of them was black, while another still retained the colour of the wild coat (Ollivier
et al.,2013). In Switzerland as well dogs increased in size significantly from the Late Neolithic
to the Late Bronze Age (from 47 cm to 61 cm), to become much more robust (Arbogast et al.,
2005). However, the scarcity of measurements for the Bronze Age does not ensure that this
increase in size was significant, neither generalisable to other regions, nor constant over time.
This increase in size would have been accompanied by an increase in variability (but which
remains reasonable), since medium to small dogs similar to those of the Neolithic period
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persisted. Larger bodies were likely less adapted in these geographical isolates were living
conditions were more difficult, or medium to small dogs would have been preferred to ensure
tasks specific to montain environments (Arbogast et al., 2005). It is also possible that this was
related to selection and the preferred use of larger dogs that were likely to provide more meat.
This remains difficult to prove, but it is supported by the fact that the increase in size was not
accompanied by any change in bony proportions, and it is consistent with the methods of dog
selection observed at Hauterive-Champréveyres (Arbogast et al., 2005).

Table 11. Wither heights reported in the literature for some sites dated to the Middle or Late Neolithic.

Period — Culture Region Site Wither heights Ref
“La Farigoule 2”
“Le Cres” Forest and Rodet-
Southern France “Vert-Parc” 37-52 cm Belarbi, 2018.
“Mas de Vignoles IV »
Middle and Late Cadereau QAles
Neolithic Auvernier
Twann
Swiss or French Chalain-Clairvaux 40-55 cm Arbogast et al.,
lakeside settlements Zurich 2005)
Arbon
Feldmeilen
Middle Neolithic North-Eastern les g;i‘t‘fss é‘ﬁzi‘fggﬁzs 40-50 em
— Michelberg France . . 35.5-47.8 cm Bréhard, 2007
in Mairy
Middle Neolithic Cul froid” in Boury-en- idem
_ Chasséen Northern France Vexin
Bercy 39.2-47.6 cm Bréhard, 2007
Southernof France “Les Moulins” 35-46cm Bréhard, 2007
M;I(i(ci)lltiet/ll;iite Switzerland “La Motte aux Magnins” 49-51.3cm g?:ﬁzré?gg 82
Machecoul 42 cm Braguier, 1997
e 42-46 cm
Late Neolithic “Camp 1 des Matignons” “size of a Braguier, 1997
France French spaniel” .
Diconche 423 cm Békényl and
(37.1-44.8 cm)  Bartosiewicz, 1999
Mas de Vignolles IV 45 cm Convertini ef

al., 2004

114



2.4.2.3.3. Variations in shape — general trends

General view of dog morphotypes

Previous authors have described some morphological types in Neolithic dogs. These types
were defined by some morphological characteristics and generally correspond to specific
geographical regions and periods. They illustrate the existence of a global variability if we
consider the Neolithic as a whole (Studer, 1901; Ducos, 1968; Helmer, 1979; Bokonyi, 1988;
Arbogast et al., 2005; Pionnier-Capitan, 2010). These types are, however, "only landmarks
among a multitude of forms" (Ducos, 1968).

Among these types are:

o Canis familiaris ladogensis or Canis familiaris inostranzevi (Anoutchine 1882).
This type corresponds to rather large and wide dogs, dating from the Early Neolithic
in the region of Lake Ladoga in Russia.

o Canis familairis palustris (Riitimeyer 1862) or “dog of the peat bogs” or “dog of
the the palaffites". This type, rather homogeneous, corresponds to dogs of rather
smaller size (like the modern spitz type), with a broad, rounded cranial cavity and a
sharp muzzle. It dates back to the Middle Neolithic and was found in Swiss or
French lakeside settlements. However, in their synthesis, Arbogast et al. (2005)
wrote that it is difficult to recognise this type specifically, since it sometimes
correspond to the description of dogs outside the area of the Swiss lakes (for
example in Mairy, Michelsberg, Arbogast ef al. (2005) or even later in the Late
Neolithic (as in Diconche, Artenacian/Peu-Richard, Bokonyi and Bartosiewicz,
1999).

o Canis poutiatini (Studer 1906, cited by Bokonyi, 1988), whose morphology remind
that of the Australian dingo.

o dogs of intermediate size: Canis familairis intermedius et Canis familairis matris-
optimae (Bokonyi, 1988).

Differences between Eastern and Western Europe

Dogs from Western Europe seem to be distinct from those from Eastern Europe, based
on the multivariate analyses conducted by Filippo (2017) on three or eight of the Von den
Driesch’s standardised dimensions (1976, traditional morphometrics, Figure 33A,B) or on 2D
coordinates of landmarks (geometric morphometrics, Figure 33C).
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Figure 33. Variation in mandibular shape in dogs from the Epipaleolithic to the Bronze Age, modified from

Filippo, 2017. Only the first two axes of the principal component analyses are represented. Analyses were

performed on: (A) three dimensions (von den Driesch measurements 9, 10 and 11), (B) eight dimensions
(von den Driesch measurements 9, 10, 11, 13L, 13B, 14, 17 and 20) or coordinates of 2D landmarks (C).
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Variability of Neolithic dogs in Western Europe between periods and
cultures

The multivariate study of Filippo (2017) suggested that in Western Europe, some shapes
would have been maintained over time while new ones would have appeared (Filippo,
2017, Figure 34).

Variability of Neolithic and Chalcolithic dogs in Eastern Europe between
periods, cultures and contemporary sites

In her multivariate study, Filippo (2017) had too few early dogs to clearly distinguish
Mesolithic or Early Neolithic dogs from Chalcolithic dogs. No clear distinction between dogs
from the Boian and Gumelnita cultures appear but some differences seem to appear between
contemporary and similar Chalcolithic sites (as regards the list of faunal remains) of
Harsova and Bordusani and the Boian sites of Varasti and Isaccea, suggesting regional
differences (Filippo, 2017, Figure 33).
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Figure 34. Variation in mandibular shape based on a Principal Component Analysis performed on three

mandibular measurements (Von den Driesch’s dimensions 9, 10 and 11) of dogs from Western Europe

between the Mesolithic and Late Neolithic (up), or from Eastern Europe between the Mesolithic and the
Chalcolithic (bottom).Modified from Filippo, 2017.
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2.4.2.3.4. Variability in size and shape of dogs from French and
Swiss lakeside settlements

Arbogast et al. (2005) first underlined the relative homogeneity of the measurements in
the Middle and Late Neolithic in the French and Swiss lakeside settlements, both regionally
and between regions, and even over a short time span, since the median values are fairly close
and the variability remains limited. This could be explained in part by repeated interbreeding,
leading to convergence towards the same morphological type (rather medium-sized and slender
dogs) showing little differentiation (Arbogast, 1994). The selection of particular
morphological types therefore does not seem to have been a major concern in the Neolithic
period, at least in this geographical area (Arbogast et al., 2005).

Regional variation

Middle Neolithic dogs from French lakeside settlements would have been slightly larger
than their counterparts at sites in Western Switzerland, suggesting regional variation within
the same cultural group. These differences persisted over time, as a parallel increase in size
is observable in both regions (cf above, Arbogast et al., 2005). Additionally, during the
Chasséen, the dogs from Chalain were slightly larger than those — contemporary — of “la
Roberte” (Pionnier-Capitan, 2010).

However, these studies mostly reflect variation in size, and do not accurately describe
variations in shape. The multivariate study of Filippo (2017), providing a more accurate
description of shape, reported morphological variations in sites from this region. For example,
dogs from Twann (Middle Neolithic, Cortaillod) were clearly different in shape than dogs from
Chalain-Clairvaux (Late Neolithic, Figure 34), from which they are separated by a gap of
around 300-500 years. However, it is not clear whether shape differences are related to
differences in location and/or differences in period and culture.
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Intra-site variability

Additionnaly, the same study as suggested that an important variability may be
observable on the site of Twann (Middle Neolithic, Cortaillod culture). The very large number
of mandibles and long bones excavated allowed to explore the variability within the same
geographic context and within the same occupation phase. Even visually, one can assess “the
extraordinary range of morphologies that may have existed at that time” (Becker and Johansson,
1981; Pionnier-Capitan, 2010, Figure 35). In her PhD thesis, Maud Pionnier-Capitan (2010)
calculated the coefficients of variation for 20 mandibular measurements on 45 complete
mandibles, and obtained high values, ranging from 6 to 9%. However, these results, above all,
reflect the high variability in mandible sizes. The high variability in shape is suggested by the
multivariate study of Filippo (2017, Figure 35).

Figure 35. Dog mandibles from the same stratigraphic layer of Twann (Middle Neolithic, Switzerland).
From Pionnier-Capitan (2010).

119



2.4.2.3.5. Haplogroups

During the Mesolithic, Europe possessed the mitochondrial haplogroups C and A
(haplogroup A is only present in the Iberian Peninsula), and during the Neolithic these
haplogroups were accompanied in Europe by haplogroup D. This strongly suggests the
introduction of non-indigenous domestic dogs, probably coming from the Near-East. In France-
Switzerland, the earliest dogs of haplogroup D arrived during the Middle Neolithic, in the
Chasséen around 5,900-5,700 cal. BP (S. Bréhard, M. Ollivier and A. Manin, pers. comm.), and
in the Cortaillod (Ollivier et al., 2018). In Western and Northern Europe, the turnover was
incomplete and haplogroup C persisted well into the beginning of the Bronze Age at least. In
SouthEastern Europe (including Romania) the haplogroup D became dominant at the early
Chalcolithic and then was the only haplogroup represented during the Late Chalcolithic-
Gulmenitsa culture (Table 12). In Western Europe, haplogroup C remained dominant during
the Neolithic, but haplogroups A, D and B were also present (Table 19). Thus, dogs from
Western and South-Eastern Europe did not have the same evolutionary histories, which may
have resulted in different morphologies in the two poles. In Western Europe, dogs coming from
an Epipaleolithic and Mesolithic matriline still dominated during the Neolithic. Local human
populations thus did not seem to have replaced their dogs much with dogs from elsewhere.

Table 12. Representation of the different dog haplogroups following the different chrono-cultural
contexts. Up-to-date unpublished results, personal communication from M. Ollivier, A. Manin and S.

Bréhard.
Haplogroup C D A B
South-Eastern Europe
Mesolithic 6
Chalcolithic — Hamangia and Boian =~ 2 5

Chalcolithic — Gumelnita 0 14
Western Europe
Epipaleolithic — Mesolithic
Early Neolithic — Herxheim 1
Middle Neolithic — Chasséen 18
Middle Neolithic — Cortaillod — Twann 6
Late Neolithic 5

—_— N
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2.4.1. Evolution in masticatory abilities

To date, the Master thesis written by Andréa Filippo (2017) is the only study that has
attempted to interpret the observed variations in form from a functional perspective. The
masticatory function is approached by calculating the mechanical potential, which provides a
rough estimate of the efficacy of the temporalis muscle and the jaw morphology in generating
bite force if the mandible is considered as a simple lever. Since it is a measurement ratio, the
mechanical potential provides an indication on the bite force relative to the size of the
individuals. This simple model is useful to attribute a functional interpretation to linear
measurements, but it lacks precision because it does not take into account the architecture of
the muscles nor the finer variations in shape.

This previous study has suggested, on a relatively large sample of mandibles, that the mean
mechanical potential tended to decrease between the Boian and Gumelnita cultures, but
the sample size for the Boian culture is very small. The mechanical potential tends to decrease
on average between the Chasséen and Cortaillod cultures during the Middle Neolithic in
Western Europe and dogs dated to the Late Neolithic have in average similar mechanical
potential values as during the Chasséen culture. However, the sample size of both groups is
small and likely does not reflects the true variability in function at that times. Additionnaly,
dogs with the highest mechanical potential during the Boian culture in South-Eastern
Romania seem to have no equivalent in Western Europe. Moreover, although the modern
samples of dogs and wolves are small, the variation in the mechanical potential of modern dogs

covers almost the entire variation in the 3. iomse

mechanical potential of ancient dogs, and \‘*\

the mechanical potential of modern Bl

wolves is on average lower than that of

ancient dogs. .l B 7_77___7,,_1':_@2
L\~ ~—

Figure 37. Measurements used for the
calculation of the mechanical potential (MP):
MP = A/B cos (FA). From Filippo, 2017.
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Conclusion of Part 1: Formulation of
the research problem

This first bibliographical part enabled us to review current knowledge on the place of canids
— in particular the dog — in the archaeological record and in the life of the first farmers, as well
as their genetic and morphological variability in the first agricultural societies. This allowed us
to define more precisely our research questions, to choose the best methodology to address
these questions, and to put some limitations to our work.

The dog is an animal of major interest as it is the witness of the transition from hunther-
gatherers to farming societies and of the evolution of the first agricultural societies. Moreover,
the Neolithic societies are the first for which a large number of dog remains are available, even
if remains are rare in the early phases. Moreover, the distinction between dogs and wolves is
problematic in the Epipaleolithic because crossbreeding between wolves and dogs is not
excluded in the early phases of domestication, and because the remains are rare and often
fragmented. From the Mesolithic onwards, dogs and wolves seem to be clearly distinguishable,
particularly in terms of size, the risk of confusion thus being minimal.

Contrary to the dog, the red fox has yielded a much smaller number of remains, is much less
documented, and the interpretation of its presence is often problematic. Osteometric data are
very rare and are often only used to diagnose differences from dogs. We will therefore focus
primarily on the dog in this thesis. The study of the red fox, carried out for exploratory and
comparative purposes remains preliminary.

The overview conducted in this part has shown that a great amount of data is already
available on the (great) diversity of the status that humans granted to dogs in societies from the
Mesolithic to the pre-Bronze Age in Europe, but also on their genetic diversity (haplogroups),
their functional adaptations in relation to the major changes in human societies that occurred in
this period (acquisition of the ability to digest starch from cereal or pulse), and also on their
morphological diversity (coat colour, size, overall robustness).

Previous morphometric studies all provide some concordant information. In Western
Europe, dogs would have decreased in size from the Mesolithic to the end of the Middle
Neolithic and then increased in size with the appearance of larger dogs during the Late
Neolithic. In Eastern Europe, dogs would also have decreased in size from the Mesolithic
to the Chalcolithic. In both areas, a certain variability already existed in the past, both in
terms of size (very small dogs are attested during the Chasséen, Cortaillod and Gumelnita
cultures) and shape (ancient dogs would be relatively similar in shape but much smaller to
their wild relatives, yet some studies suggested that some shapes may have no equivalent among
modern dogs).
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However, these morphometric data are rarely related to other data, such as the affiliation to
a given haplogroup, the colour of the fur, the ability to digest starch (data provided by
genetics), or to the relationships that the canids entertained with humans (data provided by
archaeological contexts and osteoarchaeology).

Moreover, studies that have explored morphological variability in canids are quite
unsatisfactory for several reasons. Almost all these studies rely on a traditional metric
approach (traditional morphometrics), i.e. measurements taken directly on the bone remains
with a caliper, following standards to ensure a certain repeatability (Von den Driesch, 1976).
Statistical analyses are often uni- or bivariate and conclusions are limited to comparisons in
size (sometimes by estimating wither heights) or coefficient of variation (only one dimension
is used), or comparisons of robustness (two dimensions are used: width and length). Shape is
therefore poorly and uncompletely described. To our knowledge, the only attempts that have
been done to explore shape variability with finer approaches, such as 2D geometric
morphometrics, are based on landmarks put on photographs. Moreover, this is the only study
that has attempted to interpret the variation in form from a functional point of view, thus
connecting anatomical shape with biological function. To date, there is no study that uses
three-dimensional data, which would yet allow much more precise descriptions of shapes and
more accurate functional inferences. Given the variability suggested by the 2D data alone, the
use of 3D appeared to be a very interesting method for this thesis. Moreover, osteometric
data are rather scattered in the literature. Indeed, studies comparing sites are rare and
comparisons are often regional and limited to a short chrono-cultural phase. Comparisons at a
European scale are so far almost non-existent and refer to very limited sample sizes. They only
provide a fragmentary idea of the morphological variability that existed in dogs before the
Bronze Age. This will be a main motivation in the further development of this work.

Cranial remains are far too rare to allow a thorough study of shape, but mandibles are
among the most numerous and best preserved remains as evidenced by some previous work
exploring the morphological variability of prehistoric dogs. Additionally, its great plasticity
and close relationships with the cranium and masticatory functions (this will be detailed
further in Part 2) make it a subject of major interest and more promising than teeth, that are
very conservative, for following rapid evolutionary phenomena.

We could access to large samples coming from different sites of our two geographical areas
of interest (Western Europe: France-Switzerland, and Eastern Europe: Romania). For
these sites, rich contextual data are already available (archaeological context, DNA data). Since
in these two areas the neolithisation processes differ, as well as the evolutionary histories of
dogs (according to haplogroup data), they will be considered in parallel analyses.
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We can therefore formulate the following problem:

How does mandibular shape inform us about the evolution of the morphological
variability and chewing abilities in dogs from the first European agricultural
societies?

A number of sub-questions can be identified from this major question:

Q1: What was the morphological variability in dogs before the Bronze Age compared to modern
canids?

Previous studies suggested that ancient dogs were smaller than both modern and ancient
wolves, but were indistinguishable from them in terms of proportions. Most studies seem
to suggest that the variability of dogs was lower in the past, but that of Filippo (2017),
which included many ancient and modern specimens suggested that some shapes may
have disappeared, and that the variability may have been much greater than previously
thought. What if the canid sample is enriched and the tools for analysing the shape are
finer?

Q2: Are there different morphotypes in Eastern and Western Europe?

03: Can we understand the temporal and cultural variations in form or masticatory function
for a same region (Eastern or Western Europe)?

Q4: Can the different haplogroups be linked to significant morphological differences?

Previous studies have put forward the possibility that dogs from Eastern Europe were
different from those from Western Europe (in terms of both genetic composition and jaw
shape) and that jaw shape varied between periods and cultures. This could be consistent
with mitochondrial data on haplogroups which show that the two geographical poles
were marked by different evolutionary histories.

It would indeed be interesting to morphologically characterise the dogs in Western
Europe coming from the influx of dogs from the Near East (haplogroup D). Do they
differ in size, proportions and robustness? Has there been a progressive replacement of
the existing population in Western Europe (which would result in an irreversible change
in morphology) or have the native morphotypes persisted and have the populations
mixed (resulting in mixed morphologies)?

05: Can particular morphotype be linked to particular status/use?

Dog status seem to have been more variable in Western Europe than in Romania, where
the deposit or burial of complete animals is, to date, not attested. In Western Europe,
some morphotypes may have been favoured to ensure specific functions (consumption
versus non-consumption). So far, the methods employed to describe shape variation were
to incomplete to test for this phenomenon. Did the complete buried dogs present
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particular morphologies? Are morphological similarities observed for consumed dogs?
This is relevant when considering that in some modern societies (e.g. South Korea),
specific breeds of dogs are dedicated to meat production (Milliet, 1995).

06: Has the appearance of the ability to digest starch been accompanied by changes in
mandibular morphology, which could result in changes in masticatory abilities over time, in
both Eastern and Western Europe?

One could expect early dogs with a low copy number of the gene AMY2B (and which
are therefore not able to digest starch that much) to have jaws that are more adapted to
feed on animal prey than on a diet that is rich in cereals from human food refuse. They
must produce relatively high bite forces at large gape angles, useful to feed on a mostly
carnivorous diet. On the contrary, dogs with a greater number of copies (and that are
adapted to digest starch) should privilege bites at low gapes and lateral movments for
mastication of a diet that is more varied and richer in cereals. As the mandible is directly
involved into mastication, these differences should be traceable based on differences in
mandible shape.

Q7: Can we understand the temporal and cultural variations in form or masticatory function
within a single site providing material over a long and rich chrono-stratigraphic period (e.g.
Twann)?

08: For contemporary and similar sites with regard to food acquisition strategy (e.g. Harsova
and Bordugani), are there differences in shape between dog populations?
These would more likely result of anthropic constraints (e.g. selection for aesthethics or
functional purposes, strong endogamy) than to natural constraints.

Q9: What can be learned from the comparison of the results obtained for dogs and red foxes?

Comparing the morphological and functional evolution of a domestic canid (the dog),
which has obviously maintained a rather commensal relationship with humans, with that
of a canid which has remained strictly commensal is interesting to evaluate the impact
of the proximity between humans and canids on their morphological and functional
adaptations. One might expect to observe either parallel evolutionary trajectories if and
when dogs were commensal and humans did not voluntarily select particular
morphotypes. Conversely, should humans have selected for certain morphologies then
different trajectories for the two canids, one remaining mostly subject to natural
constraints, and the other being subject to stronger anthropic constraints should be
observed.
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These questions raise other questions of a more methodological nature:

o How does the state of the archaeological material (availability, fragmentation) limit
the results/interpretations of our study?

o Is mandibular shape a good indicator of the overall morphotype, of the shape of the
complete skull?

o How can mandibular shape be used to make functional inferences? In other words,
if and how can variations in masticatory ability be inferred from variation in
mandibular shape (development of masticatory muscles, bite force)?

o How are natural abiotic (sex, age, size) or biotic (environmental conditions, diet,
proximity to humans) factors likely to impact the shape of the mandible or
masticatory capacities?

To adress these questions, the use of modern specimens for which muscular and contextual
data are available is inevitable. It will indeed be necessary to make the connection between
morphology and the other parameters likely to be of interest to us (masticatory muscles, bite
force, age, sex, size, diet, proximity to human settlements). However, this raises a crucial
question: are modern canids good models for interpreting canids prior to the Bronze age?

To sum up, we aim to gather a corpus of dog and red fox mandibles from the Mesolithic to
the pre-Bronze Age in Western Europe and Romania, that is as comprehensive as possible, in
order to explore the morphological variability that existed in dogs in the first agricultural
societies. Three-dimensional geometric morphometrics will be used to describe variation in
shape. This variability will be examined in relation to data on haplogroups, cultural context,
temporality, and geography. Dogs and red foxes will be compared to investigate the impact of
the proximity between human and canids. In order to interpret the morphological variability in
functional terms, we will need to understand the relationships between the shape of the
mandible, the shape of the skull, the development of masticatory muscles and the production of
bite force. To do this, we will have to make use of modern canids. If strong relationships are
attested, then predictive models may be derived and applied to archaeological remains to infer
function from mandibular shape. These modern canids will also enable us to explore the effect
of other factors such as diet, human-animal proximity, age, sex, or size. We will compare the
existing variability with that in the past to better understand what this represents and discuss
the relevance of using modern canids to interpret remains prior to the Bronze Age.
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Part 2

Developing morpho-functional tools
on the mandible of extant canids






The purpose of this second part is to develop methodological tools on modern canids which
will be applied to the archaeological mandibles of canids in Part 3. This part is mostly a
compilation of manuscripts and published articles, each one addressing a specific biological
question.

As we aim to make this relatively technical part accessible to readers who are not specialists
in morphometry or functional anatomy, in a first chapter (Chapter 2), we will provide basic
knowledge that will be useful to apprehend the following chapters (3, 4 and 5). Anatomical and
functional basics will be provided to help understand the organisation of the mandible within
the masticatory apparatus. We will briefly describe the overall methodology used in this thesis
and also recall some statistical bases useful to explore morphological variation in multivariate
datasets. The biological questions, as well as the reference sample constituted to address these
questions in the following chapters will be presented.

Before each chapter is presented, key points pertinent to the application to the archaeological
canids will be highlighted.

In the conclusion of this part 2, we will summarize the main findings provided by the study
of modern canids and discuss future perspectives. Above all we will draw conclusions on the
application of these results to interpret the archaeological remains of dogs prior to the Bronze
Age in part 3.
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Chapter 2.
General methodology

In this chapter the aim is to provide a basis of understanding for the following chapters, where
the specialised bibliography will be more specifically addressed.

In addition to being resistant to post-burial processes and thus well preserved in
archaeological contexts, the mandible provides interesting insights into the morphological and
functional variability within canids, since it is a key architectural and functional part of the head.

To convince the reader thereof, first, the anatomy of the masticatory apparatus and the
integration of the mandible into this apparatus to allow mastication will be briefly described. The
factors that may affect the morphological variability of the mandible and its function will be
highlighted, leading to a number of biological questions that will be addressed in the following
chapters.

The mechanical principles needed to approach the functioning of the masticatory apparatus,
as well as the geometric tools required to describe the three-dimensional shape of the mandible as
faithfully as possible will be presented next. Additionally, basic notions of the statistical tools used
in the articles will be provided to clarify their principle and limitations.

In conclusion, we will describe how our reference sample of modern canids is constituted
(and outline its limitations), and finally list the research questions that will be addressed in the next
chapters (articles) of this part of the thesis.

The mandible within the bony head of canids: from
integration to plasticity

In this section, the anatomical description of the head is oriented towards morpho-functional
purposes allowing to highlight the relations between morphology and function.

1.1. The mandible, a component integrated into the masticatory
apparatus

The skeleton of the head is made up of two main bony complexes. The dorsal complex (the
cranium) is composed of an assemblage of flat mostly dermal bones. It contains the cerebral
and nasal cavities, and thus protects the central nervous system and the sense organs, including
the initial parts of the respiratory system. Upfront, the premaxillary and maxillary bones
constitute the jaws that bear the teeth in two symmetrical arranged arcades. The ventral complex
is made up of two hemi-mandibles (here called mandible for simplification purposes) that form
the lower jaw. The cranium and mandibles are articulated at the temporo-mandibular joint and
are joined by the masticatory muscles which originate on the skull and attach to the posterior
part of the mandibles (Figure 39).
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Among the masticatory muscles, some are adductors (they raise the mandible: temporal,
masseter, and pterygoid muscles) and others are abductors (they lower the mandible: digastric
muscle).

By raising and lowering of the mandible, these muscles are responsible for biting, which
plays a role in defense against competitors or predators, prey acquisition, and chewing
(mastication, i.e. the first stage of digestion). By contracting, the muscles actually bring the
jaws that carry the teeth closer together, producing the bite force, and allowing the incisor teeth
in the front to cut food, the well-developped canine teeth and premolars (that are secodont), to
tear food, and the bunodont molars at the back to grind food. The secobunodont carnassials are
in close contact (premolar 4 on the upper jaw P* and molar 1 on the lower jaw M) and act as
scissors to tear and grind food.

The masseter, temporal (which is very developed in carnivores), and digastric muscles allow
mainly vertical movements, while the pterygoid (which is poorly developed in carnivores),
allows horizontal movements necessary for food grinding. The associated contraction of the
masseter and pterygoid muscles increases the force produced during the bite, while the temporal
muscle is mainly involved in generating bite speed and is optimized for biting at large gapes.
The anatomy of the muscles is in fact more complex since each muscle complex is actually

divided into several layers distinguishable by their attachment on the cranium and mandible
(Figure 39).

Digastric Masseter pars superficialis Masseter pars profunda
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Figure 39. Masticatory muscles in dogs and their different bundles.
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The fact that the cranium, mandibles and muscles are in direct contact suggests strong
developmental and functional constraints.

Thus, morphological variations in one bone complex are likely to be reflected on the other.
To this extent, the shape of the mandible is likely informative of the shape of the skull, and may
provide an appreciation of the overall morphotype (which, it should be remembered, refers to
cranial proportions, making it possible to define the dolichocephalic, mesocephalic and
brachycephalic types, cf Part 1 — 1.5).

Likewise, as the skull serves as a framework for the muscles which are inserted upon it, the
development of the muscles is limited by that of the bones, whilst shaping them simultaneously.
Thus, the shape of the mandible is likely informative of the volume occupied by the muscles,
and the strength they are able to develop (individually or collectively through the production of
bite force). Moreover, the mandible is more specifically oriented towards biting than the
cranium, which is also involved in other functions, since it houses the brain and the sense
organs. Thus, the mandible may have a stronger relationship with the masticatory muscles or
bite force.

This relationship between the various elements of the masticatory apparatus is often referred
to as its integration. Integration is “the tendency of different traits to vary jointly, in a
coordinated manner, throughout a morphological structure or even a whole organism”
(Klingenberg, 2014). Integration can also occur at a smaller scale, e.g. within each bone
complex. For example, the shape of the anterior part of the cranium (one module) is likely to
be correlated with that of the posterior part of the cranium (another module), due to
developmental and functional constraints. This is called modularity (Klingenberg, 2014). The
concepts of morphological integration and modularity are thus inherently connected.

In addition to the mechanical constraints, there are also developmental factors that may play
an important role in maintaining and shaping the integrity of the system. For example, sexual
dimorphism is often observed, particularly in wild canids, generally resulting in larger size and
more developed muscles in males than in females. Additionally, variations in the overall shape
or in the shape of different parts of the skull are intrinsically linked to variations in size in order
to maintain the integrity of the system. This is called allometry. Allometry can be age-related
(ontogenic or static allometry, if we look at the impact of size during development in the same
individual or in different individuals from the same population, respectively), or species-related
if we compare different species (evolutionary allometry).
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1.2. The mandible, a plastic component of the masticatory system

Skull shape, muscle development and bite strength have a genetic basis but also may respond
to environmental constraints due to phenotypic plasticity. Phenotypic plasticity is “the ability
of an organism to change in response to stimuli or inputs from the environment. The response
may or may not be adaptive, and it may involve a change in morphology, physiological state,
or behavior, or some combination of these, at any level of organisation, the phenotype being all
of the characteristics of an organism other than its genes” (Encyclopedia of Ecology |
ScienceDirect).

Bones are much more plastic than teeth, which are more conservative and evolve very
slowly. The mandible is therefore more interesting to capture relatively rapid changes through
time.

Morphology can thus provide information on the ecology of the species (ecomorphology),
which has been shown for many vertebrates. Similarly, for plastic structures, morphology may
reflect the changes of an animal in response to its environment during its lifetime (see
bibliography in the following chapters).

It has been demonstrated that skull morphology and bite force are related to diet in numerous
vertebrate species. For example, strict carnivore clades will not have the same functional
adaptations (reduction in the number of teeth, that are also sharper/more secondont; more
strongly developed masticatory muscles, resulting in a more developed sagittal crest) compared
to herbivores (continuously growing/selenodont teeth, masticatory muscles allowing more
important horizontal movements). Christiansen and Wroe (2007) showed that the relationship
between bite force and diet even overcomes phylogenetic constraints on cranial morphology in
carnivores, for example. Plant consumers and carnivores that capture large prey have higher
bite forces than omnivores and carnivores that capture small prey.

It is also possible to link morphology to other environmental parameters, including
geographical or climatic data (if populations are isolated, morphological differentiation can
occur) or even anthropogenic data.

However, while these effects have been extensively studied at the scale of large clades,
studies focusing on the impact of diet or environmental parameters on morphology within the
same species are rarer. This is particularly the case in canid species, where the description of
variation in shape generally concerns only the cranium and not the mandible, and calls for a
more detailed anatomical description.

One consequence of the important functional role is that individuals of different species can
share certain morphological traits. This is a phenomenon of convergence.
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Principal component 2

Principal component 3

1.3. A system subject to considerable morphological variability in
canids

One of the peculiarities of canids is their extreme morphological variability (or
morphological disparity). The interspecific variability is enhanced by an exceptional
intraspecific variability for some species such as the dog. Recent artificial selection for the
creation of breeds has resulted in an extraordinary diversity of sizes and shapes, which is well
reflected in the head. Consequently, “the amount of shape variation among domestic dogs far
exceeds that in wild species, and it is comparable to the disparity throughout the Carnivora”
(Drake and Klingenberg, 2010, Figure 40).
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Figure 40. Variation in cranial shape in dogs, wild canids and other Carnivora. From Drake and
Klingenberg, 2010

Numerous studies have examined the effects of domestication or recent selection on
morphological variability, integration and modularity in canids. Some research has also
explored the relationship between variability in dogs and the function of the masticatory
apparatus (e.g. Ellis et al., 2009, other studies will be cited in the next chapters). However, these

137



studies have often been focused on the cranium and rarely on the mandible. Only few papers
have studied the integration between these two bony complexes.

Artificial selection targets more directly the cranium (since it is the cranium that contributes
most to the general shape of the head). The shape of the mandible is more related to constraints
that maintain the integrity of the system, and to mechanical constraints depending on muscle
loads. This is particularly well illustrated in some hypertypes (e.g. very brachycephalic dogs
such as bulldogs), for whom a decoupling between the upper and the lower jaw exists. One
might therefore expect the mandible to be morphologically less variable than the skull, and that
the relationships between the shape of the cranium and the shape of the mandible are less
homogeneous and less strong in dogs than in canids not submitted to intensive artificial
selection. For similar reasons, one would also expect the relationship between muscle or bite
forces and skull (cranial and mandibular) shape to be less strong for dogs than for other
commensal or wild species, particularly given that “strong selective pressure can cause a
departure from patterns favored by developmental constraints” (Beldade, Koops and
Brakefield, 2002; Renaud, Auffray and de la Porte, 2010). Furthermore, one may assume that
the functional integration between muscle or bite force and skull shape is stronger for the
mandible than for the cranium since the mandible is only involved in biting, unlike the cranium.
However, these questions have not been explored to date.

The great morphological variability within the dog’s head has had other repercussions,
notably on the teeth. Some teeth may be missing (particularly the lower third molar or first
premolar — this is called oligodonthia) or on the contrary, may be supernumerary (e.g. presence
of a lower fourth molar or duplication of the lower first premolar). A reduction in the number
of teeth is very frequently observed in brachycephalic breeds, due to the shortening of the face:
the teeth do not have enough space to develop normally on the jaw.

The archaeozoological literature seems to suggest that before the Bronze Age humans did
not select particular morphotypes of dogs other than on a size criterion, and that dogs had a
rather commensal lifestyle (cf. Conclusion of Part 1: Formulation of the research problem).
Modern dogs are therefore perhaps not the best models for studying ancient populations.
However, as we do not have a very precise idea of the morphological variability that existed in
the past (metric data are scattered, multivariate studies are scarce, and large-scale comparative
studies use small samples and do not rely on 3D geometric morphometrics), we cannot exclude
modern dogs from our reference sample a priori. These can provide points of comparison to
understand and locate the variability of ancient dogs in relation to modern dogs. If ancient dogs
prove to be included in the morphological variability of modern dogs, then these can provide
useful keys to the understanding of the evolution of form and function in archaeological dogs.
If significant relationships between the mandible and the other elements of the masticatory
apparatus (cranium / muscles / bite force) are found (which are expected, even though they are
expected to be weak), then mandibles can be used to make morphological and functional
inferences for archaeological specimens. That is, from the shape of the mandible, one can
predict the shape of the cranium, the associated musculature and possibly even the bite force.
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KEY POINTS

In canids, the mandibular morphology and its variability within a
population is likely the result of the interplay between genetics,
developmental constraints, as well as functional or ecological
constraints

This is likely driven by different processes including
geographical isolation followed by genetic and morphological drift,
natural selection (which is exerted on certain phenotypic variants
more adapted to a particular context) or epigenetic processes (“any
modification other than changes in DNA sequences affecting gene
expression, whether those modifications have been shown to be
stable or not”, Herrel, Joly and Danchin, 2020), and, in the case of

dogs, artificial selection for aesthetic or utilitarian reasons.

However, these effects have been, so far, incompletely described
for the mandible of dogs and foxes.
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2.

Methodological tools to approach function and form

2.1. Methods to quantify the masticatory function

The masticatory function can be appreciated by the bite force.

In vertebrates, “Maximum voluntary bite force is an indicator of the functional state of the
masticatory system”, a “measure of whole organism performance that is associated with both
cranial morphology and dietary ecology” (Koc, Dogan and Bek, 2010; Santana, 2016). “The
level of maximum bite force results from the combined action of the jaw elevator muscles
modified by jaw biomechanics and reflex mechanisms” (Koc, Dogan and Bek, 2010).

Bite force results from the sum of the forces exerted by the adductor muscles (masseter,
temporal and pterygoid muscles). It is thus strongly dependent on muscle architecture, which
consists of:

- the intrinsic strength that can be developed by each muscle (Physiological Cross-

Sectional Area, PCSA) depending on:

o the volume of the muscle;

o the arrangement of the muscle fibres within these muscles: muscle fibers are
rarely orientated parallel to the surface of the muscle in the axis of action of the
muscle, which is called pennation. Pennation influences fibre length (Figure 41)
and allows the packing of more fibres in parallel in a given muscle volume.

- the points of attachment of each adductor muscle on the skull which impact the
orientation of the force exerted by the muscle and more importantly the moment arm of
the muscle around the temporomandibular joint.

- Muscle stress or the intrinsic ability of a muscle to generate force. This reflects the
muscle fibre types that make up a muscle.

So far, morpho-functional studies in dogs or foxes have relied on estimates of bite force
based on linear skull measurements, either via estimation of muscle PCSA using predictive
equations (dry-skull method, Ellis et al., 2009; Forbes-Harper et al., 2017), or by assimilating
the mandible to a system of levers. However, these methods do not take into account the
architecture of the masticatory muscles, i.e. their more complex decomposition into bundles,
whose insertions, muscle fiber lengths and pennation angles can vary greatly from one
individual to another. These anatomical variations can result in variations in the magnitude of
the PCSA of each muscle (a muscle with long parallel fibres such as the digastricus produces
less strength than a strongly pennate muscle with shorter fibres such as the temporal, see figure),
and in the orientation of the muscle forces and thus the muscle moment arms. This can therefore
result in considerable variation in bite force estimates. Accurate muscle measurements are then
crucial to build accurate bite force models (Groning et al., 2013).
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Figure 41. Influence of pennation and fibre length on the strength developed by the muscle. From
https://quizlet.com /124308534 /musculoskeletal-system-flash-cards/

So far, only a few studies have used muscle data obtained from dissection to estimate bite
forces in canids and felids (Hartstone-Rose, Perry and Morrow, 2012; Penrose, Kemp and
Jeffery, 2016; Penrose et al., 2020). However, to date, no comprehensive dataset on the muscle
architecture in dogs nor red foxes was available. Moreover, previous methods have not taken
into account the geometry of the cranium, and even less that of the mandible. These gaps in the
literature were among the principal motivations for the following chapters.

In this thesis we have dissected a large number of canid heads (around 150, further details
about the sampling will be provided in section 3.1). After removing the skin, the masticatory
muscles appear within their superficial connective tissue sheets. At this stage, the extraordinary
development of the muscles in some dog breeds, such as the pit bull, was clearly noticeable
(Figure 42). All the bundles of the masticatory muscles were dissected step by step to be
isolated, removed and then measured (mass, fibre length and pennation angle), in order to
calculate the PCSA. The coordinates of the points of attachment of the muscles were also
recorded in order to deduce the orientation of the muscular forces.

Then the bones were boiled for several hours and scrubbed to remove the remaining flesh.
They were dried in the open air for several days. Finally, a unique ID was assigned to each
individual. This ID was written on the crania and the two mandibles, on the bag containing
them and on a label in the bag. It was carefully preserved throughout the process to ensure that
all available information (sex, age, location, body mass, etc.) was correctly assigned to an
anatomical specimen.

The data on muscle architecture (PCSA and attachment coordinates) were injected into a
biomechanical model based on the theory of levers. In this model, the mandible is considered
as a 3-dimensional lever maintained in static equilibrium by the forces exerted on it and the
forces it exerts on the external environment. This model allows us to estimate the value of the

141


https://quizlet.com/124308534/musculoskeletal-system-flash-cards/

bite force as a function of the opening angle of the jaws, for bites at different positions along
the jaw (at the incisors, canines, or molars).

To be confident in the modelling results, models needed to be validated by experimental
data. For this purpose, we measured in vivo bite forces on Malinois dogs trained for attack (in
a dog defense club in Beauvais), and on silver foxes held in captivity (in a wildlife disease study
centre, ANSES Nancy, Atton experimental station). Measurements were taken with a force
sensor placed either on the incisor or the molar teeth. We also tried to record in vivo bite forces
on small hunting dogs (fox terrier, Jack Russel), but to no avail because they were reluctant to
bite the rabbit skin fixed on top of the sensor. In the future, we would like to adapt the device
in order to extend experimental measurements to other dog breeds.

The methods reported in this paragraph will be explained in more detail in the articles of the
following chapters.

For archaeological mandibles, we will use (in Part 3) a complementary approach. This
consists of calculating the mechanical potential of each major muscle group (masseter,
temporal and pterygoid muscles) from simple mandibular dimensions. This approach makes it
possible to avoid using muscle data and also to appreciate the contribution of each functional
group to the bite force. This will be discussed in more detail in Part 3.

Figure 42. The different steps of dissection and preparation of canid heads. Dig: Digastric; MS: M.
masseter pars superficialis; MP: M. masseter pars profunda; ZMA: M. zygomaticomandibularis pars
anterior; ZMP: zygomaticomandibularis pars posterior; SZ: M. temporalis pars suprazygomatica; TS: M.
temporalis pars superficialis; TP: M. temporalis pars profunda; PM: M. pterygoideus medialis; PM: M.
pterygoideus lateralis; PA: pennation angle; FL: fibre length.
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Figure 43. Measurement of in vivo bite forces to validate biomechanical models. A: Malinois dogs trained
for attack; B: unsuccessful trial on small hunting dogs; C: silver fox.




2.2. Describing shape variation using three-dimensional geometric
morphometrics

In this thesis, we used three-dimensional geometric morphometrics. This statistical method
allows us to describe quantitatively, as accurately and precisely as possible, the variations in
the form of an object based on the 3D Cartesian coordinates of landmarks (Mitteroecker and
Gunz, 2009). Unlike traditional morphometry (that uses linear measurements between
anatomical landmarks), geometric morphometrics takes into account the spatial relationships
between landmarks.

We chose to work in 3D for several reasons:

o itallows digital preservation, ensuring the continuity and conservation of anatomical
material over time;

o it allows a more detailed description of variations in shape, which is particularly
important for the mandible which has a "simpler" shape than the cranium and for
which a study of the surface is particularly important to capture a functional signal;

o it offers better visualisation possibilities.

In this thesis we focused mainly on the mandible, but the cranium was studied in parallel in
the framework of a master's thesis carried by Marilaine Merlin. In the following paragraphs, we
will focus on the methodology used for the mandible. The few variants in the analysis of the
cranium will be mentioned in the articles in the following chapters.

2.2.1. Photogrammetry

The first step was to build three-dimensional models of the mandibles (archaeological and
modern) to enable their virtual manipulation and subsequent shape analyses. For this purpose,
we chose the most economical and mobile technique: photogrammetry. Indeed, it would have
been difficult, if not impossible, to take all the archaeological mandibles out of their storage
space and scan it using high-end surface scanners. Photogrammetry allowed a direct on-site
acquisition, thereby saving time and limiting the risks of dispersal of the material. This
technique has been proven to be very efficient and useful in archaeozoology (Evin et al., 2016).

We used a circular plate, covered with a coloured map (so as to contrast with the colour of
the object and to provide numerous points that can be easily identified by the software used for
the 3D reconstruction) and a scale (Figure 44). The mandible was placed in the centre of this
plate, fixed by its ventral border with modeling clay. We then rotated the plate and took photos.
We used the macro mode and focused either on the front of the mandible or its back, to ensure
all the parts of the mandible are clearly photographed despite the relatively large depth of field.
The photos were taken from 3 different angles and orientations, as in Evin et al. (2016).
Approximately 15 photos were taken for each angle so as to cover the 360 degrees around the
mandible. We also took some close-up photos to better visualize some fine or transparent reliefs
on the back of the mandible. Then the mandible was turned over and the same protocol was
applied to reconstruct the other side of the mandible. When taking the photos, we made sure
that the lighting was diffused (neon, to avoid projected shadows) and that the object was far
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enough away and contrasted from the background. In some cases, we had to increase the
number of photos because the lighting conditions were not good.

The two batches of photos (each made up of 50 to 60 photos) were subsequently imported
into commercial software allowing the 3D reconstruction: Agisoft Photoscan (now Metashape).

Each face of the mandible was reconstructed separately, which included a first step to align
the photos, a second step to build the dense cloud, a third phase of triangulation between these
points to obtain a 3D surface called a mesh, and finally the texture was calculated and projected
on this mesh to render colour variations.

On one of the two textured hemi-models, the grid of the plate was used to scale the object
(by placing reference points on either side of a 10mm tile).

Then the dense cloud of each hemi-model was cleaned to remove the plate and the modeling
clay.

Next, a few landmarks were placed on strategic and common points of the texture of the two
hemi-models, so as to align the two models. The two superimposed dense clouds were merged,
and the resulting merged dense cloud was cleaned again (any points that protruded too much
were removed). A new triangulation and texturing were performed to obtain the final textured
3D model. Finally, the scale was updated and the model exported in ply format.

Once the models were exported, they were cleaned and "repaired" with Geomagic (in case
there were holes, as for some archaeological mandibles that were sampled for DNA analyses).
Then the models were simplified (reduction of the number of nodes) and mirrored where needed
(all mandibles were transformed into a right mandible) with Meshlab. The final mandibles were
re-exported in ply format.
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Figure 44. Acquisition of data on the mandibular form: from 3D reconstruction to landmarking.
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2.2.2. Landmarking

The second step consists in placing points (landmarks) at strategic anatomical locations to
represent the form. To do this we imported the 3D models in the “Landmark” software (IDAV).

The landmarks must be located on discrete anatomical points that are homologous in all
individuals in the analysis (i.e. they can be regarded as the "same" point in each specimen in
the study). They may be points of intersection between two sutures, foramina, maxima or
minima of curvature (the latter being somewhat less robust). In particular the teeth are reliable
landmarks that are interesting to capture. Care must be taken to ensure that the points are evenly
distributed over the object, so that one region is not better represented than another.

These points must be easy to identify so that the capture of points can be repeated. We have
conducted a repeatability test on the 25 landmarks chosen to represent the form of the mandible.
To do this, we considered the mandibles of 3 red foxes (N-R9, N-R40 and N-R47) and placed
the 25 landmarks 10 times on each specimen. We chose foxes because they are more
homogeneous in terms of shape than dogs. We performed a Procrustes superimposition (see
section 2.2.3), and then a Principal Component Analysis (PCA, see section 2.2.4). On the first
two axes of this PCA (Figure 45), the 3 foxes are clearly distinguishable, and the intra-
individual variability is much lower than the inter-individual variability, which confirms the
repeatability of our protocol. Repeatability was estimated at 97.7% using the method of Claude
(2008) which measures the measurement error as the ratio of intra-group variability to inter-
group variability. Since all the landmarks were placed by the same operator, we did not test the
repeatability between operators.
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Figure 45. First two axes of the Principal Component Analyses performed on the 3D coordinates of the 25
anatomic landmarks used to describe mandibular shape, in three red foxes.
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To describe the form even more precisely, in addition to these anatomical landmarks, sliding
semi-landmarks were placed on curves and surfaces. The landmarks used to describe the
surfaces were placed only once on a mesh that serves as a template (we chose the mandible of
a fox, the surface landmarks (patch) from this template were projected onto the other mandibles
through later informatic iterative procedures).

For each mandible, the 3D coordinates of the anatomical and curve landmarks were exported
in pts format. These files were then imported into the R software.

R is an open source software allowing the statistical processing of the data. Functions are
implemented in the form of specialised packages. Here, we mainly used the Morpho and
geomorph packages. We also created our own functions, in particular to optimise data mining
when using combined functions repeatedly.

In R, the pts files were compiled to create an object containing all the coordinates of all the
individuals. This object, called an array, works like a spreadsheet with rows corresponding to
landmarks, columns to coordinates along the x, y and z axes, and sheets to specimens.

Thanks to functions contained in the Morpho and geomorph packages, the surface landmarks
of the template (patch) were projected and relaxed onto the mesh surface of all the other
mandibles. The curve and surface landmarks were then made homologous by iterative sliding
processes which minimized the overall bending energy. During these sliding procedures, the
anatomical landmarks do not move. They are therefore very important and must be favoured.
Let us note here that the procedure had to be performed on all the mandibles contained in our
corpus (all species, modern and archaeological individuals).

The new coordinates obtained after this procedure were exported. They were used in all the
statistical analyses carried out within the framework of this thesis.
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2.2.3. Procrustes superimposition

In geometric morphometrics, the form of an object can be decomposed into two elements
(Bookstein, 1991):
- size, called centroid size: it corresponds to the square root of the summed squared
distances between all landmarks and their centroid (Mitteroecker et al., 2013);
- shape, which represents the proportions of the object, based on the distances between
the different landmarks.

We therefore have FORM = SHAPE + SIZE (Needham, 1950).

The centroid size may be considered as a proxy of the overall volume of the object. However,
in some cases it can be misleading if one wishes to generalize to the size of the individual.
Centroid size combines information related to the width, length and height of an object.
However, a thin but elongated mandible may have the same centroid size than a short but thick
mandible (Figure 46).

~Fcentroid

Figure 46. Example of two mandibles of dogs of about the same centroid size but with very different
length (1) and height (h). We chose here a configuration of five landmarks with their centroid (i.e. the
average landmark position). Centroid size is equal to the square root of the summed squared lengths of
the dashed lines. Top: Rottweiller (Ny-C18); bottom: Colley (Ny-C11).

Shapes were obtained by using Generalized Procrustes Alignment (GPA), or Procrustes
superimposition. This statistical method consists of 3 steps: thanks to iterative processes, the
objects undergo (1) scaling (normalisation by centroid size), (2) translation and (3) rotation to
finally be aligned and placed in the same morphological space (Figure 47). Accordingly,
"shape" consists in the geometric properties that are invariant to translation, rotation, and
scaling, whereas "form" refers to the geometric properties invariant only to translation and
rotation (Mitteroecker et al., 2013). The calculation of GPA in geometric morphometrics is
based on the raw Cartesian coordinates of the landmarks. At the end of this procedure,
Procrustes coordinates are obtained, on which statistical analyses can be performed to visualise
shape variation (see section 2.3.1.2), quantify them statistically and relate them to other
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parameters (see section 2.3.2). It should be noted that the GPA needs to be repeated each time
the sample changes (if some individuals are removed or added from an analysis, the analysis
has to be performed on the GPA coordinates of exactly the same individuals than those falling
within the scope of this test).

PROCRUSTES SUPERIMPOSITION

scaling .. translation g . i o ratation

Procrustes coordinates

l
ANALYSES

raw coordinates

Figure 47. Steps of the Procrustes superimposition, illustrated with two mandibles of archaeological dogs.

Geometric morphometrics therefore allows to work on proportions only, but part of the
conformation itself depends on the size, which is called allometry (Mitteroecker et al., 2013),
which has already been mentioned above. For example, the mandible of a newborn puppy will
tend to have a more curved, round mandible, with small muscle insertion reliefs, than the
mandible of adult dogs (see following chapters).

It is possible to remove this allometry effect to get the allometry-free shapes (via Procrustes
ANOVAs, see below). However, their interpretation quickly becomes more complex. Size is
an integral part of the final phenotype and, as such, is an intrinsic object of selection. This is
why one will tend to keep the allometries in many of the following analyses, but analyses
without allometry can also be carried out in a second phase to answer more specific questions.

More information on these concepts is available in Mitteroecker et al. (2013) and
Klingenberg (2016).

2.2.4. Visualisation of variability from multivariate data:
Principal Component Analyses (PCA)

The morphological variability in a sample can first be visualised. For this purpose, a
Principal Component Analysis (PCA) is carried out. This is a multivariate statistical method
that considers all the superimposed landmark coordinates (original variables) of all individuals,
and decomposes the variance in the sample into new variables (axes or principal components,
PC) in order to maximise the variance on the first axis. Subsequent axes are by definition
perpendicular and thus independent. In this way, most of the information contained in the form
can be summarised in one or two graphs.
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Unlike bivariate graphs, the first two axes of a PCA graph will take into account many more
variables, since each axis is a linear combination of all the original variables. Each axis is
associated with a percentage of variance explained. On the graph, the closer the points, the more
similar their morphology is. However, two individuals that are close together in one plane (PC1
and PC2 for example) can be distant in another plane (PC1 and PC3 for example) because they
are only distinguished by some landmarks which are only represented in the PC3 axis and not
in the PC1 nor PC2 axes. For this reason, several visualisations can be sometimes useful.

The PCA is generally performed on shape data (Procrustes coordinates after GPA), but it
also possible to conduct analyses on a matrix that concatenates shape data with centroid size
(in order to explore the variation in form).

This technique is unsupervised, i.e. there is no a priori on whether individuals belong to a
group (e.g. males or females, different species, dogs from different sites). To distinguish
between groups known a priori, there are other methods of visualisation, this time supervised.
For example, the between-group PCA performs a PCA based on the groups' centres of gravity
(in fact on the group mean covariance matrix).

Thanks to geometric morphometrics it is possible to visualize the theoretical shapes at the
extremity of the PCA axes (what is not possible in traditional morphometry).

2.3. Statistical tools to explore variation in form: general
presentation

In this section, we will explain some basic statistical tools that have been used in the
rest of this thesis. The aim is not to be exhaustive but to give keys for understanding to readers
not familiar with morphometrics.

Within the framework of this thesis, all the statistical analyses were carried out with the
software R. We indicate the functions used when relevant.

First of all, it should be remembered that to explore variation in form, parallel analyses on
both the shape and the centroid size should be performed.

2.3.1.  Visualizing and comparing variability in form

2.3.1.1. Centroid size

A boxplot can be made to visualize the dispersion of the data (Figure 48). A boxplot is a
standardized way of displaying the distribution of a quantitative variable, based on a five-
number summary: “minimum”, first quartile (Q1: 25% of the values are under this threshold),
median (50% of the values are under this threshold), third quartile (Q3: 75% of the values are
under this threshold), and “maximum”. It can thus inform on the way data are grouped around
the median, the presence of outliers, or the symmetry existing in the data.
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Figure 48. Example of a boxplot. From https://www.kdnuggets.com/2019/11 /understanding-
boxplots.html

In order to statistically compare the variance (= sum of squares of the deviations from the
mean), an F-test of variance with ‘var.test’ can be performed.

2.3.1.2. Shape

PCA is a method for visualising morphological variability, but the observations that may
emerge from it (e.g. separation of two groups according to a parameter) are only indications
and have no direct statistical value. For example, on a plot representing the first two main
components, if there is a clear separation of archaeological dogs and modern dogs and a greater
dispersion (morphospace) for modern dogs, this tends to suggest that there is a significant
difference between the mean shape of the two groups, and probably also differences in the
variability (=disparity) of the two groups. However, to confirm this, statistical tests will need
to be conducted.

In addition to visualisation with a PCA, the variabilities can be compared between groups
with a disparity test. For this purpose, we used a function already implemented in the
geomorph package: ‘morphol.disparity’. This function estimates, for each group, the
morphological disparity as the Procrustes variance within each group, the value being adjusted
by the sample size for each group. This function also performs pairwise comparisons to identify
differences among groups through permutation procedures.

2.3.2. Testing the relationship between the form, centroid size or
bite force and other data

2.3.2.1. Testing for covariation

Covariation is a measure of dependence between variables. It simply indicates the extent to
which variables vary together. In this thesis, it was particularly used to explore how muscle
data covaried with the shape of the mandible or cranium. To do this, we used the two-block
partial least squares (2B-PLS) method (function pls2b, Rohlf and Corti, 2000). The PLS
method is particularly suitable for large datasets with more variables than individuals or when
there are strong collinearities between variables. Somewhat like PCA, the method calculates
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new axes and decomposes the covariance matrix (and not the variance matrix this time) to
optimise the covariation between the two blocks on the first axes. Contrary to the PCA, the
method of constructing the components in PLS has the advantage of coping well with the
presence of missing data. After permutations, a P-value is provided, which indicates the
significance of the covariation, and a correlation coefficient (r-PLS) which indicates the
strength of the covariation. PLS regression is also used for predictive purposes.

2.3.2.2. Testing for a correlation

Correlation is a special case of covariance that can be obtained when the data are normalised.
Correlation actually quantifies the extent to which one (or more) quantitative variable(s) is (are)
explained and one (or more) quantitative or qualitative explanatory variable(s) are related.
Correlation tests are generally accompanied by the performing of linear models in order to
understand the linear relation between the models.

Linear models consist of explaining what proportion of the variation in the variable(s) is
explained by the explanatory variable(s). These analyses provided a percentage of explained
variation (R?) and a p-value indicating the strength and significance of the relationship,
respectively. The coefficients of the linear model are also provided.

In this thesis, simple correlation tests were used for testing the correlation between muscle
masses or between bite force and centroid size for example (cor.test). But we mainly used
ANOVAs (analysis of variance, followed by Tukey post-hoc tests) or even MANOVAs or
MANCOVAS when the data to be explained were multivariate and/or when covariation factors
were added to the models. For example, we sometimes tried to explain variation in bite force
by variation in muscle data, size (covariate), and sex (fixed effect).

For the analysis of shape, we used Procrustes ANOVAs (function ‘procD.Im”), a powerful
tool that is adapted to the large number of variables in geometric morphometrics datasets
(Goodall, 1991; Anderson, 2001; Anderson and Braak, 2003; Collyer, Sekora and Adams,
2015; Adams and Collyer, 2016, 2017). These analyses allow to quantify allometries, the links
between muscle architecture and shape, or to account for shape differences between localities
or between modern or archaeological canids for example. Shape changes can be visualized in
case of correlation between shape and a unique quantitative variable (for example mandible
shape and temperature).

We note that the order of the variables in the correlation models is important and is likely to
change the results. There are tools for ANOVAs to choose the best model (the best order of
variables), but few if any tools exist for multivariate analyses.

2.3.3. Quantifying shape differences between groups by
discrimination analyses

Procrustes ANOVA can highlight the influence of a qualitative variable (e.g. sex) on the
shape, but it does not allow to visualize the shape according to this variable. For this purpose,
other techniques are used to quantify and maximise the differences between groups. We have
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already mentioned above the between-group PCA which investigates patterns of between-group
variation, without standardizing by the within-group variance. Instead, in this thesis we
preferred to perform Canonical Variate Analyses (CVA), which aims at looking for linear
combinations of variables in order to separate the groups by maximizing the between-group to
within-group variance ratio. However, while PCA and bgPCA tend to put the focus on the
direction of the main variance as lines of least resistance to evolution, CVA by dampening the
expression of this line of least resistance, has the potential to reveal other relevant patterns of
differentiation that may otherwise be blurred (Renaud, Auffray and de la Porte, 2010).

The CVA also offers the possibility to apply decision rules established from a known sample
on new unknown specimens. For example, it is possible to predict the species of archaeological
remains using decision rules established on modern canids of various species. Of course, the
efficiency of the model depends on the individuals used to build the decision rules (the same
species must be present, and the variability within the sample must be equivalent).

We used the function ‘CVA’ (Campbell and Atchley, 1981; Klingenberg and Monteiro,
2005).

2.3.4. Classifying using non-supervised analyses

To explore the structure of a population without having any preconceived ideas about
membership to a group, and maybe identify sub-populations characterised by differences in
shape, we have used unsupervised clustering methods.

These were particularly useful for archaeological canids.

The advantage of these methods, contrary to simple visualisation on PCA plots, is that it is
possible to consider the real distances between individuals (and not only in the first principal
component axes, that only represent a small amount of the total variation in shape).

2.3.4.1. Gaussian mixture models (GMMs)

In Gaussian Mixture Models (GMMs), it is assumed that, within the array of Procrustes
coordinates, there are a certain number of Gaussian distributions, and each of these distributions
represent a population with a multivariate normal distribution. Hence, this method tends to
group the individuals belonging to a single distribution together. We used the function ‘Mclust’
from package ‘mclust’.

It is possible to force the algorithm by imposing a decomposition in a certain number of
groups, but we preferred to follow the optimal number of groups provided by the software,
based on a Bayesian information criterion (BIC). This criterion gives us an estimation on how
good the GMM is in terms of predicting the data. The lower the BIC, the better the model in
predicting the data, and by extension, the true, unknown, distribution.

This method thus provides an information on the morphological structuration of the sample.
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2.3.4.2. Hierarchical clustering

To summarize on the same graph the proximity in shape between all the individuals in a
sample we have built classification trees. We used the function “pvclust” from the package
pvclust, and ggtree (Yu et al., 2017) to display the trees.

First, a distance matrix is created. Here the distances are the Procrustes distances. The
distance matrix thus represents the Euclidean distance between all the Procrustes coordinates
of all the individuals.

Then, an ascending hierarchical clustering (AHC) is carried out in order to gather individuals
that are similar in shape. This iterative method seeks to ensure that the individuals grouped
within the same sub-groups are as similar as possible (intra-class homogeneity), while the sub-
groups are as dissimilar as possible (inter-class heterogeneity). Classification is ascending
because it starts from individual observations, and it is hierarchical because it produces
increasingly larger sub-groups. To aggregate the individuals, we chose the Ward's method. This
method seeks to minimise intra-class inertia and maximise inter-class inertia in order to obtain
sub-groups that are as homogeneous as possible.

At the end of the procedure, a dendrogram or classification tree is produced. On these trees,
the individuals are at the extreme end of branches whose length is proportional to the

morphological distance between the individuals.

By cutting this tree to a certain chosen height, the desired partition is produced. There are
also tools available to find out what the best partition is.
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3.

Questions investigated and reference sample

3.1. Sampling of extant canids

The functional approaches developed in this thesis required to establish a reference sample
that included 160 modern canids consisting of the same species as the archaeological canids
targeted in our research questions (see Conclusion of Part 1: Formulation of the research
problem). Since the targeted animal models are the dog and the red fox, and since part of our
work consists in comparing their evolutionary trajectories between the Mesolithic and the very
early Bronze Age, our reference sample was made up of foxes of the Vulpes vulpes species
(mainly red foxes but also some silver foxes), domestic dogs Canis lupus familiaris, some
dingoes Canis lupus dingo and some grey wolves Canis lupus.

The different populations considered in this reference sample can be positioned along a
human-canid proximity gradient (Figure 49). Following this gradient, natural and anthropic
constraints have opposing influences. Wild commensal red foxes are placed to the left of this
gradient, where natural constraints are stronger than anthropogenic constraints. Silver foxes,
selected for their fur, are subject to stronger anthropogenic stresses, but since they are not
domesticated, natural stresses remain predominant. Dogs belonging to hypertypes are on the
opposite side of this gradient, on the right, where anthropogenic constraints and artificial
selection are the strongest. Dogs not subject to drastic selection to meet breed criteria (stray
dogs) or returned to the wild (dingoes), approach foxes along this gradient.

Natural constraints Anthropic constraints
Artificial selection

wolves Australian silver dingoes stray mesocephalic very brachycephalic
and European foxes (returned dogs dogs dogs
red foxes to the wild) (Beagles) (Pitbull, Buldog)
very dolichocephalic
DOMESTICATION dogs
{Colley)

Figure 49. Positioning of the populations contained in our reference sample from the point of view of
natural and anthropogenic constraints. The populations that could not be studied in this thesis are shown
in grey.

The animals in our sample were provided by the veterinary school of Nantes (ONIRIS, C.
Guintard), the ANSES of Nancy (E. Monchatre-Leroy and J. Barrat), the School of Veterinary
and Life Science, Murdoch University, Perth, Australia (T. Flemming), R. Triquet, the ONCFS
(A. Larralle), the “Direction des Services Vétérinaires - DDCSP de la Dordogne”, Périgueux,
France (H. Garés) and the veterinary school of Alfort. A unique code has been assigned to each
individual so that all available data can be traced.

157



Dogs
The sample of modern dogs contains 70 individuals of various breeds (37 breeds):
- Amstaff (1)
- Barzoi (2)
- Beagle (21)
- Belgian shepherd (2)
- Border collie (2)
- Boxer (2)
- Bull terrier (1)
- Bulldog (2)
- Cane Corso (1)
- Poodle (1)
- Chihuahua (1)
- Colley (1)
- Dachshund (1)
- Deerhound (1)
- Doberman (1)
- Fox terrier (1)
- German shepherd (1)
- Golden (1)
- Hunting dog (1)
- Husky (1)
- King Charles (1)
- Leonberg (1)
- Loulou (1)
- Mastiff (2)
- Papillon (1)
- Pitbull (1)
- Rottweiller (2)
- Shepherd dog (4)
- Shetland sheepdog (1)
- Sloughi (1)
- Long-hair dachshund (1)
- Tenerife dog / podengo (1)
- Wippeth (1)
- Yorkshire (3)

We included breeds that probably have no archaeological equivalent (Rottweiller,
Chihuahua, Collie), in order to overcome the variability of ancient dogs, and with the aim of
evaluating how the integration of the masticatory apparatus responded to the extreme
morphological variability in this species.
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The modern dog sample also contains a fairly large number of beagles. These dogs are easier
to collect in comparison to other breeds as they are widely used for experimental purposes.
Additionally, their morphology seems a priori relatively little modified and perhaps closer to
ancient dogs. The beagles could therefore perhaps constitute good reference individuals for
applying some tools developed on modern dogs to ancient dogs.

Unfortunately, our sample does not include commensally living stray dogs (e.g. North
African pariah dogs) which might be subject to constraints closer to pre-Bronze Age than
purebred dogs (less artificial selection and more natural constraints than for modern purebred
dogs). Thus, they may be better models for comparison with archaeological dogs. However, we
have not been able to access such specimens during this PhD project. This is an area for future
improvement.

Grey wolves

We photographed the mandibles of 8§ wolves from the MNHN collections, coming mostly
from zoological parks (the species attribution is therefore certain, Table 13). However, we were
not able to access fresh heads to dissect them during the course of this thesis.

Table 13. Origin of the modern wolves considered in shape analyses.

ID (this study)  Sex ID MNHN Age Origin

loupl F 2016-1672 11yo Mercantour, St Martin-Vésubie, France

loup2 2018-2921 adult Réserve de la Haute-Touche, France

loup3 F 1984-0,36 lyot+ Ménagerie

loup4 F 1959-181 8yo Ménagerie

loup5 F 1973-3 4yo+ Ménagerie

loup6 F 1990-74 7yo Ménagerie

loup7 F 1979-18 16yo Birth in Zurich zoo en 1962, death at “la Ménagerie”

loup8 2016-1665 adult Réserve de la Haute-Touche, France
Dingoes

We also dissected and reconstructed the cranium and mandible of 10 Australian dingoes
(including 2 juveniles). The species assignment of each specimen was verified by a genetic test.

Foxes

The foxes in this study mainly come from the south west of France, although other French
regions are also represented (65 red foxes and 4 silver foxes). We also photographed the
mandibles of 3 Romanian foxes (especially for part 3, since our archaeological sample contains
many mandibles from Romania), and we also photographed the mandibles of a large population
of Australian foxes (>400) to answer some specific questions (see below). A few heads of
Australian foxes (14) were also completely dissected.

The muscular data of some dogs and foxes could not be exploited because the specimens

were preserved in formaldehyde. In this case, the bones were used for shape analyses only.
Therefore, we do not have the same sample sizes in analyses focusing on muscle data and
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analyses focusing on bone shape. Dissected dogs therefore represent less variability compared
to all the dogs in our sample. Moreover, some crania being too damaged, it was sometimes not
possible to study their shape. The number of individuals is therefore not the same in shape
analyses based on the cranium or mandible.

The ages were estimated from the state of eruption of the teeth and cranial sutures (see
articles in the following chapters). There are 10 juvenile canids (with non-erupted permanent
teeth) that were removed from many shape analyses (in particular those with archaeological
canids):

- 4 dogs: M8, Ny-C2, Ny-C29, Ny-C9;
- 4 red foxes: N-R11, N-R15, N-R25, N-R29;
- 2 dingoes: ND-Dog8, ND-Dogl0

Detailed information about modern canids are given in the supplementary material of the
articles of the following chapters.

3.2. Questions explored in the articles of the following chapters

In the following chapters, we address several questions to clarify the relationships between
elements of the masticatory apparatus (skull/mandibular/muscles) and bite force, as well as the
relations with developmental (size, age, sex, species) or environmental factors (climatic
variation and diet) in canids.

The answers to these questions will be useful for the continuation of this work and will allow
us to adapt our methods to the study of pre-Bronze Age canids.

1- How do the shape of the mandible and skull co-vary in dogs and foxes?
Can mandible morphology be linked to a specific cranial morphology, which could
inform on the overall morphotype, especially in dogs?

2- How do the shape of the mandible and the architecture of the muscles co-vary in dogs
and foxes?

3- How do the shape of the mandible and the bite force co-vary in dogs and foxes?

4- Are the relations between shape and muscle data or bite force stronger for the mandible
than for the cranium, as can be suspected given that the mandible is specialised only in
chewing, unlike the cranium?

This would validate the use of the mandible as an item of choice to functionally interpret
morphological variation in archaeological canids.
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5- Has extreme artificial selection in dogs altered the functional integrative relationships
between the skull, mandible, masticatory muscles and bite force?
To answer this question, we compare the results obtained for domestic dogs and red
foxes, and we may refer to the preliminary results obtained for dingoes (for which the
sample size is limited).
The answer to this question will be crucial for the continuation of our work, as it will
be an element in deciding whether modern dogs are good models for establishing
predictive tools for making functional inferences about pre-Bronze Age canids. Indeed,
if integration remains strong despite the extreme selection and morphological variability
of modern dogs, it will be possible to interpret variation in form in functional terms. Of
course, another condition for the application of these models will be that the variability
of ancient dogs is included in the variability of modern dogs.

6- To what other factors can the shape of the mandible and the bite force be related?

a. What are the effects of size and age on the shape of the mandible?

b. Is there a sexual dimorphism in the form and bite force?

c. Does the form of the mandible or bite force vary with geographical or climatic

parameters?

d. Does the form of the mandible or bite force vary with the degree of urbanism?

e. Are the form of the mandible and bite force related to diet?
To address these questions, we will focus (except for size) on red foxes, for which the
factors mentioned above are easier to study as their effects are not masked by an
intensive artificial selection. In addition, we could access a huge collection of mandibles
of Australian red foxes for which a lot of information were available and published (age,
sex, size, body mass, stomach contents, as well as climatic data: temperature, rainfall,
geographical location, etc., Forbes-Harper et al., 2017).

The following chapters are intended to address these questions. In Chapter 3 we will look at
domestic dogs exclusively, and in Chapter 4 we will look at wild species (red fox and dingo) in
a comparative approach. Finally, in Chapter 5 we will explore other factors (developmental or
environmental) that may create variation in the shape of the mandible using Australian foxes as
models.

At the beginning of each chapter, we will very briefly introduce the articles to explain the
logical progression between sections, and we will summarise the key findings for the study of

ancient canids in Part 3.

We will summarise the answers to the overall questions formulated above in the conclusion
of Part 2 (see page 299).
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Chapter 3.
The functional relations between mandibular
shape, cranial shape, jaw muscles
architecture and bite force in domestic dogs

In this chapter we describe and quantify the relationships between the different components
of the masticatory apparatus in domestic dogs exclusively. The idea was to explore how the
shape of the mandible, the shape of the cranium, the architecture of the masticatory muscles
and bite force covary. These articles also provided an opportunity to describe the strong
allometries in the mandibular and cranial shapes.

In article 1 (section 1, page 165), we focused on the relation between the shape of the
mandible and muscle data obtained from dissections (volume and PCSA).

In article 2 (section 2, page 185), we compared these relationships to those observed for the

cranium, and explored the covariations between the shape of the two bony complexes of the
head.

In article 3 (section 3, page 203), we used the muscle PCSA obtained from dissection to
estimate bite forces using a biomechanical model validated by in vivo measurements. We
studied the involvement of the different muscles in the bite force, the mechanical impact of both
the bite point (incisor or molar teeth) and jaw opening angle, as well as the relationship between
bone shape and the absolute value of the bite force, or the value relative to size. We compared
the results obtained for the cranium and the mandible. We also compared performance as a
function of morphotype.
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These articles show that in modern domestic dogs:

KEY POINTS

The shape of the mandible covaries strongly with that of the cranium, and is
strongly impacted by the morphotype.

= The mandible of archaeological dogs is a good item for
apprehending the overall shape of the head.

There are strong relationships between the shape of the mandible and muscle
data or even bite force, and variations affect the areas of muscle attachment,
the robustness and curvature of the mandible.

= It is possible to make functional inferences.

Brachycephalic dogs produce stronger bite forces for their size.

The functional links observed for the cranium are surprisingly not less strong
than those observed for the mandible.

The shape of the mandible is strongly allometric (like the shape of the
cranium).
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The relationships between mandible shape and jaw
muscle architecture in dogs.

Article 1 —
How Does Masticatory Muscle Architecture Covary with Mandibular

Shape in Domestic Dogs?
Colline Brassard, Marilaine Merlin, Elodie Monchatre-Leroy, Claude Guintard, Jacques
Barrat, Cécile Callou, Raphaél Cornette, Anthony Herrel

Published in Evolutionary Biology, accepted: 10 March 2020
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Abstract

Despite the considerable scientific interest in the variability and patterns of integration in the dog skull, how these patterns
impact or are driven by function remains largely unexplored. Since the mandible is directly involved in mastication, it can
be expected to be directly related to the development of the adductor and abductor muscles. Here, we explore whether varia-
tion in the architecture and size of the masticatory muscles is associated with the variation in mandibular shape in dogs. We
obtained muscle data from the dissection of 48 dogs from different breeds and morphotypes to explore the architecture of
the muscles and used 3D geometric morphometric approaches to quantify the shape of the mandible. Covariations between
the masticatory muscles and mandibular shape were explored using two-block partial least square analyses (2B-PLS). Our
results show there is a strong covariation between mandibular shape and masticatory muscles mass (rPLS from 0.70 to 0.74
for the first axis representing more than 90% of the total covariance) and physiological cross-sectional area (rPLS from
0.64 to 0.73 for the first axis representing more than 80% of the total covariance), irrespective of whether size is taken into
account or not. These results suggest muscle size and thus attachment area requirements for individual muscles are likely
drivers of mandibular shape. Moreover, mandible shape is likely to be a good predictor of muscle force. Finally, it appears
that domestication of dogs has not resulted in a disuse phenotype characterized by a decoupling between form and function.

Keywords Dog - Geometric morphometrics - Jaw muscle - Mandible - Masticatory system

Electronic supplementary material The online version of this Introduction
article (https://doi.org/10.1007/s11692-020-09499-6) contains

supplementary material, which is available to authorized users. X .
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brachycephaly (Schoenebeck et al. 2012). Integration and
modularity have also been extensively studied within the
cranium and even the mandible (Drake and Klingenberg
2010; Meloro et al. 2011; Curth et al. 2017; Curth 2018;
Machado et al. 2018; Selba et al. 2019). However, the func-
tional impact of this extraordinary variability in shape has
received less attention in dogs (but see Strom et al. 1988;
Endo et al. 1999; Koch et al. 2003; Ellis et al. 2008, 2009).
Given that artificial selection can have indirect functional
consequences in wild canids such as the red fox (Trut 1999;
Trut et al. 2009; Dugatkin 2018), and since these selection
pressures are strong, the resulting morphological changes
may have occurred extremely rapidly (Johnston and Selander
1964; Reznick et al. 1997; Hendry and Kinnison 1999; Huey
et al. 2000; Grant and Grant 2006; Trut et al. 2009; Dugatkin
2018). In most vertebrates species variation in the shape of
the cranium and mandible is linked to variation in the jaw
adductor muscles (Watt and Williams 1951; He and Kiliar-
idis 2003; Cornette et al. 2013; Cornette, Tresset, Houssin,
et al. 2015a, b; Fabre et al. 2018). Indeed, the jaw adductors
and abductors and the skull and mandible are parts of the
same functional unit with bones providing skeletal struts and
levers that are moved by the forces generated by muscles
(Frost and Schonau 2000; Herring et al. 2001; Frost 2003).
In addition to the need for providing muscular attachment,
bones are also modified due to the loads imposed by muscle
contraction in addition to external forces such as bite and
joint forces (Frost 2001, 2003; Schoenau 2005; Sharir et al.
2011; Brotto and Bonewald 2015). For the jaw system to
function, the muscles and bones need to be coordinated to
achieve effective mastication and biting. As such the sys-
tem can be expected to be functionally integrated (Olson
and Miller 1951; Van Valen 1965; Klingenberg 2014). The
quantitative interplay between jaw muscles and the bones of
the skull remains poorly described in domestic dogs (but see
Liebman and Kussick, 1965), in contrast to other mammals
(Crompton 1963; Weijs and Hillen 1986; Hylander et al.
1992, 1998; Herring et al. 2001; Lieberman et al. 2004,
Ross and Metzger 2004; Ross et al. 2005; Herring 2007;
Ravosa et al. 2007, 2016; Bourke et al. 2008; Cornette et al.
2013; Cornette, Tresset, and Herrel 2015a, b; Penrose et al.
2016; Fabre et al. 2018) rendering our understanding of the
functional consequences of the tremendous morphological
variation in the skull of domestic dogs limited.

Prior studies of in vivo bite forces and jaw-muscle elec-
tromyography in dogs (Lindner et al. 1995; Ellis et al. 2008;
Kim et al. 2018), as well as estimations obtained from the
dry skull method (Thomason 1991; Ellis et al. 2009) have
suggested that differences in morphology are related to dif-
ferences in bite force, mainly because of space constraints
around the skull, and because of differences in the length of
the in and out-levers of the masticatory apparatus. However,
no study has focused on the architecture of the jaw muscles
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(fiber length, pennation angle or muscle mass) in domestic
dogs rendering estimates of bite force difficult. In the dry
skull method, the three-dimensional architecture of the jaw
muscles is not incorporated (Schumacher 1961; Miller et al.
1965; Thomason 1991; Ellis et al. 2009), which can result in
underestimates of maximal bite force.

The great morphological diversity present in the cranium
of dogs provides a unique opportunity to understand the
relationships between morphological variation and muscle
development. Moreover, understanding these relationships
would permit better inferences on the functional impact of
selection in dogs. Here we focus on the mandible as this
bone is implicated in a single function: mastication. We
expect there to be a direct link between muscle attachment
area and jaw shape, that means, in other words, significant
covariations between jaw muscles architecture (mass and
physiological cross-sectional area) and mandibular shape.
However, as recent dog breeds have been selected largely
for aesthetic reasons, we predict that these covariations are
likely low. Finally, as the posterior part of the mandible both
serves as the area for muscle insertion and is more strongly
impacted by the need for muscle attachement, we expect pat-
terns of covariation to be stronger for the mandibular ramus.

Materials and Methods
Specimens

Specimens were obtained from the Veterinary School of
Nantes (France), the Veterinary School of Maisons Alfort
(France), and the laboratory of rabies and wildlife disease
studies in Nancy—Anses (France). The dataset is com-
posed of the mandibles of 59 dogs (Canis lupus familiaris)
from various breeds (Table 1, see Supplementary material
Table S1 for details). The breeds were estimated based on
their similarity to existing standards, but crossbreeding
is important and as such these animals may not represent
‘pure’ breeds. Because accurate ages were unknown, we
estimated ages based on tooth wear, bone texture, and the
aspect of the cranial sutures (degree of closure). The two
dogs in the group ‘A’ (a Beagle and a Bull terrier) represent
the youngest individuals with molars still erupting, a very
porous mandible and unclosed cranial sutures (4—6 months
according to Barone 2010). The Beagle in group ‘B’ has its
spenobasilar suture still open (< 8—10 months for the dog
according to Barone 2010) and the mandible is still porous.
The 22 individuals from the group ‘D’ are older, with a
closed interfrontal suture and worn denture (>3-4 years).
The 33 other dogs, from the group ‘C’, are intermediate
adults (from 10 months to 3 years). We chose to keep the
youngest individuals in our analyses to increase the morpho-
logical variability in the sample. There is no geriatric dog.
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Table 1 List of the material
used in this study

Related breeds

n mdb n=59 n mass n=48 n PCSA n=47

American Staffordshire terrier (Ams)

Beagle

Belgian shepherd—Tervueren (Bel)

Border collie (Bor)
Boxer (Box)
Bulldog (Buld)
Bull terrier (Bult)
Chihuahua (Chi)
Cane Corso (Can)

Cavalier King Charles Spaniel (Kin)

Collie (Col)

Continental Toy Spaniel Papillon (Pap)

Dachshund (Dac)
Deerhound (Dee)
Dobermann (Dob)

Fox terrier (Fox)
German shepherd (Ger)
Golden retriever (Gol)
Husky (Hus)
Leonberger (Leo)
Mastiff (Mas)

Pitbull (Pit)

Rottweiler (Rot)
Shetland sheepdog (She)
Non-breed dog

1
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Where possible, equilibrated ratio of males and females were included and all ages are represented. See
Supplementary material Table S1 for a complete list of the specimens used in the analyses

n mdb number of mandibles used to study shape variation, n mass number of individuals used for the
2B-PLS with muscle masses, n PCSA number of individuals used for the 2B-PLS with muscle PCSAs

Dissections

Specimens were either dissected when still fresh or frozen
and then defrosted (48 dogs). If preserved in formol, the
head was not dissected but directly prepared for shape analy-
ses (an additional 11 Beagles). Dissection of the constituent
bellies of the jaw adductor muscles were done in accord-
ance with the description provided by Penrose et al. (2016),
following the nomenclature of previous authors (Turnbull
1970; Strom et al. 1988; Tomo et al. 1993; Druzinsky et al.
2011). However the anterior and posterior parts of the zygo-
maticomandibularis were separated and the digastric was
dissected as well. Since the lateral pterygoid is very small
in carnivores (Turnbull 1970; Herring 2007; Penrose et al.
2016), we considered medial and lateral pterygoids as one
single muscle mass.

The following muscles were removed layer by layer: the
digastric (Dig), the superficial masseter (MS), the deep mas-
seter (MP), the anterior part of the zygomaticomandibularis
(ZMA), the posterior part of the zygomaticomandibularis

(ZMP), the suprazygomatic part of the temporalis (SZ), the
superficial temporalis (TS), the deep temporalis (TP), and
the pterygoids (P). The origins and insertions of the nine
muscle layers dissected are illustrated in Fig. 1 and described
in Supplementary material Table S2.

Quantification of Jaw Muscles Architecture

After dissection, all muscle divisions were weighed using
a digital scale (Mettler Toledo AE100). Fiber length and
pennation angles were measured directly on the muscle after
sectioning the muscles along their line of action. Several
measurements were taken for each measurement at differ-
ent location in the muscle, and we used the mean for our
calculations. The reduced Physiological Cross-Section Area
(PCSA), which represents a proxy of the intrinsic strength
of the muscles, was calculated for each muscle muscle fol-
lowing the definition of Haxton (1944), and using a muscle
density of 1.06 g/cm3 (Méndez and Keys 1960).
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Fig.1 Schematic illustration of the jaw muscles dissected in this study. Muscles in medial to mandible are rendered transparent

We used the following formula:
PCSA = mass(gycos(angle of pennation (rad))

1 ,Gﬁ(g.(.'m‘3)*ﬁher length (cm)

Photogrammetry

After dissection, bones were cleaned and dried. One hundred
photographs per right hemi-mandible were taken while turn-
ing around the specimen (Fau et al. 2016). Photos were taken
using a Nikon D5500 Camera (24.2 effective megapixels)
with a 60 mm lense. The Agisoft PhotoScan software (©
2014 Agisoft LLC, 27 Gzhatskaya st., St. Petersburg, Rus-
sia) was used for the 3D reconstructions of the mandibles.

Landmarking and Geometric Morphometrics

Geometric morphometric analysis was used to quantify pat-
terns of morphological variation. Twenty-five homologous
anatomical landmarks and 190 sliding semilandmarks on
curves were placed on each specimen using the software
Landmark version 3.0.0.6 (© IDAV 2002-2005; Wiley
et al. 2005). Landmark locations are provided in Fig. 2 and
Table 2.

A template was also created following the method of Cor-
nette et al. (2013) to patch 185 slinding semilandmarks on
the mandible surface of all specimens (Fig. 2). The three-
dimensional coordinates for all sets of landmarks were then
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imported into R version 3.6.0 (2019-04-26). The Morpho
package (version 2.7) implemented in R (Schlager 2013)
was used for most of the following analyses. A 3D sliding
semilandmark procedure (Bookstein 1997; Gunz et al. 2005)
was performed. According to this iterative procedure, sliding
semilandmarks on surfaces are projected from the template
onto each specimen using a thin plate spline deformation
(Klingenberg et al. 2002; Gunz et al. 2005; Schlager 2012,
2013). Next, landmarks are slid iteratively while minimizing
the bending energy. All sliding semilandmarks were con-
strained by homologous landmarks (Gunz et al. 2005) and
allowed to slide along the predefined curves and surfaces.
The sliding semilandmarks are consequently transformed
into spatially homologous landmarks. Landmarks coordi-
nates of all specimens can then be compared using tradi-
tional geometric morphometric methods.

Variability in Mandibular Shape and Jaw Muscles

A Generalized Procrustes Analysis (GPA—Rohlf and Slice
1990) was performed using the function “procSym” (Klin-
genberg et al. 2002; Gunz et al. 2005; Dryden and Mardia
2016). The importance and significance of the correlations
between mandibular shape and centroid size and between
muscle morphology (PCSA and mass) and centroid size
were explored using the function “cor.test”. Allometry-free
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Fig. 2 Position of the landmarks
used in this study and mandi-
ble features following Budras
(2007), Barone (2010) and
Evans and DeLahunta (2010).
Anatomical landmarks are
indicated in red, sliding semi-
landmarks of curves are in blue
and sliding semi-landmarks on
the surface are in green. AM
angle of mandible, B body of
mandible, R ramus of mandible,
con condyloid process, cor
coronoid process, ang angular
process, is intermandibular
suture, # mandibular notch, he
head of mandible, ne condylar
neck, vb ventral border, fos mas-
seteric fossa, conc condyloid
crest, core coronoid crest, manf
mandibular foramen, menf main
mental foramen, can canine, car
carnassial (M1)

coordinates and visualisations were obtained using the
functions “CAC” (Mitteroecker et al. 2004) and “showPC”.
Allometry-free coordinates of Log,,-transformed mus-
cle data were calculated using the function “Im”. Princi-
pal Component Analyses (PCA) were performed using the
function “prcomp” based on the coordinates of all aligned
specimens, on allometry-free coordinates, on the PCSA of
all muscles, on the scaled PCSA of all muscles, on muscle
mass and, on scaled muscle mass. The deformation of the
mandible of a Beagle to the consensus of the GPA was used
as a reference for all further visualisations. The Beagle was
chosen because it was the dog that was closest to center of
the PCA describing variation in mandibular shape.

Covariations Between Mandible Shape and Jaw
Muscles

To explore the patterns of covariation between the mandibu-
lar shape and the PCSA or mass of the jaw muscles, we per-
formed a two-block partial least square analyses (2B-PLS)
with the function “pls2B” (Rohlf and Corti 2000). We did
not consider phylogeny (Parker et al. 2004) in our analyses
because we had no indication of pure race membership.

medial view

2B-PLS calculates singular values and creates new axes
by looking for linear combinations in each block that max-
imise the covariance between blocks (the variation of PCSA
or mass of all the muscles and mandibular shape). For each
axis a PLS coefficient is generated (intensity of the covaria-
tion) and p values are calculated by comparing the singular
value to those obtained from 1000 permuted blocks (signifi-
cance of the covariation).

The mandibular ramus is likely to be more closely asso-
ciated with space constraints related to the volume of jaw
muscles than the mandibular body. To test whether the
covariation was higher between muscles and the ramus of
the mandible only, we explored both covariations with the
complete mandible shape, and with a subset of landmarks
and sliding semilandmarks of curves representing the pos-
terior part of the mandible only.

A total of twelve 2B-PLS analyses were conducted: man-
dibular shape—PCSA, mandibular shape—scaled PCSA,
allometry-free mandibular shape—scaled PCSA, ramus
shape—PCSA, ramus shape—scaled PCSA, allometry-free
ramus shape—scaled PCSA, mandibular shape—mass,
mandibular shape—scaled mass, allometry-free man-
dibular shape—scaled mass, ramus shape—mass, ramus

f Springer

170



Evolutionary Biology

Table 2 Definition of the landmarks of the mandible used in the geometric morphometric analyses

Landmark Definition

1 Most rostromedial point of the mandiblular symphysis, at the base of the first incisor

2 Most rostral point of the canid, on the lateral side

3 Most caudal point of the canid, on the lateral side

4 Most rostral point of the second premolar, on the lateral side

5 Most rostral point of the third premolar, on the lateral side

6 Most rostral point of the fourth premolar, on the lateral side

7 Most caudal point of the fourth premolar, on the lateral side

8 Most caudal point of the carnassial, on the lateral side

9 Most caudal point of the second molar, on the lateral side

10 Highest point of the tip of the coronoid process

11 Most caudal point of the tip of the coronoid process

12 Most caudal point of the mandibular notch, at the intersection of the condyle and the coronoid process
13 Most medial point of the condyle (tip of the head of the mandible)

14 Most ventral point of the condyle

15 Most lateral point of the condyle

16 Most anterior point on the curve of the angle of mandible

17 Point at the tip of the angular process

18 Most elevated point on the inferior border of the ramus

19 Lowest point on the ventral border of the ramus, right under the carnassial

20 Most caudal and lowest point of the intermandibular suture on the medial side

21 Main mental foramen

22 Rostral point of intersection between the coronoid crest and the condyloid crest

23 Most rostral point of the edge joining the basis of the coronoid process and the condyle on the medial side
24 Most rostral point of the mandibular foramen

25 The most lateral point on the angle of mandible, at the beginning of the angular process

True landmarks are in red, sliding semi-landmarks of curves are in blue and sliding semi-landmarks of surface are in green

shape—scaled mass, allometry-free ramus shape—scaled
mass.

A Z-score was finally calculated to compare PLS coef-
ficients with the function “‘compare.pls” from the package
geomorph.

Results
Variability in Mandibular Shape

Results of the Principal Component Analyses and correla-
tion tests for exploring allometries are detailed in Supple-
mentary material Table S3.

The first two axes of the PCA represents 46.1% of the var-
iability in mandibular shape. The next axes each represent a
very small part of the total variability (8.9% for axis 3). Only
the morphological variations related to axis 1 and axis 2—
that are the most informative—will therefore be described
(Fig. 3). The mandibular shape varies greatly depending on
the morphotype, and variation is also important within a
single breed (Beagles). Especially noticeable is the variation
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in robustness, the shape of the coronoid process, and the
ventral curvature of the mandibular body. Along the first axis
of the PCA, the molossoid/brachycephalic dogs are gener-
ally opposed to dolichocephalic/lupoid dogs. The first axis is
mainly explained by differences in size (r=0.51; P <0.001)
with the biggest mandibles being positioned to right of the
scatterplot. Mesocephalic and dolichocephalic dogs are not
clearly distinguishable and overlap towards the left part of
the scatterplot. Most of these morphological changes are
explained by size, since allometry is moderately strong
(R?=0.44; P<0.001, Fig. S1). Molossoid dogs—which
most often correspond to large mandible sizes—have shorter
and more robust and laterally curved mandibles, with more
developed coronoid, condylar, and angular processes. The
rostral part of the mandible is more ventrally curved and the
condyle tends to be at a straight angle to the sagittal plane
in molossoid dogs (Figs. 3a, S1). Variation along axis two
is observed for dogs of the same breed, as is the case for the
Beagle which occupies the entire upper left quadrant of the
scatterplot. This variation is not related to size (P> 0.05) and
describes the rostro-ventral curvature of the mandible and
the orientation of the coronoid process. The two first axes



Evolutionary Biology

Beagles

PC2 - 14.8%

PC2 min

Mas Bl.lld " Buld
L]
Kin Bpx
- .Can
Pit
M ° e ®
SHGa% as ot e Rot

eBor ‘BU“ .

- B *Ams

Age
juvenile
young
adult
old

L]
L
8‘_- G'er «Dob
m L]
— *, g DeeeGol
1 = .. L]
~ Buld® Pit Mas_ | Bore *Bel *Col
g Box ' ° |Gl °
*Buld “% R0t Ams®  Bely ..\ , °Fox
Can  Kin Rot Leéo She
Box °“Bull
°Dac
Chi =Pap

PC2 min

Fig.3 First two axes of the PCA describing variation in: a mandibu-
lar shape; b allometry-free mandibular shape. The mesh of the con-
sensus is represented in white. Illustrations represent the deforma-
tions from the consensus to the extreme of the axis in lateral, dorsal

are not correlated with the age of the dogs (P> 0.05). The
PCA performed on allometry-free shapes (Fig. 3b) show that
dolichocephalic and brachycephalic dogs oppose themselves

PC1 min

PC1 - 21.2%

and caudal views for PC1 and in lateral view for PC2. Ages are indi-
cated by colors. Beagles are in green and other breed names are indi-
cated following Table 1

along the first axis with the mesocephalic dogs at the very
center. The variation along this axis involves the ventral and
lateral curvature of the mandibular body, the width of the
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coronoid process and the relative size of the condyle and
angular processes. The two youngest dogs are included in
the same morphospace as the adults. Interestingly, the “juve-
nile” Bull terrier is located in the same part of the scatterplot
as the other molossoid dogs when analyses are performed
on allometry-free shapes (Fig. 3b). The “juvenile” Beagle
remains positioned close to the adult Beagles.

Variability in Jaw Muscle Architecture

Muscle data are given in Supplementary material Table S1
and the results of the statistical analyses (PCA and correla-
tion tests exploring allometries) are detailed in Supplemen-
tary material Table S3.

The angles of pennation are around 0° in the digastric,
30-40° in the temporalis and masseter and 40° in the ptery-
goids. Muscles from the temporal complex have very long
muscle fibers (up to 60 mm; mean around 30 mm) compared
to muscles from the masseteric and pterygoid complexes
(up to 30 mm; mean around 15-20 mm). The temporal
complex represents 64% (min=55%; max=71%) of the
total volume and 50% (min=40%; max=61%) of the total
PCSA of the adductor muscles. The masseteric complex rep-
resents 27% (min=22%; max =32%) of the total volume
and 36% (min=29%; max =46%) of the total PCSA of the
adductor muscles. The pterygoid complex represents only
9.6% (min=6%; max = 13%) of the total volume and 14%
(min=6%; max =24%) of the total PCSA of the adductor
muscles. The mass of the lateral pterygoid muscles repre-
sents only around 7% of the mass of the pterygoid complex
in the domestic dog (min=2.5%; max =20.4%) and 0.67%
of the total mass of the adductor muscles (min=0.20%;
max =2.4%).

Whereas the mass and PCSA of jaw muscles vary greatly
depending on breeds, significant variation is also observed
among Beagles. Their morphological space stretches along
axis 1, but mainly along axis 2. Since similar results were
observed for mass and PCSA, only the PCA with muscle
PCSAs will be described here (Fig. 4). The PCA with mus-
cle masses is available in the supplementary material (Sup-
plementary Fig. S2).

The first axis of the PCA performed on the raw or scaled
PCSA (representing 76.5% or 51.3% of the total variation,
respectively) or mass data (91.7% for raw mass and 71.8%
for scaled mass) loads strongly with the temporalis and mas-
seter muscles. The second axis of the same analyses explains
only a small amount of the total variation (PCSA: 5.5% for
raw data and 10.5% for scaled data; mass: 2.3% for raw data
and 7.5% for scaled data), and is driven by variation in the
anterior part of the zygomaticomandibularis and the tempo-
ralis pars suprazygomatica, for our analyses of PCSA, or by
variation in the masseter group (above all the anterior part of
the zygomaticomandibularis) for the PCA on mass.
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The PCAs with raw muscle data reflect differences in the
size of the head. Molossoid dogs—most often with larger
heads—have more powerful jaw muscles than most of the
other dogs. On the opposite, dogs from the Toy group (Chi-
huahua, Papillon)—characterized by very small heads—
have the smaller and less forceful muscles. Statistical anal-
yses showed that the variation in muscle volume and force
is strongly corelated to variation in mandibular size (mass:
r=0.89, P<0.001; PCSA: r=0.83, P<0.001).

The PCAs performed on scaled PCSA and scaled mass
show that the dogs with biggest and strongest jaw muscles
for their size are large molossoid dogs, represented by a
Leonberger, an American Staffordshire, Mastiffs, a Cane
corso, and more markedly the two Rottweillers, the Pitbull
and the two Bulldogs. Surprisingly, the Chihuahua in our
sample also has very strong and voluminous muscles for
its size and is positioned close to the Cane Corso, the Rot-
tweiler and the American stafforshire. The hunting and shep-
herds dogs (including the German Shepherd), the Papillon
and the Boxers of our sample have medium to low muscle
masses and rather weak muscles for their size. The Cavalier
King Charles has masticatory muscle masses that are larger
than the average of our sample when corrected for differ-
ences in size (close to the Cane Corso) but muscle strength
is not impacted. Although the small sample size and the
low intra-breed diversity of our sample does not allow us to
draw conclusions about breed-specific diversity our results
suggest that this would a fruitful avenue for further research.

Covariation Between Mandibular Shape and Jaw
Muscle Architecture

A summary of the results of the 2B-PLS is given in Table 3.
Detailed results are available in Supplementary material
Table S4. Only the main results are detailed below.

The covariation between mandibular shape and the mas-
ticatory muscles is highly significant, whether size is taken
into account or not (Table 3). The coefficients of covariation
are high, and they do not significantly differ between mus-
cle masses and muscle PCSAs, and between scaled and raw
muscle data. The coefficients of covariation obtained for the
shape of the ramus only are not higher than the ones for the
complete mandible.

Here we focus on the covariations between mandibular
shape and the scaled muscle data, since the centroid size
is an important driver of covariation (but see supplemen-
tary material for further visualisations and results for the
raw data: Figs S3 to 86). The covariation between scaled
PCSA and mandibular shape was significant (Fig. 5), for
the first PLS axis (PCSA: PLS1 88% of the covariance,
rPLS1=0.64, P <0.001). Similar results were observed for
scaled masses (PLS-195% of the covariance, rPLS1=0.70,
P <0.001, Zscore=0.75; P=0.23, Supplementary Fig. S7).
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anterior, ZMP masseter pars zygomaticomandibularis posterior, 57

Table 3 Results of the 2B-PLS analyses comparing the mandibular shape (complete mandible or mandibular ramus only) against: (A) the Log10
of the mass of the jaw muscles; (B) the Log10 of the PCSA of the jaw muscles

A. Shape-mass Shape-scaled mass Allometry-free shape—scaled mass
Bone Axe %coVar  p-value 1-PLS  Axe %coVar  p-value r-PLS  Axe Y%coVar  p-value  r-PLS
Complete mandible PLS1 99 <0.001 0.74 PLS1 95 <0.001 0.70 PLS1T 92 <0.001 0.74
PLS3 2.1 0.049 0.52
Mandibular ramus ~ PLS1 96 <0.001 0.68 PLS1 6l 0.155 0.68 PLS1 65 0.075 0.68
PLS2 2 0.05 0.54 PLS2 21 0.003 0.63 PLS2 16 0.022  0.62
B. Shape-PCSA Shape-scaled PCSA Allometry-free shape—scaled PCSA
Bone Axe %coVar  p-value 1-PLS  Axe %coVar  p-value r-PLS Axe %coVar  p-value  r-PLS
Complete mandible PLS1 97 <0.001 0.73 PLS1 88 <0.001 0.64 PLS1T 82 <0.001 0.68
Mandibular ramus ~ PLS1 89 <0.001 0.66 PLS1 44 0411 0.65 PLS1 47 0.290 0.65
PLS3 16 0.029 0.52

%coVar indicates the percentage of covariation explained by the axis of interest. r-PLS indicates the coefficient of covariation between the two
variables. Significant results are indicated in bold. Only the first and/or significant axes are reported. See supplementary material Table S4 for
details
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Fig.5 2-Block Partial Least Square Analyses between mandibular
shape and the scaled PCSA of jaw muscles, with muscle vectors and
shapes at the minimum and maximum of the PLS axis. Illustrations
represent the deformations from the consensus to the extreme of the
axis in lateral, dorsal and caudal views. Dig digastric, MS masseter
pars superficialis, MP masseter pars profunda, ZMA masseter pars

The first PLS axis (accounting for 88% of the covariance)
shows that lupoid, graioid and bracoid dogs are situated at
the positive part of the scatterplot and oppose molossoid
breeds at the negative part of the scatterplot. All muscles
strongly covary with mandibular shape. The positive part of
the scatterplot corresponds to the breeds with a low PCSA
of these muscles and a gracile mandible with a strait and flat
body that curves outward, a higher ventral part of the ramus,
a thin, reduced and slightly tilted outwards coronoid process
with a shallow masseteric fossa, a small condyle and a small
and straight angular process. Dogs at the negative part of
the scatterplot have robust mandibles with a very ventrally
curved and thick body, a lower ventral part of the ramus, a
taller coronoid process with a deep masseteric fossa, and a
large, medially and caudally extended and less medio-later-
aly oblique condyle.

The covariations between scaled muscle data and ramus
shape are significant only on secondary axes, explaining less
than 16% of the covariance. The 2B-PLS between the man-
dible ramus shape and the scaled masses of the jaw muscles
(PLS-2 21% of covariation, r-PLS2=0.63, P=0.006, Fig. 6)
shows that dogs with more voluminous deep masseter mus-
cles and less voluminous temporal muscles and superficial
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zygomaticomandibularis anterior, ZMP masseter pars zygomati-
comandibularis posterior, SZ temporalis pars suprazygomatica, TS
temporalis pars superficialis, 7P temporalis pars profunda, P ptery-
goids. Ages are indicated by colors. Beagles are in green and other
breed names are indicated following Table 1

masseters for their size have a more curved coronoid pro-
cess with a deeper masseteric fossa and a lower and less
curved angular process (and vice versa). Similar results were
observed for the third axis of the 2B-PLS between ramus
shape and the scaled PCSA (Supplementary Fig. S8) and
for the second axis of the 2B-PLS between allometry-free
ramus shape and scaled masses (Supplementary Fig. S9).
Similar results were observed for allometry-free man-
dibular shape and scaled PCSA (Fig. 7) or scaled mass (Fig.
S9). Changes in the body of the mandible along the first PLS
axis are the same as those previously described except some
more specific anatomical features for the coronoid process.
For a given size of the coronoid process dogs with less force-
ful muscles have a more caudally curved and narrower coro-
noid process (with a shallower masseteric fossa) contrary to
dogs with stronger muscles which have a wider and thicker
coronoid process (with a deeper masseteric fossa).
Significant covariations between allometry-free shape of
the mandible ramus and scaled masses show that a more
caudally curved coronoid process and a less pronounced and
curved angular process are related to proportionally more
developed deep masseter muscles and a proportionally less
developed superficial masseter muscle (Fig. S10).
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Fig.6 2-Block Partial Least Square Analyses between the shape of
the ramus and the scaled mass of jaw muscles, with muscle vectors
and shapes at the minimum and maximum of the PLS axis. Illustra-
tions represent the deformations from the consensus to the extreme
of the axis in lateral, dorsal and caudal views. Dig digastric, MS mas-
seter pars superficialis, MP masseter pars profunda, ZMA masseter

Discussion

Variations in Mandibular Shape and Masticatory
Muscles

The general shape of the mandibular ramus and the rela-
tive importance of masticatory muscles in dogs reflects
the specialization towards vertical movements as in other
canids. Indeed, the condyle is cylinder-shaped, mediolater-
ally elongated, curved backwards, and at a right angle to
the sagittal plane. Moreover, the temporal and masseteric
complexes responsible for the vertical movements of the
jaw are by far the most strongly developed in canids since
they represent around 90% of the mass and intrinsic strength
of the adductor muscles. This corroborates descriptions of
previous authors (Schumacher 1961; Turnbull 1970; Noble
1973; Strom et al. 1988). The pterygoid muscles—that have
a more medio-lateral line of action—are small and the shape
of the condyle permits only limited medio-lateral rotational
movements that function to bring the blades of the carnas-
sials into close contact (Strom et al. 1988; Ewer 1998). The
lateral pterygoid is very small (it represents less than 3% of

minimum

maximum

pars zygomaticomandibularis anterior, ZMP masseter pars zygoma-
ticomandibularis posterior, SZ temporalis pars suprazygomatica, TS
temporalis pars superficialis, TP temporalis pars profunda, P ptery-
goids. Ages are indicated by colors. Beagles are in green and other
breed names are indicated following Table 1

the of the total mass of the adductor muscles) and its role is
ambiguous because it could be involved in both mandibular
protraction and adduction (Turnbull 1970; Tomo et al. 1993;
Evans and DeLahunta 2010).

The proportions in volume and PCSA of the different
muscles were not the same. For example, even though the
pterygoid complex always represents less than 13% of the
total mass of the adductor muscles, it can represents up to
24% of the total intrinsic strength of the adductor muscles,
indicating that these muscles are optimized for force produc-
tion. This is because muscles with longer fibers (temporal)
are in proportion ‘disadvantaged’ compared to muscles with
shorter fibers (pterygoids or masseter). This reflects an archi-
tectural trade-off between PCSA and fiber length: a muscle
cannot be optimized for both force production and contrac-
tion velocity (Gans and Bock 1965; Taylor and Vinyard
2013). The PCSA data provided here are further of interest
as they may provide better estimations of bite force than esti-
mations obtained from models using the dry skull method
(Thomason 1991; Ellis et al. 2009). However, muscle PCSAs
are only general proxies of maximal intrinsic muscle force.
Muscle loads on the mandible will also depend on the size
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Fig.7 2-Block Partial Least Square Analyses between allometry-free
mandibular shape and the scaled PCSA of jaw muscles, with muscle
vectors and shapes at the minimum and maximum of the PLS axis.
Illustrations represent the deformations from the consensus to the
extreme of the axis in lateral, dorsal and caudal views. Dig digastric,
MS masseter pars superficialis, MP masseter pars profunda, ZMA

and position of the attachment sites of the jaw muscles on
the skull and mandible, on the unbalanced and uncomplete
recruitment of the muscle during biting (Kim et al. 2018),
and on the nature of the muscle fibers (Griinheid et al. 2009;
Kim et al. 2018).

Extreme variation has already been demonstrated for the
skull (Drake and Klingenberg 2010; Selba et al. 2019) and is
generally considerd to be the result of intensive dog breed-
ing and artificial selection for aesthetic reasons. Our study
demonstrates that the masticatory muscles and the shape of
the mandible also show important variation related to vari-
ation in the size of the individuals and the type of breed.
Breeds represented by several individuals, such as Beagles,
also showed unexpected levels of variation. Although we
had too few young individuals to assess the effect of ontog-
eny this is also likely to contribute to the overall diversity in
both mandible shape and muscle architecture.

The different muscle layers show an important diversity
in mass, but also in intrinsic muscle strength due to the great
variation in fiber length and pennation angles (Supplemen-
tary material Table S1), making the architecture of the jaw
muscles complex. Our results indicate that the masticatory
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masseter pars zygomaticomandibularis anterior, ZMP masseter pars
zygomaticomandibularis posterior, SZ temporalis pars suprazygo-
matica, 7S temporalis pars superficialis, 7P temporalis pars profunda,
P pterygoids. Ages are indicated by colors. Beagles are in green and
other breed names are indicated following Table 1

muscles scale isometrically relative to mandibular size,
which corroborates the results of Penrose et al. (2016). The
molossoid dogs of our sample generally have the strongest
and most voluminous muscles. On the contrary, the dogs
from the Toy group of our sample (the Chihuahua, the King
Charles and the Papillon) have very small muscles, logi-
cally resulting in a lower intrinsic force generation capac-
ity. However our analyses suggest that some dogs of very
small breeds such as the Chihuahua—the smallest breed
recognized by kennel clubs—tend to have muscles that are
as imposing and as powerful as those of some specimens of
Cane Corso, Rottweiller or American Staffordshire when
size is taken into account. However, the low intrabreed
diversity in our sample does not allow us to explicitly test
for differences between breeds. Future studies are needed to
explore this further. In our study, the only German Shepherd
is included within the variability of the other shepherd dogs
in our sample, with less voluminous and powerful muscles
irrespective of variation in size. As stated above, our sam-
ple does not allow to draw conclusions on breed-specific
diversity but it would be interesting to test whether German
Shepherd dogs are grouped with other shepherd dogs or with
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breeds dedicated to protection. Indeed, the German Shep-
herd is a very “multi-skilled” breed, that has been modified
as an army or police dog but that was originally designed to
be a working sheepherder (Parker et al. 2004).

Relations Between Mandibular Shape
and the Development of Masticatory Muscles

As predicted, we found significant covariation between the
shape of the mandible and the development of the masti-
catory muscles irrespective of whether size is taken into
account or not. This study logically suggests that there is
a strong association between muscle volume and mandibu-
lar form. The coefficient of covariation of the 2B-PLS with
allometry-free shape and/or scaled muscle data is not dif-
ferent from the 2B-PLS on raw data and remains elevated.
Therefore, size alone is not enough to explain the existing
covariation. The dispersion of the individuals along the PLS
axis for the 2B-PLS with scaled muscle data (Figs. 5, 6, 7,
S7-S10) shows, however, that similar mandibular morpholo-
gies can correspond to different relative muscle volumes or
strength. For example, among the three dogs from the Toy
group of our sample, the Chihuahua and the Papillon have
very similar mandibular shapes but the Chihuahua dog has
much more powerful and voluminous muscles than the Pap-
illon when size is removed. This suggests significant dif-
ferences in muscle architecture among dogs with similar
morphotypes.

Morphological changes that appear directly related to
muscle volume and strength involve areas of insertion of
the masticatory muscles: the size and shape of the coro-
noid process, the depth of the masseteric fossa and the size
and curvature of the angular process. This suggests that
the attachment area requirements for individual muscles
likely drive mandibular shape. Muscle volume and strength
are also related to changes in general features, such as the
robustness of the mandible, the ventral and lateral curva-
ture of the body and the size of the condyle. Surprisingly,
covariations are not significantly different when considering
the posterior part of the mandible only relative to the entire
mandible. This suggests that the curvature and thickness of
the body where no muscles attach and which bears the dental
alveoli, also covaries with the shape of the ramus. Indeed,
the body and the ramus together form an integrated system
adapted to the mechanical constraints of biting and chewing.
The shape associated with low (scaled or not scaled) muscle
masses and PCSAs is characterised by a relatively long and
flat body, a small coronoid process curved at its posterior
tip, a shallow masseteric fossa, and a small and ventromedial
oblique condyle. On the contrary, shapes related to large
and strong muscles correspond to robust mandibles with a
relatively large, wide coronoid process with a deep mas-
seteric fossa, a laterally and ventrally curved ramus, and a
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(medially) long and large condyle. All these changes can be
explained by muscle volume, conditioning the space avail-
able for those muscles and responses to loading of the man-
dible at the teeth. Accordingly, for dogs with big and strong
muscles (mainly large brachycephalic dogs), the mandible
is more curved in the medio-lateral plane. This temporo-
mandibular joint axis rotation has been described by Curth
et al. (2017) and interpreted as a result of reduced space
availability in short-faced skulls. However, this could also
be a mechanical adaptation to the volume occupied by the
temporal and masseter muscles. An inclined mandible is
more suite to allow large muscles to pass between the skull
and the mandible and goes hand-in-hand with wider zygo-
matic arches in brachycephalic breeds. The slightly opposing
orientations of the coronoid process and mandibular body
(medially inclined condyle and body anteriorly curved out-
wards in dolichocephalic dogs) seem to reflect a compromise
in shape to distribute the forces exerted on the mandible,
allowing both muscle attachement and vertical opening/
closing movements. Thus the change in the angle between
the coronoid process and the condyle could be a mechani-
cal response to the reaction forces and important for joint
stabilisation.

All muscles covary together on the first axis of the
2B-PLS with the complete mandible (explaining more than
80% of the covariation; Figs. 5, 7, S3, S4, S7, §9) but the
secondary axis of the 2B-PLS performed with the mandi-
ble ramus only (explaining up to 20% of the covariation;
Figs. 6, S5, S6, S8, S10) allowed us to describe more spe-
cific variations. We observed that the more the superficial
masseter, the temporal complex and the pterygoid muscles
were developed, the straighter the coronoid process was.
On the opposite, the bigger the deep masseter and zygo-
maticomandibularis, the more caudally curved the coronoid
process. Liebman and Kussick (1965) described variation in
the morphology of the mandible depending on the removal
of the temporal or masseter on one side of the head of a
dog. They report that the variation in shape of the angular
process is likely to be due to variation in both the ptery-
goid and masseter muscles. Indeed, the angular process
tended to be straight rather than curved when the masseter
muscle was removed. This description is consistent with
our observations (Figs. 6, S8, S10). For these authors, the
shape of the coronoid process is more probably linked to the
temporal muscle. They observed that the coronoid process
tended to be straighter after removing the temporal muscle,
whereas on the normal side the coronoid process was more
caudally oriented. Our own observations, however, do not
support these results (Figs. 6, S8, S10). This could be due to
a balance between the masseteric and temporal complexes.
Liebman and Kussick (1965) completely removed one of
the two complexes so their observations do not take these
interactions into account. In our 2B-PLS showing opposing
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loadings (Figs. 6, S8, S10), both complexes play a role in
the construction of the PLS-1 axis. The less developed the
temporal complex is, the more developed the deep masse-
ter, including the zygomaticomandibularis. As the zygoma-
ticomandibularis anterior inserts mainly on the anterior part
of the masseteric fossa to the tip of the coronoid process, a
bigger muscle would involve a more important surface area.
This could explain why we observed more caudally curved
coronoid process in dogs with a relatively more imposing
zygomaticomandibularis.

However, our study did not allow to explore the mechani-
cal relations between mandible shape and muscle loading
per se. Further investigations would be needed to explore
the connection between bone resistance and muscle force
through, for example, finite element analyses (e.g. Bourke
et al. 2008; Kim et al. 2018; Penrose et al. under review).
An interesting and complementary approach may be to
investigate the link between mandible shape and bone corti-
cal thickness and its degree of biomineralization to track
functional variation according to load resistance (Ross et al.
2005; Kupczik et al. 2007; Rayfield 2007; Cox et al. 2015).
Indeed, even though the shape of the mandible is the com-
bined result of phylogeny and developmental constraints,
its shape also depends on mechanical loading (Weijs and
Hillen 1986; Wolff 1986; Hannam and Wood 1989; Raad-
sheer et al. 1999; Currey 2002, 2003; Daegling and Hotzman
2003; Mavropoulos et al. 2004; Ravosa et al. 2007; Sharir
etal. 2011; Slizewski et al. 2013). Furthermore, it has been
shown that the relationship between bone morphology and
muscle force is reciprocal, as the shape of a bone determines
the load that it can tolerate (Weiner and Wagner 1998; Frost
2001). As a result, the mandible is plastic: it is constantly
modeled throughout life to be able to resist the changes
in the mechanical environment, that is the muscle forces
and external forces exerted upon it during chewing (Frost
2001; Currey 2002; Fabre et al. 2018). Accordingly, it has
been demonstrated that increased physical activity affects
the geometry and composition of bones, whereas decreased
loads due to enforced rest or muscle dysfunctions result in
thinner bones (Schoenau 2005; Ward et al. 2006). Among
other external constraints, diet is likely to play a signifi-
cant role in mandible shape. We had no information about
the diet of the individuals in our sample, but further studies
exploring the influence of food texture on mandible shape
and the mechanical properties of the cortical bone of the
mandible would be of interest. Indeed, it has been demon-
strated that food mechanical properties influence cortical
bone modelling and remodelling (Bouvier and Hylander
1981, 1984; Lieberman et al. 2004; Ionova-Martin et al.
2011; Scott et al. 2014a, b; Ravosa et al. 2015, 2016). The
study of Scott et al (2014a) on rabbits lead them to sug-
gest that mammals may be very plastic even at late life-his-
tory stages. All these elements might explain the observed
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differences among the different dogs in our study (Bouvier
and Hylander 1981, 1984). Moreover it would be interesting
to study how pathologies that impact muscle development
(dysplasia and jaw locking) affect mandible shape (Robins
and Grandage 1977; Johnson 1979; Thomas 1979: Hoppe
and Svalastoga 1980; Strém et al. 1988). Indeed, according
to He and Kiliaridis (2003), the alteration of masticatory
muscle function can affect the morphology of certain regions
of the skull and face in ferrets. Additionnaly, we could not
explore the role of ontogeny because we had too few juve-
niles to test for the effect of age. Future studies could explore
the evolution of the interplay between bone and jaw muscles
in dogs through postnatal development, as it has been done
in other mammals (Swiderski and Zelditch 2013). Indeed,
muscle provides growth factors for bone tissue throughout
postnatal development independently of forces imparted
to bones. This can significantly impact bone formation at
attachment areas and might thus be a source of the observed
patterns of covariation between muscle size and the shape of
the mandibular ramus.

Domestication and Integration in the Masticatory
Apparatus

As predicted, jaw muscle architecture covaries with mandib-
ular shape, but we did not expect such a strong covariation.

Integration is produced by the sharing of biological pro-
cesses such as the same developmental origin or the imple-
mentation of the same function (Olson and Miller 1951,
1958, 1999). This strong integration makes sense given that
bone is a living and plastically remodelled tissue, causing
changes in the shape of the mandible in direct response to
muscle and jaw loading. However we expected the extreme
diversity in shapes due to artificial selection to interfere
with this functional integration, as many domestic dogs are
not under strong functional constraints for chewing or bit-
ing. This is even more surprinsing as a low integration has
been documented in strepsirrhine primates, which are, on
the contrary, subject to strong natural selection and dietary
constraints (Fabre et al. 2018).

We suggest that this strong integration is perhaps deter-
mined by a strong interaction between genes responsible
for the mandibular shape and genes responsible for the
development of jaw muscles. Muscle development would
therefore be intrinsically linked to bone development.
Consequently, selection on morphology would therefore
produce a correlated response in the functional abilities
(Cheverud 1982; Klingenberg 2010, 2014). Muscles and
bones indeed share common genetic determinants (Kar-
asik and Kiel 2008; Blank 2014) and cells derive from
a common mesenchymal precursor. Multiple loci over-
lapping between the two traits and several genes with
possible pleiotropic effects on both bones and muscles
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have been indentified (Kaji 2014). As a consequence, it
is possible that some genes may trigger changes in bone
anatomy, and as a result, affect muscle architecture (Kar-
asik and Kiel 2008). It is also plausible that slight changes
of systemic control factors occurs during development
and impact both muscle and bone (e.g., small modula-
tions of the growth hormone; Karasik and Kiel 2008).
Genetic muscle disorders provide an opportunity to learn
how muscle and bone interact. For example, a myostatin
deficiency (growth differentiation factor 8 [GDF8]) is
observed in the whippet dog breed (Mosher et al. 2007)
and results in a “bully’ whippet, with an approximate
doubling of muscle mass and resulting in more robust
bones. Observed allometries in muscle data and covaria-
tions between muscle data and shape supports the genetic
influence on both bone and muscle, as well as integration
(Karasik and Kiel 2010). However, more investigations on
the genetic and molecular interplay between jaw muscles
and the mandible are needed to better understand the driv-
ers of variation in the masticatory apparatus.

Morover, our study seems to suggest that dogs show
different patterns of integration according to their func-
tion. Breeds first selected for hunting or herding differ
from the dogs that were first selected for human or herd
protection. It seems that the selection for different biting
abilities has resulted in different patterns of integration.
Further studies focusing on a much larger sample are,
however, needed to investigate whether dog breed selec-
tion is related to specialisations towards specific patterns
of covariation between muscle and bones.

Our results raise the question of whether artificial
selection produces a reorganization of the integration
patterns in order to allow morphological traits to vary, as
proposed by Hanot et al. (2018). Karasik and Kiel (2010)
suggested that natural selection tends to favour alleles
whose pleiotropic effects contribute to the attainment of
appropriate proportions between muscles and bones, and
the pattern of covariation is expected to evolve to match
fitness demands. As a consequence, one would expect
stronger integration among wild species since it responds
to environmental selection pressures driving the jaw sys-
tem towards an ‘optimum’ corresponding to the ecologi-
cal context, and resulting in less morphological variabil-
ity, especially for the wolf (Curth et al. 2017). We had
no wolves in our sample which would be essential to test
this hypothesis, but comparing our results with those non-
domestic canids could help understand whether the phe-
notypic diversification of dogs is responsible for a change
in integration pattern, and how integration may constrain
changes in morphology or jaw muscle development.

Conclusion

Our study assessed the impact of the dramatic variation in
mandible shape in domestic dogs on the development and
architecture of the masticatory muscles. Our results sug-
gest that jaw muscles and mandible shape form a highly
integrated system in dogs. This could be the consequence
of genes controlling both muscle and bone development, as
well as epigenetic effects driving variation in muscles and
bones (linuma et al. 1991) or the interaction between genetic
mecanisms and plasticity (Hanot et al. 2017). Our results
provide a better understanding of jaw function in dogs which
despite its general interest remains rather poorly understood
(Ellis et al. 2008, 2009). To further test whether mandibu-
lar form is driven by attachment area requirements and/or
load resistance, finite element approaches may be of interest.
The strong integration of the lower jaw offers the possibil-
ity to infer the functional consequences of morphological
changes in fossil or archaeological specimens. Despite this
strong integration, the question remains wether integration is
stronger in wild or commensal canids, and whether domes-
tication has lead to a disruption of the natural integration
between form and function as suggested previously.
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Abstract

Many studies have attested to the consequences of the recent and intense artificial selection on the morphological variability
of the cranium and mandible in domestic animals. However, the functional relations of the cranium with other constituents
of the masticatory apparatus (the mandibles and the adductor muscles) have rarely been explored. Previous work has demon-
strated strong relationships between the overall shape of the mandible and muscle data, however, drastic artificial selection in
dogs has led to frequent malocclusions, suggesting a possible decoupling between the cranium and the mandible. Moreover,
the more complex role of the cranium suggests that it is likely less impacted by, and correlated with, the architecture of the
jaw muscles than the mandible. We explored the covariations between cranial and mandibular shape and between cranial
shape and the masticatory muscle architecture. Shape analyses were conducted on 58 dogs from various breeds and we used
muscle data previously obtained from the dissection of 48 of these dogs. The shape of the cranium was quantified using
3D geometric morphometric approaches. Principal component analyses (PCA) and two-block partial least square analyses
(2B-PLS) were used to quantify the variations in cranial shape and the covariations with mandible shape and muscle archi-
tecture, respectively. Interestingly, our results reveal strong covariations between cranial shape and mandibular shape and
between cranial shape and masticatory muscles mass or physiological cross-sectional area, irrespective of whether size is
taken into account or not, We conclude that the drastic artificial selection in domestic dogs has not tainted the integrity of
the jaw system, which reinforces previous assumptions hypothesising that phenotypic variability in dogs may be limited by
developmental factors.

Keywords Dog - Skull - Masticatory system - Jaw muscle architecture - Domestication - Geometric morphometrics

Introduction
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of the cranium and mandible (Drake and Klingenberg 2008,
2010; Curth et al. 2017; Curth 2018; Machado et al. 2018;
Selba et al. 2019). Over the last century, drastic artificial
selection has led to huge variability in dog morphotypes
(Drake and Klingenberg 2010). Domestic dogs are thus a
good model to study the functional consequences of skull
shape variation in canids. The great morphological diversity
in the cranium of dogs raises questions, however, about the
interplay between the jaw muscles and the bones of the head
given that bones are known to model and remodel in rela-
tion to external forces like muscle forces (Frost 2001, 2003;
Schoenau 2005; Sharir et al. 2011; Brotto and Bonewald
2015). Yet, to date our understanding of the interrelation-
ships between bones, muscles, and bite force in dogs remains
incomplete (but see Ellis et al. 2008, 2009; Kim et al. 2018;
Brassard et al. 2020a, b). Historically, selective breeding was
based on the requirement for specific morphological traits or
performance without regard for genetic health and integrity.
This intensive selection leads to frequently distorted denti-
tions, particularly in brachycephalic breeds (Bell 1965). The
cranium is often too short (maxillary brachygnathism, e.g.
in the Bulldog) or too long (mandibular brachygnathism,
e.g. in the Bull terrier; Milella 2009) to accommodate all
the teeth. These frequent malocclusions well illustrate the
possible functional decoupling between the cranium and the
mandible, and possibly between the jaw and its associated
musculature.

Because dogs are no longer submitted to natural selection,
one would expect a disruption in the functional integrity of
the jaw. Interestingly, previous results have shown that the
shape of the mandible strongly covaries with the architec-
ture of the adductor muscles (Brassard et al. 2020a). This
suggests that strong functional connections still exist in the
head of dogs, despite intense artificial selection. However,
whereas the mandible is involved in a single function (chew-
ing) the cranium faces many other functional challenges as
it also protects the sensory organs and the brain, for exam-
ple. Moreover, selection for aesthetics reasons has often
focused specifically on morphological traits of the cranium
rather than on the mandible. As a consequence, it is possible
that the functional links between the mandible and the cra-
nium, and between jaw muscles and cranial shape, may be
impacted by this selection. We thus expect the shape of the
cranium to covary relatively little with mandible shape and
to be less strongly driven by variation in jaw muscle volume
or intrinsic muscle strength than the mandible.

The aims of the present study were to (1) explore the
variability in cranial shape in a range of dogs of various
sizes and morphotypes, (2) to test whether the shape of
the cranium covaries with that of the mandible despite fre-
quent malocclusion due to artificial selection, and (3) to test
whether the shape of the cranium is related to the architec-
ture of the jaw muscles and whether this covariation is less

@ Springer

important than for the mandible. We predict that strong arti-
ficial selection will have resulted in a functional decoupling
between the cranium and the mandible, resulting in little
covariation between the shape of the cranium and that of the
mandible, and possibly in a lower integration between the
jaw muscle architecture and the shape of the cranium than
between muscle architecture and mandible shape.

Materials and Methods
Materials

In this study, we studied the skull of 58 dogs from various
breeds (see Table S1 for a complete list of the specimens
used in the analyses). The cadavers were collected from
a veterinary school (ONIRIS, Nantes, France) and from a
wildlife disease study centre (ANSES in Nancy, France).
Dogs were unlikely to be pure bred (membership to a
standard was not known). Those that were morphologi-
cally close (in shape and color) to existing breeds were
assigned as such to provide context for further discussions
(see Table 1). Additionaly, for visualisation and discussion
purposes, dogs were categorised into brachycephalic, mes-
ocephalic or dolichocephalic, based on the cephalic index
(Cl=skull width/skull length * 100; Roberts et al. 2010).
Skull length was measured from the anterior tip at the
end of the suture of the nasal bones (landmark 2, Fig. 1)
to the most posterior point on the occipital protuberance
(landmark 14, Fig. 1). Skull width was measured between
the two zygomatic arches (landmark 37 and the symmet-
ric landmark to the sagittal plane, Fig. 1). Dogs with a
cephalic index less than 0.70 were considered brachyce-
phalic and dogs with an index less than (.60 were con-
sidered dolichocephalic. The dogs with an index between
0.60 and 0.70 were considered mesocephalic. The bound-
ary between groups was chosen to ensure that the three
groups are similar in size, but specimens within the same
breed can be classified in two adjacent morphotypes. Addi-
tionaly, the specimens were classified into four age groups
depending on the degree of closure of the cranial sutures
and dental eruption patterns. Group ‘A’ corresponds (o
the youngest individuals with permanent teeth still erupt-
ing (4-6 months according to Barone 2010), group ‘B’
to individuals with the sphenobasilar suture still open
(< 8-10 months for the dog according to Barone 2010),
group ‘D’ to dogs with a closed interfrontal suture and
worn dentures (>3-4 years), and group ‘C’ to intermedi-
ate adults (from 10 months to 3 years). We chose to keep
the youngest individuals in our analyses to increase the
morphological variability in the sample, but most of the
dogs are adults or old adults. We did not include geriatric
dogs in our sample.
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Table 1 List of the specimens used in this study

Estimated breeds Age groups Morphotype N
Juvenile Young Adult Old Cranium and ~ PCSA Mass
mandible

American Staffordshire terrier 1 Brachycephalic 1 1 1
Beagle | 2 15 Mesocephalic 20 10 10
Belgian shepherd—Tervueren | mesocephalic

1 dolichocephalic
Border collie 1 | Dolichocephalic 2 2 2
Boxer 2 Brachycephalic 2 2 2
Bulldog 1 1 Brachycephalic 2 2 2
Bull terrier 1 Mesocephalic 1 1 1
Cane Corso 1 Brachycephalic 1 1 1
Cavalier King Charles Spaniel 1 Brachycephalic 1 1 1
Chihvahua 1 Brachycephalic 1 1 1
Collie 1 Dolichocephalic 1 1 |
Continental Toy Spaniel Papillon 1 Brachycephalic 1 1 1
Dachshund 1 Dolichocephalic 1 1 1
Deerhound 1 Delichocephalic 1 1 1
Dobermann 1 Dolichocephalic | 1 1
Fox terrier 1 Mesocephalic 1 1 1
German shepherd 1 Dolichocephalic 1 1 1
Golden retriever 1 Dolichocephalic 1 1 1
Husky 1 Dolichocephalic 1 1 1
Leonberger 1 Dolichocephalic 1 1 1
Mastiff 1 1 Mesocephalic 2 2 2
Pitbull 1 Brachycephalic 1 1 1
Rottweiler 2 Brachycephalic 2 2 2
Shetland sheepdog 1 Dolichocephalic 1 1 1
Non-estimated breed 3 6 2 mesocephalic 9 9 8

5 delichocephalic

2 brachycephalic
Total 2 2 33 22, 58 48 47

N number of specimens, represented by both their mandible and cranium. Note that the number of individuals is different for the study of the
covariation between the cranium and mandible shape, and between muscle data and cranial shape. Estimated breeds refer to the assignment of

the breed for each dog

Muscle fiber lengths, pennation angles, masses and
physiological cross-sectional areas (PCSAS) were quanti-
fied for 48 and 47 of these dogs, respectively (Brassard
et al. 2020a). Pennation angles and log,,-transformed
muscle fiber lengths, masses and reduced physiological
cross-sectional area (PCSA) were calculated for the digas-
tric (Dig) and the adductor muscles: the M. masseter pars
superficialis (MS), the M. masseter pars profunda (MP),
the M. zygomaticomandibularis pars anterior (ZMA), the
M. zygomaticomandibularis pars posterior (ZMP), the M.
temporalis pars suprazygomatica (SZ), the M. tempora-
lis pars superficial (TS), the M. temporalis pars profunda
(TP), and the M. pterygoideus (P). Since the M. ptery-
goideus pars lateralis attaches to the condyle (that is the
fulcrum system), it is more an anterior translator than an
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adductor muscle. However, it is very small (it represents
less than 1% of the total muscle volume; Brassard et al.
2020a) and difficult to clearly distinguish from the M.
pterygoideus pars medialis. Accordingly, we considered
both muscles as a single muscle mass.

Landmarking

Shape analyses were conducted using geometric morpho-
metrics. Landmark locations are provided in Fig. 1 and
Table 2. Because the crania were often broken, and because
cranial shape is easily described with a relatively small num-
ber of landmarks, contrary to the mandible, different meth-
ods were used for landmarking the cranium and mandible.

@ Springer
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Surface
O Landmark

Fig. 1 Landmarks used in this study, illustrated in dorsal, lateral and
ventral views ol the cranium and mandible of a beagle. Anatomical
landmarks are in black, landmarks on curves are in blue and surface

To quantify cranial shape we recorded fifty-four 3D land-
marks on one side using a MicroScribe MX (MicroScribe
MX R”, REVWARE). A mirror function was then applied
to obtain the symmetrical landmarks relative to the sagit-
tal plane using the function ‘mirrorfill’ from the package
‘paleomorph’. This resulted in a total of 108 landmarks. For
further visualisation of cranial shape, the cranium of a bea-
gle (which shape is close to the mean shape of our sample)
was photographed using a Nikon D5500 Camera (24,2 effec-
tive megapixels) with a 60 mm lens. One hundred and forty
photographs were taken by turning around the dorsal and
ventral views of the cranium (Fau et al. 2016). 3D models of
the crania were obtained after merging the two sides, using
the Agisoft PhotoScan software (© 2014 Agisoft LLC, 27
Gzhatskaya st., St. Petersburg, Russia).

The landmarks on the mandible were taken from a previ-
ous study (Brassard et al. 2020a). In brief, we obtained 3D
reconstructions of the mandible using photogrammetry. To
do so we used the same camera than the one mentioned
above. One hundred photographs were taken by turning
around the dorsal and ventral views of the mandible. A total
of 400 landmarks (including 25 homologous anatomical
landmarks, 190 sliding semilandmarks on curves and 183
sliding semilandmarks on the surface) were placed on the
mandibles using the software Landmark, version 3.0.0.6 (©
IDAV 2002-2005) (Wiley et al. 2005). A sliding semi-land-
mark procedure (Bookstein 1997; Gunz et al. 2005; Schlager
2012) was performed to obtain homologous landmarks. The
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landmarks are in green. We refer to Table 2 and Table S2 (Supple-
mentary file 5) for the definitions of the landmarks on the cranium
and mandible, respectively

3D model of a beagle’s right mandible (for the same reasons
as stated above) was used to visualise variation in mandibu-
lar shape.

Shape Analyses with Geometric Morphometrics

Shape analyses were conducted using the packages ‘Mor-
pho’ (version 2.7) and ‘geomorph’ (version 3.1.2) in R (ver-
sion 3.6.0; 2019-04-26). All specimen were aligned, scaled
and translated using a Generalized Procrustes Analysis
(GPA—Rohlf and Slice 1990) using the function ‘proc-
Sym’ (Klingenberg et al. 2002; Gunz et al. 2005; Dryden
and Mardia 2016). The theocric shape of the consensus of
each GPA (on cranial or mandibular shapes) was obtained
by deforming the reference beagle specimen to the mean
shape of the GPA, using the function ‘tps3d’. In order to
perform analyses without size, we also obtained allometry-
free shapes using the functions ‘CAC’ (Mitteroecker et al.
2004), and *showPC’.

Principal component analyses (PCA) were performed
based on the Procrustes coordinates using the function
‘procSym’. We also performed a PCA on the allometry-
free shapes using ‘plotTangentSpace’. Visualisations at the
minimum or maximum of the two first principal compo-
nents were obtained using the functions ‘plotTangentSpace’,
‘tps3d’ and ‘deformGrid3d’. We computed linear models to
explain each PCA component by the size of the individuals.
Sample sizes were too small and too different between sexes
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Table2 Definitions of the landmarks placed on the cranium and used in the geometric morphometric analyses, following the N.A.V. nomencla-

ture

Landmark Definition

1 Most rostral point of Os incisivum, between incisors I1 in dorsal view

2 Most rostral point of Os rasale, on the midline (Surura internasalis)

3 Most rostral point on Sutura nasoincisiva

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

5 Point at the junction of Os nasale, Maxifla and Os frontale

6 Most rostral point of Os temporale and most caudal point of Os nasale, on the midline (Sufura internasalis)

7 Most posterior point of the Maxilla in dorsal view

3 Most lateral point of the Processus zygomaticus of Os frontale

9 Most medial point of the curvature corresponding to the Linea temporalis, most medial point at the postorbi-
tal constriction

10 Processus frontalis of Os zygomaticum

11 Most rostral point of the curvature of the lower edge of the Fossa sacei lacrimalis

12 Bregmatic fontanel, most medial point of the Sutura coronalis, on the midline

13 Most medial point on the Sutura lambdoidea

14 Inion, posterior end of Os occipitale

15 Point at the extreme convex curvature of the Tuberculum nuchale

16 Point at the extreme convex curvature of the Crista supramastoidea

17 Fossa mandibularis, on the Sutura sphenoparietalis

18 Central point of the Sutfura interincisiva in ventral view, just posterior to the two incisors I1

19 Most rostral point of the Fissura palatina

20 Most caudal point of the Fissura palarinag

21 Point on the Fissura palatina at the junction between Os incisivam and Maxilla in ventral view

22 Point between the Canina and the incisor [3 at the junction between Os incisivim and Maxilla in ventral view

23 Most rostral point of Maxilla in ventral view, on the midline

24 Most rostral point of the Sututra patatomaxillaris, on the midline

25 Most caudal point of Os palatinum, on the midline

26 Point near molar M2, on the Sutura palatomaxillaris

27 Ventral point on the Surura sphenopalatina

28 Point on vomer, at the junction with Os presphenoidale (Sutura vomerosphenoidalis)

29 Most caudal point of the Synchondrosis sphenooccipitalis, on the midline

30 Most lateral point of the Synchondrosis sphenooccipitalis, rostrally to the Bulla tympanica

31 Most cranial point of the caudal curve of Os occipitale (Foramen magnum) in ventral view, on the midline

32 Most caudal point of the caudal curve of Os occipitale in ventral view

33 Point on the Foramen lacerum

34 Processus paracondylaris

35 Ventral tip of the Bulla tympanica

36 Most dorsal and caudal point of the curve of the Foramen alare caudale

37 Most ventral and posterior point at the junction of the Pars squamosa of Os temporale and Os zygomaticum,
on the Arcus zygomaticus

38 Most caudal point at the junction between Maxilla and Os zygomaticum, near M2

39 Most cranial point of the alveolus of the Canina

40 Most caudal point of the alveolus of the Canina

41 Most cranial point of the alveolus of the upper carnassial P4

42 Point between the alveolus of P4 and M1

43 Point between the alveolus of M1 and M2

44 Most caudal point of Maxilla behind M2

45 Most dorsal point of the Foramen infraorbitale

46 Most ventral point of the Foramen infraorbitale

47 Point at the junction of Maxilla, Os lacrimale and Os temporale
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Table 2 (continued)

Landmark Definition

48 Point at the junction of Maxilla, Os lucrimale and Os zygomaticum

49 Most caudal point of curvature at the junction of Maxifla and Os zygomaticum
50 Most ventral and caudal point of the Foramen alare rostrale

51 Most ventral and caudal point of the Fissura orbitalis

52 Most rostral point of Meatus acusticus externus in lateral view

53 Most caudal point of Meatus acusticus externus in lateral view

54 Opisthion, dorsal and caudal border of the Foramen magnum, on the midline

We refer to Table S2 (Supplementary file 5) for the definitions of the landmarks on the mandible

(9 females and 23 males) and age groups (two juvenile and
two young dogs only) to test for the effect of these variables
(Tables 1, S1).

Relationships Between Cranial, Mandibular Shape
and Muscle Data

To investigate the drivers of cranial and mandibular shape
we performed non-parametric Procrustes ANOVA/regres-
sions with permutation procedures on the shape coordi-
nates and centroid size (of the cranium or mandible),
residual muscle mass and PCSA data using the function
‘procD.Im’ with 1000 iterations (Goodall 1991; Ander-
son 2001; Anderson and Braak 2003; Collyer et al. 2015;
Adams and Collyer 2016, 2017). We performed multiple
and simple regressions (to better describe the amount
of variation in shape explained by variation in a single
explanatory variable) on the coordinates from the GPA
(allometric shape) and on the coordinates of the allometry-
free shape. We performed these analyses with the three
main adductor complexes in order to increase statistical
power: the masseter complex, the temporal complex, and
the pterygoid complex. For each complex, fiber lengths
were averaged while masses and PCSAs were summed.
Data were log,-transformed. We used the ‘shape.predic-
tor’ function and the ‘Avizo 8.1.1.7 software to visualize
the effect of the variation in the PCSA of the temporal,
masseter, and pterygoid muscles on the shape of the cra-
nium and mandible.

Additionally, to test whether certain head-types differed
significantly in muscle mass or PCSA for their size, we per-
formed ANOVAs (function ‘aov’) and post-hoc tests (func-
tion ‘TukeyHSD’) to compare the residual muscle masses and
muscle PCSAs for the three main adductor complexes between
brachycephalic, mesocephalic and dolichocephalic dogs.

To understand the covariations between the shape of the
cranium and that of the mandible and between cranial shape
and the muscle data we performed two-block partial least
squares analyses (2B-PLS) with the function ‘pls2B’ (Rohlf
and Corti 2000). P-values (attesting to the significance of the

@ Springer

191

covariations) were computed from 1000 permuted blocks.
Because the dogs are from mixed breeds, we did not consider
phylogeny (Parker et al. 2004) in our analyses. Because varia-
tion in the shape of the cranium and mandible and the muscle
data is largely driven by size (Wayne 1986; Brassard et al.
2020a), we also quantified the covariation between residual
muscle data and/or allometry-free shapes. Residual muscle
data were calculated using the function ‘Im’, considering the
log ,-transformed centroid size of the cranium as our proxy
of size. A total of thirteen 2B-PLS analyses were conducted:
cranial shape—mandibular shape, allometry-free cranial
shape—allometry-free mandibular shape, cranial shape—
muscle mass, cranial shape—residual mass, allometry-tree
cranial shape—residual mass, cranial shape—PCSA, cranial
shape—residual PCSA, allometry-free cranial shape—resid-
ual PCSA. Visualisations at the minimum or maximum of
the PLS axes were obtained using the functions ‘plsCoVar’,
‘tps3d’ and ‘deformGrid3D’. To compare PL.S coefficients
from this study and those from previous work (Brassard et al.
2020a), we calculated Z-scores using the function ‘compare.
pls’. Juveniles were excluded from the analyses of covariation
between cranial and mandibular shape.

Results

We refer to the Supplementary file 6 for detailed results of
the statistical analyses. Below we describe the main patterns
only.

Variability in Cranial Shape

The first two axes of the PCA on cranial shape (Fig. 2a) rep-
resent 63.5% of the total variance (the first six axes explain
80% of the total variance). Linear models show that variation
along PC1 is driven by variation in size (adjusted R*=0.23,
P <0.001). PC2 is mostly related to variation in centroid size
(adjusted R2=0.58, P<0.001). The first axis of the PCA with
cranial shape (Fig. 2a) separates the brachycephalic (with
short but wide crania) from the more dolichocephalic dogs
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Fig.2 Principal component
analyses performed on cranial
shapes (a) or allometry-free
cranial shapes (b). The dorsal
and lateral views of the shapes
at the minimum of each axis are
in blue. Shapes at the maximum
of the axes are in red. Ages are
indicated by different shapes
and morphotypes are indicated
by different colors. Beagles are
located in the green area. Ams
American Staffordshire terrier,
Box Boxer, Buld Bulldog, Bult
Bull terrier, Chi Chihuahua,
Can Cane Corso, Kin Cavalier
King Charles Spaniel, Pap
Papillon, Pir Pitbull, Rot Rot-
tweiler, Mas Mastiff, Fox Fox
terrier, Bel Belgian Shepherd,
Bor Border collie, Col Collie,
Dac Dachshund, Ger German
Shepherd, Go! Golden retriever,
Hus Husky, Leo Leonberg, She
Shetland sheepdog
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brachycephalic
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Bel" Beagles

(with long and narrow crania). Dogs on the right part of the  mainly to molossoid dogs and to small brachycephalic dogs
scatterplot have crania with a very rounded and tall braincase, (Chihuahua, King Charles, and Papillon). Dogs to the left of
large zygomatic arches, and a short snout. They correspond  the scatterplot have narrow crania with a lower braincase, a
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Table 3 Results of the simple

A ; Df SS MS Rsq F Z Pr(>SS)

and multiple regressions

performed on cranial shape Multiple regression

(N=47) Shape of the cranium (N=47)
Centroid size 1 0.10 0.11 0.21 21 37 0.001
Residual PCSA—temporal 1 0.050 0050 010 10 33 0.001
Residual PCSA—masseter 1 0037 0037 0075 76 30 0005
Residual PCSA—pterygoid 1 0026 0026 0053 53 27 0001
Residual mass—temporal 1 0.034 0.034 0.067 68 37 0001
Residual mass—masseter 1 0.044 0044 0.087 88 45 0.001
Residual mass—pterygoid 1 0011 0011 0021 21 24 0036
Residuals 39 0.19 0.0050  0.39
Allometry-free shape of the cranium (N=47)
Residual PCSA—temporal 1 0028 0028 010 66 42 (001
Residual PCSA—masseter 1 0.018 0018 0.064 42 33 0005
Residual PCSA—pterygoid 1 0.016 0016 0056 37 32 0002
Residual mass—temporal 1 0.020 0.020 0.073 48 39 0.001
Residual mass—masseter L 0026 0026 0091 60 46 0.001
Residual mass—pterygoid 1 0.0068 0.0068 0.024 16 15 0076
Residuals 39 0.17 0.0042  0.59
Shape of the mandible (N=47}
Centroid size 1 0027 0027 0091 57 34 0001
PCSA temporal 1 0014 0014 0,048 30 24 0006
PCSA masseter 1 0018 0018 0.060 37 29 0.004
PCSA pterygoid 1 0.006 0006 0021 13 064 020
Mass temporal 1 0.012 0012 0039 24 22 0016
Mass masseter 1 0.025 0025 0085 52 41 0.001
Mass pterygoid 1 0.0073 00073 0025 15 16 010
Residuals 39 0.19 0.0048 0.63
Allometry-free shape of the mandible (N=47)
PCSA temporal 1 0.0095 0.0095 0.041 22 21 0018
PCSA masseter 1 0013 0013 005 30 30 0.003
PCSA pterygoid 1 0.0053 0.0053 0023 1.2 061 027
Mass temporal 1 0.011 0011 0047 25 24 0.008
Mass masseter 1 0015 0015 0066 35 35 0.002
Mass pterygoid 1 0.0066 00066 0029 15 13 0.100
Residuals 39 0.17 0.0044 0.74
Simple regressions
Shape of the cranium
Centroid size (N=58) 1 0.11 0.11 019 13 42  0.001
Temporal, raw PCSA (N=47) 1 0.028 0028 0056 27 1.8 0.051
Masseter, raw PCSA (N=47) 1 0.027 0027 0053 25 16 0.069
Pterygoids, raw PCSA (N=47) 1 0.031 0031 0061 29 19 0045
Temporal, raw mass (N=47) 1 0.033 0.033 0066 32 20 0.043
Masseter, raw mass (N=47) 1 0.034 0034 0068 33 20 0.038
Pterygoids, raw mass (N=47) 1 0.036  0.036 0072 35 21 0.027
Temporal, residual PCSA (N=47) 1 0.050  0.050 010 S50 28 0.004
Masseter, residual PCSA (N=47) 1 0079 0079 016 84 34 0001
Pterygoids, residual PCSA (N=47) 1 0.093 0093 019 10 3.6 0.001
Temporal, residual mass (N=47) 1 0.10 0.10 0.20 12 37 0.001
Masseter, residual mass (N=47) 1 0.14 0.14 0.27 17 42 0,001
Pterygoids, residual mass (N =47) 1 0.15 0.15 030 20 44  0.001
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Table 3 (continued)

Df SS MS Rsq F Z Pr(>SS)
Allometry-free shape of the cranium
Temporal, residual PCSA (N=47) 1 0.028 0028 010 50 3.6 0.001
Masseter, residual PCSA (N=47) 1 0.038 0038 014 7.1 42 0.001
Pterygoids, residual PCSA (N=47) 1 0.047 0047 017 90 47 0.001
Temporal, residual mass (N=47) 1 0.053 0053  0.19 11 50  0.001
Masseter, residual mass (N=47) ] 0.066 0066 0.24 143 55 0.001
Pterygoids, residual mass (N=47) 1 0.075 0075 027 17 6.1  0.001
Shape of the mandible
Centroid size (N=359) 1 0.037 0037 0098 62 42 0001
Temporal, raw PCSA (N=47) 1 0.033 0033 011 56 38 0001
Masseter, raw PCSA (N=47) 1 0.043 0.043 014 75 4.3 (.001
Pterygoids, raw PCSA (N=47) 1 0.038 0038 013 67 41 Q001
Temporal, raw mass (N=47) 1 0040 0040 013 70 41 0001
Masseter, raw mass (N=47) 1 0.046 0049 016 88 45 0.001
Pterygoids, raw mass (N=47) 1 0.045 0.045 015 &1 4.3 0.001
Temporal, residual PCSA (N=47) L 0.014 0014 0.048 23 21 0.029
Masseter, residual PCSA (N=47) 1 0.027 0.027 0.091 45 34 0.001
Pterygoids, residual PCSA (N=47}) L 0.023  0.023 0076 37 3.1 0.001
Temporal, residual mass (N =47) 1 0.027  0.027 0088 45 33 0.001
Masseter, residual mass (N=47) 1 0043 0043 014 76 44 0.001
Plerygoids, residual mass (N=47) 1 0.045 0045 015 80 45  0.001
Allometry-free shape of the mandible
Temporal, residual PCSA (N=47) 1 0.0095 00095 0041 19 19 003
Masseter, residual PCSA (N=47) 1 0.018 0.018 0.076¢ 3.7 35 0.002
Pterygoids, residual PCSA (N=47) 1 0.016 00l6 0.067 32 3.1 0002
Temporal, residual mass (N=47) 1 0.020 0.020 0.082 4.1 3.5  0.001
Masseter, residual mass (N=47) 1 0.028 0028 012 62 46 0.001
Plerygoids, residual mass (N=47) 1 0.030 0030 013 66 48 0.001

Significant results (P < 0.05) are indicated in bold

proportionally longer snout and narrow zygomatic arches. The
beagles, represented by 20 crania, occupy the center of the
scatter plot and extend along axis 2. This axis describes dif-
ferences in size, the positioning of the zygomatic arches, and
the width of the braincase, in particular the post-orbital con-
striction. In our sample, cranial shape is strongly allometric
(Table 3, Fig. S1). The smallest dogs here correspond to small
brachycephalic dogs: they have very rounded crania with wide
zygomatic arches and a relatively short muzzle. The largest
dogs of our sample have more dolichocephalic crania: they
are relatively longer and narrower. However, these allometry
patterns are strongly related to the constitution of our sam-
ple, because brachycephaly/mesocephaly/dolichocephaly do
not depend on body size and each group may contain small,
as well as medium or large breeds. The PCA performed on
allometry-free shapes (Fig. 2b) still separated the brachyce-
phalic (on the right) from the more dolichocephalic dogs (on
the left). Molossoid dogs have wider zygomatic arches, a more
voluminous neurocranium with more pronounced orbital pro-
cesses, and a shorter snout, even for their size.

Drivers of Variation in Cranial Shape

The results of the Procrustes ANOVAs (Table 3) indicate
that the shape of the cranium is driven by both centroid
size and muscle architecture (the models explain 61% of
the variation in cranial shape). According to the multiple
regressions, 21% of the total variation in cranial shape is
explained by size, while muscles explain 40.3% of the resid-
ual variation in shape. Both muscle masses and PCSAs are
important drivers of cranial shape variation. The multiple
Procrustes ANOVAs performed on allometry-free cranial
shape and residual muscle masses and PCSAs (Table 3} also
show significant result and muscles explain around 41% of
the variation of non-allometric cranial shape.

The results of the simple regressions (whether on shape
or allometry-free shapes) indicate that cranial shape is more
strongly driven by muscle volume than by muscle PCSA,
The relative mass of the temporal muscle explains 20% of
the variation in cranial shape, while the relative volume of
the masseter and pterygoid muscles explain 27 or 30% of
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Fig.3 Variation in cranial shape associated with variation in m. tem-
poralis PCSA in lateral and dorsal views. The shape corresponding
with the maximum of the PCSA is represented, and the arrows rep-
resent the deformation from the shape corresponding to the mini-
mal PCSA to the shape corresponding to the maximal PCSA. Hotter
colors indicate areas that show greater shape changes

the variation in cranial shape. Similar results and percent-
ages are observed for the analysis with allometry-free cra-
nial shape (Table 3). The visualisations highlight similar
deformations associated with the temporal, masseter, and
pterygoid muscles for both mass and PCSA. For all muscles,
the zygomatic arches, the frontal bone, the sagittal crest, and
the muzzle are the areas that are impacted the most (Fig. 3).

The ANOVAS and post-hoc tests performed on residual
muscle data to compare brachycephalic, mesocephalic,
and dolichocephalic dogs show that the masseter, tempo-
ral and pterygoid muscles are larger and more powerful
in brachycephalic dogs than in meso or dolichocephalic
dogs, relatively to their size (P <0.001 for the masseter
and pterygoid muscles; P < 0.05 for the temporal muscle).
Differences between mesocephalic and dolichocephalic
dogs were not significant.

Covariations Between Cranial and Mandibular
Shape

The first PLS axis of the 2B-PLS between cranial and man-
dibular shape, accounting for 86% of the total covariance,
is highly significant (P < 0.001) and indicates strong covari-
ations (r-PLS =0.82, Fig. 4a). The two axes are strongly
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dependent on the centroid sizes of the cranium and man-
dible, respectively (cranium: adjusted Ri= 0.15, P=0.002;
mandible: adjusted R*=0.096, P =0.012). Molossoid dogs
(large brachycephalic dogs) on the left part of the scatter
plot have short and broad crania, with a short snout, a large
neurocranium and wide zygomatic arches, associated to a
ventrally curved mandibular body, with a large ramus and
very developed coronoid, condylar and angular processes,
and a deep masseteric fossa. On the opposite side of the scat-
terplot, we have the mesocephalic and dolichocephalic dogs.
They have very elongated and narrow crania, with a smaller
braincase, a longer snout and narrow zygomatic arches. This
is associated with long and flat mandibles and smaller coro-
noid, condylar, and angular processes. The small brachy-
cephalic dogs are located on the middle part of the scat-
terplot, the papillon being a little off-centre with respect to
the main covariance axis. This covariation is not only linked
with size variation, as the allometry-free shapes also show
strong covariations (PLS 1 explains 79% of the total covari-
ation, P<(.001, -PLS =0.88, Fig. 4b). The deformations
along the PLS axes are similar to those described for non
allometry-free shapes, although the magnitude of the defor-
mations is somewhat lower for the cranium.

Covariations Between Muscle Data and Cranial
Shape

The results of the 2B-PLS are represented in Table 4. We
observed significant covariations for all combinations.
The covariations between cranial shape and raw PCSAs or
between allometry-free cranial shape and residual PCSAs
are stronger than the ones between cranial shape and resid-
nal PCSAs (shape: Z=1.97, P=0.02; allometry-free shape:
Z=1.94, P=0.03). For the masses, the covariations are not
significantly different. The visualisations are similar for the
mass and the PCSA and the covariations are not signifi-
cantly different (P > 0.05), although the coefficients tend to
be higher for the 2B-PLS with masses.

Here we only describe the covariations between muscle
masses and cranial shape. The scatterplots representing the
first PLS axis reveals very strong covariations (mass: 96% of
the total covariation, r-PLS =0.9, P =0.025; PCSA: 87% of
the total covariation, r-PLS =0.84, P=0.039). All muscles
loaded similarly reflecting the strong correlation between
muscle groups. The covariatons between absolute muscle
masses and the shape of the cranium (Fig. S2) are mainly
driven by size (cranial shape: adjusted R*=0.58, P<0.001;
muscle masses: adjusted R*=0.61, P<0.001 ). The covaria-
tions between shape and the residual masses (Fig. 5) indicate
that molossoid dogs with a rounded neurocranium, larger
zygomatic arches, shorter snouts, a more developed ptery-
goid process, and a more oblique cranium with more cau-
dally located jugal teeth, have more developed muscles for
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Fig.4 2-Block Partial Least
Square analyses between cra-
nium and mandible shapes (a)
or allometry-free cranium and
mandible shapes (b), with vec-
tors and shapes at the minimum
and maximum of the PLS axis.
Tllustrations represent the defor-
mations from the consensus

to the extreme of the axis in
lateral and dorsal views. Ages
are indicated by different shapes
and morphotypes are indicated
by different colors. Beagles are
located in the green area. Ams
American Staffordshire terrier,
Box Boxer, Buld Bulldog, Bulr
Bull terrier, Chi Chihuahua,
Can Canc Corso, Kin Cavalier
King Charles Spaniel, Pap
Papillon, Pit Pitbull, Ror Rot-
tweiler, Mas Mastiff, Fox Fox
terrier, Bel Belgian Shepherd,
Bor Border collie, Col Collie,
Dac Dachshund, Ger German
Shepherd, Gol Golden retriever,
Hus Husky, Leo Leonberg, She
Shetland sheepdog

Table 4 Results of the 2B-PLS
analyses on the shape of

the cranium and the Log ;-
transformed muscle mass or
PCSA data
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Mass 96 0.025 0.90 99 0.001 0.74 98 0.001 0.83
PCSA 87 0.039 (.84 96 0.001 (.64 93 0.001 0.72

Only the first PLS axis is reported. %coVar indicates the percentage of covariation explained by the axis
of interest. r-PLS indicates the coefficient of covariation between the two variables. Significant results are
indicated in bold
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Fig.5 2-Block Partial Least Square Analyses between cranial shape
and the residual masses of the jaw muscles, with vectors and shapes
at the minimum and maximum of the PLS axis. Illustrations repre-
sent the deformations from the consensus to the extreme of the axis
in lateral and dorsal views. Ages are indicated by different shapes and
morphotypes are indicated by different colors. Beagles are located in
the green area. Ams American Staffordshire terrier, Box Boxer, Buld
Bulldog, Buls Bull terrier, Chi Chihuahua, Can Cane Corso, Kin Cav-
alier King Charles Spaniel, Pap Papillon, Pir Pitbull, Ror Rottweiler,

their size. More dolichocephalic dogs, on the right part of
the scatterplot, which have straight, flat and narrow crania,
with a long snout, a straight cranium, more cranially located
jugal teeth and very small and narrow zygomatic arches,
have less well-developed muscles. The beagles are grouped
at the center of the scatterplot and the relations between
cranial shape and the jaw muscles are rather homogenous.
Visualisations of the 2B-PLS using allometry-free shape
show similar patterns (Fig. S3).
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Mas Mastiff, Fox Fox terrier, Bel Belgian Shepherd, Bor Border col-
lie, Col Collie, Dac Dachshund, Ger German Shepherd, Gof Golden
retriever, Hus Husky, Leo Leonberg, She Shetland sheepdog, Dig M.
digastricus, MS M. masseter pars superficialis, MP M. masseter pars
profunda, ZMA M. zygomaticomandibularis pars anterior, ZMP M.
zygomaticomandibularis pars posterior, SZ M. temporalis pars supra-
zygomatica, 78 M. temporalis pars superficialis, TP M. temporalis
pars profunda, PM + PL M. pterygoideus pars medialis and lateralis

Discussion

As previously observed (Drake et al. 2017) dog crania show
an extraordinary variation in shape. Brachycephalic dogs
with relatively big and rounded braincases, large zygomatic
arches, and short snouts oppose dolichocephalic dogs that
have long and narrow crania. Dogs from the same breed
(beagles) also show variation in cranial shape but to a lesser
degree. Yet, we found no significant effect of age which may
be due to a bias in our sample and our age estimations. Males
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and females did significantly differ in shape if we consider
all breeds together. However, as our sample size is rather
small (N =32) and unbalanced we did not further explore
the morphological traits related to sexual dimorphism. We
did not have enough specimens of known sex (5) to test for
sexual dimorphism in beagles specifically. In summary, cra-
nial shape is allometric, and size explains more of the total
variation in cranial shape (R?=0.21) than mandible shape
(R*=0.10, Table 3).

We observed very strong covariations between mandible
shape and cranial shape (/PLS=0.81, P=0.001; 85% of the
total covariation, Fig. 4). We observed similar patterns of
covariation as those previously described in the dog (Selba
et al. 2019), other mammals (Cornette et al. 2013, 2015;
Smith and Grosse 2016; Fabre et al. 2018; Penrose et al.
2020), and even in other tetrapods (Fabre et al. 2014). More
robust and curved mandibles are associated with crania with
a shorter snout and larger adductor chambers. The high
coefficient of covariation is consistent with previously pub-
lished data by Selba et al. (2019; ~-PLS=0.976; P=0.001;
57 dogs). The slight difterences are likely to be explained
by the sample and to the lower number of landmarks used
by Selba et al. (2019; 45 landmarks on the cranium and 17
on the mandible). This strong integration between the bony
elements of the cranium suggests that the strong artificial
selection upon morphological traits has not impacted the
integrity of the jaw system. Possibly, the development of the
overall system is under control of a limited set of key devel-
opmental genes assuring the integration between cranium
and mandible. Moreover, Curth et al. (2017) showed that the
greater skull shape diversity in dogs was not explained by
less integrated skull modules and that the pattern of covari-
ation in the cranium is similar to that observed in the wolf.
Further studies focusing on the wolf and commensal canids
might provide information about the impact of domestica-
tion in canids and test whether lower values of integration
are associated with higher disparity across the modules in
the cranium/mandible as has been documented in equids
(Heck et al. 2018).

Cranial shape is also significantly impacted by the archi-
tecture of the muscles. Absolute muscle data explain less of
the total variation in cranial shape than in mandibular shape
(Table 3). This may be related to the implication of the cra-
nium in numerous functions including the protection of the
brain and the sensory organs, while the mandible is special-
ized towards mastication only. Unexpectedly, the covaria-
tions are stronger for the cranium compared to the man-
dible (mass: ¥PLS =0.90 for the cranium and 0.74 for the
mandible, Z-score=2.45, P=0.007; PCSA: ~-PLS=0.84
for the cranium and (.73 for the mandible, Z-score =2.02,
P=0.02). The covariations remain strong when the analyses
are conducted on size-free data but the differences between
the covariations between muscle architecture and the shape

of the mandible and the cranium disappear (see also Bras-
sard et al. 2020a; P> 0.05). The relative muscle data explain
even more variation in cranial shape (40.3%) compared to
mandible shape (22.4%, Table 3) and individual residual
masses or PCSAs are better predictors of cranial shape than
of mandibular shape. This may be explained by the differ-
ential contribution of the temporal and masseter muscle to
the shape of the cranium and mandible and to their different
contribution to the overall mass of the jaw adductors. The
temporal muscle is the most voluminous muscle (Brassard
et al. 2020a) and it covers the entire cranial vault while it
inserts onto a small portion of the mandible (coronoid pro-
cess). On the contrary, the masseter muscle is less volumi-
nous, originates on a relatively small portion of the cranium
(the lower portion of the zygomatic arch) but is attached to
a large area on the mandibular ramus (the masseteric fossa).
Both the masseter and temporal muscles may thus have dis-
tinct effects on the shape of the cranium or mandible, but it
may be the attachment areas of the muscles that drive the
covariations rather than the entire muscle mass per se. All
this suggests that the cranium and the adductor muscles are
a strongly integrated system.

Because of strong correlation between muscle masses/
PCSAs, similar deformations are associated with all the
muscles: the masseter, temporal, and pterygoid are acting
jointly on overall cranial shape (Fig. 3). Dogs with the more
voluminous or powerful muscles have a more caudally pro-
nounced sagittal crest, a more marked postorbital constric-
tion, and broader, stronger and more dorsally oriented zygo-
matic arches, bigger braincases, and reduced snouts (Figs. 5,
S2, S3). The relative volume of the masseter explains 27%
of the variation in cranial shape and impacts the shape of
the zygomatic arch. The stiffness of the zygomatic arch in
molossoid dogs suggests an adaptation to an increase in the
relative proportion of applied muscle load due to the con-
traction of the more voluminous masseter muscle (Smith and
Grosse 2016). The relative volume of the temporal drives
the shape of the neurocranium, in particular the shape of the
postorbital process and sagittal crest. The wide zygomatic
arches determine the space available for the muscle to pass
through.

Our results suggest that the mandible, the cranium, and
the jaw adductors form a highly integrated system despite
the intense artificial selection for very diverse head shapes.
These strong connections are likely under genetic control, as
suggested by studies on mice with muscle deficiencies. Vec-
chione et al. (2007, 2010) showed that mice with myostatin
(a regulator of skeletal muscle growth) deficiency developed
more brachycephalic craniofacial morphologies adapted to
hypermuscularity, with significantly shorter and wider cra-
nia compared to controls (modifications in mandible shape
were also observed). These modifications are consistent with
our observations for the shape of the molossoid dogs that
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have very voluminous muscles, even for their size. Spassov
et al. (2017) also showed that mice with a congenital mus-
cle dystrophy have a more flattened neurocranium with a
more dorsally displaced foramen magnum. Our results also
showed lower correlations and covariations of cranial shape
with muscle PCSAs than with muscle mass. This suggests
that volume constraints are likely the principal drivers of the
observed covariation. The lower correlations between shape
and PCSA may result from a decoupling between shape and
bite force. Variation in PCSA (or bite force) may, in turn,
correlate more to cortical bone thickness than to the overall
shape of the cranium as demonstrated in other species or
for other bones (Bouvier and Hylander 1981; Daegling and
Hotzman 2003; Slizewski et al. 2013).

The low ratio of the number of individuals to the much
higher number of variables is frequent in comparative
morphology studies and may result in statistical biaises.
It has been suggested that high correlations can possibly
be observed in 2bPLS analyses even if the two blocks are
completely independent when the sample size is smaller
or similar to the number of variables (Mitteroecker and
Bookstein 2007). However, more recent studies using sim-
ulated and empirical datasets have demonstrated that the
potential issues related to the use of high-resolution three-
dimensional data are unlikely to obscure genuine biologi-
cal signal (Goswami et al. 2019). Moreover, to make sure
that our results were not biased by the low sample size
relative to the high number of landmarks, we performed
parallel analyses with a subsample of 25 landmarks on the
cranium and mandible. We obtained very similar results
(in terms of P-values and coefficients of covariation) sug-
gesting that our analyses are not biased by the number of
landmarks used to describe shape variation.

Our study focused on the relations between the over-
all shape of the bones and muscles but did not allow to
study the relations between muscle loads and bone his-
tology, nor to evaluate the impact of changes in diet or
muscle activity throughout life. The biomechanical inter-
actions between muscle and bone have been investigated
in some detail in mammals, showing that muscles act on
bones throughout late ontogeny and adult life and that
the bones of the cranium respond plastically to changes
in masticatory function (Wolff 1986; Frost and Schonau
2000; Renaud et al. 2010; Herring 2011; Klingenberg and
Navarro 2012; Blank 2014; Brotto and Bonewald 2015;
Yamamoto et al. 2020). Diet is known to influence both
muscle volume and cortical bone thickness in mammals
(Bouvier and Hylander 1984; Herring 2011, Scott et al.
2014a, b) and even overall craniofacial shape (Stavros
Kiliaridis et al. 1985; He and Kiliaridis 2003; Renaud
et al. 2010; Anderson et al. 2014; Spassov et al. 2017).
For example, rodents fed a soft food diet have a shorter
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and narrower face, and a shorter mandible with less pro-
nounced bony processes compared to animals fed on a
hard diet {(Anderson et al. 2014; Kiliaridis et al. 1985).
He and Kiliaridis (2003) further showed that ferrets fed a
humid, soft diet have narrower crania with slenderer zygo-
matic arches and shorter and narrower coronoid process
on the mandible, compared to ferrets fed with a dry, hard
diet. Exercising also may have an influence on bone shape
(Kiliaridis et al. 1995; Shirai et al. 2018; Thompson et al.
2001), Although few studies have focused on canids (but
see Forbes-Harper et al. 2017; Liebman and Kussick 1965;
Penrose et al. 2020; Wroe et al. 2007) these results suggest
that diet may be an important driver of cranial shape vari-
ation in dogs as well, yet this remains to be investigated.
Comparing domestic dogs with commensal or wild canids
would further enable to better understand the impact of
domestication on the interrelationships between muscles
and bones of the jaw apparatus.

Conclusion

Our study assessed the impact of the extraordinary varia-
tion in cranial shape in domestic dogs on the interrelation-
ships between bones and muscles. Our results show that the
bony elements (cranium and mandible) and muscles form
a highly integrated system in dogs. This supports the role
of genes controlling both muscle and bone development,
epigenetic effects driving the development of both muscles
and bones (Iinuma et al. 1991), or the interaction between
genetic mechanisms and plasticity. The strong integration
of the masticatory apparatus consequently provides the pos-
sibility to infer the functional consequences of morphologi-
cal changes in extinct taxa. Despite this strong integration,
muscles explain relatively little of the overall shape variation
in the cranium in domestic dogs. This raises the question
of whether muscle architecture explains a higher propor-
tion of the variation in shape in commensal or wild canids,
and whether domestication has led to a change in the pat-
terns of integration between form and function as suggested
previously.
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ABSTRACT

Previous studies based on two-dimensional methods have
suggested that the great morphological variability of cranial shape
in domestic dogs has impacted bite performance. Here, we used a
three-dimensional biomechanical model based on dissection data to
estimate the bite force of 47 dogs of various breeds at several hite
points and gape angles. In vivo bite force for three Belgian shepherd
dogs was used to validate our model. We then used three-
dimensional geometric morphometrics to investigate the drivers of
bite force variation and to describe the relationships between the
overall shape of the jaws and bite force. The model output shows that
bite force is rather variable in dogs and that dogs bite harder on the
molar teeth and at lower gape angles. Half of the bite force is
determined by the temporal muscle. Bite force also increased with
size, and brachycephalic dogs showed higher bite forces for their size
than mesocephalic dogs. We obtained significant covariation
between the shape of the upper or lower jaw and absolute or
residual bite force. Our results demonstrate that domestication has
not resulted in a disruption of the functional links in the jaw system in
dogs and that mandible shape is a good predictor of bite force.

KEY WORDS: Skull, Mandible, Jaw muscles, Masticatory system,
Canis familiaris, Lever model

INTRODUCTION

The constituents of the masticatory system have been described in
some detail in the domestic dog (Barone, 2010; Budras, 2007; Curth
et al., 2017; Evans and Delahunta, 2010; Hoppe and Svalastoga,
1980; Johnson, 1979; Miller et al., 1965; Penrose et al., 2016; Robins
and Grandage, 1977; Thomas, 1979; Tomo et al., 1993). During
mastication, the lower jaws (i.e. the mandibles) move up or down
relative to the upper jaw (here we use this term to refer to the cranium
and face, following the Nomina Anatomica Veterinaria nomenclature;
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International Committee on  Veterinary Gross  Anatomical
Nomenclature, 2017) by rotation about the temporomandibular joint
that receives the condylar process of the mandible. These movements
are driven by contractions of the jaw adductors. Acting like a lever, the
forces are transmitted to the teeth, generating the bite force (Kim et al.,
2018). The macroscopic atrangement of muscle fibres (i.e. muscle
architecture) directly determines muscle force production. A good
overall measure of this architecture is the physiological cross-sectional
area (PCSA), which takes into account muscle volume, fibre length,
fibre type and pennation angle (Haxton, 1944).

The extraordinary variability in the size and shape of the head
(Brassard et al., 2020; Coppinger and Coppinger, 2001; Drake and
Klingenberg, 2010; Miller et al., 1965; Selba et al., 2019; Wayne,
1986, 2001), and jaw muscle architecture (Brassard et al., 2020)
between dog breeds raises questions about the impact of this
variability on the function of the masticatory system and bite
performance. Differences in skull shape between breeds have been
suggested to be associated with ditferences m jaw strength (Case,
2013) and bite force (Ellis et al., 2008, 2009) as the shape of the
neurocranium drives the size of the jaw muscles and the length and
shape of the jaws determine the out- and in-lever arms of the system,

A few studies have investigated bite force in domestic dogs using
the dry-skull method or in vive measurements (Ellis et al., 2008,
2009; Kim etal., 2018; Lindner et al., 1995). However, quantitative
data on muscle architecture that could be used to improve these
models are scarce. Ellis et al. (2008, 2009) used two-lever models or
multivariate regression modelling to estimate bite forces (Ellis et al.,
2008, 2009; Kim ct al., 2018; Lindner ct al., 1995). The jaw 1s
modelled as a two-lever system: jaw muscle cross-sectional area of
the major jaw-adducting muscles, and the moment arms (the
perpendicular distance between the point of application of the force
and the temporomandibular joint) of the muscles (in-levers) and of
bite points about the temporomandibular joint (out-levers) are
approximated from skull dimensions taken from photographs. Skull
length and skull width are then considered as a proxy of shape and
size. Estimations obtained using the equations provided by Kiltie
(1984) and Thomasen (1991) were used and adjusted by values
recorded in vive on 20 dogs of various breeds during stimulation of
the m. temporalis and m. masseter under general anaesthesia (Ellis
et al., 2008). Ellis et al. (2008, 2009) also established an equation
from multivariate regression analysis to estimate bite force
independently of any lever model, using cranial measurements
and the body mass of the same dogs for which bite force was
recorded in vivo. However, the authors did not consider the muscle
cross-sectional area and the effective moment arms of the forces in
their equations. Moreover, in these two dimensional (2D) methods,
the PCSA ofthe temporal muscle is often underestimated, while that
of the m. masseter and m. pterygoideus is overestimated (Davis
et al., 2010). The regression model using body mass was based on
only 20 dogs of different breeds. Using these equations, negative
bite forces were obtained for small brachycephalic dogs (with a
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short and wide skull), which demonstrates that the equation is not
appropriate when applied outside of the range of values for which it
was developed. However, no studies to date have explored the
covariation between bite force and bone shape.

In the present paper, we aimed to explore the diversity of bite
force in dogs as well as the relationships between the three
dimensional (3D) shape of the upper and lower jaws and bite force.
To do so, we used a biomechanical model based on 3D lever
mechanics using muscle data (fibre length, pennation angle,
musele mass and PCSA) and the 3D coordinates of origin and
insertion of jaw adductor muscles obtained from dissection of 47
dogs of various breeds. We also report in vive measurements
recorded from three trained Belgian shepherd dogs (Malinois) to
validate the output of our bite model. We used a combination of
geometric morphometric techniques and comparative methods to:
(1) assess the variability in bite force in dogs and test for
differences between morphotypes; (2) test which components of
the jaw adductor system are the best predictors of bite force; and
(3) describe the pattern of covariation with the overall shape of the
upper and lower jaws.

Dogs can be classified based on the shape of their head by using the
cephalic index, a ratio between skull width and length (Helton, 2011;
Koch et al., 2003). There are three morphotypes: dolichocephalic
(relatively long skulls) are opposed to brachycephalic (broad skulls)
dogs, and mesocephalic (moderate skulls) dogs are intermediate.
As a result of selection determined by standards (Fédération
Cynologique Internationale, FCT; http:/www.fci.be/en/Presentation-
of-our-organisation-4.html), different breeds contain animals with
specific traits/metrics that can therefore be assigned to one of these
three morphotypes. Excessive artificial selection has resulted in some
‘hypertypes’ (where some characters within a dog breed are developed
to excess; Triquet, 1999; Guintard and Class, 2017) among
brachycephalic or dolichocephalic groups, showing exaggerated
morphotypes. Given that our sample is small and gathers non-pure-
breed dogs, we here focused on the impact of the morphotype
(Roberts et al., 2010) only and compared brachycephalic with
mesocephalic and dolichocephalic dogs. As previously stated by
numerous authors (Ellis et al., 2008, 2009; Kim et al., 2018; Lindner
et al., 1995), the combined variability in size and morphology —
pertaining to both skull shape and jaw muscle architecture — among
morphotypes probably significantly explains the variability in
estimated bite force. For example, as suggested by Ellis et al.
(2009), we expected bite forces to be higher in large brachycephalic
dogs than in other morphotypes. Here, we aimed to describe the
relationships between the overall morphology and bite force,

Moreover, we expected intensive breeding for aesthetic reasons
or functional ability to potentially have perturbed the functional
relationships between the different components of the feeding
system as diet no longer imposes constraints on the jaw system.
Indeed, the domestication of dogs has led to a release from
ecological constraints, which may have increased the diversity in a
large array of genes as aberrant phenotypes were no longer selected
against (Bjornerfeldt et al., 2006). Recent dog breeds largely feed
on processed food requiring little or no chewing. Given that bite
force is usually a good indicator of dietary diversity as it directly
determines prey size and feeding ecology (Aguirre et al., 2002;
Cornette et al., 2013, 2015; Dollion et al., 2017; Felice et al., 2019;
Firmat et al, 2018; Forbes-Harper et al.,, 2017; Herrel and
Holanova, 2008; Herrel et al., 2001, 2005; Huber et al., 2009;
Kerr et al., 2017; Maestri et al., 2016; Marcé-Nogue et al., 2017,
Nogueiraetal., 2009; Sagonas et al., 2014; Santana etal., 2010; Van
Daele et al., 2009; Verwaijen et al., 2002; Young and Badyaev,

Journal of Experimental Biclogy (2020) 223, jeb224352. doi:10.1242/jeb.224352

2010), one would expect a disruption between bite force and bone
shape, resulting in low coefficients of covariation (or possibly non-
significant coefficients) across dogs as a whole.

MATERIALS AND METHODS

Materials

The dataset is composed of 47 dog heads (Table 1). Breeds were
estimated based on morphological similarities with dogs from
existing standards. Beagles are the most represented, with 10
specimens. Given that most of the breeds are represented by only
one specimen and that most of the dogs are likely to be cross-breeds,
our sample does not allow any conclusion at the breed level.

To test for the effect of the morphotype (brachycephalic,
mesocephalic or dolichocephalic), the cephalic index (CI) was
calculated following Roberts et al. (2010); skull width/skull
length>100 (Fig. 1). Skull width was measured between the two
zygomatic arches (landmark 37 and the symmetric landmark to the
sagittal plane), and skull length was measured from the anterior tip
at the end of the suture of the nasal bones (landmark 2) to the most
posterior point on the occipital protuberance (landmark 14). The
brachycephalic dogs have the most elevated values of CI, the
dolichocephalic dogs have the lowest values, and the mesocephalic
dogs have intermediate values. Given that there is no clear
consensus on the boundary between groups (Roberts et al., 2010),
we chose limits to ensure that the three groups were similar in size.

Table 1. List of specimens used in this study, showing related breed,
morphotype and age estimations

Morphotype and related breeds N Age Cl
Brachycephalic dogs (n=16)
American Staffordshire terrier 1 1C 73
Boxer 2 2D 80-84
Bulldog 2 1C-1D 85-93
Bull terrier 1 1A 70
Chihuahua 1 1C 72
Cane corso 1 1D 81
Cavalier King Charles spaniel 1 1D 81
Continental toy spaniel papillon 1 1iC 83
Pitbull 1 1D 74
Rottweiler 2 2C 70-77
Mastiff 1 1C 70
Other (non-estimated) 2 2D 72-78
Mesocephalic dogs (n=15)
Beagles 10 1B-8C-1D 8269
Fox terrier 1 1D 83
Belgian shepherd — Tervueren 1 1D 87
Mastiff 1 1D 66
Other (non-estimated) 2 2D 61-63
Dolichocephalic dogs (n=16)
Belgian shepherd — Tervueren 1 1D 58
Border collie 2 1C-1D 59-59
Collie 1 1D 46
Dachshund 1 1C 55
Deerhound 1 1D 57
Dobermann 1 1D 59
German shepherd 1 1D 52
Golden retriever 1 1C 59
Husky 1 ic 59
Leonberger 1 1iCc 58
Shetland sheepdog 1 1C 50
Other (non-estimated) 4 1C-3D 54-59
Total 47  1A-1B-22C-23D

Cl, minimal and maximal cephalic index calculated for each breed, following
Roberts etal. (2010). A, juveniles; B, young adults; C, adults; D, old adults. See
Table S1 for a complete list of the specimens used in the analyses.
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Fig. 1. Landmarks considered in this study for the geometric morphometrics analysis. True landmarks are in black or red, sliding semi-landmarks
of curves are in blue and sliding semi-landmarks of surface are in grey. The landmarks in red were used to calculate skull length and width, which were used to
estimate the cephalic index. Detailed definitions of the landmarks are provided in Table S2.

Specimens within the same breed can thus be classified into two
adjacent morphotypes because they fall on either side of a
morphotype boundary. This may be linked to age-related changes
that can push skulls from one type to another. Dogs with a CI <0.70
were considered brachycephalic and the dogs with a CI <0.60 were
considered dolichocephalic; dogs with an intermediate CI were
mesocephalic.

Age was estimated based on the aspect of the cranial sutures
(degree of closure), tooth wear and bone texture. Group A
cortesponds to dogs with molar teeth still erupting, a very porous
mandible (minute interstices were observable with the naked eye) and
unclosed cranial sutures (4-6 months according to Barone, 2010).
Group B corresponds to dogs with the basispheno-basiocceipital
suture still open (<8-10 months according to Barone, 2010} and a
still-porous mandible. Group D corresponds to old dogs with a closed
interfrontal suture and worn denture (>3-4 years). Group C
corresponds to intermediate adults (from 10 months to 3 years). We
chose to keep the youngest individuals in our analyses to increase the
morphological variability in the sample but they are far under-
tepresented (only one dog in group A and one dog in group B) More
detailed information about the sample is given in Table S1.

Muscle data

We focused on the adductor muscles of the jaw only, because they are
involved in mouth closing and bite force generation. The
m. pterygoideus medialis and lateralis were considered together
because the m. pterygoideus lateralis is very small and difficult to
clearly distinguish (Brassard et al,, 2020). We considered the
constituent bellies of the following jaw adductor muscles (following
Penrose et al., 2016): m. masseter pars superficialis (MS), m. masseter
pars profunda (MP), m. zygomaticomandibularis anterior (ZMA),
m. zygomaticomandibularis posterior (ZMP), m. temporalis pars
suprazygomatica (S8Z), m. temporalis pars superficialis (TS),
m. temporalis pars profunda (TP) and m. pterygoideus (P). The
mass and the PCSA were measured from dissections (Brassard et al.,
2020). In a previous study, we measured muscle mass using a digital
scale (Mettler Toledo AE100) and then we sectioned the muscle along

its long axis to measure fibre lengths and pennation angles directly on
the muscle. With these data, we calculated the reduced PCSA
(Haxton, 1944), using a density of 1.06 g cm™ (Mendez and Keys,
1960) and the mean of five measurements of the pennation angle and
fibre length taken on different parts of the muscle. We used the
following formula:

mass x cos(angle of pennation)
1.06 x fibre length

PCSA = (1)

where mass is in g, pennation angle is in rad and fibre length is in cm.

Shape of the upper and lower jaws

3D geometric morphometric analysis was used to describe the
patterns of morphological variation. R version 3.6.0 (2019-04-26;
http:/www.R-project.org/) was used for all statistical analyses.

For the lower jaw, we considered 25 landmarks, 190 sliding semi-
landmarks on curves and 185 sliding semi-landmarks on surfaces
that were placed on 3D reconstructions of the lower jaw obtained
using photogrammetry (Brassard et al., 2020; the 3D models of the
mandibles are available on request from the corresponding author).
A 3D sliding semi-landmark procedure was performed to transform
all the landmarks into spatially homologous landmarks (Bookstein,
1997; Gunz et al., 2005). For the upper jaw, 54 landmarks were
recorded on one side (left or right) of the upper jaw using a
MicroScribe MX (Revware). A mirror function was then applied to
obtain the symmetrical landmarks relative to the sagittal plane using
the function ‘mirrorfill’ from the package ‘paleomorph’. This
resulted in a total of 108 landmarks. Fewer landmarks were used for
the upper jaw because the shapes are more easily quantified with a
smaller number of landmarks. The landmarks are represented in
Fig. 1 and described in Table S2.

For further visualization of shape changes, we used the 3D
models of the upper and lower jaws of a beagle, obtained using
photogrammetry. One-hundred and forty photographs were taken
using a Nikon D5500 Camera (24.2 effective megapixels) with a
60 mm lens, by turning around the dorsal and ventral views of the

3
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upper jaw (Fau et al., 2016). One-hundred photographs per side
were taken for the lower jaw. 3D models of the jaws were obtained
after merging the two sides of each jaw, using the Agisoft
PhotoScan software (©2014 Agisoft LLC, St Petersburg, Russia).

A generalized Procrustes analysis (GPA; Rohlf and Slice, 1990)
was performed to obtain the Procrustes shape of each jaw using the
function ‘procSym’ (Dryden and Mardia, 2016; Gunz et al., 2005;
Klingenberg et al., 2002). The centroid sizes of each jaw were used
as an estimation of size.

In vivo bite force measurements

In vivo bite force data were recorded for three pure-breed Belgian
shepherd dogs (Malinois) from a training club for defence dogs
(Beauvais, France). The dogs are trained to bite for competitions
and shows. These dogs are thus expected to bite relatively hard as a
result of artificial selection by breeders for this purpose, We used a
piezoelectric isometric Kistler force transducer (9311B, range
+5000 N; Kistler Inc., Winterthur, Switzerland) linked to a charge
amplifier (type 5058A5, Kistler Inc.) similar to the one used for
large turtles in Herrel et al. (2002). The transducer was mounted in a
custom set-up and fixed on a wooden stick and covered by hessian
fabric to protect the teeth of the dog and to provide a known bite
substrate (see Movie 1). We performed several consecutive trials (at
least 4) for each animal. The dogs did not all bite at exactly the same
position on the transducer, so we had to correct the recorded bite
force for each trial by taking into account the distance between the
real location of the bite that we recorded in vive and the sensor
(corrected BF=recorded BF <distance between the sensor and the
bite plates of the transducer/distance between the location of the bite
and the sensor). For this purpose, we filmed each trial so we could
extract the location of the bite relative to the sensor. The dogs bitata
gape angle of about 40-45 deg while grabbing the hessian cover
with the last premolar teeth. We retained the maximal corrected bite
force recorded across all trials for analyses. Head length and width
were measured from photographs. The obtained values were used to
validate the model output for shepherd dogs of a similar size biting
on the first lower molar tooth at 40 deg.

Bite model

To estimate bite force, we used a 3D lever model similar to that
described by Herrel et al. (1998a,b). The movement of the lower jaw
near occlusion is mainly rotational so we did not consider any
translational movement. All bite points then rotate in an arc for
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which the radius corresponds to the shortest distance from the
condylar process of the mandible to the point of application of the
bite force.

At static force equilibrium, for each side (left or right), the sum of
the moments of the external forces is zero (positive moments of all
the muscles on one side plus negative moments of the bite force on
one side). The moment is a vector that corresponds to the vectorial
product of the moment arm and the force. The magnitude of the
moment thus corresponds to the product of force magnitude and the
shortest distance between the centre of the system and the line of
action of the force. The muscular forces were established by
multiplying the reduced PCSA by a conservative muscle stress
estimate of 30 N cm™? (Herzog, 1994). The maximal bite forces
were then deduced from the sum of the muscle moments for each
side, and doubled, considering that the adductor muscles on both
sides are contracting maximally during maximal effort biting,

We can then estimate the resulting maximal bite force as follows:

L g
E Minssclesyme cae T MBF o e T MiF e = 0

i=1

8

= mr\ﬁ = BFope saeA od
=
L o (2?1 PCSA x 30 x eid>, )
eod
where eid is the length representing the effective in-lever arms:
eid = id x sin 6, (3)
and eod is the length representing the effective out-lever arms:
eod = od x sin®’, (4)

where M represents the moment of the corresponding force, BF

represents the vector of bite force, BF is tlﬂlorm of the bite force,

JF is the vector of the joint force, vd and od are the vectors of the

in-lever and out-lever arm, respectively, 6 is the angle between
— —¥ —

Flrusaes and ud, and 6 is the angle between BF and od.

To calculate the effective length of the lever arm for all the muscle
moments, we used the 3D coordinates of origin and insertion of
each muscle (Fig. S1) that we recorded with a microscribe. We first
chose a reference frame with a centre located at the right
temporomandibular joint (Fig. 2). The x-axis runs through the

Fig. 2. Schematic illustration of the 3D lever model for
bite force estimation. Solid lines represent the x- and
y-axes for a 0 deg gape angle. The dotted line represents the
x-axis for a non-zero gape angle. For the adductor muscle
forces, only the force exerted by the m. temporalis pars
profunda is represented. C, centre of rotation of the system;
GA, gape angle; BF, bite force; FRF, food reaction force;
AFREF, angle of food reaction force; JF, joint force; JFR, joint
force reaction; AJF, angle of joint force; BPi, bite point on the
incisor teeth; BPc, bite point on the canine tooth; BPm, bite
point on the carnassial tooth; F temporal, force exerted by
the m. temporalis pars profunda; O, origin of the

m. temporalis pars profunda; |, insertion of the m. temporalis
pars profunda; id, vector of the in-lever arm of the

m. temporalis pars profunda; od, vector of the out-lever arm;
eid, distance of the effective in-lever arm of the m. temporalis
pars profunda; eod, distance of the effective out-lever arm.
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rostral border of the right mandible, just medially to the first incisor,
and the y-axis is directed towards the top of the skull and
perpendicular to x. The approximate centroid of the origin and
insertion areas of the muscles were used, based on observations
from our dissections (Brassard et al., 2020). We also recorded the
3D coordinates of three possible points of application of the food
reaction force: at the incisor teeth, at the lower canine tooth and at
the lower carnassial tooth ( point between the fourth upper premolar
tooth P* and the first lower molar tooth M,). We chose these
locations as they are important during feeding in canids. The first
point is at the first incisor tooth (BPi in Fig. 2), the second one is just
behind the lower canine tooth (BPc in Fig. 2) and the last one is
located on the caudal part of the lower carnassial tooth, which
corresponds to the contact area between P* and M, (BPm in Fig. 2).
The last two points are compatible with the bite points chosen by
Ellis ¢t al. (2008, 2009).

The bite force vector is opposed to the food reaction force. Given
that we do not know the direction of the food reaction force (which
may depend upon the shape, texture and position of the food item as
well as the shape and position of the teeth; Herrel et al., 1998b;
Cleuren et al., 1995), we calculated the moment of the food reaction
force for a large range of angles thereof (set to vary between —40 and
—140 deg with respect to the lower jaw). We calculated the bite
forces for several mouth opening angles (0, 20 and 40 deg). The
magnitude and orientation of the joint forces were estimated as well
because, at static equilibrium, the sum of'the external forces (muscle
and bite forces) is zero.

The input for the model, therefore, consists of the PCSA of the
jaw muscles, muscle origins and insertions, mouth opening angle,
and the point of application of the bite force. Model output consists
of the magnitude of the bite forces, the magnitude of the joint forces,
and the orientation of the joint forces at any given orientation of the
food reaction forces. An R script for the calculation of the bite force
is available on request from the corresponding author.

Bite force drivers

As previously suggested for muscle data, bite force is expected to be
highly dependent on size (Brassard et al., 2020). To test whether
skull length or the centroid size of the jaws is a driver of bite force,
we performed linear regressions on bite force and logq of skull
length or log, of centroid size of the upper or lower jaw using the
function ‘Im’, The importance and significance of the correlation
between bite force and the centroid size of the bone were explored
using the function ‘cor.test’. The residuals of these two regressions
arc further considered as ‘residual bite forces’.

To test for differences in bite force between morphotypes
(brachycephalic, dolichocephalic and mesocephalic), an ANOVA
and a lincar model were calculated on residual bite forces using the
functions ‘anova’ and ‘lm’. Post hoc tests were performed using the
function “TukeyHSD’.

To investigate the muscular drivers of bite force (to determine
which muscle contributed the most to the variation in bite force
among the muscle bundles we dissected), we performed a linear
regression of the bite force on the mandibular centroid size and main
muscle mass, fibre length, pennation angle and PCSA using the
function *lm’. For this analysis only, we considered the three main
adductor complexes to increase statistical power and avoid noise in
the data: the masseter complex, the temporal complex and the
pterygoid complex. Among each complex, fibre length and
pennation angle were averaged while mass and PCSA were
summed. Data were logj-transformed before analyses. We
considered the calculated bite force for a food reaction force
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orientation of 90 deg and a gape angle of 20 deg. The best-fitted
models were obtained from stepwise model selection by AIC using
the function “stepAIC” from the package “MASS’. To compare the
contribution of each bundle to the bite force, we calculated the ratio
of the moment exerted by each muscle and the moment exerted by
the bite force at the lower carnassial tooth. We performed Friedman
tests and post hoc tests using the functions ‘friedman.test’ and
‘posthoc.friedman.nemenyi.test’ from the package ‘PMCMRplus’
to compare the contribution of each bundle for the four gape angles
and to compare the contribution of the three main muscular
complexes for a gape angle of 0 deg.

To test whether the shape of the upper or lower jaws is a driver
of bite force, we performed Procrustes ANOVA on jaw shape and
bite force or residual bite force using the function ‘procD.lm’
from the package ‘geomorph” (Adams and Collyer, 2016, 2017,
Anderson, 2001; Anderson and Braak, 2003; Collyerctal,, 20135;
Goodall, 1991).

Covariation between bite force and the shape of the jaws

We explored the covariations between bite force (block 1) and the
Procrustes coordinates of the upper or lower jaw (block 2). The
patterns of covariation were explored using two-block partial least
square (2B-PLS) analysis with the function ‘pls2B’ from the
package ‘Morpho” (Rohlf and Corti, 2000). The 2B-PLS method
constructs pairs of variables that are linear combinations of the
variables within each of the two blocks and that maximize the
covariance between blocks (Rohlf and Corti, 2000). With this
method, PLS coefficients and P-values are generated. PLS
cocfficients arc the coefficient of correlation between PLS scores
(between blocks) and thus reflect the intensity of the covariation (we
refer to these coefficients as coefficients of covariation, r-PLS,
below). P-values reflect the significance of the covariation for each
new axis. They are calculated by comparing the singular value with
those obtained from 10,000 permuted blocks. We did not consider
phylogeny (Parker et al., 2004) in our analyses because we had no
indication of a pure breed membership.

For these analyses, bites force and muscle data were logq-
transformed. 2B-PLS analysis was thus conducted between the
shape of the upper or lower jaw and bite force or residual bite force.
We also performed analysis for brachycephalic dogs only, and for
mesocephalic/dolichocephalic dogs only. As differences in the
number of variables and the number of individuals influence the
PLS coefficient, a Z-score was calculated to compare the levels of
functional integration between different types of dogs with the
function ‘compare.pls’ from the package ‘geomorph’ (Adams and
Collyer, 2016). The deformation of the mandible of a beagle to the
consensus of the GPA was used as a reference for all visualizations.
The beagle was chosen because it was the dog that was closest to the
centre of the PCA describing variation in mandibular shape in our
previous study (Brassard et al., 2020).

RESULTS

The model outputs for all specimens are detailed in Table S1.
Although the small sample size did not allow us to describe the
intra-breed variability, except for beagles, we have indicated the
breeds in the Results so that future studies can expand upon our
results.

Biomechanical model output and variation in bite force

The magnitude of the bite force ranged widely depending on the
gape angle, bite point and orientation of the food reaction force
(Table 2, Fig. 3). Mean bite force decreased when the gape angle

5

208



RESEARCH ARTICLE

Table 2. Summary of calculated bite force at different gape angles for a
90 deg angle of food reaction force

Bite point Gape (deg) BF (N) JF (N) AJF (deg)
Incisor teeth 40 4124228 10651500 13144
20 480+264 1042+489 134+4
0 5311292 1018+473 13945
Canine tooth 40 4781264 1040+487 132+4
20 5571306 10151474 13614
0 6171338 9904459 1415
Carnassial tooth 40 846+435 912+429 140+4
20 9861504 880+413 14615
0 10914559 8631402 15416

BF, bite force; JF, joint force; AJF, angle joint force. Table data are means+s.d.

increased. Moreover, the mean bite force estimated on the carnassial
tooth was more elevated than that estimated on the canine tooth or
incisor teeth. For example, for an angle of the food reaction force of
90 deg, mean bite force ranged from 412 to 531 N at the incisor
teeth, from 478 to 617 N at the canine tooth and from 846 to 1091 N
at the camassial tooth, for a gape angle ranging from 40 to 0 deg. A
shift of the food reaction force away from the perpendicular axis
caused an increase in bite force. Contrary to mean bite force, mean
joint force increased when the gape angle increased (Table 2), for all
orientations of the food reaction force. For example, for an angle of
the food reaction force of 90 deg, it ranged from 1018 to 1065 N at
the incisors, from 990 to 1040 N at the canine tooth and from 863 to
912 N at the carnassial tooth for a gape angle ranging from 40 to
0 deg. The angle of the joint force decreased when the gape angles
increased (Table 2), ranging from 131 to 139 deg for incisors, from
132 to 141 deg for the canine tooth and from 140 to 154 deg for the
carnassial tooth.

For a given gape angle and bite point, a great variation in bite
force exists among dogs (Fig. 4). We observed similar patterns of
variation for all gape angles. To merge in vive measurements
tecorded on the Malinois shepherd dogs with the bite forces
estimated from dissection in the following descriptions, we focused
on the model outputs obtained for a gape angle of 40 deg and we
considered an angle of the food reaction force of 90 deg. Estimated
bite force ranged from 100 to 1092 N on the incisor teeth, from 116
to 1268 N on the canine teeth and from 214 to 2172 N on the
carnassial tooth. The three /n vivo measurements were included in
the overall variability of the predicted bite force. /n vivo values were
relatively close to our estimations for other dogs that are similar in
shape (dog 1: 1094 N, dog 2: 688 N, dog 3: 903 N). The in vivo
measurements thus validate our model. The dogs with the highest
bite forces in our sample were the largest brachyeephalic dogs, such
as the rottweiler (2172 N on the carnassial tooth for one individual)
and the pitbull (2051 N). The dogs with the lowest bite forces were
the smallest dogs, belonging to the toy group. If we consider the
10 beagles we dissected, calculated bite forces ranged from 262 to
466 N on the incisor teeth (mean: 359 N), 302 to 481 N on the
canine tooth (mean: 375 N)and 501 to 902 N on the carnassial tooth
(mean: 709 N). Bite force was correlated to the length of the skull
(R*=0.33, P<0.001), as well as to the mandibular centroid size
(R*=0.54, P<0.001) and that of the upper jaw (R*=0.41, P<0.001).
Brachycephalic dogs produced higher bite forces than
dolichocephalic and mesocephalic dogs when scaled to the same
skull length (P<0.05 when testing for differences between
brachycephalic and mesocephalic or dolichocephalic dogs), which
suggests that the shape of the upper jaw is an important driver of bite
force and that brachycephalic dogs produce higher bite forces.
However, the Leonberger dog from our sample seems to break this
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Fig. 3. Graphs representing the model ocutput for a given range of food
reaction force orientations at a gape angle of 20 deg. (A) Bite force, (B) joint force
and (C) angle of the joint force for all bite points plotted against angle of the food
reaction force (AFRF). Different bite points are represented by different shapes.
Meanzs.d. values for all bite points at an AFRF of 90 deg are indicated in red.

trend, as it produced a bite force that was as high as that of large
brachycephalic dogs. There was no gignificant difference between
mesocephalic and dolichocephalic dogs (P>0.05).
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Fig. 4. Scatterplot representing the bite force on the carnassial
tooth for a 90 deg angle of food reaction force and a 40 deg
gape angle. Regression lines between bite force and head length
are shown for the three morphotypes, which are represented by
different colours. Different ages are indicated by different symbols.
Rectangles indicate the three trained Belgian shepherd dogs
(Malinois) from which in vivo bite force data were obtained to validate
the output of our bite model. Ams, American Staffordshire terrier;
Box, boxer; Buld, bulldog; Bult, bull terrier; Chi, chihuahua; Can,
cane corso; Kin, cavalier King Charles spaniel; Pap, papillon; Pit,
pitbull; Rot, rottweiler; Mas, mastiff; Fox, fox terrier; Bel, Belgian
shepherd; Bor, border collie; Col, collie; Dac, dachshund; Ger,
German shepherd; Gol, golden retriever; Hus, husky; Leo,
Leonberger; She: Shetland sheepdog. Beagles are in the green
polygon.
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Functional determinants of bite force

The contributions of each adductor muscle to the total moment of
the bite force are indicated in Table 2 and Fig. 5. The muscles that
contributed the most to bite force are the m. temporalis pars
superficialis (TS; 22%) and m. temporalis pars profunda (TP; 25%).
The moment exerted by the temporal complex (SZ, TS and TP) was,
on average, responsible for 50% of the moment of the bite force,
while the m. masseter (MS, MP, ZMA and ZMP) was responsible
for around 37% and the pterygoid (P) 13% (P<0.001 between all
muscle groups according to the post hoc tests). We noticed that
the more important the angle of mouth opening, the higher the
contribution of the m. temporalis pars profunda (TP) and
m. zygomaticomandibularis anterior (ZMA), and the lower the
contribution of the m. masseter pars superficialis (MS) and
m. temporalis pars suprazygomatica (SZ), which was supported
by significant results of the post hoc tests after a Friedman test
(P<0.05). The contribution of the m. pterygoideus (P) remained
almost unchanged. The contributions of the m. temporalis pars
superficialis  (TS), m. masseter pars profunda (MP) and
m. zygomaticomandibularis posterior (ZMP) did not significantly
differ.

The centroid size of both the upper and lower jaw is a driver of
bite force (upper jaw: R*=0.41, P<0.001; lower jaw: R?=0.54,
P<0.001).

Stepwise multiple regressions with calculated bite forces at the
carnassial tooth as a dependent variable and muscle mass, fibre
length and PCSA as independent variables retained a significant
model with mandible size (B=-0.40, P=0.02), m. masseter mass
(p=0.62, P<0.001), m. temporalis (f=—=0.18, P=0.08),
m. pterygoideus {f=0.18, P=0.09) and m. masseter fibre length

(B=—0.35, P<0.001), m. pterygoideus fibre length (p=-0.19,
P=0.002), m. temporalis PCSA (pf=0.44, P<0.001), m. masseter
pennation angle (f=—0.10, P<0.2) and m. pterygoideus pennation
angle (B=—0.10, P=0.04) as best predictors (R*=0.97; P<0.001).

The Procrustes ANOVA showed that the shape of the upper jaw
was not correlated to the absolute bite force, while the absolute bite
force explained 16% of the variation in the shape of the lower jaw
(P<0.001). However, the residual bite force was significantly
correlated to the shape of both the upper jaw (R*=0.17, P<0.001)
and the lower jaw (R*=0.11, P<0.001).

Covariation between bite force and jaw shape

A summary of'the results of the 2B-PLS analysis is given in Table 4.
Only the main results will be described further. Further
visualizations are presented in Fig. S2.

We observed significant covariation between the shape of the
upper and lower jaws and absolute bite force (Table 4; Fig. §2).
Significant covariation with high coefficient of covariation was also
observed between residual bite force and bone shape (r-PLS=0.65
for the lower jaw versus 0.62 for the upper jaw; Fig. 0).
A comparison of the Z-scores indicated that there was no
significant difference in the level of covariation between the
upper and lower jaws and between absolute and residual bite force
(P>0.05). The covariation remained significant if we distinguished
brachycephalic from mesocephalic/dolichocephalic dogs in the
analyses with absolute bite force, but was no longer significant in
the analyses with residual bite force. This suggests that size and the
diversity in shape are important drivers of the covariation.

For all analyses, the first axis of the 2B-PLS explained more
than 99% of the total covariance. The large brachycephalic dogs

Table 3. Contribution of the different constituent bellies of the jaw muscles to the moment of bite force for different gape angles

Gape angle (deg) MS MP ZMA ZMP SZ TS TP P

0 13.37£2.8 10.10£3.13 8.14+3.52 5.87+2.03 3.38+1.27 21.72£3.74 24.60£4.81 12.8143.49
20 13.184£2.78 9.94+3.09 8.37+3.57 5.84+2.02 3.02+1.15 21.794£3.75 24.92+4.99 12.9443.59
30 13.02+£2.77 9.90+3.08 8.52+3.61 5.84+2.02 2.87+1.12 21.87£3.78 25.07+5.08 12.9143.63
40 12.804£2.75 9.86+3.07 8.70+3.66 5.84+2.02 2.77+1.14 21.98+3.83 25224519 12.8243.67

Table data are meants.d. percentage contribution. MS, m. masseter pars superficialis; MP, m. masseter pars profunda; ZMA, m. zygomaticomandibularis
anterior; ZMP, m. zygomaticomandibularis posterior; SZ, m. temporalis pars suprazygomatica; TS, m. temporalis pars superficialis; TP, m. temporalis pars

profunda; P, m. pterygoideus (medialis and lateralis).
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Fig. 5. Contribution of the different constituent bellies of the jaw muscles
to the moment of the bite force for different gape angles. MS, m. masseter
pars superficialis; MP, m. masseter pars profunda; ZMA,

m. zygomaticomandibularis anterior; ZMP, m. zygomaticomandibularis
posterior; 8Z, m. temporalis pars suprazygomatica; TS, m. temporalis pars
superficialis; TP, m. temporalis pars profunda; P, m. pterygoideus (medialis
and lateralis).

Contribution (%)

occupied the left part of the scatterplot and were related to high (or
telatively high) bite forces. The distinction between brachycephalic
and mesocephalic/dolichocephalic dogs along the first PLS axis was
even clearer for the PLS with residual bite force. This reinforces the
idea that the ability of large brachycephalic dogs to produce high
bite forces is related to the specific shape of both the upper and lower
jaws. The beagles occupied a small part of the scatterplot, even
though a small variability in the covariation was observed. Age did
not seem to drive the observed covariation.

Below we describe only the covariation between bone shape and
the residual bite force (Fig. 6), and we refer to Fig. S2 for covariation
with the absolute bite force. Dogs that produce a low bite force for
their size have an elongated, flat and straight mandibular body in the
sagittal plane, a small and narrow coronoid process with a shallow
masseteric fossa, a medially short and small condylar process of the
mandible and a weak angular process (Fig. 6A). The upper jaw 1s
fox-like (Fig. 6B): it is elongated, with a proportionally long, flat
and narrow snout, and a reduced braincase. The zygomatic process
of the frontal bone and the post-orbital constriction are not very
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pronounced and the zygomatic arches are narrower. The
perpendicular plate of the palatal bone is reduced and the retro-
articular process of the temporal bone is reduced. In contrast, the
dogs that can produce a high bite force for their size have a very
robust mandible with a relatively large, coronoid process with a
deep masseteric fossa, a shortened, ventrally and laterally curved
mandibular body, a big, medially extended and caudally curved
condylar process of the mandible, and a more pronounced angular
process. The upper jaw is more massive, with a proportionally
shorter, wider and laterally very marked snout, and a bigger and
more rounded braincase. The zygomatic arches are much larger
and more distant from the cranium, and the area that bears the
frontal process of the zygomatic bone is more craniodorsally
elevated. The perpendicular plate of the palatal bone and the retro-
articular process of the temporal bone are well developed. For both
the upper and lower jaws, the check teeth (premolar and molar
teeth) are more cranially located for the dogs that produce the
highest bite forces.

DISCUSSION

The objectives of this study were: (1) to assess the variability in bite
force in the domestic dog considering a wide range of breeds/
morphotypes; (2) to test which components of the jaw adductor
system are the best predictors of bite force; and (3) to describe the
pattern of covariation between bone shape and bite force.

Bite force variability assessed by the biomechanical model

In this study, we used a biomechanical model to explore the effect of
the great variation in size and shape of the jaw on bite force in dogs.
We provide the first estimations of bite force using individual PCSA
and 3D coordinates of attachment of the jaw adductors obtained
from dissection in a sample of domestic dogs of various breeds.
These data are complementary and consistent with those already
available in the scientific literature (values recorded i vivo or under
anaesthesia, estimation using the dry-skull method or regression
methods calibrated by measurements obtained under anaesthesia;
Ellis et al., 2008, 2009; Lindner et al., 1995). For comparative
purposes, we here focus on estimates for a gape angle of 30 deg. We
estimated bite forces from 124 to 1380 N (mean: 520 N) on the
canine tooth and from 229 to 2364 N (mean: 919 N) on the lower
carnassial tooth. The strongest biters in our sample were the
rottweiler and pitbull, with values exceeding 2000 N at the
carnassial tooth. Lindner et al. (1995) provided in vivo
measurements on 22 dogs of various breeds ranging from 13 to
1394 N (there is no mention of the bite point). Ellis et al. (2008)
measured values under anaesthesia on 20 dogs of various breeds
ranging from 147+6.9 to 926+8.1 N on the canine tooth and from
574+83.2 to 3417+43.1 N on the lower carnassial tooth. Ellis et al.

Table 4. Results of two-block partial least square (2B-PLS) analysis comparing the shape of the lower and upper jaws against log,, bite force

Shape-BF Shape—residual BF
Bone Axis % CV P r-PLS Axis % CV P r-PLS
Lower jaw
All (n=47) PLS 1 100 0.001 0.75 PLS 1 100 0.001 0.65
Brachycephalic (n=16) PLS 1 100 0.001 0.95 PLS 1 >0.05 0.85
Other (n=31) PLS 1 100 0.001 0.74 PLS 1 >0.05 0.67
Upper jaw
All (n=47) PLS 1 99 0.036 0.68 PLS 1 100 0.001 0.62
Brachycephalic (7=16) PLS 1 100 0.022 0.86 PLS 1 >0.05 0.68
Other (n=31) PLS 1 100 0.007 0.63 PLS 1 >0.05 0.49

BF, bite force; % CV, percentage of covariation explained by the axis of interest; r-PLS, coefficient of covariation between the two variables. Significant results

are in bold.
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(2009) estimated bite forces up to 4468 N on the lower carnassial
tooth with their regression models and up to 3338 N with the dry-
skull method as described by Thomason (1991). It is difficult to
ascertain whether our estimates are more accurate than those of Ellis
etal. (2008, 2009). Their studies were based on a simple 2D analysis
of bite force supported by experimental determination of bite force
on 20 dogs of a range of shapes and breeds. The present work
included the muscle architecture and craniomandibular shape,
combined with in vive measurements of bite force from individuals
of one breed (Malinois). Our results demonstrated excellent
correspondence for dogs of similar size and shape, thus validating
our model. Similar validation for other breeds is needed, however,
to be able to confirm that our model provides reliable results
irrespective of breed or shape.

Determinants of bite force
The m. temporalis was found to contribute to half of the estimated
bite force. Its contribution even tended to increase when the gape

angle increased, which is related to the significantly increasing
contribution of its deep bundle, and shows that it provides a
performance advantage at large gapes. This is consistent with the
need for carnivores to produce high bite forces at large gapes
(Herrel et al., 2008; Turnbull, 1970). As demonstrated for other
species (Herrel et al., 1998b; Bourke et al., 2008; Cleuren et al.,
1995; Dumont and Herrel, 2003; Herrel et al., 2008; Kerr et al.,
2017), the bite force and angle of reaction force in the joint
(relative to the upper jaw) decrease as the mouth opening angle
increases, and as food reaction forces move away from the
orthogonal to the lower jaw. The reaction force, in contrast,
increases.

Our results show that bite force is extremely variable in dogs and
that it increases as size increases, as expected. However, we found
significant differences in the residual bite force between
brachycephalic dogs and the two other morphotypes. These
results are consistent with the results of Ellis et al. (2009) and are
coherent with lever mechanics. A short out-lever transmits a high
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force for a small movement: breeds with a shorter lower jaw will
produce a relatively higher bite force (Slater et al., 2009).
Conversely, a long lever arm (related to a longer lower jaw, as in
dolichocephalic dogs) transmits a lower force but the amplitude of
its movement is larger. We found no significant difference between
the mesocephalic and dolichocephalic dogs, but this is probably due
to our sample which contained very few extreme dolichocephalic
dogs. The limits between the groups are further somewhat arbitrary
and depend on the definitions used by different authors (Ellis ct al.,
2009; Miller et al., 1965; Roberts et al., 2010). To make
homogeneous groups, we chose a relatively high value of the
cephalic index of 0.6 to distinguish mesocephalic and
dolichocephalic dogs. However, Miller et al. (1965) stated that the
mean value was 0.39 for dolichocephalic dogs versus 0.52 for
mesocephalic dogs and 0.81 for brachycephalic dogs. This could
explain why we did not find a difference between these two groups.
Tt would be interesting to add some graioid dogs (greyhounds) and
other large dolichocephalic dogs (Leonberger) in future analyses.

The huge diversity in bite force observed can be expected to be
related to the use of'the dogs and the task they have been bred for. The
distinction between the large brachycephalic dogs and the other dogs
(small brachycephalic, mesocephalic and dolichocephalic dogs) in
our sample might indeed be the result of different selection practices.
Most of the large brachycephalic dogs are historically dedicated to
the protection of humans (such as the rottweiler), whereas small
brachycephalic dogs are dedicated to companionship, and
mesocephalic or dolichocephalic dogs are dedicated to herding or
hunting. For skills such as protection or attacking, breeders try to
improve biting or gripping ability. Thus, it is not surprising to observe
relatively higher bite forces in large brachycephalic dogs that were
bred for defence/attack rather than dogs bred for herding or hunting,
which are more commonly dolichocephalic. Previously, trade-offs
between these two functions have been demonstrated in the
musculoskeletal system (Cameron et al,, 2013; Helton, 2011),
suggesting that running/scent hound dogs are likely to be poor
biters. Interestingly, the Leonberger, despite being dolichocephalic, is
classified in group 2 of the FCI, with molossoid breeds and mountain-
type dogs such as the rottweiler and cane corso. The breed is derived
from a mixture of a Newfoundland, a grand St Bernhard and a
Pyrenean mountain dog. It is thus not surprising that this dog
produces bite forces as elevated as those of the other large
brachycephalic dogs in our sample. To investigate the influence of
inbreeding and genetic heritage on the functional abilities of the
masticatory apparatus, a much bigger sample, including at the intra-
breed level is, however, required.

A high intra-breed variability was also observed. If we consider the
10 beagles we dissected, calculated bite forces ranged from 262 to
466 N on the incisor teeth (mean: 359 N), 301 to 543 N on the canine
tooth {mean: 418 N) and 559 to 1018 N on the camassial tooth
(mean: 790 N). Age, size and sex are probably important drivers of
this variability. Moreover, changes throughout life may also influence
bite force, as mammals are very plastic even at late life-history stages
(Scott et al., 2014). Differences related to pathologies may further
influence cortical bone modelling or muscle architecture. Diet and
training probably also influence muscle development and bone shape
and need to be taken into account to understand the intra-breed
variability in bite force. The influence of training is a fundamental
issue that would be worth exploring further. Indeed, exercise can
improve masticatory function (Bourke et al., 2008; He et al., 2013,
Kiliaridis et al., 1995; Kim et al., 2018; Lindner et al., 1995; Shirai
et al.,, 2018; Thompson et al., 2001) but few studies have investigated
this in detail.
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Shape predictors of bite force
The shape of the upper and lower jaws is significantly related to the
absolute or residual bite force. The 2B-PLS analysis indicated that
the curvature of the mandibular body, the relative size of the
coronoid process and its processes, as well as the shape of the
zygomatic arches relative to that of the neurocranium (which
determines the space that is available for the adductor muscles to
pass through) influence bite force variation. Overall, the presence of
hypertypes with malocclusion between the lower and upper jaws
(frequent in the small brachycephalic dogs), did not seem to alter
the patterns of covariation much. However, there was significant
variability in the data and caution is neceded when interpreting the
functionality of specific shapes, in particular with regard to the
small brachycephalic dogs. In the 2B-PLS analysis with absolute
bite force (Fig. S2), these dogs slightly diverged from the overall
pattern, The shape of the upper or lower jaw alone can therefore lead
to an overestimation of the absolute bite force in these small dogs,
hence the need to take into account size in the estimates. The
visualizations provided by the 2B-PLS analysis with residual bite
force and the shape of the upper jaw show that similar shapes along
axis 1 can produce very different relative bite forces, especially in
brachycephalic dogs (e.g. the papillon dog versus the cane corso
dog; Fig. 6): the small brachycephalic dogs produce much lower
relative bite forces compared with other dogs of similar shape along
axis 1. This supports previous observations by Ellis et al. (2009).
The authors suggest that there is an interaction between shape and
size for bite force and that shape may not be a significant factor in
determining bite force in small brachycephalic dogs. Further studies
including more hypertypes (small brachycephalic dogs) would be
necessary to confirm that domestication did not completely disrupt
the patterns of integration. Finally, it would be interesting to
compare the coefficients with those of wild or commensal canids
(wolves, dingoes) to test whether domestication has led to a
decrease in the functional integration in the masticatory apparatus.
The shape of the lower jaw appears to be a better predictor of
absolute bite force than the shape of the upper jaw (i.e. the results for
the upper jaw are not significant for the Procrustes ANOVA; the
variability of the point cloud along axis 1 of the 2B-PLS of'the upper
jaw 1s greater). This is consistent with the specialization of'the lower
jaw towards a single function (mastication), while the upper jaw has
to cope with many functional demands related to the sensory organs,
protection of the brain, etc. The strong relationship observed
between the lower jaw and bite force should enable us to make
predictions of bite force based on bone remains from the fossil
record. Our study focused on the relationships between the overall
shape of the bones and bite force, but did not allow us to explore
the relationships between bone structure and the loads imposed
during mastication. Finite element analysis may be an interesting
complementary approach for this purpose (Bourke et al., 2008; Kim
et al., 2018; Penrose et al., 2020; Wroe et al., 2007). Moreover,
exploring the link between bone cortical thickness and bite force
may be of interest to track functional variation according to load
resistance (Cox et al., 2015; Kupezik et al., 2007; Rayfield, 2007;
Ross et al., 2005).

Conclusions

The use of data on the muscle architecture obtained from dissections
enabled us to describe the functional links between the muscular and
bony components of the jaw system. The extreme variability in bite
force in dogs is related to the extreme variability in size and shape,
with brachycephalism conferring a mechanical advantage, as well
as a great variation in muscle architecture (PCSA). Overall, it seems
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that the masticatory system is strongly integrated in dogs and that the
strong relationships between the lower jaw and bite force observed
are promising in terms of predictions using the 3D shape of
the mandible only (which may be interesting, for example, in
archaeology).
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Summary; Variation in bite force in dogs is driven by their extreme morphological variation, The covariation with skull shape suggests
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Chapter 4.
Comparison with other commensal canids:
the dingo and the red fox

The red fox Vulpes vulpes

In article 4, we studied the relationships between the shape of the cranium, the shape of the
mandible, masticatory muscle architecture (volume, PCSA) and bite force in European foxes
(red and some silver), using the same methodological tools as those previously used in Chapter
3 for dogs. The results obtained were compared with those obtained for the dog in Chapter 3.

The following key points emerge from this article:

KEY POINTS

Mandible shape is as variable in commensal foxes as in domestic dogs,
whereas the cranium is much more variable in domestic dogs.

= Human artificial selection has less impacted the morphological
variability of the mandible compared to the cranium.

Mandible shape is related to size and age and a sexual dimorphism exists.

Strong functional relationships are observed between the shape of the
mandible and that of the cranium, or between the shape of the mandible and
muscle data and bite force, but surprisingly no more than in dogs. Co-
variation patterns are broadly similar (though less distinct) than those
described in dogs.

= Intensive artificial selection does not appear to have disturbed
the integrity of the masticatory system in dogs.

Bite force is more correlated to the shape of the mandible than to the shape
of the cranium.

= The mandible is a better item for making functional inferences
in terms of bite force for commensal canids submitted to natural
constraints.

217






Article 4 —
Masticatory system integration in a commensal canid: interrelationships

between bones, muscles, and bite force in the red fox.
Colline Brassard, Marilaine Merlin, Elodie Monchatre-Leroy, Claude Guintard, Jacques
Barrat, Héléne Gares, Arnaud Larralle, Raymond Triquet, Céline Houssin, Cécile Callou,
Raphaél Cornette, Anthony Herrel

In revision for Journal of Experimental Biology

219



Masticatory system integration in a commensal canid: interrelationships between bones,

muscles, and bite force in the red fox.

Colline Brassard"?*, Marilaine Merlin', Elodie Monchatre-Leroy®, Claude Guintard®>,
Jacques Barrat’, Héléne Garés®, Arnaud Larralle’, Raymond Triquet®, Céline Houssin’, Cécile
Callou!, Raphaél Cornette’, Anthony Herrel'.

I Mécanismes Adaptatifs et Evolution (MECADEV), Muséum national d’Histoire naturelle,
CNRS ; 55 rue Buffon 75005 Paris, France.

2 Archéozoologie, archéobotanique : sociétés, pratiques et environnements (AASPE),
Muséum national d'Histoire naturelle, CNRS ; CP55, 57 rue Cuvier 75005 Paris, France.

3 ANSES, Laboratoire de la rage et de la faune sauvage, Station expérimentale d’Atton,
Malzéville, France.

4 Laboratoire d’ Anatomie comparée, Ecole Nationale Vétérinaire, de I’ Agroalimentaire et de
I’ Alimentation, Nantes Atlantique — ONIRIS, Nantes Cedex 03, France.

> GEROM, UPRES EA 4658, LABCOM ANR NEXTBONE, Facult¢ de santé de
I’Université d’Angers, France.

% Direction des Services Vétérinaires —D.D.C.S.P.P. de la Dordogne, Périgueux, France.

"ONCFS, 24210 Brouchaud, France

8 Université de Lille III, France

? Institut de Systématique, Evolution, Biodiversit¢ (ISYEB), CNRS, Muséum national
d’Histoire naturelle, Sorbonne Université, Ecole Pratique des hautes Etudes, Université des
Antilles, CNRS ; CP 50, 57 rue Cuvier 75005 Paris, France.

Corresponding author: colline.brassard@mnhn. fr

Key words
red fox; skull; mandible; jaw muscle architecture; geometric morphometrics; domestication
Summary statement

Strong interrelationships between the components of the masticatory system in red foxes
suggest that it is strongly integrated, but not more so than dogs. Yet, the components of the
masticatory system are less variable in foxes compared to dogs.
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1.1. Abstract

The jaw system in canids is essential for defence and prey acquisition. However, how it
varies in wild species in comparison with domestic species remains poorly understood, yet is
of interest to understand the impact of artificial selection. Here we compare the
interrelationships between the upper and lower jaws, muscle architecture, and bite force in the
red fox (Vulpes vulpes) with data previously obtained for dogs (Canis familiaris). We
performed dissections and used 3D geometric morphometric approaches to quantify shape in
68 foxes. We used a static lever model and bite force estimates were compared with in vivo
measurements of ten silver foxes. Our results show that foxes and dogs differ in skull shape and
muscle physiological cross-sectional areas (PCSA). They show a similar amount of
morphological variation in muscle PCSA and mandible shape, but lower variation in cranial
shape. In foxes, a strong relationship between the bony and muscle components of the jaw
system exists, confirming their strong integration. However, the patterns of covariation are not
stronger than in dogs, suggesting that domestication did not lead to a disruption of the functional
links of the jaw system. Shape correlated with size, age, sex, and is impacted by muscle
architecture. Finally, the functional links between shape and bite force are stronger for the
mandible, which likely reflects its greater specialisation towards biting.

1.2. Introduction

Skull morphology has been demonstrated to be the complex product of phylogeny,
development, mechanical processes, compromises produced by competing demands, and
epigenetic constraints (Smith, 1993; Bels and Herrel, 2019). The head is involved in many
fundamental functions in vertebrates (protection of the sensory organs and brain, and
functioning of the digestive and respiratory tracts; Santagati and Rijli, 2003), and has thus been
the subject of many studies. In particular, the relationships between the mechanical components
of the jaw have been a subject of major interest as it contributes to the understanding of the
evolutionary processes that have driven variation in the jaw system (Cornette et al., 2015). The
mandibles rotate up or down relative to the cranium, the movements being driven by the
contractions of the jaw adductors, thus generating the bite force, which is an excellent indicator
the performance of the jaw system (Dessem and Druzinsky, 1992; Binder and Valkenburgh,
2000; Anderson et al., 2008; Nogueira et al., 2009). Numerous studies have documented the
biomechanics of the jaws in a variety of organisms and attempted to link this to prey capture
mode, dietary specialisation, competition or non-feeding and environmental variables (e.g.
Bels, 2006; Bels and Herrel, 2019; Bels et al., 2012; Cornette et al., 2015b; Fabre et al., 2018;
Gueldre and Vree, 1990; Hannam and Wood, 1989; Hartstone-Rose et al., 2012; Herrel and
Aerts, 2004; Herrel et al., 1998b, 2008; Herring et al., 2001; Nogueira et al., 2009; Perry et al.,
2011; Slater and Van Valkenburgh, 2009; Tseng and Flynn, 2015a, 2015b, 2015c¢, 2018).

Previous studies focusing on canids have documented the functional relations of the cranium
with the adductor muscles (Penrose et al., 2016, 2020) and the mandible (Curth et al., 2017;
Curth, 2018). The relations between these structures and bite force have often been explored
using bite force estimations based on skull measurements (i.e. dry skull method: Ellis et al.,
2008, 2009; Forbes-Harper et al., 2017; Thomason, 1991). Yet, this approach does not take into
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account the macroscopic arrangement of muscle fibres (i.e. muscle architecture: muscle
volume, fibre length, fibre type and pennation angle). A good overall measure of this
architecture is the physiological cross-sectional area (PCSA; Haxton, 1944). Moreover,
differences in bone shape and lever arms may change the relative arrangement of muscles on
the skull with respect to the teeth or the temporomandibular joint which will also influence bite
force (Taylor and Vinyard, 2013). As such, the inclusion of data on muscle architecture and the
position of the muscles on the skull may influence estimates of the magnitude of the bite force
and jaw-closing speed (Penrose et al., 2020). Muscle dissections hence enable better estimations
of bite force. Previous studies have further shown good correspondence between in vivo data
and results from biomechanical models based on dissection data (Herrel et al., 1999, 2008;
Meyers et al., 2018). Other studies have used finite element analyses (Wroe et al., 2007; Bourke
et al., 2008; Penrose et al., 2020) to explore possible adaptations to predation (Radinsky, 1981;
Van Valkenburgh and Koepfli, 1993; Slater, Dumont and Van Valkenburgh, 2009).

Unfortunately, direct in vivo measurements of bite force in canids are scarce. Ellis et al.
(2008) recorded bite force data under anaesthesia for 20 dogs of various breeds, and Lindner et
al. (1995) recorded in vivo data on 22 dogs of various breeds in vivo. To date there is no in vivo
data for bite forces in other canids such as red foxes. Contrary to dogs (Canis familairis) and
despite their commensal nature across a large part of the range, phenotypic variation in the red
fox is mostly driven by natural selection. Consequently, they are an excellent model to compare
to domestic dogs where phenotypic differences are almost exclusively the result of artificial
(intentional) selection. As the jaw system plays a major role in feeding and predation, it is likely
to be a highly integrated system that is submitted to natural selection pressures. Wild species
are only rarely compared to domestic dogs although many studies have attested to the
consequences of domestication on the morphological variability of the cranium and mandible
(Curth, 2018; Curth et al., 2017; Drake and Klingenberg, 2008, 2010; Machado et al., 2018;
Sanchez-Villagra et al., 2016; Selba et al., 2019). Consequently, our understanding of how
domestication may impact the functional properties of the jaw system remains limited.

Foxes (Vulpes vulpes) are the most widespread wild canids in the world (Schipper et al.,
2008). The success of the red foxes in a wide variety of ecological contexts suggests that they
present functional adaptations to diverse environments and resources. Foxes are opportunists
that feed mostly on small prey. As a result, they have long and narrow jaws (Van Valkenburgh
and Koepfli, 1993), allowing the jaws to close quickly (Herring and Herring, 1974; Slater,
Dumont and Van Valkenburgh, 2009; Perry, Hartstone-Rose and Logan, 2011; Hartstone-Rose,
Perry and Morrow, 2012; Santana, 2016). This is made possible by a longer out-lever that
should logically result in a decrease in bite force at the tip of the jaw (Radinsky, 1981;
Christiansen and Wroe, 2007) unless the size and orientation of the jaw musculature
compensate (Jaslow, 1987). Yet, the morphological and functional variability of this species
has only been briefly described. Previous studies suggested age- and sex-related differences,
geographic variation and differences between wild and farm-bred or even domesticated
populations of foxes (Bisaillon and DeRoth, 1979; Thomason, 1991; Cavallini, 1995; Szuma,
2004; Trut, Oskina and Kharlamova, 2009; Csanady, 2013; Forbes-Harper et al., 2017; Zaton-
Dobrowolska et al., 2017). Variation in the shape of the head as well as in the architecture of
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the adductor muscles likely results in variation in bite force. Forbes-Harper et al. (2017)
estimated bite forces ranging from 170 to 342 N (mean: 239 N) at the canine tooth, using the
dry-skull method for a population of over 300 Australian red foxes. Surprisingly, no previous
studies have explored the variation in muscle architecture in the red fox, and how the 3D shape
variation in the cranium or mandible is related to jaw muscle morphology and consequently
bite force. Further, no in vivo bite force measurements are available in the literature, yet these
are essential to validate any biomechanical model used to calculate bite force.

Here, we explore the morphological variability in the shape of the cranium (skull without
the mandible) and mandible of 68 foxes Vulpes vulpes from France using 3D geometric
morphometrics. We further quantify the jaw muscle architecture (PCSA, mass) of 65 of these
animals by means of dissection. We then estimate bite force to assess the functional impact of
the variability in shape and muscle architecture. We use a 3D static biomechanical model based
on the origin and insertion of the adductor muscles and the PCSAs obtained from dissection to
estimate bite force and compared its output using in vivo measurements. We then characterise
the interrelationships between the components of the masticatory system by testing the
correlations and covariations between the shape of the cranium, the shape of the mandible,
muscle architecture, and bite force. We compared these results to results obtained previously
for domestic dogs (Brassard et al., 2020a,b,c, articles 1 to 3). Our aim is to [1] document the
variability in cranial and mandible shape and jaw muscle architecture in the red fox and to
compare it with the domestic dog; [2] study the relationships between shape, muscle
architecture, and bite force; and [3] compare the patterns of integration between the domestic
dog and the commensal red fox. We predict that the variability in cranial and mandibular shape
will be lower in the red fox compared to domestic dogs based on previous studies (Drake and
Klingenberg, 2010). We also expect stronger correlations and covariations between bone shape
and muscles or bite force in the red fox as its jaw system is principally under the influence of
natural selection. This study should thus contribute to a better understanding of the evolutionary
processes that drive jaw biomechanics in wild canids and the modifications induced by artificial
selection in the domestic dog.

1.3. Materials and methods

1.3.1. Specimens

The dataset is composed of the heads of 68 fresh-frozen Vulpes vulpes, including 64 red
foxes from the wild and four silver foxes from a wildlife virology testing centre. Silver foxes
are a melanistic form of the red fox and belong to the same genus and species Vulpes vulpes
(Trut, 1999). Detailed information on the sample is available in supplementary Table S1. Sixty-
five of these heads were dissected. Three heads were not dissected but directly prepared for
shape analyses because they were preserved in formaldehyde which may impact muscle
architecture data. Fifty-eight crania and sixty-eight mandibles were well-preserved enough to
be used for shape analyses, after cleaning and drying. Foxes were classified in several age
groups depending on the aspect of the cranial sutures. Four foxes are juveniles with deciduous
teeth, a very porous mandible and unclosed cranial sutures. Young foxes represent foxes for
which the basispheno-basioccipital suture is still open (<8-10 months for dogs according to
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Barone, 2010) and the mandible is still porous. Old foxes represent foxes with a closed
interfrontal suture and worn dentures (>3-4 years). The other foxes are intermediate adults.

1.3.2. Dissections of the jaw muscles

Following the description provided by Penrose et al. (2016) and Brassard et al. (2020a,
article 1), we dissected the M. digastricus (Dig), the M. masseter pars superficialis (MS), the
M. masseter pars profunda (MP), the M. zygomaticomandibularis anterior (ZMA), the M.
zygomaticomandibularis posterior (ZMP), the M. temporalis pars suprazygomatica (SZ), the
M. temporalis pars superficialis (TS), the M. temporalis pars profunda (TP), and the M.
pterygoideus (P, combining the M. pterygoideus medialis and M. pterygoideus lateralis) when
the heads were still fresh or frozen and defrosted (Fig. 1A). Fibre lengths and pennation angles
were measured directly on the muscle after sectioning the muscle along its long axis. We
considered the mean of five measurements taken on different parts of the muscle. Muscle mass
was measured using a digital scale (Mettler Toledo AE100). We calculated the reduced PCSA
(Haxton, 1944) using a density of 1.06 g cm—3 (Mendez and Keys, 1960). We used the
following formula:

mass (g) * cos(angle of pennation (rad))
1.06 (g.cm™=3) * fiber length (cm)
Muscle masses could be recorded for 65 foxes and muscle PCSAs for 63 foxes.

PCSA =

The proportions of the masseter, temporal and pterygoid muscles (sum of the masses of all
the bundles belonging to a functional group) to the total mass of the adductor muscles were
compared between dogs and foxes using Welch’s two-sample t-tests.
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Fig. 1. Jaw muscles and force production in the red fox. A: Jaw muscles dissected in this study; B:
attachment area on the skull; C: biomechanical model. Dig: M. digastricus; MS: M. masseter pars
superficialis; MP: M. masseter pars profunda; ZA: M. zygomaticomandibularis pars anterior; ZP: M.
zygomaticomandibularis pars posterior; SZ: M. temporalis pars suprazygomatica; TS: M. temporalis pars
superficialis; TP: M. temporalis pars profunda; PM: M. pterygoideus pars mfedialis; PL: M. pterygoideus
pars lateralis; BF: estimated bite force; FRF: food reaction force; AFRF: angle of the food reaction force
with respect to axe x; JF: joint force; AJF: angle of the joint force; F TP: force exerted by the M. temporalis
pars profunda; eid: effective in-lever arm of the force exerted by the M. temporalis pars profunda; eod:
effective out-lever arm exerted by the estimated bite force or the food reaction force; BPi: bite point at the
incisor teeth; BPc: bite point at the canine tooth; BPm: bite point at the carnassial tooth; gape angle: angle
of opening of the lower jaw with respect to the upper jaw. In the illustration, only the moment arm of the
M. temporalis pars profunda is represented. The attachment area of the masseter bundles is indicated in
blue, that of the temporal muscles in red, the pterygoids in green, and digastric in brown.

225



1.3.3.  Geometric morphometrics analyses

All statistical analyses were run in ‘R’ version 3.6.0 (2019-04-26). The patterns of
morphological variation and covariation with muscle data or estimated bite force were explored
using geometric morphometric analyses. Three-dimensional models of all the mandibles and
one cranium were obtained from photogrammetry using the ‘Agisoft PhotoScan’ software (©
2014 Agisoft LLC, 27 Gzhatskaya st., St. Petersburg, Russia). Twenty-five landmarks, 190
sliding semi-landmarks on curves and 185 sliding semi-landmarks on surfaces were placed on
the mandible of each specimen (Fig. 2, Table S1) using the software ‘Landmark’ version 3.0.0.6
(© IDAV 2002-2005; Wiley et al., 2005). The landmarks were slid and transformed into
spatially homologous landmarks using a sliding semi-landmark procedure implemented in the
‘Morpho’ package (version 2.7) in R (Bookstein, 1991; Gunz, Mitteroecker and Bookstein,
2005; Schlager, 2013). Fifty-four landmarks were placed on one side of the cranium, using a
microscribe (Fig. 2, Table S1). A mirror was then applied to obtain the symmetric landmarks
compared to the sagittal plane, using the function ‘mirrorfill’ from the package ‘paleomorph’,
and leading to a total of 108 landmarks.

Generalised Procrustes Analyses (GPA — Rohlf & Slice, 1990) were performed using the
function ‘procSym’ (Klingenberg, Barluenga and Meyer, 2002; Gunz, Mitteroecker and
Bookstein, 2005; Dryden and Mardia, 2016) from the package ‘Morpho’. Allometries in bone
shape and muscle morphology (PCSA and mass) were explored using the function ‘procD.Im’
(Goodall, 1991; Anderson, 2001; Anderson and Braak, 2003; Collyer, Sekora and Adams,
2015; Adams and Collyer, 2016, 2017) from the package ‘geomorph’. Allometry-free
coordinates were calculated using the function ‘CAC’ (Mitteroecker et al., 2004) and ‘showPC”’.
Residual muscle data and residual estimated bite forces were obtained from the regression of
the Logl0-transformed muscle or estimated bite force data on the Log10-transformed centroid
size of the mandible (or cranium whenever appropriate for the further 2B-PLS analyses), using
the function ‘Im’.

Fig. 2. Landmarks used in this study illustrated on the dorsal, lateral and ventral views of the cranium and
mandible of a red fox. Definitions of the landmarks are provided in Table S1.
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1.3.4. Exploration of the variability in cranial shape, mandibular
shape, muscle PCSA and muscle mass

Principal Component Analyses (PCA) were performed using the function ‘procSym’ from
the package ‘Morpho’ based on the mandibular or cranial coordinates of all aligned specimens,
on allometry-free coordinates, on the PCSA of all muscles, on the residual PCSA of all muscles,
on muscle mass and on residual muscle mass. The deformation of the mandible or cranium to
the consensus of the GPA was used as a reference for all further visualisations. To compare the
variability in cranial and mandible shape between dogs and foxes, we performed a PCA on the
Procrustes coordinates of the merged coordinates from this study and that of previous studies
using the same landmarking protocol (Brassard et al., 2020a,b,c, articles 1 to 3). To compare
the level of morphological variation between the two species (called disparity), we used the
function ‘morphol.disparity’ from the package ‘geomorph’ (Foote, 1993; Zelditch, Swiderski
and Sheets, 2012). Morphological disparity is estimated as the Procrustes variance in each
species, using residuals of a linear model fit (the sum of the diagonal elements of the group
covariance matrix is divided by the number of observations in the group). The differences
between species are statistically evaluated through 1000 permutations, where the vectors of
residuals are randomised among groups.

1.3.5. Cranial and mandibular shape determinants

To investigate the drivers of cranial and mandibular shape variation, we performed
Procrustes ANOV As with permutation procedures on the coordinates from the GPA using the
function ‘procD.Im’ from the package ‘geomorph’. We considered the mass of the three main
adductor muscle groups, their fibre lengths, pennation angles, PCSA, and the centroid size (of
the cranium or mandible) as explanatory variables, to increase statistical power. For each
muscle complex, we considered the sum of the masses or PCSAs and the mean of the fibre
lengths or pennation angles of the constituent bellies. Data were LoglO-transformed. We
performed Procrustes ANOVAs using the function ‘procD.Im’ from the package ‘geomorph’.
We performed several multiple or simple regressions with Logl0-transformed centroid size,
age, sex and muscle data as explanatory variables. For these analyses, we considered the three
main muscle complexes (masseter, temporalis and pterygoid). We used the ‘shape.predictor’
function and the ‘Avizo 8.1.1." software to visualise the effect of the variation in the PCSA of
the temporal, masseter and pterygoids on the shape of the cranium and mandible.

To explore the patterns of covariation, we used two-block partial least-squares analyses (2B-
PLS) with the function ‘pls2B’ (Rohlf and Corti, 2000). P-values were calculated based on 1000
permutations. We tested the covariation between shapes or allometry-free shapes and raw or
residual muscle masses or PCSAs. Z-scores were finally calculated to compare the PLS
coefficients with the function ‘compare.pls’ from the package ‘geomorph’. To test whether the
integration was greater in foxes than in dogs, we also compared the PLS coefficients obtained
for the red fox with those obtained for dogs (Brassard et al., 2020a,c, articles 1 and 3).
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1.3.6. Bite model

The cranium, mandible and the jaw adductor muscles act jointly to produce jaw motion and
estimated bite force. We used a similar biomechanical model to the one described by Herrel et
al. (1998a,b) and that takes into account the 3D coordinates of origin and insertion and the
PCSA of the jaw muscles to calculate the moments exerted by each muscle and to deduce the
estimated bite force, the joint force, and the angle of the joint force (Fig. 1C).

The cranium is positioned in a reference frame whose centre is located at the right
temporomandibular joint, whose x-axis runs through the long axis of the mandible to the first
incisor tooth, and whose y-axis is directed towards the top of the cranium and perpendicular to
X. The Z-axis runs from the midline outwards perpendicular to the other two axes. In this
reference frame, the 3D coordinates of origin and insertion of the adductor muscles were
recorded using a microscribe. We approximated the centroid of the origin and insertion areas
of the muscles based on observations from our dissections. The 3D coordinates of three bite
points (point of application of estimated bite force, which is the opposite of the food reaction
force) were also recorded. The first point is at the first incisor tooth (BPi in Fig. 1), the second
one is just behind the lower canine tooth (BPc in Fig. 1) and the last one is located on the caudal
part of the lower carnassial tooth, which corresponds to the contact area between P* and M;
(BPm in Fig. 1). These locations were chosen because they are essential during feeding in
canids.

In this three-dimensional lever model, the lower jaw rotates around the condylar process of
the mandible (the centre of the system) following a gape angle of 0 to 40°. We do not take into
account translational movements as they are negligible. All bite points then rotate in an arc for
which the radius corresponds to the shortest distance from the condylar process of the mandible
to the point of application of the estimated bite force. At static force equilibrium, the sum of the
moments of the external forces (force in the joint, force at the bite point and force exerted by
each muscle) is zero. In other words, the sum of the vectorial products of the in-lever moment
arms and the adductor muscles forces (for both sides, which are considered symmetric) is equal
to the vectorial product of the out-lever moment arm and the estimated bite force. The
magnitude of each moment corresponds to the numeric product of force magnitude and the
shortest distance between the centre of the system and the line of action of the force (i.e. the
effective lever arm or moment arm). The magnitude of the muscular forces were established by
multiplying the reduced PCSA by a conservative muscle stress estimate of 30 N.cm? (Herzog,
1994). The effective lever arms were calculated from the recorded coordinates.

We can then deduce the maximal estimated bite force as follows, considering that the
adductor muscles on both sides are contracting maximally and symmetrically during maximal
effort biting:

8 PCSA*30xid
eod

BF two sides = 2 * <
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Where BF represents the norm of the bite force, eid the length of the effective in-lever arms
for each adductor muscle and eod the length of the effective out-lever arm at the bite point,
respectively.

Given that we do not know the direction of the estimated bite force (opposite to the food
reaction force, which may depend upon the shape, texture and position of the food item as well
as the shape and position of the teeth; Cleuren et al., 1995; Aerts et al., 1997), we calculated the
effective out-lever arm for a large range of angles thereof (set to vary between -40 and -140
degrees with respect to the lower jaw; indicated as ‘AFRF’ in Fig. 1C). We calculated the
estimated bite forces for several mouth opening angles (0°, 20° and 40°; indicated as ‘gape
angle’ in Fig. 1C). The magnitude and orientation of the forces in the joint (indicated as ‘JF’ in
Fig. 1C) were estimated as well since, at static equilibrium, the sum of the external forces
(muscle and estimated bite forces) is zero.

The input for the model, therefore, consists of the PCSA of the jaw muscles, muscle origins
and insertions, mouth opening angle, and the point of application of the estimated bite force.
Model output consists of the magnitude of the estimated bite forces, the magnitude of the joint
forces, and the orientation of the joint forces at any given orientation of the food reaction forces.
An R script for the calculation of the estimated bite force is available on request. Only the
estimated bite forces of the foxes with a well enough preserved cranium were estimated (60
individuals).

1.3.7. In vivo bite force measurements

In vivo bite force data were recorded on ten awake restrained silver foxes (five males and
five females) at the Laboratory for Rabies and Wildlife in Nancy (France). We used a
piezoelectric isometric Kistler force transducer (9203, range + 500 N; Kistler Inc., Winterthur,
Switzerland) linked to a charge amplifier (type 5995A, Kistler Inc.), similar to the set-up
presented in Herrel et al. (1999) and Aguirre et al. (2002). The distance between the two steel
bite plates was adjusted so that the foxes bit at a gape angle of about 20° when biting at the
front of the jaw and 30° when biting at the molars. The tips of the bite plates were covered with
a thin medical cloth tape (which was changed between each animal) to avoid direct contact of
the teeth with the metal. The foxes were placed on a table and manually restrained and the
transducer place either at the level of the incisor teeth or behind the major cusps of the carnassial
teeth and therefore made contact with upper premolar tooth P* and molar tooth My’ and lower
molar teeth M1 and M>. We performed five consecutive trials for each animal and retained the
maximal bite force recorded across the trials for analyses. One-sided Welch’s tests were
performed to compare the mean of the in vivo bite forces with the mean of the bite forces
estimated using the biomechanical model for a gape angle of 20° and 30°, for the two bite points
(on the incisor and molar teeth).
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1.3.8.  Muscular and morphological drivers of estimated bite
force

To identify the relative contribution of the moment exerted by each of the adductor muscles
on the moment of the estimated bite force, we calculated the mean and standard deviation of
this ratio for each bundle and four gape angles (0°, 20°, 30° and 40°). We compared the
contributions between dogs and foxes using bilateral two-sample Welch’s test.

To identify the main drivers of estimated bite force variation we performed multiple linear
regressions using the function ‘Im’ with the masses, fibre lengths, pennation angles and PCSAs
of the main muscles, and the centroid size of the mandible as explanatory variables. We
considered the estimated bite force for a food reaction force orientation of 90° and a gape angle
of 20°. The data were Logio-transformed. For this analysis, we considered the three main
muscular complexes (masseter, temporal, pterygoid) to increase statistical power. For each
complex, we considered the sum of the masses or PCSAs of the constituent bellies and the mean
of the fibre lengths or pennation angles. The best-fitted model was obtained from stepwise
model selection by AIC using the function ‘stepAIC’ from the package ‘MASS’. In another
analysis, we look for the best model to explain bite force by mandibular centroid size, age and
sex.

To test whether mandible or cranial shape are correlated to estimated bite force, we
performed Procrustes ANOVAs. The patterns of covariation between mandibular or cranial
shape (block 1) and estimated bite force at the three bite points (block 2) were explored using
2B-PLS analyses. We calculated Z-scores to compare the results with those obtained previously
for dogs (Brassard et al., 2020a,c, articles 1 and 3).

1.4. Results

Model outputs are detailed in the supplementary Table S1.

1.4.1. Variability in cranial and mandibular shape

The PCAs describing the variation in cranial and mandibular shape for both dogs and the
foxes from this study shows that dogs and foxes are clearly separated along the first PC axis
(accounting for 32% of the total variance for the mandible and 54.6% for the cranium; Fig. 3).
Almost all the foxes are located on the right part of the scatterplot. They have straight and flat
mandibles, with a small and triangular coronoid process, and a low, long and straight cranium
in contrast to dogs which have a more curved body and a more rounded and larger cranium,
with a reduced snout. The segregation is stronger for the cranium than for the mandible since a
few foxes are very close or even overlap the morphological space of dogs in terms of mandible
shape. In particular, the Dobermann, a relatively dolichocephalic dog, has a ‘fox-like’ mandible.
The results of the disparity tests indicate that the shape disparity of the cranium is greater in
dogs compared to red foxes (Procrustes variance: 0.0062 in dogs versus 0.0022 in foxes, P <
0.001). However, there is no significant difference in the disparity of mandibular shape between
dogs and foxes (P = 0.067).
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Fig. 3. PCA analyses of cranial (A) and mandibular (B) shape in dogs and red foxes with shapes at the
maximum and minimum of the PCA axis and boxplots representing the centroid size in both species.
[llustrations represent deformations from the consensus (white) to the extreme of the axis in lateral view.
Dogs are in blue and foxes are in orange. Beagles are located in the blue polygon. B: The Doberman (Dob)
is located in the area of variation of the red foxes.
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Further visualisations of the variability in cranial or mandibular shape in red foxes are
provided in the supplementary material (Fig. S1). The width of the zygomatic arches, the height
of the cranium, the size of the braincase, the orientation and size of the snout vary among red
foxes. Some of these changes are related with size (cranium: R>= 0.061, P < 0.001; mandible:
R?=0.055, P =0.002). Bigger individuals have a longer snout, a lower and smaller braincase,
a more marked postorbital constriction, narrower but thicker and more anteriorly oriented
zygomatic arches (Fig. S2A), more developed coronoid, condylar and angular processes on the
mandibular ramus, and a straighter ventral border of the mandibular body (Fig. S2B). On the
contrary, the smaller the individuals, the more rounded the cranium, the shorter the snout (Fig.
S2A), the more ventrally curved the body of the mandible, and the smaller the mandibular
ramus. (Fig. S2B). The Procrustes ANOVAs (Table 1) show that variation in cranial shape is
also explained by age (R*=0.097, P = 0.002) and sex (N = 51, R>=0.03, P = 0.041), whereas
there is no significant effect of either age nor sex on mandible shape.

Table 1. Results of the Procrustes Analyses performed on overall cranial and mandible shape. Sample
sizes are indicated for each parameter. Significant results are in bold.

Df SS MS R? F Z Pr(>SS)
Cranium
Multiple regressions (N=49)

Size 1 0.0044  0.0044 0.067 3.4 4.8 0.001

Age 3 0.0049  0.0016 0.074 1.3 1.3 0.12
Sex 1 0.0022  0.0022 0.033 1.7 2.6 0.009

PCSA temporalis 1 0.0011  0.0011 0.016 0.81 -0.24 0.59
PCSA masseter 1 0.0015  0.0015 0.023 1.2 1.3 0.090

PCSA pterygoids 1 0.0010 0.0010 0.015 0.78 -0.15 0.56

Mass temporalis 1 0.0011  0.0011 0.017 0.89 043 0.33

Mass masseter 1 0.0010 0.0010 0.016 0.81 0.45 0.11

Mass pterygoid 1 0.0011  0.0011 0.016 0.82 0.30 0.39

Residuals 37 0.048 0.0013  0.72
Simple regressions

Size (N=58) 1 0.0052  0.0052 0.061 3.66 4.9 0.001
Age (N=58) 3 0.0082  0.0027 0.097 193 3.1 0.002
Sex (N=51) 1 0.0052  0.0052 0.061 3.7 5.0 0.001

Estimated bite force (N=54) 1 0.0018 0.0018 0.024 1.3 1.1 0.13

Residual estimated bite force (N=54) 1 0.0013  0.0013 0.017 091 -0.26 0.6
PCSA temporalis (N=54) 1 0.0029  0.0029 0.037 2.0 2.8 0.005
Residual PCSA temporalis (N=54) 1 0.0012  0.0012 0.016 0.84 -0.57 0.71
PCSA masseter (N=54) 1 0.0025  0.0025 0.032 1.7 23 0.012
Residual PCSA masseter (N=54) 1 0.0021  0.0021 0.027 1.5 1.6 0.059
PCSA pterygoid (N=54) 1 0.0021  0.0021 0.027 1.4 1.7 0.044
Residual PCSA pterygoid (N=54) 1 0.0020  0.0020 0.026 14 14 0.084
Mass temporalis (N=56) 1 0.0047 0.0047 0.059 34 4.7 0.001
Residual mass temporalis (N=56) 1 0.0028  0.0028 0.035 1.9 2.6 0.008
Mass masseter (N=56) 1 0.0040 0.0040 0.05 28 4.1 0.001
Residua mass masseter (N=56) 1 0.0025 0.0025 0.031 1.7 2.1 0.023
Mass pterygoid (N=56) 1 0.0039  0.0039 0.048 2.7 4.05 0.001

Residual mass pterygoid (N=56) 1 0.0021  0.0021 0.026 14 1.6 0.071

Df SS MS R? F Z Pr(>SS)
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Mandible
Multiple regressions (N=58)

Size 1 0.011 0.011 0.049 3.1 2.9 0.006

Age 3 0.022  0.0073  0.097 2.1 2.9 0.005

Sex 1 0.0039  0.0039  0.017 1.1 0.60 0.27

PCSA temporalis 1 0.0022  0.0022  0.0099 0.63 -0.75 0.76

PCSA masseter 1 0.0039  0.0039  0.018 1.2 071 0.23

PCSA pterygoids 1 0.0036  0.0036  0.016 1.0  0.53 0.28

Mass temporalis 1 0.0051  0.0051 0.023 1.5 1.4 0.089

Mass masseter 1 0.0030  0.0030 0.014 0.86 0.17 0.42

Mass pterygoid 1 0.0075  0.0075 0.034 2.1 2.6 0.009

Residuals 46 0.16 0.0035 0.72
Simple regressions

Size (N=68) 1 0.015 0.015 0.055 3.9 3.6 0.002
Age (N=68) 3 0.011 0.0037 0.041 092 -0.26 0.60
Sex (N=60) 1 0.0035 0.0034 0.015 0.87 -0.16 0.54
Estimated bite force (N=60) 1 0.016 0.016 0.069 4.4 3.7 0.001
Residual estimated bite force (N=60) 1 0.015 0.015 0.062 3.8 34 0.001
PCSA temporalis (N=60) 1 0.015 0.015 0.061 4.0 3.6 0.001
Residual PCSA temporalis (N=60) 1 0.0092  0.0092 0.037 2.3 2.3 0.015
PCSA masseter (N=63) 1 0.014 0.014  0.054 3.5 3.3 0.001
Residual PCSA masseter (N=63) 1 0.0089  0.0089 0.036 2.3 2.2 0.019
PCSA pterygoid (N=63) 1 0.0093  0.0093 0.037 24 2.3 0.015
Residual PCSA pterygoids (N=63) 0.0072  0.0072 0.029 1.8 1.6 0.066
Mass temporalis (N=63) 1 0.021 0.021  0.081 5.5 4.5 0.001
Residual mass temporalis (N=63) 1 0.014 0.014 0.054 3.6 34 0.001
Mass masseter (N=65) 1 0.019 0.019  0.073 49 4.2 0.001
Residual mass masseter (N=65) 1 0.013 0.013  0.049 328 3.1 0.002
Mass pterygoid (N=65) 1 0.011 0.011  0.044 29 3.0 0.006
Residual mass pterygoid (N=65) 1 0.0048 0.0048 0.019 12 0.71 0.247

1.4.2.  Covariations between mandible and cranial shape in the

red fox

The shape of the cranium strongly covaries with that of the mandible (PLS-1: 30% of total
covariance, 7-PLS = 0.78, P =0.02, Fig. 4; PLS-2: 19% of total covariance, »-PLS = 0.69, P <
0.001; PLS-3: 14% of total covariance, -PLS = 0.73, P <0.001; PLS-4: 9% of total covariance,
r-PLS = 0.74, P = 0.002; PLS-5: 6% of the total covariance, »-PLS = 0.61, P = 0.003). A
mandible with a body that narrows and bends up towards the anterior end with a more anteriorly
inclined coronoid process and a bigger angular process is associated with a shorter and higher
cranium, lower and slightly larger zygomatic arches, a larger braincase, more anteriorly
positioned orbital processes, and a more oblique snout (Fig. 4). On the contrary, a mandible
with a straighter and rostrally taller body is related to a lower cranium, a smaller braincase with
more caudal and laterally extended orbital processes, a straighter snout, a reduced palatine bone,
more rostrally oriented mastoid processes and basioccipital foramen, and more elevated but
slightly smaller zygomatic arches. These patterns of covariation match our observation of the
deformations along the allometric slopes (Fig. S2). Indeed, linear regressions performed on the
PLS1 scores of each block and the log10 of the centroid size indicate that covariations are driven
by the centroid size of the mandible (R* = 0.09, P = 0.02) and cranium (R> = 0.13, P = 0.003).
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Fig. 4. 2-Block Partial Least Square Analyses between mandibular and cranial shapes in the red fox.
Shapes at the minimum and maximum of the PLS axis are illustrated. Illustrations represent the
deformations from the consensus to the extreme of the axis in lateral and/or dorsal views. Deformations
were magnified by a factor three for the cranium. Different ages are represented by different colours.

1.4.3. Variability in muscle morphology

The pennation angles range from 0° in the digastric over 30-40° in the temporalis and
masseter to 40° in the pterygoids. Muscles from the temporalis complex have very long muscle
fibres (up to 50 mm, mean 24 mm) compared to muscles from the masseteric and pterygoid
groups that have shorter fibres (11-15 mm). The mass of the lateral pterygoid muscles
represents only around 9% of the mass of the pterygoid complex (from 0 to 25%) and 0.77% of
the total mass of the adductor muscles (from 0 to 2.5%). The proportions of the masseter,
temporalis and pterygoid muscles to the total mass of the adductor muscle are similar in foxes
and dogs (in foxes: respectively 27 + 4, 64 £ 8,9 + 3 %; dogs: 27 + 5, 63 £ 10, 10 £ 3 %; P
weleh’s -tests > 0.10 for each muscle group). Muscle masses are strongly correlated (» > 0.8 for all

groups).

The first two axes of the PCA describing variation in raw jaw muscle mass (Fig. S3A)
account for 80.8% of the total variability, while the two first axes explain 62.5% of the variation
in scaled mass (Fig. S3B). The first two axes of the PCA describing variation in absolute jaw
muscle PCSA (Fig. S3C) account for 61.9% of the total variability while the two first axes
explain 48.9% of the variation in scaled PCSA (Fig. S3D). The second axis of the PCAs with
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muscle masses (Figs S3A,B) is determined by variation in the suprazygomatic part of the
temporalis and the anterior zygomaticomandibularis muscle. The pterygoids, the
zygomaticomandibularis (anterior and posterior), the suprazygomatic part of the temporalis and
the deep temporalis drive the second axis of the PCA with muscle PCSAs (Figs S3C,D). The
first axes are strongly correlated with mandible centroid size, age, and sex (P < 0.001 in all
cases, N = 58). Silver foxes are included within the variability of the red foxes. However, it can
be noticed that they plot with the youngest red foxes, on the left part of the scatterplots with the
scaled masses (Fig. S3B) and scaled PCSAs (Fig. S3D). This suggests that these four adult/old
silver foxes have smaller MS, TS, TP, P than the average of all the foxes of our sample.

MANOVAs show that there is a difference in the PCSA of the adductor muscles of the foxes
compared to dogs, which is mostly explained by size (P < 0.001 on raw data, P > 0.05 on
residuals). The first axis of the PCA combining data for dogs and foxes shows that the
variability in muscle architecture of foxes clearly overlaps with that of dogs. Values in the red
fox are similar to those for small dogs and beagles (Fig. S4A). The disparity tests indicate that
there is no difference in disparity between the two species (P > 0.05). Residual volume and
residual PCSA (residuals of the regression with the log10 of the mandibular centroid size) cover
the same area in foxes as described by dogs which suggests a great variability in the relative
importance and strength of the jaw muscles in red foxes despite a lower shape variability (Figs
S3B and S4B).

1.4.4. Covariation between mandible or cranial shape and muscle
PCSAs and masses

The Procrustes ANOVAs between mandible or cranial shape and centroid size, age, sex
muscle PCSAs and muscle masses showed significant correlations (Table 1). In these analyses,
size, age and sex explain 17.4% of the variation in cranial shape and 16.3% of the variation in
mandible shape, while muscle PCSAs and masses explained 10.3% of the variation in cranial
shape and 11.5% of the variation in mandible shape. The results of the simple regressions
indicate that cranial shape is more closely associated with the relative volume occupied by the
temporalis and masseter muscles. Muscle PCSA did not predict variation in cranial shape,
however. On the contrary, mandible shape is associated with both the volume and PCSA of the
temporalis and masseter muscles.

Because muscle data are strongly correlated, an increase in the PCSA of the masseter,
temporal, or pterygoid muscles is associated with a similar variation in shape for the upper jaw
as well as for the lower jaw (Fig. 5). The PCSA of the masseter, temporalis, and pterygoid
muscles are all related to the area of insertion of the three muscles: the dorsal tip of the coronoid
process, the deep masseteric fossa, and the angular process. The shape of the braincase seems
to be more related to variation in the PCSA of the temporalis muscle. An increase in the PCSA
is related to a change in the convexity of the temporal bones and the shape of the sagittal crest.
The PCSA of the masseter drives the shape of the zygomatic arch more specifically, although
the shape of the braincase is also impacted. The pterygoid bone does not seem to be impacted
much by the PCSA of the three main adductor muscle groups.
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temporal
lateral views dorsal view

Fig. 5. [llustrations of the deformations associated with variation in the PCSA of the temporalis, masseter
and pterygoid muscles. Hotter colours indicate areas that show greater shape changes. The shape
corresponding to the maximum muscle PCSA is represented. The vectors from the minimum to the
maximum are represented according to the distance between the two shapes.

Additionally, the 2B-PLS shows significant covariations between muscle data (scaled or not)
and the shape of the mandible, and irrespective of whether allometries are taken into account
or not (Table 2). The same observations can be made for the covariations between muscle
volume and the shape of the cranium. However, there is no significant covariation between raw
muscle PCSA and cranial shape, but the covariations are significant for scaled PCSA and/or
allometry-free shape. Ontogeny/age seems to play a major role in the intensity of the
covariations. However, even after removing the youngest individuals (4 foxes classified as age
juveniles), covariations remain significant and strong. The covariations are significantly less
important between muscle data and the ramus of the mandible only than with the complete
mandible (mass: Z = 2.07, P = 0.02; PCSA: Z = 1.17, P = 0.01). There is no significant
difference between the covariations obtained for the mandible and those for the cranium (P >
0.05 in all cases). The covariations drastically decrease when shape and/or muscle data are
scaled, which suggests the strong importance of size in the patterns of integration.
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Table 2. Results of the 2B-PLS analyses conducted on muscle data (PCSA and mass) or estimated bite
force and mandible or cranial shape. The results are given with or without the four juvenile foxes. %coVar:
percentage of covariance explained by PLS 1; r-PLS: coefficient of covariation; p-PLS: p-value of the 2B-
PLS; p-Z: p-value associated with the Z-score comparing r-PLS obtained for dogs and foxes. See
supplementary material 3 for further details.

Shape — mass /PCSA/bite force Shape — residual Allometry-free shape — residual
mass/PCSA/bite force mass/PCSA/bite force
% r-PLS  p-PLS p-Z % r-PLS p-PLS Y% r-PLS p-PLS
Mass (N=65)
Mandible  93% 0.77 0.001 0.46 73% 0.56 0.005 73% 0.51 0.009
Mandible without juveniles  86% 0.74 0.001 64% 0.60 0.052 68% 0.56 0.018
Cranium  85% 0.84 0.001 <0.001 54% 0.66 0.07 55% 0.65 0.047
Cranium without juveniles  77% 0.81 0.014 65% 064 0.034 70% 0.61 0.019
PCSA (N=63)
Mandible  84% 0.69 0.001 0.21 70% 0.54 0.006 68% 0.51 0.006
Mandible without juveniles  62% 0.64 0.032 61% 0.54 0.056 61% 0.54 0.024
Cranium  61% 0.76 0.24 <0.001 61% 0.76 0.006 51% 0.69 0.032
Cranium without juveniles  57% 0.55 0.12 61% 0.53 0.053 63% 0.54 0.056
Bite force (N=60)
Mandible 100 0.63 0.001 0.002 100% 0.55 0.001 100% 0.55 0.001
Mandible without juveniles 100 0.53 0.053 100% 0.50 0.009 100% 0.51 0.003
Cranium 99 0.66 0.13 98% 0.55 0.4 99% 0.66 0.4
Cranium without juveniles 98 0.71 0.75 98% 0.55 0.38 99% 0.66 0.51
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1.4.5. In vivo bite forces

A comparison of bite force estimated on the incisor and carnassial teeth at a gape angle of
20-30° (and for an AFRF of 90°) with the in vivo data shows good correspondence (Fig. 6,
Table S1). On the incisor teeth, the mean bite forces estimated for a gape angle of 20° (206 +
55 N) is not significantly inferior to the mean of the in vivo bite forces (243 £ 67 N; Pweich's
unilateral test = 0.00), whereas model outputs for a gape angle of 30° (191 + 53 N) slightly
underestimate the in vivo bite forces (Pweich’s unitateral rest = 0.02). The mean of the in vivo bite
forces at the carnassial teeth (337 = 86 N with a maximum of 484 N in vivo) is significantly
lower than the mean of the model outputs for a gape angle of 20° (434 £ 111 N; Pweich’s unilateral
rest = 0.003) and for a gape angle of 30° (403 £ 107 N; Pweich's unilateral rest = 0.02). However, we
could not compare both methods for the same individuals, except for the specimen Ny-RS,
which was included both in the model and the in vivo measurements and further showed that
estimated bite forces are very close to the maximal forces recorded in vivo (incisor teeth: 183
N in vivo and 192 N in our model estimations; molar teeth: 435 N in vivo and 408 N in our
model estimation for a gape angle of 20° and an AFRF of 90°). This suggests that the model
output gives a reliable estimate of in vivo data.

'GA 300%: ;

' GA 20° e N
6a 30° =
GA 20° W :

ON 200 N 400 N 600 N 800 N
Bite force estimated at:
Incisor teeth in vivo
B Carnassial teeth

Fig. 6. Comparison of in vivo (N = 10) and estimated (N = 60) bite forces for a gape angle of 20° and an
angle of the food reaction force of 90°.
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1.4.6. Estimated bite forces

As expected, the mean bite force estimated at the carnassial tooth is higher than the one
estimated on the canine or incisor teeth (Table 3, Fig. S3). For example, at a gape angle of 0°
for an angle of the food reaction force of 90°, mean estimated bite force ranges from 174 (gape
angle 40°) to 230 N (gape angle 0°) at the incisor teeth, from 198 to 261 N at the canine tooth
and from 368 to 486 N at the carnassial tooth. For a given AFRF, mean bite force decreases
when gape angle increases (Table 3). A shift of the food reaction forces away from the
perpendicular axis causes an increase in bite force (Fig. S3), which is consistent with previous
observations (Dumont and Herrel, 2003). On the contrary, the mean joint force increases when
the gape angle increases and when the point of application of the food reaction forces get closer
to the incisor teeth, ranging from 534 + 123N on the incisor teeth and 463 £ 109N on the
carnassial tooth for a gape angle of 0°, to 553 = 128N on the incisor teeth and 484 + 114N on
the carnassial tooth for a gape angle of 40° (Table 3). The more elevated the angle of the food
reaction force, the more elevated the force in the joint (Fig. S5). The angle of the joint force
decreases when the gape angles increases and when the point of application of the food reaction
force gets closer to the incisor teeth, ranging from 140 £ 5° on the incisor teeth and 152 + 7° on
the carnassial tooth for a gape angle of 0°, to 131 + 3° on the incisor teeth and 138+4° on the
carnassial tooth for a gape angle of 40° (Table 3). This aligns the joint force more with the
orientation of the joint capsule. The more elevated the angle of the food reaction force, the more
elevated the force in the joint. These patterns are similar to the ones described previously in
dogs (Fig. S5).

Table 3. Summary of the outputs of the biomechanical model, for an angle of the food reaction forces of

90°.
Bite force (N) Joint Force (N) Angle of the Joint Force (°)
Gape angle 0 20 40 0 20 40 0 20 40
Bite Point
Incisor teeth 230+60  205+55 174450 | 5344123 541+125 553+128 | 140+£5 13444 13143
Canine tooth 261467 233462 198457 | 5244121 531+123 5444126 | 141+£5 13544 13143
Carnassial tooth  486+120 434+111 368+101 | 463+109 467+110 484+114 | 152+7 144+5 13844

1.4.7. Drivers of variation in estimated bite force

The outputs of the biomechanical model show that the masseter represents around 40% of
the total moment of the estimated bite force, the temporalis 50%, the masseter 40% and the
pterygoid 10% (Table S1). When the gape angle increases, the contribution of the masseter
decreases, while that of the pterygoid (and the temporalis) increases. Detailed contributions of
all muscle bundles and for several gape angles are reported in Table S1. For example, for a gape
angle of 0°, M. masseter superficialis contributes to 16% of the moment of the bite force, while
M. temporalis superficialis contributes to 24%. The M. masseter superficialis and M. temporalis
superficialis contribute proportionally more to the bite force in the red fox than in dogs (for a
gape angle of 0°, for the M. masseter superficialis: 16% in the fox, 13% in dogs, Philateral Welch t-
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test < 0.001; for the M. temporalis superficialis: 24% in the red fox, 22% in dogs, Philateral Welch t-
test < 0.01).

The best model explaining variation in estimated bite force with mandibular centroid size
and muscle data (PCSA, masses, fibre length, pennation angle of the three main muscle groups)
is the model that considers the PCSA of the masseter (0.40), the PCSA of the temporalis (0.40)
and the PCSA of the pterygoids (0.14) and the pennation angle of the masseter muscle (0.12,
adjusted R?=0.82, P <0.001).

The centroid size of the mandible and age are also important drivers of estimated bite force
as suggested by the results of the linear regression of bite force with size and age (R*= 0.60, P
< 0.001). Moreover, males have significantly higher estimated bite forces (Welch two-sample
t-test: P =0.025) than females, probably because of their larger size. The Procrustes ANOV As
(Table 1) show that 6-7% of the variation in mandible shape is related to estimated bite force
or residual estimated bite force (P < 0.001).

We also observe significant covariations between mandibular shape and estimated bite force
(-PLS =0.64, P <0.001) or residual estimated bite force (»-PLS =0.56, P =0.002) and between
the allometry-free mandible shape and the residual estimated bite force (»-PLS = 0.56, P <
0.002, Table 2). Once the juvenile foxes are removed, the covariations with residual estimated
bite force are still significant but lower (#-PLS = 0.50, P < 0.01, Table 2). Calculation of the Z-
scores shows that the covariation between mandible shape and estimated bite force is
significantly lower in foxes compared to dogs (foxes: »-PLS = 0.63; dogs: »-PLS = 0.75; P
associated with the Z-score (Pz = 0.002). The same is observed with residual estimated bite
forces (foxes: r-PLS = 0.55; dogs: »-PLS = 0.65; Pz=0.035) and allometry-free shapes (foxes:
r-PLS = 0.55; dogs: r-PLS = 0.69; Pz = 0.02). The first PLS axis of the 2B-PLS between
mandible shape and estimated bite force (Fig. 7) is strongly related to the size of the individuals
(P <0.001), and consequently also the age of the individuals (P < 0.001). Foxes that occupy
the right part of the scatterplot (smaller and/or younger) have a proportionally shorter ramus
and a longer body, which is more ventrally rounded, a smaller and straighter coronoid process,
a small angular process, and a thick body under the carnassial tooth. These foxes have low
estimated bite forces. Foxes with high bites forces, on the left part of the scatter plot, have a
proportionally large coronoid process and a reduced body, a more caudally oriented coronoid
process with a deeper masseteric fossa, bigger angular and condylar processes, and a more
angular and ventral border of the body. In contrast, the Procrustes ANOVAs and 2B-PLS
analyses performed with cranial shape and estimated or residual estimated bite force show that
there is no significant correlation either covariation between them (Tables 1, 2).
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Fig. 7. 2-Block Partial Least Square Analyses between mandibular shape and estimated bite force (A) or
residual estimated bite force (B) with estimated bite force vectors for different bite points and shapes at
the minimum and maximum of the PLS axis. [llustrations represent the deformations from the consensus
to the extreme of the axis in lateral and dorsal views. Different ages are represented by different colours.
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1.5. Discussion

In this study, we describe the overall relations between the upper jaw, the lower jaw and
muscle architecture in red foxes by using three-dimensional geometric morphometrics and by
estimating bite forces using a 3D static biomechanical model based on dissection data. We
predicted that the variability in skull shape would be lower in the red fox compared to domestic
dogs based on previous studies (Drake and Klingenberg, 2010). We also expected stronger
correlations and covariations between bone shape and muscle morphology or bite force in the
red fox as its jaw system is principally under the influence of natural selection.

1.5.1. Comparison of the morphological variability between
foxes and dogs

Dogs and foxes clearly differ in both cranial and mandibular shape and size. Moreover, the
disparity in shape is much lower in the fox than in dogs, in particular for the cranium. This is
consistent with previous results showing that domestication has resulted in an increase in shape
variability for dogs (Darwin, 1868; Drake and Klingenberg, 2010; Heck et al., 2018). The
increased variability in mandibular shape is less obvious, however (Fig. 3). Both mandible and
cranial shape depend on size, and our results indicate a significant effect of age and sex on the
shape of the cranium. The effects of age and sex were not significant for the mandible. This
suggests that the observed sexual dimorphism may not be related to feeding but rather to other
functions as the cranium also protects the sensory organs and the brain for example (Radinsky,
1981; Santagati and Rijli, 2003; Figueirido et al., 2011; Fabre et al., 2014). However, analyses
including additional juvenile foxes would be necessary to investigate the influence of age more
exhaustively. As expected, cranial and mandibular shape strongly covary (r-PLS 0.78) but the
covariations are not significantly stronger than those observed for dogs (r-PLS 0.81), in contrast
to our predictions. Overall, we observe patterns of covariation that are similar to those for dogs
and that are possibly driven by muscle constraints: curved mandibles with more pronounced
muscle insertions are associated with shorter and more rounded crania. This covariation is likely
driven by the muscles that link the upper and lower jaws, which is supported by the results of
the Procrustes ANOVAs (Fig. 5). This supports the hypothesis that the masticatory apparatus
is strongly integrated in canids, and that domestication did not lead to a disruption of the
functional links of the jaw system despite the increased variability in shape and the commonly
observed malformations in dogs.

Interestingly, foxes represent a similar variability in muscle architecture (masses and PCSA)
compared to dogs. Moreover, the jaw muscle architecture is very similar and nearly spans in
the same morphological range as in dogs. The lateral pterygoid represents, on average, 1% of
the total volume, which is consistent with previous observations (Penrose et al., 2020: 0.27%
for one individual only). The proportions of the masseter, temporalis and pterygoid muscles are
similar to what was observed in dogs (Brassard et al., 2020a, article 1).
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1.5.2. Relevance of the biomechanical model, variability in bite
force

Our biomechanical model showed excellent correspondence with the in vivo measurements,
especially for the specimen where we had both in vivo and model data. Several parameters may
account for the slight differences we observed between the means of model outputs and the
mean of the in vivo bite forces. The in vivo bite forces were recorded for silver foxes and not
red foxes. Further, we could not precisely control the gape angle (between 20 and 30°). This
highlights the inter-individual differences that exist and the importance of deriving individual-
specific models based on dissection data to be able to accurately estimate bite forces (Groning
et al., 2013). Foxes bite less hard than dogs on average, but this is mostly the result of their
smaller size and the long out-lever due to their relatively longer jaws. The estimated bite force
ranges from 200 N on the incisor teeth to 450 N on the carnassial tooth for a gape angle of 20°
and an AFRF of 90°. Higher estimated bite forces are recorded/calculated on the carnassial
tooth, as a result of the shorter out-lever arm (because the bite point is positioned more closely
to the attachment sites of the adductors; Dumont and Herrel, 2003; Ellis et al., 2008; Ellis et al.,
2009; Greaves, 2000; Greaves, 2002; Herrel et al., 2008; Spencer, 1998). The higher the gape
angle, the lower the estimated bite force and the angle of the joint force, and the higher the joint
force. The same has been observed for dogs and other species of mammals (Dumont and Herrel,
2003; Herrel et al., 2008; Santana, 2016; Kerr et al., 2017). There is no in vivo data available in
the literature for wild red foxes, unfortunately. Forbes-Harper et al. (2017) estimated bite forces
in Australian red foxes using dry skulls only and found forces ranging from 170 to 342 N (mean:
239 N). Whereas our estimations are in the same range, differences between populations are
likely, especially when comparing invasive with native populations. Future studies are needed
to compare estimations obtained with the dry skull method and those obtained using muscle
data obtained from dissections.

1.5.3. Relationships between muscles and bite force

As expected, most of the variation in estimated bite force (81%) is explained by muscle data,
that were used for the construction of the biomechanical model rather than variation in lever
arms driven by the shape of the bony elements. Size and age are also important drivers of bite
force (alone, they explain 60% of the total variation). Size, age, sex and muscle architecture,
however, explain relatively little of the total variation in both cranial and mandible shape.
However, males produce significantly higher estimated bite forces, likely due to their larger
size. This was demonstrated previously with a sample of over 300 Australian red foxes (Forbes-
Harper et al., 2017). These results are not surprising considering that low coefficients of
correlation are typically found in mammals, including humans (Toro-Ibacache, Zapata Mufioz
and O’Higgins, 2016). This suggests that other factors — possibly developmental factors —
constrain the shape of the cranium and mandible (Wayne, 1986; Drake and Klingenberg, 2010).

As for dogs, the muscles that contribute most to estimated bite force are the temporalis (50%)
and then the masseter (40%). The fact that foxes tend to have the largest moment about the
temporomandibular joint axis produced by the temporalis is consistent with the fact that, like
other carnivores, they need to produce high bite forces at high gape angles (Greaves, 1985;
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Slater, Dumont and Van Valkenburgh, 2009). Interestingly, the contributions of the muscles to
bite force do not reflect the contribution in muscle masses, since the masseter contributes
relatively more to bite force for its volume compared to the temporalis. This is due to muscle
architecture: the M. temporalis underperforms because of its longer muscle fibres, while the M.
masseter overperforms thanks to shorter fibres. This is consistent with the observations of
Penrose et al. (2020) across different species of canids. The fact that the superficial layers of
M. masseter and M. temporalis are more developed and contribute more to the bite force in the
red fox than in dogs is consistent with the necessity of a small prey hunter to close the jaws
quickly. This is also in line with the long muscle fibres of the temporalis, allowing fast jaw
closure. The important volume of the M. digastricus (9% of the total volume) is probably
associated with the need for a fast jaw opening during prey capture (Curtis and Santana, 2018).

1.5.4. Relations between shape and bite force and comparison
with dogs

Estimated bite force is explained by mandible and cranial shape, but these factors explain
relatively little of total shape variation (7% and 2%, respectively), different from what has
previously been shown in studies on shrews (Cornette, Tresset and Herrel, 2015) and other
vertebrates (Fabre et al., 2014; Dollion et al., 2017). Despite the reduced variability in bone
shape in foxes compared to dogs, the 2B-PLS analyses and Procrustes ANOVAs provided
further insights into the relations between skull shape, muscle architecture, and bite force. As
all muscles are strongly correlated, the deformations associated with the PCSA of all the
muscular groups or estimated bite force are similar and involve the area of origin or insertion
of the muscles on the bone. In particular, deformations involve the tip of the coronoid process
(insertion of the M. temporalis superficialis), the rostral border of the angular process (insertion
of the m. temporalis suprazygomatica), the masseteric fossa (M. masseter pars profunda and M.
zygomaticomandubularis), the angular process (M. pterygoideus medialis) and, on the cranium,
the sagittal crest, the temporal fossa, and the post orbital constriction (M. temporalis). Areas of
mechanical constraints are also highlighted (between the orbital processes and on the snout at
the midline, and the ventral curvature of the mandible) which is consistent with observations of
the distribution of stress related to intrinsic loads, as described for other canids (Slater, Dumont
and Van Valkenburgh, 2009).

Correlations between cranial shape and residual PCSAs were not significant, contrary to the
correlations between cranial shape and residual masses (Table 1). Thus, skull shape seems to
be more closely related to space constraints than to reflect the modelling of the bones to
mechanical constraints imposed by the external muscle loadings contrary to the mandible. The
coefficients of covariation between muscle mass and shape are more elevated for the cranium
than for the mandible. The same observation has previously been made for dogs and
strepsirrhines (Fabre et al., 2018). Moreover, the covariations with estimated bite force (or raw
PCSA) are significant for the mandible only, contrary to what has been observed in dogs. This
supports the hypothesis that, in foxes, the cranium presents a lesser degree of functional
plasticity compared to the mandible, probably because it has to cope with additional functional
demands, such as the protection of the sensory systems and brain (Figueirido et al., 2011; Fabre
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et al., 2014). The mandible is thus a better predictor of functional demands and estimated bite
force than the cranium. It is also possible that there are stronger correlations between internal
bone structure and cranium and muscle PCSA or estimated bite force because cortical thickness
may be a better proxy of external loads than the overall shape (Bouvier and Hylander, 1981;
Daegling and Hotzman, 2003; Slizewski et al., 2013), yet this remains to be tested.

Since food mechanical properties are known to influence cortical bone modelling and
remodelling (Bouvier and Hylander, 1981; Lieberman et al., 2004; lonova-Martin et al., 2011;
Scott et al., 2014a, 2014b; Ravosa et al., 2015, 2016), diet is another parameter that is worth
taking into account. Unfortunately, we had no information about the diet of the specimens we
dissected, so we could not test whether it impacts bone shape or estimated bite force. The
relations between diet and cranial shape and bite force were investigated for Australian foxes
using the dry-skull method (Forbes-Harper et al., 2017) and showed that diet does impact
cranial morphology but only to a small degree. As the foxes used in this study were mostly from
the countryside in South-Western France, we could not test for differences between urban or
more rural foxes. These parameters would be of interest to explore in future studies.

1.6. Conclusion

Our study showed that the cranium, the mandible, and the jaw muscles form a highly
integrated system in the red fox. Despite much greater variation in bone shape in domestic dogs,
variation in muscle architecture was equally great in foxes and dogs and we observed similar
patterns of covariation. The mandible appears more plastic than the cranium. Differences in
shape and muscle architecture result in a wide range of estimated bite forces that probably offer
different possibilities of adaptation according to the ecological context (e.g. more or less
commensal). Future research is needed to investigate in greater detail the effect of the
environmental variation on shape, muscles, and estimated bite force in domestic, commensal
and wild canids.
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2.

The dingo Canis lupus dingo

2.1. Allometries in mandibular and cranial shape

Following the same methodology as in the previous articles, we explored allometries in
mandible (n=10) and cranial (n=7) shape in dingoes. The sample size is lower for the cranium
because one adult and two juveniles had their cranium too damaged to be included. The better
preservation of mandibles after the boiling process offers an opportunity to visualise the
(strong) growth allometries (Figure 50A). Allometries remain important even without the
juveniles (Figure 50B,C).
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Figure 50. Visualisation of the deformations along the allometry slope. A: mandible shape with juvenile
dingoes included in the analysis; B: mandible shape with juvenile dingoes excluded from the analysis; C:
skull shape with juvenile dingoes excluded from the analysis.
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2.1. Covariations between mandibular and cranial
shapes

Following the same methodology as in the previous articles, we explored the covariations
between the shape of the mandible and cranium or between the allometry-free shapes in dingoes
(n=7). Given their small number, these results are very preliminary and should be considered
with caution. Although not significant given the small sample size, the results tend to indicate
very strong covariations with deformations similar to those previously described in Chapter 3

for dogs (Figure 51).
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Figure 51. 2-Block Partial Least Square analyses between the shapes of the mandible and cranium (A) or

between the allometry-free shapes (B), with vectors and shapes at the minimum and maximum of the PLS

axis. [llustrations represent the deformations from the consensus to the extreme of the axis in lateral and
dorsal views. Ages are indicated by different colors.
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2.2. Covariations between muscle mass and skull shape

Following the same methodology as in articles 1, 2 and 4, we explored the covariations
between the shape of the mandible (n=8) or cranium (n=7) and the mass or PCSA of the main
muscle groups (digastric, masseter and temporal) in non-juvenile dingoes. Given their small
number, these results are very preliminary and should be considered with caution.

However, the results tend to indicate very strong covariations between the shape of the
mandible or skull and the muscle architecture data (Table 14, Figure 52). As in the dog, the
covariation coefficients tend to be higher for the skull. The P-values are not significant which
is related to the low number of individuals. The deformations associated with variation in
muscle data are similar to those previously described in Chapter 3 for dogs (aspect of the
coronoid process, curvature and robustness of the mandible).

As the dingoes stayed on site (veterinary school of life science, Murdoch university) and we
did not have a microscribe, we did not estimate bite forces.
Detailed data about the dingo sample are provided in the appendices (page 618).

Table 14. Results of the 2B-PLS analyses performed between muscle masses and mandibular or cranial
shape in dingoes.

Shape r-PLS P PLS1
MASS
Mandibular shape — mass 0.85 0.24 97%
Mandibular shape — scaled mass 0.88 0.20 89%
Allometry-free mandibular shape — scaled mass 0.88 0.051 92%
Cranial shape - mass 0.92 0.21 95%
Cranial shape — scaled mass 0.92 0.21 95%
Cranial shape — scaled mass 0.92 0.21 95%
Allometry-free cranial shape — scaled mass 0.91 0.076 95%
PCSA
Mandibular shape — PCSA  0.84 0.29 86%
Mandibular shape — scaled PCSA  0.88 0.19 87%
Allometry-free mandibular shape — scaled PCSA 0.8 0.04 87%
Cranial shape - PCSA 0.92 0.22 87%
Cranial shape — scaled PCSA 0.92 0.21 88%
Allometry-free cranial shape — scaled PCSA 0.92 0.1 88%
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Chapter 5.
Developmental, environmental or dietary
factors driving morphological and functional
variability in the lower jaw of red foxes

In this chapter, we explored how some developmental and environmental factors may drive
the shape of the mandible in commensal canids. To do this, we studied a large population of
Australian foxes (>400 individuals) for which these types of data were available (Forbes-Harper
et al., 2017). Based on the results of article 4, which suggests that the shape of the mandible
covaries strongly with bite force, we established a predictive model of bite force based on the
form of the mandible. This model was applied to Australian red foxes and the bite force
estimates were compared with those obtained using the dry-skull method or dissection data.

In a first step (article 5), we explored the relationship between mandible shape or bite force
and developmental (age, sex, and body mass) and environmental data given by the geographical
location of individuals. From the geographical locations, we were able to assess the impact of
climatic factors (precipitation, temperature) and the proximity between commensal foxes and
human settlements (based on demographics). We also compared the morphological variability
within this Australian population to that within our European corpus, in order to assess the
effect of introduction into a novel environment.

In a second step (article 6), information on stomach contents of these red foxes allowed us
to study the relationship between mandibular shape or bite force and diet.
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From the two articles the following key points emerge:

KEY POINTS

In red foxes, the shape of the mandible and bite force are strongly related to
size and age, and a strong sexual dimorphism exists (males bite stronger than
females, which is related to differences in size between the two sexes).

Australian foxes differ from European foxes in terms of average shape and
size and bite force. There are also significant differences between
geographical regions in Australia. In addition, climatic variations
(temperature, rainfall) are accompanied by morphological variations.

Morphological differeeces between urban and rural contexts are subtle and
need further research.

= In archaeological canids, morphological and functional
differences between geographical regions are to be expected,
especially as they are far apart and are characterized by
different climates (e.g. South-Eastern and Western Europe,
Northern and Southern France). Differences among regions
through the Neolithic period may also be linked to the growing
anthropization of the environment with the multiplication of
permanent villages (which influences the living environment for
canids and leads to functional adaptations or a relaxation of
certain selection pressures).

Variations in diet do not appear to be strongly related to variations in the
shape of the mandible but a little more to variation in bite force. However,
the relationships are weak and tend to be related to age and sex differences
in diet: The increase of carrion (sheep) in the diet of young animals and adult

males is accompanied by a decrease in bite force, even relative to size. The

increase in the consumption of small preys (rodents), particularly by adult
females, 1s accompanied by a relative increase in bite force.

= Variation in the shape of the mandible in archaeological
canids cannot be interpreted directly in terms of differences in
diet, and one should be very cautious when interpreting
variations in bite force in terms of changes in diet.
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1.

Non-feeding factors driving variation in mandibular
shape in red foxes

Article 5 —
How do non-feeding constraints shape the mandible in red foxes?
Colline Brassard, Jesse L. Forbes-Harper, Heather M. Crawford, John-Michael Stuart, Natalie
M. Warburton, Michael C. Calver, Peter Adams, Elodie Monchéatre-Leroy, Jacques Barrat,

Claude Guintard, Héléne Gares, Arnault Larralle, Raymond Triquet, Marilaine Merlin,
Raphaél Cornette, Anthony Herrel, Patricia A. Fleming
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1.1. Abstract

The red fox is one of the most common and widespread species of carnivore suggesting that
it can rapidly adapt to differences in ecological context. However, the morphological variability
of this canid, although a major element that likely accounts for this adaptability, remains poorly
studied. We describe the variability in mandible shape and jaw muscle architecture
(physiological cross-sectional area, mass) and test whether these differ between native and
invasive populations. Next, we explore the developmental or environmental parameters that
may impact this variability. For this purpose, we used three dimensional geometric
morphometric analyses on the mandibles of 433 Australian and 69 French foxes of the species
Vulpes vulpes, and we dissected fourteen Australian red foxes to compare the muscle
architecture with data previously obtained for French foxes. We explored the impact of age,
sex, body mass, as well as location (GPS coordinates, degree of urbanism), temperature or
rainfall through Procrustes ANOVAs for the invasive population. Our results showed that
Australian and French foxes significantly differ in mandibular shape with French foxes show
greater variability. In the Australian foxes, all parameters tested show significantly impacted
mandibular shape. Visualisations of the deformation along the regression axes highlighted
functionally important areas of the mandible, suggesting that changes in non-feeding variables
impact the function of the mandible.
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1.2. Introduction

The factors driving morphological variation in the vertebrate skull are not fully understood
and are very complex (e.g. Van Valkenburgh & Koepfli 1993; Wroe & Milne 2007; Figueirido
et al. 2011; Schoenebeck & Ostrander 2013). It has previously been demonstrated based on
studies using geometric morphometrics and finite element analysis that cranial shape depends
on more than just feeding ecology (Tseng and Flynn, 2018). Indeed, size, age and sex are known
to influence cranial shape. Moreover, environmental constraints also play a fundamental role in
driving skull shape evolution since locally varying selective pressures (e.g., competition,
available resources, sexual selection, climate) will favour advantageous variants and cause them
to become more common (Darwin, 1909; Gittleman, 1985; Meiri et al., 2004; Meloro et al.,
2011).

Given the complexity of the cranial system these are difficult questions to address. However,
invasive populations often provide excellent study systems as animals are transferred by
humans into radically divergent habitats allowing one to test for differences in morphology in
relation to external variables. Moreover, focusing on the mandible may be of interest as this
structure is specialized towards biting and thus likely reflects direct selection on function. To
address these questions, we here focus on a commensal canid, the red fox, that not only has a
wide distribution area but also has been introduced in many areas around the world thus
providing an excellent opportunity to investigate the drivers of variation in mandibular shape.
Indeed, Vulpes vulpes is one of the most widespread species of carnivores on the planet
(Schipper et al., 2008). It has colonised the entire Holarctic and the European red fox has been
successfully introduced into the South-east of Australia in 1855 (Rolls, 1969; Saunders et al.,
2010) for recreational hunting and hunting control (Cox, 2004). The species has since spread
across the continent with the exception of tropical areas at North (Forsyth, 2004; Statham et al.,
2014) and some off-shore islands.

Accordingly, the red fox has colonised and likely adapted to many different habitats, ranging
from tundra to deserts to cities. Indeed, it has successfully invaded urban environments in many
parts of the world (Artois, 1989; Debuf, 1987; Doncaster and Macdonald, 1997; Gloor et al.,
2001; Wandeler et al., 2003). In urban environments, red foxes find more favourable conditions
to survive and spread, likely related to increased food accessibility. In Australia, human activity
provides foxes with dead livestock, kangaroos and abundant shelter (Hulme-Beaman et al.,
2016). Consequently, urban foxes have reduced home ranges compared with foxes of rural
populations (Hulme-Beaman et al., 2016). This widely distributed and thus highly adaptable
species, thus provides a unique opportunity to investigate functional and morphological
responses to climatic variation (Schipper et al., 2008; Statham et al., 2014) or to anthropic
constraints and urbanisation. In particular, these different natural and artificial selection
pressures may induce phenotypic variation in different traits of Vulpes Vulpes (Melero et al.
2012; Zaton-Dobrowolska et al. 2016).

Surprisingly, relatively few studies have explored the morphological variability within the
species. Most of the studies have focused on the teeth (Gingerich & Winkler 1979; Pengilly
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1984; Szuma 2004), the baculum (Canédy, 2013) or the skull (Aubry, 1983; Churcher, 1959;
Forbes-Harper et al., 2017; Hartova-Nentvichova et al., 2010; Hell et al., 1989; Huson and Page,
1980; Joji¢ et al., 2017; Sacks et al., 2010). Variation in the morphology may reflect both
genetic determinism and phenotypic plasticity. Phenotypic plasticity (i.e. “the ability of a single
genotype to produce more than one alternative form of morphology, physiological state, and/or
behavior in response to environmental condition”, West-Eberhard 1989) may have played a key
role in the success of the species because it could explain how it can quickly morphologically
or functionally adapt to different environmental conditions. However, local adaptation is also
likely to occur (Edwards et al., 2012; Sacks et al., 2010). Indeed, geographical variation of the
morphology in red foxes has been previously reported (Churcher, 1959; Huson and Page, 1980;
Joji¢ et al., 2017; Sacks et al., 2010; Stepkovitch et al., 2019). Churcher (1959) conducted a
morphometric study of North American and Eurasian red foxes and found that some dental and
cranial measurements varied between the continents. Surprisingly, the morphology of red foxes
has never been compared between the invasive Australian and the native European population.
Huson & Page (1980) identified variation in skull measurements between six counties in Wales,
probably in response to adaptations to local environmental conditions. Joji¢ et al. (2017) used
geometric morphometric techniques and found that cranial shape of Serbian red foxes varies
geographically, as well as depending on proportion of agricultural habitats. Specimen from
Northern regions (with higher proportions of agricultural areas) have more robust crania with
shorter snouts and maxillae, larger palatine bones accompanied with anteriorly moved posterior
edges of the canine alveolus and laterally expanded zygomatic arches. The authors suggested
that these shape changes are related to dietary differences. Stepkovitch et al. (2019) found that
urban red foxes had larger body mass and skeletal measurements than foxes living in more
natural habitats in a sample of 135 red foxes of Sydney region. They hypothesised that the urban
environment provided favourable conditions for foxes to increase in size, enabling them to hunt
a wider range of prey. Other evidence of significant craniometric and dental between wild and
farm populations variation have been reported, for example in red foxes from the Czech
Republic (Zaton-Dobrowolska et al., 2017). In a morphometric study on 540 red foxes from
Western Australia, Forbes-Harper et al. (2017) found that most of the variation in cranial shape
was driven by age, but sex also had an influence. Our goal here was to explore the variation in
the same population of Australian red foxes (Forbes-Harper et al., 2017), focusing on the
mandible and the jaw muscles. We first test whether Australian foxes have developed different
morphologies compared to red foxes from France (including, size, shape and jaw muscle
architecture). Second, we explore the developmental drivers of mandible shape variation (body
mass, centroid size, sex, age) and finally test how mandible shape is associated with variation
in ecological context (geographic location, urbanism, temperatures or rainfall).
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1.3. Material and methods

1.3.1. Sample and information

The dataset is composed of the mandibles of 502 foxes Vulpes vulpes used for shape
analyses. Sixty-nine of the mandibles belong to European foxes (65 red foxes and 4 silver
foxes). The others mandibles (433) belong to Australian foxes. Fourteen of them, similar in
size, were dissected in this study. For most of the 419 other Australian foxes, information about
their body mass, age, sex, and provenance are available (see Forbes-Harper et al., 2017).
Because very few foxes were over 4 years old, we considered four groups: foxes of 1, 2, 3 or 4
and more years old. Fourteen different localities in Western Australia (Fig. 1) are represented.
Most of the sites are located in very rural areas (with a very low number of inhabitants),
however, some foxes are from bigger cities, which enable us to construct a rural to urban
gradient. In Australia, the home ranges of foxes in rural environments are about 500 ha
(Queensland government, 2019). We chose to consider the number of inhabitants within a Skm
radius area using the NASA SEDAC Population Estimator. Rural foxes (‘R’) correspond to
areas with less than 100 inhabitants and urban foxes (‘U’) correspond to areas where the number
of humans exceeds 1000 inhabitants. Two intermediate groups represent values between 100
and 350 inhabitants (‘SR1”) and between 350 and 1000 inhabitants (‘SR2’). The limits between
groups were arbitrarily defined to represent equally all categories. We also extracted climatic
data using the function ‘getData’ from the package ‘raster’ in R version 3.6.0 (2019-04-26).
Climatic data are extracted from WorldClim version 2 (Fick and Hijmans, 2017), a database of
global interpolated climate data. Monthly climate data are averaged for minimum (bio6
variable) and maximum temperature (bio5), and for precipitation (biol12) for the period from
1970 to 2000. Detailed information about the sample are reported in Table 1 and Table S1.

. semi~rural 'UR1" and 'UR2"

N\ 9
. urban 'U’ : . -

Fig. 1. Locations of the Australian foxes considered in this study.

1: Armadale; 2: Boyup Brook; 3: Corrigin; 4: Darkan; 5: Dumbleyung; 6: Gingin; 7: Katanning; 8: Kemerton;
9: Mt. Baker; 10: Nyabing; 11: Quairading; 12: Quindanning-Darkan; 13: Williams-Darkan; 14:
Woodanilling. Colors indicate the degree of urbanism: rural foxes ‘R’ are illustrated in green, ‘UR1’ and
‘UR2’ are in brown, and urban foxes ‘U’ are illustrated in red. Point sizes are proportional to the number of
inhabitants in a radius of 5 km around the city.
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Table 1. Specimens used in this study and sample sizes.
Diss: specimens dissected; Shape: shape analyses were performed; F: female; M: male; Al: 1 year old; A2:
2 years old; A3: 3 years old; A4+: more than 4 years old; R: ‘rural’; SR1: ‘semirural 1’; SR2: ‘semirural 2’; U:
‘urban’. Report to Table S1 for details.

Geographic  Diss Shape Bodymass Age Sex urbanism
location
France 65 69 23F 38M
(mass)
-63
(PCSA)
Australian-dissected 14 14
Armadale 3 3 3A1 2F 1M 3 U
Boyup Brook 51 51 36A1 11A2 1A3 3A4+ 23F28M 51 SRI
Corrigin 15 15 4A1 4A2 2A3 5A4+ 8F ™™ 15 SR2
Darkan 138 137 100A1 22A2 7A3 63F 75M 138 SRI1
2A4+
Dumbleyung 11 11 3A1 6A2 1A3 1A4+ 6F 5M 11 R
Gingin 14 14 4A1 7A2 3A4+ 6F 8SM 14 SR2
Katanning 49 49 25A1 14A2 7TA3 3A4+ 24F24M 49 U
Kemerton 1 1 1F 1 U
Mt. Baker 50 50 26A1 9A2 8A3 7A4+ 17F33M 50 R
Nyabing 20 20 11A14A2 2A3 3A4+ 12F 8M 20 R
Quairading 26 26 14A1 7A2 1A3 4A4+ 16F 10M 26 SR2
Quindanning-Darkan 4 4 1F 3M 4 U
Williams-Darkan 4 4 1A1 2 4 U
Woodanilling 33 33 16A1 10A2 4A3 3A4+ 14 33 R
Total 502 418 404 479 419 122R
(243A1 94A2 33A3 189SR1
34A4+) 55SR2
53U

1.3.2. Dissections

We dissected the digastric, superficial masseter, deep masseter, zygomaticomandibularis,
suprazygomatic, superficial temporal, deep temporal, medial pterygoid and lateral pterygoid,
following the descriptions provided by Tomo et al. (1993), Penrose et al. (2016) and Brassard
et al. (under review, article 4). Muscle mass was measured using a digital scale (Mettler Toledo
AE100). Pennation angle and fiber lengths were recorded directly on the muscle after cross
longitudinal section of each belly without acid dissection, and we considered the mean of five
measurements taken on different parts of the muscle.

We calculated the reduced PCSA (Haxton, 1944) of each belly following the formula:

__ mass (g)+cos(angle of pennation (rad))
RPCSA = 1,06 (g.cm~3)«fiber length (cm)

Keys, 1960), which is a reliable estimate for use in the RPCSA in the red fox (Penrose et al.,
under review).

and using a density of 1.06 g cm—3 (Mendez and

To increase statistical power (because we dissected only 14 red foxes), we considered the
mean of fiber lengths, the mean of pennation angles, the sum of muscle masses, and the sum of
muscle PCSAs for each muscular group (masseter, temporal and pterygoids).

We used geometric morphometrics to explore the patterns of variation in mandibular shape.
We used photogrammetry and the ‘Agisoft PhotoScan’ software (© 2014 Agisoft LLC, 27
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Gzhatskaya st., St. Petersburg, Russia) to build 3D models of all mandibles. The models were
cleaned with Geomagic v. 11 (Geomagic, Research Triangle Park, NC, USA) and Meshlab
version 2016.12 (Cignoni et al., 2008). Twenty-five homologous anatomical landmarks, 190
sliding semi-landmarks on curves and 185 sliding semi-landmarks of surface were placed on
the mandibles of each specimen using the ‘Landmark’ software, version 3.0.0.6 (© IDAV 2002-
2005; Wiley et al., 2005, Fig. 2). The landmarks were changed into homologous landmarks
using a sliding semi-landmark procedure implemented in the ‘Morpho’ package (version 2.7)
implemented in R (Bookstein, 1991; Gunz et al., 2005; Schlager, 2013).

Generalized Procrustes Analyses (GPA — Rohlf & Slice, 1990) and Principal Component
Analyses (PCA) were performed using the function procSym (Dryden and Mardia, 2016; Gunz
et al., 2005; Klingenberg et al., 2002). The deformation of the mandible of a French fox to the
consensus of the GPA was used as a reference for all visualisations.

e« Curve
10 - Surface
Q Landmark

Fig. 2. Landmarks used in this study. Detailed definitions of the landmarks are reported in Table S2.

1.3.3. Statistical analyses

All statistical analyses were run in R version 3.6.0 (2019-04-26) and R studio
version 1.2.1335.

To test for differences in muscle architecture between Australian and French foxes we
performed multivariate analyses of variance using the function ‘manova’ on Logl0-
transformed muscle masses and PCSAs (or residual muscle data obtained from the regression
by the Logl0 of the mandibular centroid size, using the function ‘lm’). The covariations
between muscle architecture (PCSA and mass) and shape were assessed using two-blocks
partial least-squares analyses with the function ‘pls2b’ from the package ‘Morpho’ (Rohlf and
Corti, 2000).

To test whether Australian and French foxes differ in size and shape, we performed a t-test
and Procrustes analyses of variance using the function ‘procD.Im’ from the geomorph package
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(Hand and Taylor, 1987; Krzanowski, 1988). Disparity tests were conducted using the function
‘morphol.disparity’ from the geomorph package (Foote, 1993; Zelditch et al., 2012) which
performs pairwise comparisons among groups and calculates p-values after 999 iterations.
Differences in shape related to the (Logl0-transformed) centroid size, bodymass, sex, age,
location, degree of urbanism, minimal or maximal average temperatures and rainfall were
assessed with Procrustes ANOVA. Shapes at the minimum or maximum of the regression
analyses were obtained using the function ‘shape.predictor’ on the results of the Procrustes
ANOVAs. We used Canonical Variate Analyses, performed with the function ‘CVA’
(Campbell and Atchley, 1981; Klingenberg and Monteiro, 2005), to identify mean shapes of
groups. Visualisations of the shape deformation were obtained from the ‘Avizo 8.1.1.” software.
To investigate the drivers of mandibular centroid size, we performed linear regression using
the function ‘Im’, ANOVAs using ‘aov’ and post-hoc tests using the function ‘TukeyHSD’.

1.4. Results

Detailed results of the statistical analyses are in the electronic supplementary material. The
results of the Procrustes ANOVAs are summarised in Table 2. The results of the linear
regression explaining the centroid size are reported in Table 3.

1.4.1. Comparison of Australian and French red foxes

The MANOVAs show that muscle masses significantly differ between French and
Australian foxes (P <0.001, 14 Australian red foxes and 64 French red foxes). Australian foxes
tend to have proportionally more voluminous pterygoid muscles than French foxes (P = 0.032,
supplementary Fig. S2). However, these differences are balanced by the other parameters of
muscle architecture (pennation angle and fiber length) since the PCSAs show no significant
differences (P = 0.2; N = 14 Australian red foxes and 63 French red foxes).

The same foxes also differ in mandibular shape between France and Australia (Procrustes
ANOVAs: P <0.001) but not in mandibular size (t-test: P = 0.50). The CVA resulted in an
excellent success rate (97%) and showed that the Australian red foxes we dissected have a more
robust mandibular body, a much more caudally oriented and curved coronoid process and a
more pronounced angular process than the dissected French foxes (Fig. 3B).

However, the 14 Australian foxes we dissected represent only a small amount of the total
variation in shape in the Australian foxes of our sample (Fig. 3A). When all the foxes are
considered in the analyses, Australian and French foxes still significantly differ in mandibular
shape (Procrustes ANOVAs: P <0.001) but not in mandibular size (t-test: P =0.80). The CVA
still easily distinguished the two populations (success rate of the cross-validation: 97%). French
foxes have relatively longer mandibles, with a more triangular coronoid process, a deeper
masseteric fossa, a bigger angular process and condyle. The mandibular body is longer, thinner
but lower just under the carnassial and the most cranial part of the ventral border is more
elevated in French foxes (Fig. 3). Disparity tests show that variances are significantly lower,
however, for Australian foxes (Procrustes variance 0.0034) than for European foxes (Procrustes
variance = 0.0045, P < 0.001).
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Fig. 3. Mandibular shape variation in Australian and French red foxes. A: First two axes of the PCA; B:
Results of the CVA with the dissected specimen only; C: Results of the CVA with all foxes. The vectors of
deformation to the mean shape of Australian red foxes to the mean shape of French red foxes are
represented, as well as the mean shape of each group, the deformations from the consensus being
amplified by three.
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1.4.2. Muscular drivers of shape in Australian red foxes

The Procrustes ANOVAs (Table 2) show that the shape of the mandible is driven by the
architecture of the masseter and pterygoid muscles. There is no significant correlation with the
mass/PCSA of the temporalis. The results of the 2B-PLS analyses are not significant (Table 3).
However, since covariations are strong visualisations provide interesting insights in the
interplay between muscles and shape. All muscle masses are acting jointly on mandibular
shape, contrary to muscle PCSAs (Fig. 4, S1). The more developed the muscles, the more
robust the mandible: the wider and caudally oriented the coronoid process, the larger the angular
process, the straighter the condyle in the sagittal plane, the deeper the masseteric fossa and the
dorsoventrally thicker the mandibular ramus.

The more powerful the muscles, the more developed the mandibular ramus, the more
elevated the height of the mandibular body under the carnassial (which gives the impression
that the body is more curved under the carnassial; Fig. 4). The scatterplot representing the first
axis of the 2B-PLS on muscle PCSAs (Fig. 4A) show that the more powerful the pterygoids,
the more curved the angular process in the sagittal plane, and the more powerful the digastricus,
the shorter and ventrally curved the mandibular body, the part just behind the carnassial being
thicker and the most anterior part being more elevated. The masseteric fossa is deeper and the
coronoid process on the right part of the scatterplot, which is probably related to the PCSA of
the masseter. The scatterplot representing the second axis of the 2B-PLS (Fig. 4B) show that
the more powerful the masseter and the temporal, the wider the coronoid process and the deeper
the masseteric fossa.
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Table 2. Results of the Procrustes ANOVAs performed on mandibular shape.

Factor and sample size (N) Df SS MS R2 F Z Pr
(>8S)
Centroid size and muscle mass (n=14)
Centroidsize 1  0.0049 0.0049 0.11 1.6 1.1 0.15
Mass of the masseter 1 0.0053  0.0054  0.12 1.7 1.7 0.036
Mass of the temporalis 1 0.0016 0.0016  0.036 0.52 -1.3 0.90
Mass of the pterygoids 1 0.0048  0.0048  0.11 1.5 1.8 0.026
Residuals 9  0.0282 0.0031  0.63
Centroid size and muscle PCSA (n=14)
Centroidsize 1  0.0049 0.0049 0.11 1.7 1.1 0.15
PCSA of the masseter 1  0.0058 0.0058  0.13 2.0 1.8 0.024
PCSA of the temporalis 1~ 0.0039  0.0039  0.087 1.3 1.23  0.10
PCSA of the pterygoids 1 0.0042 0.0042  0.09 1.4 1.6 0.053
Residuals 9  0.0262 0.0029  0.58
Intrinsic parameters
Centroid size (N=502) 1  0.10 0.10 0.057 30 9.2 0.001
Body mass (N=418) 1  0.076 0.076 0.054 24 8.2 0.001
Sex (N=479) 1  0.012 0.012 0.0074 3.5 3.6 0.002
Age (N=404) 3  0.087 0.029 0.065 92 9.1 0.001
External parameters
Urbanism (N=419) 3  0.034 0.011 0.024 3.5 5.6 0.001
Location (N=419) 13 0.11 0.0083  0.077 2.6 8.1 0.001
Minimal temperature (bio6) 1  0.019 0.019 0.014 5.8 5.0 0.001
(N=419)
Maximal temperature (bio5) 1  0.013 0.013 0.0090 3.8 3.9 0.001
(N=419)
Table 3. Results of the 2B-PLS analyses.
PLS % of total r-PLS  P-value
axis covariation
Mass (n=14)  PLSI1 83 0.73 0.28
Residual mass  PLS1 66 0.79 0.32
PCSA (n=14) PLSI 63 0.85 0.097
Residual PCSA  PLS1 62 0.85 0.090
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(in blue) and maximum (in red) are represented on lateral, dorsal and cauda views.
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1.4.3.
sex)

Intrinsic drivers of mandibular shape (body mass, age and

We refer to Table 2 for the results of the Procrustes ANOVASs to investigate shape drivers
and to Table 3 to investigate the drivers of size.

Table 4. Results of the regression analyses to explain the centroid size

Factor Slope sign Pr (>t) Rsq
Body mass (N=418) + <2e-16 0.61
Sex (N=479) <2e-16 0.17
Age (N=404) <2e-16 0.26
Urbanism (N=419) 0.67 -0.0035
Location (N=419) 1e-06 0.092
Minimal temperature (bio6) (N=419) + 0.00037 0.028
Maximal temperature (bio5) (N=419) - 0.0093 0.014
Rainfall (bio12) (N=419) + 0.0046 0.0077
Males and females .
significantly differ in shape (P = =1 | females
0.002) and size (t-test: P<0.001). B males
Males are bigger and have a wider . ® -
coronoid process, a deeper R
masseteric fossa with a lower g 8 1
condyloid ridge (Fig. 5). In &
males, the angular process is more S e
. o
curved and the condyle is bigger. @
In females, the mandibular is " g -
more regularly curved on its
ventral side, while in males it is o -

more irregular, the anterior part
being lower, and the angular
process being straighter under the
coronoid process.  Sixty-four
percent of the Australian red
foxes were correctly classified as
males or females in the CVA.

Fig. 5. Results of the CVA with mean
shapes of females and males on
lateral, dorsal and caudal views. The
deformation from the consensus to
the mean of each sex was amplified
by ten.

CVscores

e ST
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Age is also a significant driver of mandibular shape (R? = 0.065; P < 0.001) and size (R> =
0.26; P < 0.001). The cross-validation of the CVA results in a success rate of 72%. Shape
differences are located at the area of insertion of the jaw adductor muscles and on the ventral
curvature of the mandibular body (Fig. 6B). The first axis of the CVA distinguishes the
youngest individuals of maximum 1 year old from the older foxes (Fig. 6A). The youngest
foxes have a proportionally much smaller coronoid process and very rounded mandibular body.
The second axis mainly separates the 2 years old from the 3 and more years old. The older the
fox, the more developed and caudally oriented the coronoid process, and the straighter and more
robust the mandibular body, especially at the level of the carnassial. Only foxes younger than
one year have significantly smaller centroid sizes (Fig. 6C, Ppost-hoc tests<0.001).

centroid size

-5 5 10

1]
CA1l-76.6%

Fig. 6. Impact of age on mandible shape and size. A: Results of the CVA distinguishing foxes by their age
with lateral views of the mean shapes of each group. Ellipses correspond to the 95% confidence intervals.
Colors represent the distance between the mean shape and the mean shape of each group; B: Shape
deformation from 1 year old to 2 years old. Hottest colors are used to represent maximum differences; C:
Boxplot representing the centroid size.

As expected, the shape of the mandible is allometric (R*> = 0.057; P < 0.001) and dependant
on body mass (R? = 0.054; P <0.001, Fig. 9).
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1.4.4. External drivers of mandibular shape and size

We also observe significant differences in shapes between Australian sites (R*> = 0.077; P =
0.001) as well as differences in size (R?> = 0.09, P < 0.001). The post-hoc tests indicate that
differences occur between Quindanning-Darkan-Armadale (P = 0.017), Darkan-Boyup Brook
(P = 0.04), Quindanning-Darkan-Boyup Brook (P < 0.001), Quindanning-Darkan-Corrigin (P
< 0.001), Mt. Baker-Darkan (P < 0.04), Quindanning-Darkan-Darkan (P < 0.001),
Quindanning-Darkan-Gingin (P < 0.001), Quindanning-Darkan-Katanning (P < 0.001),
Quindanning-Darkan-Kemerton (P = 0.03), Quindanning-Darkan-Mt. Baker (P < 0.001),
Quindanning-Darkan-Nyabing (P < 0.001), Quindanning-Darkan-Quairading (P < 0.001),
Williams-Darkan-Quindanning-Darkan (P < 0.001), Woodanilling-Quindanning-Darkan
(p<0.001).

The degree of urbanism drives variation in shape (R*> = 0.024; P = 0.001) but not size (P =
0.7). The success rate of the classification performed by the CVA is low (51%), suggesting that
the differences are subtle and separations between groups not very clear. The groups that are
most appropriately identified are the rural foxes and the foxes from the ‘SR1’ group. Only 34%
of the urban foxes are correctly identified while 66% of the SR1 foxes are well identified. The
foxes from the ‘urban’ group have relatively longer mandibles with a straighter mandibular
body, a smaller angular process and a wider coronoid process with a deeper masseteric fossa
(Fig. 7). Foxes from the ‘rural’ group have a shorter and more curved mandibular body, the
part under the carnassial being higher, a more developed angular process, and a narrower
coronoid process with a shallower masseteric fossa. Foxes from the ‘SR2’ group have a bigger
and more robust mandibular body than the average, including under the carnassial and a less
developed angular process. There is no gradual evolution of the shape throughout the rural-
urban gradient. Differences are thus likely related to other parameters, such as geographic
variation or different composition of each group with respect to body size or age, for example.
Indeed, 75% of the foxes from group ‘SR1’ are less than 1 year old and consequently show a
juvenile morphology - they have a less developed coronoid process, a smaller angular process,
a straighter curved mandible.
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axis 27.4%

1st canonical

Fig. 7. Results of the CVA to distinguish urban and rural foxes. A: Scatterplot with ellipses corresponding
to the 95% confidence intervals and lateral views of the mean shape for each group (the deformations
from the consensus are amplified by five). B: shape of the ‘rural’ red foxes and vector of deformation from
the ‘urban’ to ‘rural’ foxes. Colors represent the distance between the two shapes. Hottest colors are used
to represent the maximum differences.

All the climatic parameters we tested are significant drivers of mandible shape.
Deformations in shape are mainly located on the coronoid process and the ventral curvature of
the mandibular body (Fig. 8).
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Fig. 8. Shape deformations from the minimum to the maximum shapes determined from the multivariate
regression of mandible shape by the body mass, rainfall (bio12), the averaged maximal temperature
(Tmax, bio5) and the averaged minimal temperature (Tmin, bio6). The shapes at the maximum are
represented. Vectors indicate the direction of the deformation from the minimum to the maximum.
Hottest colours correspond to the most important distances between the shapes at the minimum and
maximum.
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1.5. Discussion

Here we tested whether Australian and European red foxes differ in mandibular shape, size
or in muscle architecture, and explore whether non-feeding variables (body mass, centroid size,
sex, age, geographic location, urbanism, temperatures, rainfall) are related to variation in
mandibular shape and size.

1.5.1. Differences in morphology between Australian and French
foxes

The disparity of the Australian foxes was lower than that observed for the French red foxes,
despite the lower sample size for the latter. This is consistent with a founder effect. Given that
the population of the Australian red foxes was established by a very small number of European
red foxes from a larger population their morphology likely had a disproportionate impact on
the variation observed in the population (Allendorf and Lundquist, 2003), resulting in a lower
disparity. Previous studies have documented founder effects and genetic drift in Australian red
foxes although little loss of alleles by genetic drift appeared to have occurred (Lade et al., 1996).

Interestingly, we found that the mandible shape of Australian foxes is variable but very
different from that of French foxes. In contrast, there is no significant difference in size. The
success rate of the reclassification based on mandible shape is excellent (97%), suggesting a
high differentiation between native European and invasive Australian populations. Australian
red foxes tend to have more ‘dog-like’ mandibles, with a more robust mandibular body and a
more rectangular coronoid process. Interestingly, the morphological differences concentrate on
the area of insertion of the jaw muscles, which suggests functional differences between native
and invasive foxes. Future studies should investigate the consequences of these differences in
shape between the continents on bite force (see Forbes-Harper et al. 2017) to explore this
further.

Muscle PCSAs were not significantly different between Australian and French red foxes.
However, only 14 Australian red foxes were dissected in this study, and these foxes only
represent a small amount of the total shape variation in the Australian foxes in our sample (Fig.
3). Other dissections are needed to test further whether the architecture of the jaw muscles
differs significantly between France and Australia. However, the results of the analyses of
covariance (Fig. 4) and correlation analyses (Table 2) suggest that the masseter and pterygoid
muscles drive variation in mandibular shape. Moreover, the bony deformations associated with
variation in muscle architecture are similar to those describe in French foxes (Brassard et al.,
under review, article 4). However, the first axis of the 2B-PLS showed different patterns
compared to those observed in red foxes from France (Brassard et al., under review, article 4).
These patterns highlight the functional link between the angular process and the strength of the
pterygoid muscles. The more powerful the muscles, the more curved the angular process. This
is suggestive of functional differences between invasive and native foxes, yet remains to
explored further. Overall, our results suggest differences in the mandible and jaw adductor
muscles in an invasive population of red foxes. Whether these reflect local adaptation to diet or
other factors or are the result of a strong founder effect remains to be explored.
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1.5.2. Impact of non-feeding variables on mandibular shape

The population divergence in morphology between European and Australian foxes could
reasonably be related to both genetic drift and divergent selection acting upon different
functional adaptations to very different environments. The very different climate conditions
(including temperature, precipitation, elevation and topography) and community composition
potentially drive variation in mandibular shape (Fischer and Still, 2007; Funk et al., 2016;
Spalding et al., 2007). Because the sample of French red foxes is rather small and we did not
have detailed information on all specimens we could not investigate the impact of
environmental for this sample.

Interestingly, although the non-feeding related ecological variables we tested (geographic
location, urbanism, minimal or maximal temperature and rainfall) explain relatively little of the
total variation in shape (Table 2), we do find significant correlations. One of the most important
drivers of mandibular shape seems to be the geographic location (which explain almost 8% of
the variation in mandible shape). Interestingly, we also observed morphological differences
along the rural-urban gradient. We found differences in shape in the areas of insertion of the
jaw muscle, suggesting functional differences. The most urban foxes, that tend to have less
robust mandibles with a wider coronoid process and a deeper masseteric fossa (Fig. 7), may
have a proportionally more developed masseter muscle while foxes from the ‘rural’ group have
a more developed angular process, providing an expanded insertion area for the pterygoid
muscle. These variations in shape do not show a continuum across the urban-rural gradient,
suggesting that the impact of other variables may be more important (geographic location, age,
sex) than the proximity to humans. Our observations are in accordance with that of Joji¢ et al.
(2017), who observed that foxes from more agricultural areas of Serbia have more robust crania
with a shorter snout (we found shorter and more robust mandibles in the ‘rural’ group). As
hypothesised by the authors, these differences may be related to dietary differences, although
genetic diversification cannot be excluded as a possible contributing factor. We also found
significant correlations between the centroid size and environmental data. However, the
constitution of the sample and non-equilibrated age classes or sex ratios for each site may partly
impact our results.

Mandibular shape was significantly correlated to all the intrinsic parameters we tested (body
mass, age and sex). However, these again explain little of the total variation (maximum 6%).
The related anatomical changes are likely to have functional consequences, however. The
centroid size is, in comparison, much more strongly explained by variation in body mass, age
and sex. First, as expected, the bigger/older the fox, the less rounded the mandible and the
proportionally more developed the coronoid process. Age mostly distinguishes the less than 1-
year old foxes from the older ones. Sexual dimorphism is very clear (as previously reported by
Joji¢ et al., 2017) and involves mainly muscular insertion areas, suggesting that males can
produce higher bite forces (since they have more robust mandibles with a proportionally much
bigger coronoid process). Moreover, males are also bigger (Joji¢ et al., 2017).
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Tseng and Flynn found that cranial shape significantly correlates to non-feeding ecological
variables (as well as to feeding variables), and that the covariation generates significant
masticatory performance gradients, suggesting that “mechanisms of obligate shape covariation
with non-feeding variables can produce performance changes resembling those arising from
feeding adaptations in Carnivora”. It is possible that we here observe similar trends in the
mandible of these Australian red foxes. Yet, the mandible is more directly specialised towards
mastication (more so than the skull). It is thus likely that diet explains more of the variation in
shape than the non-feeding variables we tested. Future studies investigating the relation
between diet and the 3D morphology of the mandible would be of interest. Given that
environmental constraints (geographic location, temperature, rainfall and urbanism) could drive
differences in food availability it is possible that similar patterns of covariation/correlation with
both feeding and non-feeding variables would be observed.

1.6. Conclusion

Our results highlighted morphological differences between Australiana and French red
foxes. Our results further showed significant correlations between environmental and
developmental variables and mandibular shape. The analyses of shape suggest mechanical
adaptations to local living conditions and selective pressures. Future studies are needed to
investigate the relation between mandibular shape and diet in red foxes, and to compare the
effect of non-feeding or feeding variables on French and Australian foxes.
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Relationship between diet and mandibular shape or bite
force in red foxes
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population of red foxes?
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2.1. Materials and methods

All statistical analyses were run in ‘R’ version 3.6.0 (2019-04-26).

2.1.1. Sample information

The dataset is composed of the mandibles of 451 red foxes (Table 1).

Table 1. Information about the sample used in this study. y: year old; 2+: foxes over 2 years old; F: female;
M:male; Gdt: urban-rural gradient; BF FH: bite forces estimated in Forbes-Harper et al. (2017); NA:
missing data. Detailed information about all individuals are available in the supplementary material Table

S1.
Total Age Sex Gdt
Type/Location 1y 2ty F M
France - dissected 60 23 38
Australia - dissected 14
Australia — not dissected: 387
Armadale 2 2 0 2 0 Urban
Boyup Brook 46 32 14 19 27 SR 1
Corrigin 15 4 11 8 7 SR 2
Darkan 131 92 29 60 71 SR 1
Dumbleyung 11 3 8 6 5 Rural
6: Gingin 14 4 10 6 8 SR 2
7: Katanning 45 23 22 22 23 Urban
8: Kemerton 1 NA NA 0 1 Urban
9: Mt. Baker 47 24 23 17 30 Rural
10: Nyabing 19 11 8 12 7 Rural
11: Quairading 21 12 9 13 8 SR 2
12: Quindanning-Darkan 2 NA NA 1 1 Rural
13: Williams-Darkan 3 >1 NA 2 1 Rural
14: Woodanilling 30 15 15 12 18 Rural

Sixty of these foxes are from France and were dissected previously to estimate bite forces
(Brassard et al., under review, article 4).

The other red foxes are from an invasive population from South Western Australia (Fig. 1
supplementary material Table S1). The jaw muscles of fourteen of these foxes were dissected
(see article 5). For the 387 remaining Australian red foxes, individual information about the
age, sex, bodymass, GPS location and stomach content are available (see Forbes-Harper et al.,
2017).

Detailed information about the sample is reported in Table 1 and Table S1.

Age was established from the cranial sutures and microscopic analysis of the canine tooth
dentine lamina (Forbes-Harper et al., 2017). Because previous studies have shown that age-
related differences in shape mainly differentiate foxes younger than one year of age from the
others (article 5), we here considered two age classes: foxes up to one year old, and older foxes.

Following previous studies (article 5), we separated the different localities depending on
their degree of urbanism (approximated based on the number of inhabitants in a 5 km radius).
Locations with fewer than 100 inhabitants in a 5 km radius are considered rural areas (‘R’),
while those with more than 1000 inhabitants are considered urban (‘U’). SR1 and SR2 refer to
sites with an intermediate degree of urbanism (SR1: between 100 and 350 inhabitants; SR2:
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between 350 and 1000 inhabitants). The limits between groups were arbitrary defined to
represent equally all categories.

We used WorldClim version 2 (Fick and Hijmans, 2017), a database of global interpolated
climate data, using the function ‘getData’ from the package ‘raster’ in R, to extract climatic
data from the GPS coordinates. We retained average minimal temperature (bio6), average
maximal temperature (bio5), and average precipitation (biol2).

2.1.2. Diet analyses

We retained in the analyses the following food items: sheep, rodent (rat and house mouse),
rabbit, marsupials (brushtail possum), bird, reptile/frog, invertebrates, plant (deliberately
consumed plant matter including grass, figs, grapes, mulberries, corn, grains), other mammals
(cattle, unknown mammal, cat hair, fox hair), other (incidental plant matter: dead grass, leaves,
twigs, bark, that were generally in low proportion and that were probably partly present on/in
other food items; gastro-intestinal worms; maggots, other).

Forbes-Harper and colleagues (2017) identified age and sex differences in diet but performed
analyses on a larger sample of foxes (473 foxes). To check that the same trends were observed
in our subsample (387 foxes), we performed similar non-parametric analyses. We ran a two-
way Permutational Multivariate Analysis of Variance (PERMANOVA) for sex (male and
female) and age (two age categories: 1 and 2 + years old) cohorts, using the function ‘adonis2’
from the package ‘vegan’ and performed pairwise comparisons using the function
‘calc_pairwise permanovas’ from the package package ‘mctoolsr’. These analyses were
performed on a dissimilarity matrix using the raw proportions of stomach contents, using the
function ‘dist’ from the package ‘vegan’ (calculus are based on the Euclidean distance). We
also performed Similarity Percentage (SIMPER) analysis to determine the food categories that
contributed to significant diet differences. We used similar analyses to test for the effect of
bodymass, longitude and latitude, climatic data (bio 5, bio 6, bio 12) and urbanism on diet.
Differences were visualized using non-metric multidimensional scaling analysis (N-M MDS)
of the proportions of each food item (arcsine-square root transformed proportions of the total
stomach contents). We tested the correlation between the two first axis of the N-M MDS
with Kruskal-Wallis rank sum tests, using the function ‘kruskal.test’.

2.1.3. Geometric morphometrics

Three dimensional geometric morphometric analyses were used to explore the patterns of
morphological variation and covariation/correlation with diet. We used the three-dimensional
coordinates of landmarks placed on 3D models derived from a previous study (Brassard et al.
2020a, article 1, Fig. 2, Table S2). The models were obtained using photogrammetry (‘Agisoft
PhotoScan’ software © 2014 Agisoft LLC, 27 Gzhatskaya st., St. Petersburg, Russia) and the
landmarks were placed on the mandible of each specimen using the software ‘Landmark’
version 3.0.0.6 (© IDAV 2002-2005; Wiley et al., 2005). We considered 25 homologous
anatomical landmarks, 190 sliding semi-landmarks on curves and 185 sliding semi-landmarks
on surfaces that were slid and transformed into spatially homologous landmarks using a sliding
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semi-landmark procedure implemented in the ‘Morpho’ package (version 2.7) in R (Bookstein,
1991 On the necropolis of Van-Yoncatepe, in Eastern Anatolia (first millennium BC), the
remains of five foxes were discovered associated with human skeletal remains (Onar, Belli and
Owen, 2005).

Four foxes (as well as a large number of dogs) have been found in Can Roqueta (Barcelona)
and Minferri (Lleida), in graves from the Early-Middle Bronze Age. As stated above (see
section 2.3.1), isotopes analyses have revealed shared diets between humans, dogs and foxes,
suggesting a controlled feeding by humans (Grandal-d’ Anglade et al., 2019).

; Gunz et al., 2005; Schlager, 2013). To isolate size and shape, we performed a Generalized
Procrustes Analysis (GPA — Rohlf & Slice, 1990) using the function ‘procSym’ (Dryden and
Mardia, 2016; Gunz et al., 2005; Klingenberg et al., 2002) from the package ‘Morpho’. We
used the function ‘tps3d’ to deform the mandible of a red fox to the mean shape of the GPA for
further visualisations.

We explored the covariations between the proportions of food items (arcsine-square root
transformed proportions of the total stomach contents) and mandibular shape with two-block
partial least-squares analyses (2B-PLS), using the function ‘pls2B’ from the package ‘Morpho’
(Rohlf and Corti, 2000). P-values were calculated based on 1000 permutations. To investigate
whether proportions of diet are
drivers of mandibular shape, we
performed Procrustes ANOV As
with permutation procedures on
the coordinates from the GPA
using the function ‘procD.Im’
from the package ‘geomorph’.
We considered the proportion of
food items as explanatory
variables. The ‘shape.predictor’
function and the ‘Avizo 8.1.1.
software were used to visualize
the effect of the variation in
food proportions on the shape of
the mandible.

® anatomical landmarks
¢ curve landmarks
‘- surface landmarks

Fig. 1. Landmarks used in this study illustrated on the lateral and medial views of the mandible of a red
fox. Definitions of the landmarks are provided in Table S2. The landmarks and distances that are used for
bite force prediction in Model 2 are illustrated in red. They correspond to the (non-effective) in-lever arm

of the M. superficial temporalis (a), M. masseter superficialis (b), M. masseter pars profunda (c), M.
masseter pars suprazygomatica (d), M. temporalis pars profunda (e), and to the out-lever arm exerted by
the resultant bite force at the canine tooth (f).
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2.1.4. Bite force estimations

Forbes-Harper and colleagues (2017) previously estimated bite forces at the canine using the
dry skull method. However, this method estimates the PCSA from dimensions taken on the
skull, which does not reflect the architecture of the muscles per se. Here, we developed two
alternative predictive models to estimate the bite force at the canine using the shape of the
mandible only. We used the function ‘plsR’ from the package ‘plsRglm’ (Meyer et al., 2010).
Model 1 uses the Procrustes coordinates and logl0-transformed centroid size. Model 2 uses
only a few landmarks that correspond roughly to the point of insertion of the adductor muscles
on the lower jaw, the centre of rotation of the mandible (condyle), and the point of application
of the bite force (on the canine tooth). The lengths of the in-lever (euclidean distances between
the point of insertion of the muscle and centre of rotation) and out-levers (euclidean distances
between the canine tooth and centre of rotation) were calculated based on the coordinates of
these points. As we cannot know the orientation of the muscle force vectors of the individuals,
we could not use the muscle moment arms. The second method provides the advantage of not
needing a GPA. The problem with the method 1 is indeed that the decision rules of the model
need to be established each time new individuals are added to the sample (because all the
individuals, even the ones used for the prediction need to be superimposed with the same GPA).

To establish the decision rules of the models, we used data previously obtained for 60 French
Vulpes vulpes (Brassard et al., under review, Article 4). Bite forces were estimated using
individual muscle architecture and they show strong correlation with mandibular shape. Here
we considered the logl0-transformed bite force at the canine for a gape angle of 20° and an
orientation of the force perpendicular to the mandible.

The accuracy of each model was assessed using leave-one-out cross validations and further
correlation tests (with the function ‘cor.test’) or linear regressions (function ‘Im’). We
compared the model outputs (predicted bite force) with the inputs (bite force from dissections)
for the French foxes, and for the 14 Australian foxes that were dissected (cf article 5). To
estimate the bite forces of these 14 red foxes from the Australian population we used a
simplified model of the one described in Brassard et al. (2020b, article 3). Since we could not
use a microscribe during the dissection of these foxes, and because the skulls were damaged we
recorded the 3D coordinates of attachment of the main muscular groups only (masseter,
temporalis and pterygoid) — without distinguishing all the bundles —, and those of three possible
points of application of the bite force (at the incisors BPi, at the canine BPc and at the carnassial
BPm). To do so we used photographs of the dorsal and lateral view of the skull. In order to
compare the accuracy of this simplified model with the one that uses all muscle bundles, we
performed a correlation test (‘cor.test’) between the outputs of both models when applied to the
60 French red foxes for which we had both data sets. We also compared the two models’ outputs
with estimations obtained previously from the dry skull method (Forbes-Harper et al., 2017).
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@ origin
@ insertion

® on the lateral side
® on the medial side

Fig. 2. Simplified biomechanical model used in this study to predict bite force using the individual
architecture of the jaw muscles in the dissected Australian foxes. For each muscle complex, the attachment
area on the skull are represented in red and those on the mandible are in blue. The landmarks
corresponding to muscle attachment for the calcul of muscle moments are represented in transparent
when on the medial side. BF: bite force; FRF: food reaction force; Ftemporalis, Fmasseter and Fpterygoid:
forces calculated from attachment coordinates and PCSA of the jaw adductors; ila: in-lever arm; ola: out-
lever arm; BPc: bite point at the canine.
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2.1.5. Determinants of bite force

We compared the variation in bite force between the French red foxes and the Australian red
foxes with a t-test (‘t.test’ function on the log10-bite force). To explore the drivers of variation
(or residual bite force variation) in bite force in the Australian red foxes we performed several
multiple or simple regressions and (m)ANOV As with sex, age, Log10-transformed body mass,
average maximal temperature (bio5), average minimal temperature (bio6), average
precipitation (bio12) and the proportions of food items eaten as explanatory variables, using the
function ‘Im’ or ‘aov’. We also performed post-hoc tests using the function ‘TukeyHSD’ to test
between young and adult males or females, or foxes according to the degree of urbanism. The
relations between the scaled bite force and mandibular shape in the 14 dissected Australian
foxes were explored using 2B-PLS analyses and Procrustes ANOV As. Residual bite forces
were obtained from the regression of the Logio-transformed bite forces on the Logio-
transformed centroid size of the mandible, using the function ‘Im’.

2.2. Results

Detailed results of the statistical analyses and all model outputs are provided in the
supplementary material.

2.2.1. Estimation of bite force in Australian red foxes using
muscle architecture

Estimations provided by the simplified biomechanical model estimating bite force from
muscle architecture of the main muscle groups only are very close to the estimations obtained
using the more complex biomechanical model that uses all muscle bundles (» = 0.89). This
method thus provides a good approximation of the maximal bite force in the 14 Australian red
foxes in comparison with the full model developed in Brassard et al. (under review, article 4).
Bite forces of the dissected Australian foxes ranged from 136 to 246 N (mean = 196 + 35 N).

2.2.2. Validation of the predictive models of bite force using
mandibular shape only and comparison with the dry skull
method

Bite force was predicted from the PLS regression analyses using either the complete shape
and centroid size of the mandible (model 1) or dimensions on the mandible (model 2). Predicted
(predBF) and calculated bite force (BF) show good correspondence for both models in the 60
French red foxes that were used to establish the decision rules (r = 0.82 for model 1 and r =
0.74 for model 2, P <0.001).
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Table X. Correspondence between calculated (BF) and predicted bite forces (predBF) for the two
alternative models.

Calculated BF (dissection) vs model predictions = Model predictions BF vs dry-skull predictions

Sample 60 French foxes 14 Australian 300 Australian foxes
foxes
Model P <0.001 0.06 <0.001
1 r 0.82 0.51 0.69
Eq logio(BF)= 0.19* logio logio(predBF is study)= 1.02* logio(predBF ary skun
(predBF)-0.078 method)-0.26
Intercept >0.05 >0.05
Model P <0.001 0.08 <0.001
2 T 0.74 0.09 0.78
Eq logio(BF)= 0.19* logio logio(predBFinis study)= 1.02* logio(predBF ary skull
(predBF)-0.078 method)-0.23
intercept >0.05 >0.05

These models do not work well when applied to the 14 Australian red foxes that we dissected
(model 1: r=0.51, P=0.06; model 2: r=0.09, P = 0.8). However, the results suggest that better
results are obtained with the first model that uses more accurate shape information, even for the
Australian red foxes.

Bite forces predicted from the two PLS regression models are strongly correlated with
estimations obtained previously by the dry skull method (n=300 Australian red foxes; predBF ary
skull method Was extracted from Forbes-Harper et al., 2017, Table X). Interestingly, the correlation
is better with model 2 which uses simple Euclidean distances, possibly as it is more similar to
the simplified dry skull method.

The validation of these models on the 14 Australian red foxes we dissected is significant but
rather poor, in particular with regards to model 1 (model 1: » = 0.51, P = 0.06; model 2: r =
0.09, P=0.08).

We estimated significantly lower BF using model 1 than using the dry skull method, in
Australian red foxes (T-test: n=300, P<0.001, mean BFqry skun= 2364+32N, mean BFmodel1=
201+40N). The bite forces predicted with model 2 are higher than those predicted using model
1 (mean BFmodel 2 = 210£38N; P<0.001) but remain significantly lower than those predicted
with the dry skull method (P<0.001). In all further analyses, we consider the predicted bite
forces obtained using model 1 for all the Australian red foxes as this provided a better estimate
of the bite forces. Australian red foxes have significantly lower bite forces (n=387, mean
predBFmodelt = 197+£41N) than French red foxes (n=60, BF dissection = 233+£62N, predBFmodel1 =
230446 N, P1.4¢<<0.001,). The same foxes differ in mandibular shape (Pprocrustes anova = 0.001,
R? = 0.023), but not in centroid size (Pr.cest = 0.6), as previously demonstrated on a bigger
sample (Brassard et al., article 5).
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Fig. 3. Bite forces in Australian and French red foxes, estimated from the different methods used in this
study. Different methods are indicated by different colors. The mean value #* standard deviation is
indicated for each group and method. Although log-transformed values were used for statistical analyses,
raw data are shown for clarity.
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2.2.3. Diet analyses

Table 3. Mean diet proportions and bite forces according to age and sex or to urbanism.
*these means are not significantly different (Tukey post-hoc test).

N=375 Female 1y Female 2-+y Male 1y Male 2+y Rural SR1 SR2 Urban
N=105 N=66 N=121 N=83 N=112 N=177 N=50 N=48
Mean BF 171426 N* 215428 N 1774£26 N* 245431 N 209+40 187+40 N 200434 N* 206+41 N*
N*
Food item proportions (%)
Sheep 61 50 64 61 65 61 44 57
Rodent 6.3 12 6.0 8.2 7.8 43 16 8.0
Rabbit 33 1.4 3.6 0.0 1.2 4.2 0.0 0.0
Marsupial 0.62 1.1 0.84 1.3 1.0 0.58 0.0 2.7
Other mammal 0.067 0.10 0.26 0.036 0.089 0.085 0.0 0.46
Bird 4.1 1.9 55 2.9 2.1 53 1.8 3.6
Reptile/frog 2.0 1.8 0.36 0.77 0.23 1.5 1.3 1.6
Invertebrate 9.8 19 8.9 4.5 7.4 11 22 3.6
Plant 9.1 10 9.5 16 11 9.3 11 17
other 34 2.1 24 4.8 4.2 2.8 4.5 6.1

As already demonstrated for a larger sample (Forbes-Harper et al., 2017, n=540), we
recorded significant sex and age-related differences in diet (n=375, Prermanova = 0.026). Sheep
carrion comprised 50-64% of diet volume (47-65% in Forbes-Harper et al., 2017). Adult
females showed a tendency to consume sheep to a lower degree (50%) than adult males (P =
0.08) or juveniles of both sexes (P < 0.03, detailed results of the statistical analyses are provided
in the supplementary material). In contrast, adult females had more invertebrates (19%) and
slightly more rodents (12%) in their diet. Young foxes have similar diets regardless of their sex.
Adult males eat more plants (16%) than other foxes (~9%).

Diet is strongly correlated with the geographic provenance of the foxes (P < 0.01, n=387,
Riatitude” = 0.0093, Riongitude” = 0.012). The lower the latitude, the higher the proportion of sheep,
rabbit, marsupials, bird, other mammal, plant and other. The lower the longitude, the higher the
proportion of sheep, rabbit, birds, reptiles/frogs, invertebrates and other. We also found
significant differences related to urbanism (P < 0.001, R?= 0.027) although the differences are
not continuous along the urban-rural gradient. Foxes from the SR2 group eat significantly fewer
sheep than foxes from the SR1 group (P < 0.01) or the ‘rural’ group (P < 0.01). However the
difference between the ‘SR1’ or the ‘rural’ group or for urban foxes is not significant. Foxes
from the SR2 group also eat more rodents and invertebrates than both urban and rural foxes, P
< 0.05), which suggests that differences in diet are more likely related to the exact locality than
the proximity to humans. Urban foxes eat significantly more plants than foxes in the three other
groups (P < 0.05). We found no significant correlation between diet and climatic data such as
average maximal temperature (bio5, P = 0.10), average minimal temperature (bio6, P = 0.48)
or average precipitation (biol2, P =0.13).
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2.2.4. Bite force determinants in the Australian red foxes

The visualisations of the first axis of the 2B-PLS between bite force or scaled bite force and
mandibular shape in the dissected Australian red foxes suggest strong covariations (rPLS = 0.80
or 0.77, respectively), despite the low sample size (resulting in non-significant results, P = 0.6).
The results of the Procrustes ANOV As show a similar trend (P = 0.15).

ANOVAs show that the absolute bite force significantly increases with body mass (R? =
0.42, P <0.001, n=386). It also depends on sex (R? = 0.034, P<0.001, n = 387) and age (R*> =
0.47, P< 0.0001, n=375), whether ther are considered separately or together (together they
explain 51% of the variation in bite force). Post-hoc tests show that young foxes produce similar
absolute bite forces, regardless of their sex (Pagjustea = 0.2). However, young males produce
relatively higher bite forces than young females (Padjusted = 0.017). Adults produce greater bite
forces than young foxes (Padjusted < 0.001), even for their size (Padjusted < 0.001). Adult males
produce greater absolute bite forces than adult females (Padjusted < 0.001), which is related to
their bigger size (there is no difference in scaled bite forces, Pagjustea = 0.8). There are also
significant differences depending on the geographic area. The bite force is significantly lower
in SR1 areas than in rural (Pagjusted < 0.001), urban (Padjusted < 0.01) or SR2 areas (Padjusted = 0.06).
Bite force is also significantly negatively correlated with average maximal temperature (bio5,
P =0.03, R?=0.0098, n = 387), positively correlated with average minimal temperature (bio6,
P <0.0001, R? = 0.045, n = 387). There is no significant correlation with average precipitation
(biol12, P = 0.5, n=387). The scaled bite force is correlated with average minimal temperature
only (P =0.003, R =0.02, n = 387).

The results of the 2B-PLS between mandibular shape and food proportions is not significant
(P2B-pLs>0.10 for all PLS axes, n= 387). The multiple Procrustes ANOVA show significant
correlation with the proportion of rodents (P = 0.022) but this explain only 0.52% of the
variation in shape. The 2B-PLS between diet and bite force or scaled bite force are significant
(PLS1 explain 100% of the total covariation, P <0.001) but the coefficient of covariation is low
(bite force: rPLSgr= 0.15, scaled bite force: rPLSscaledBF = 0.16). Higher absolute bite forces
are associated with lower proportions of sheep, rabbit and invertebrates, and higher proportions
of rodents, plants, and other prey. Higher relative bite forces are associated with lower
proportions of sheep, rodent and other, and with higher proportions of rabbits, invertebrates and
birds.

The results of the multivariate regression with all food items are not significant (P = 0.09 for
absolute bite force and P = 0.11 for scaled bite forces). The best fitted models are obtained with
the proportions of ‘rabbit’ and ‘other’ only (P < 0.01, R2 = 0.021 for absolute bite forces and
0.025 for scaled bite forces). Higher proportions of rabbit are associated with lower bite forces
(R2=0.0084, P =0.04).
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Conclusion and discussion of Part 2
and perspectives for Part 3

Strong relationships between the bony and muscular components of the
masticatory apparatus despite drastic artificial selection

In this part, we highlighted strong architectural and functional relationships within the
masticatory apparatus of canids. Surprisingly, these links are as strong in modern dogs that are
artificially hyper-selected, as in the red fox, a commensal canid more submitted to natural
constraints. Thus, the integration between bones and muscles is very strong and maintained
despite drastic artificial selection.

However, we lacked muscle data for very dolichocephalic dogs (Afghan greyhound type).
In the future, we would like to increase the sample by including more dolichocephalic and
brachycephalic hypertypes, in order to compare the integration of structures in these two canine
typologies. Our dingo sample was too small and calls for future enrichment with new specimens
to provide reliable results comparable with dogs. In the same perspective, studying a population
of stray dogs (e.g. North African pariah dogs) in order to enrich our natural-artificial constraint
gradient (Figure 49) with domesticated but commensal dogs (that are less genetically isolated
than dingoes) would be of interest. In the framework of this thesis, we were unable to access
wolf heads to dissect them. This is also a perspective for future research. Gathering large
poulations of stray dogs, dingoes and wolves (yet a long-term effort), would allow to go further
in the exploration of the effects of domestication and artificial selection on the functional
integration of the masticatory apparatus.

The possibility of inferring function in archaeological canids

The strong integration observed is very promising to allow functional inferences in
archaeological dogs (and red foxes). Variation in the shape of the mandible can be interpreted
in terms of variation in muscle development and in terms of bite strength (absolute or relative
to size).

These inferences should be made on the condition that archaeological canids are included in
the variability of the modern canids with estimated bite force. Given that we have dissected
dogs of a wide variety of breeds, and that before the Bronze Age, dogs are unlikely to display
such (extraordinary) diversity in form, this is highly plausible. But it will have to be ascertained.

As seen in Part 1, prehistoric humans are unlikely to have selected very particular
morphotypes (selection would have been more based on size criteria). These dogs can be
expected to be closer in shape to small wolves, small dingoes, or Beagles (their shape is fairly
average as seen on the PCAs in the previous chapters). Preliminary results obtained for the
dingo tend to suggest that the covariation patterns between muscles and the shape of the
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mandible for this subspecies are comparable to those observed in domestic dogs. Thus, since
we have dissected a reasonable number of beagles (likely the closest in mean shape to
archaeological canids), and since we expect to have extended this variability beyond the
variability of pre-Bronze Age canids (which will have to be verified in Part 3), our dissected
modern dog sample could be quite relevant for interpreting variations in shape in archaeological
canids in terms of muscle development (especially in areas of muscular attachment, robustness,
or curvature).

Furthermore, our results showed that the shape covaried and was strongly correlated with
bite force (in a commensal canid such as the red fox, the mandible is even a better indicator
than the cranium). Variations in shape can therefore be interpreted in terms of variation in bite
force. It is even conceivable to construct a linear predictive model to provide each mandible of
our archaeological corpus with an estimated bite force. Once again, this will only be possible
on the condition that the variability of archaeological dogs is included in the variability of
modern dogs whose bite force was calculated from dissection data. This verification will be an
important step in part 3.

The mandible is indicative of the overall morphotype and function of dogs.

The strong relationship observed between the shape of the mandible and cranium, even in
modern dogs, confirms one of our basic hypotheses (see Conclusion of Part 1: Formulation of
the research problem): the shape of the mandible is indicative of the overall shape of the head.
This is interesting because human intentional artificial selection is more likely to target directly
the cranium than the mandible. Accordingly, if very particular mandibular shapes reminiscent
of certain modern hypertypes are observed in archaeological canids (although this is unlikely a
priori given the state of the art), we may suspect intentional human selection for a particular
morphotype.

On the same principle as for bite force, it is conceivable to predict the shape of the cranium
from the shape of the mandible for archaeological dogs and foxes. This requires two things:
that the variability of archaeological dogs is included in the variability of the modern dogs with
cranium and mandible that we have studied, and that the integration between these two
structures has not changed over time.

Furthermore, the selection for certain morphotypes for particular functions (such as defense
or herding) may be related to variations in jaw strength. Indeed, we saw in chapter 3 that
brachycephalic dogs are more efficient in biting than dolichocephalic dogs, which is partly
related to the function of the dogs in our corpus. In our reference sample, brachycephalic dogs
are indeed mainly dogs dedicated to defense (towards humans) or attack (bite force abilities are
important) whereas the dolichocephalic dogs are mainly dogs dedicated to protection (towards
herds, running ability and therefore speed tend to be preferred over biting).
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Evolution of integration, modularity and allometric patterns over time:
effects of anthropisation in foxes and wolves and of artificial selection in dogs.

Bite forces will have to be predicted from the model established from the dissection of the
modern canids of our sample, using a predictive model based on the shape of the mandible.
This means that the results are likely to be biased if the integration between the elements of the
masticatory apparatus has changed over time.

We will not be able to study the evolution of the relationship between the shape of the skull
and the shape of the mandible over time because of the lack of cranial remains. Nor will we be
able to follow the evolution of the integration between muscles or bite force and the shape of
the mandible, due to the absence of muscle data for archaeological canids. However, we can
follow the evolution of the modularity within the mandible, which can provide indications on a
part of the masticatory apparatus. Is modularity the same in dogs before the Bronze Age as in
modern dogs? If the relationship between the front and back of the mandible changes over time,
it is quite possible that the relationships between the mandible and the muscles or cranium and
therefore the bite force have changed as well, and therefore the predictive model of bite force
may be biased. We will also be able to compare the evolution of modularity over time, in
particular between commensal (foxes) and domestic (dogs) species.

Finally, it is also possible that the relationship between shape and size has changed over
time, especially in dogs for which artificial selection may have altered the allometric patterns.
In particular, if dogs before the Bronze Age looked like "little wolves" or "little dingoes",
similar allometries should be observed to those found in ancient and modern wild canids. This
will allow us to compare the effect of size on conformation in modern and pre-Bronze Age
dogs, and compare with red foxes, wolves and dingoes.

Adapting models to fragmentation

In this section we have studied complete mandibles. However, in an archaeological context,
complete mandibles are relatively rare due to taphonomic processes. In order not to reduce our
archaeological sample too drastically, and to exploit a maximum of mandibles, we will have to
adapt our models to fragmentation and check their reliability (especially for small fragments).
To what degree of mandibular fragmentation is it possible to describe accurately, without risk
of confusion, the size, morphological variability, or estimate bite force (or even the shape of
the cranium)? What are the limits of the use of these patterns?

Interpreting shape variations from a developmental and ecological or
anthropic point of view

The study of Australian foxes demonstrated the multifactorial and complex relationships
between mandible shape and developmental (age, sex, size) and environmental (geographical
and climatic parameters, degree of urbanisation) factors. We were unable to make a similar
study in modern dogs due to their highly modified lifestyle. Once again, the ideal would be to
study, in the same way as we did for the fox, stray dogs subjected to a less artificial lifestyle

301



than current dogs, or even dingoes. However, it is highly likely that the more commensal
archaeological canids responded in a similar way to modern foxes to the types of constraints
we have studied. This is all the more likely as we saw in Part 1 that dogs and foxes respond
with the same morphological, physiological and behavioural modifications to similar selection
pressures (see Part 1 — 1.3.3).

Inferring a diet: a utopia?

The study of Australian foxes showed a low correlation between bite force and the stomach
contents. The differences in diet are mainly related to age-related diet differences in our sample.
In addition, this diet reflects dietary resources that are quite different from those available to
dogs prior to Bronze Age in Europe, so it will be difficult to transpose these results and great
care must be taken when interpreting variations in bite strength in terms of diet.

KEY POINTS

It emerges from this part of the thesis that the mandible is a very good
model for monitoring the morphological evolution of canids (in terms of
overall form of the head), tracing their masticatory abilities and linking
the variations observed with geographical or temporal variations,
depending on anthropisation or even the possible intentional selection of
particular morphotypes to perform certain functions.

Interpretations in terms of diet will have to be conducted with great caution.

Within the same population, variability should be considered in relation to
the age of the individuals and the possibility of sexual dimorphism.

The question of whether modern dogs are good models for interpreting

ancient dogs cannot yet be fully answered, as it requires a comparison of
morphological variability and modularity within the mandible in the present
and in the past.
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Part 3

Morpho-tunctional study
of canids prior to the Bronze Age






The purpose of this third part is to adapt and apply the methodologies used on modern canids
to the archaeological mandibles. Given the exploratory aspect of the results obtained in this part
and the complexity and diversity of questions explored, the part will be presented so as to reflect
the strategic progression of our reflections in the processing of the data.

First, in Chapter 6, the archaeological corpus will be presented. The size and constitution of
the archaeological sample will justify the questions that will be more precisely addressed in the
following chapters.

Based on the results obtained on modern mandibles (cf. Part 2) we develop, in Chapter 8,
predictive methods for interpreting variations in the shape of archaeological mandibles in terms
of function. As already mentioned in the conclusion of part 2, it is necessary to verify that
ancient canids are included in the variability of modern canids, before building predictive
models whith decision rules based on modern canids. We will thus first compare modern and
ancient canids, in Chapter 7, to make sure that modern dogs and foxes are good models for
interpreting ancient dogs. We will make some methodological choices and will discuss
limitations based on these results. Additionnaly, the degree of information loss related to
fragmentation when describing mandible shape and size will be investigated.

Then, in the following chapters, we apply the methods to the archaeological remains of dogs
(Chapter 9) and red foxes (Chapter 10). We will proceed from the most general to the most
detailed question. First, we will compare dogs in Eastern and Western Europe. Then, for each
geographical area, we will look at the evolution of form and function from the Mesolithic to the
pre-Bronze Age. We will compare two Middle Neolithic cultures in Western Europe (Chasséen
and Cortaillod), and two cultures in Eastern Europe (Hamangia III/Boian and Gumelnita). Then,
we will focus on the Middle Neolithic site of Twann in Western Europe to explore the diversity
within this site during the Cortaillod culture over a fairly long and well-documented period of
time. Finally, we will compare the dogs of Bordusani and Harsova to compare two
contemporary and similar sites of the Gumelnita culture in Eastern Europe. The chapter on the
application to the remains of archaeological foxes is more succinct as the small amount of
material does not allow us to explore most of the questions mentioned above.

At the end of each chapter, key results will be pointed out and discussed.

In the conclusion of this part 3, we will summarize the main findings provided by the study
of ancient canids and discuss future perspectives.
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Chapter 6.
Archaeological sampling

The aim of this chapter is to present the archaeological corpus considered in this thesis. A
brief description of the sites considered as well as the results of the observations made on canid
mandibles are given. The strategy to collect data, the adaptation of the geometric morphometric
protocol to fragmentation and the classification of specimens into chrono-cultural and
geographical groups are also explained.

Strategy for the collection of archaeological material

Based on the preliminary list of sites containing canid remains between the Mesolithic and
pre-Bronze Age in Europe (cf section 2.2 Non-exhaustive occurrence of canid remains in the
archaeological record from the Mesolithic to the early Bronze Age), we contacted the
archaeozoologists who studied the the faunal assemblages. After ascertaining the presence of
dog or fox mandibles and the accessibility of the material, we contacted the persons in charge
of the storage in order to access the remains. A list of the archaeological sites whose material
has been studied in the scope of this thesis is given in Table 15. The corresponding sites are
represented on the maps in Figure 53 and Figure 54. Further details about these sites will be
provided in section 3.

We have collected a large sample of dog mandibles, roughly equal numbers originating from
Western Europe (France, Germany, Switzerland: around 360 mandibles) and South-Eastern
Romania (around 250 mandibles). We report in Table 15 the available information for the dogs
from these sites (archaeological context, dating, and mitochondrial DNA).

The collection was more limited for the red fox (Western Europe: just under 60 mandibles;
Eastern Europe: less than 10 mandibles), although the sampling strategy was the same as for
the dog. This is likely related to several things. First, to the low number of remains in the faunal
assemblages. Red foxes are often represented only by their teeth, and mandibles are quite rare.
Moreover, contrary to dogs, the fox has not been the subject of any large-scale comparative
study involving the progressive collection of material. We therefore started from scratch,
whereas the field was well prepared for dogs. However, this material collection is a long-term
effort, impossible in only three years. This is why our study of the red fox, provided in this
thesis as a comparison with dogs, must remain preliminary and needs to be completed in the
future.

The aim of this study is not to focus on domestication, but when it was possible, we also
included a few wolf skulls from sites where we collected dogs or red foxes. The aim is to use
these pre-Bronze Age wolves as outgroups in all further analyses. Accordingly, only the wolves
of which the subspecies attribution was absolutely certain were used. This represents 8 wolves
from the Late Neolithic of Chalain 4 or from the Chalcolithic (Gumelnita B1) in Vitanesti.
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Identification was based mainly on a size criterion and on the presence of many other wild
species in the site under consideration. Wolf remains are scarce in sites from the Neolithic to
the Bronze Age, which explains the low number of confirmed specimens in our sample.

Western Europe
- Mesolithic
. Early Neolithic
[ Middle Neolithic - Chasséen
[ Middle Neolithic - Cortaillod
1 Middle Neolithic - NMB
~ Late Neolithic

Eastern Europe

- Mesolithic /
Early Neolithic

-Chalcolithic 1 - Hamangia I11/Boian
-Chalcolithic 2 - Gumelnitsa

[ chalcolithic 3 - Cernavoda

I Mesolithic or Neolithic

Figure 53. Location of the archaeological sites with dog mandibles considered in this thesis. Dot size is
proportional to the number of mandibles studied in geometric morphometric analyses (see
Table 18). A: Europe; B: Western Europe; C: Eastern-Europe: Romania.
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Western Europe
- Mesolithic
- Early Neolithic
I middle Neolithic - Cortaillod
[ middle Neolithic - NMB
 Late Neolithic
Eastern Europe
.Chalcolithic 1 - Hamangia III/Boian
[ chalcolithic 2 - Gumelnitsa

Figure 54. Location of the archaeological sites with red fox mandibles considered in this thesis. Dot size is
proportional to the number of mandibles studied in geometric morphometric analyses (see Table 19). A:
Europe; B: Western Europe; C: Eastern-Europe: Romania.
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2.

Data acquisition

All the mandibles were first observed to record some morphological criteria (section 2.2).
Then, the mandibles were photographed for photogrammetric reconstruction (section 2.3).

2.1. Species identification

Species identification was already done by zooarchaeologists. We only had to confirm them,
on the basis of the pathognomonic dental formula of canids and overall size and form criteria.
The distinction between Canis and Vulpes is usually obvious. The distinction between dogs and
wolves was made by visual appreciation of size (wolves being much larger than dogs during
the period considered in this thesis, as previously reported in the literature, see Part 1).
However, fragmentation may have led us to question the identification of some individuals. For
example, some fragments of the mandibular body (without teeth) led us to doubt between wolf
and dog or dog and fox, or even between dog or fox and badger, the latter being well represented
at some sites included in our corpus (Chalain, Herxheim).

We therefore verified our attributions for the fragments before morphometric analyses, by
carrying out a quantitative analysis of the centroid size and shape of the mandible (see Appendix
8: Part 3 — Chapter 6. Verification of species identification for fragmented archaeological
mandibles).

2.2. Morphological traits

Morphological traits were previously recorded for most of the dog mandibles (data were
recorded and provided by S. Bréhard, A. Baldsescu, A. Tresset and M. Pionnier). We completed
this referencing for the newly acquired dog mandibles, and for the fox mandibles.

The morphological traits observed consist of:

o The stage of eruption of the teeth for juveniles, and the aspect of the bone and
the state of tooth wear of the lower first molar, in non-juvenile individuals, as
described by Horard-Herbin (2000, Figure 55). We thus considered 4 age
groups:

* Juveniles: individuals with the first molar not erupted or still erupting;

* Subadults: the first molar tooth is erupted but the first or second premolar
tooth are still erupting;

* Young: the mandible is still porous but all teeth are erupted;

= Adult;

= Old: tooth wear over stage E
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Figure 55. Stages of enamel wear on the lower first molar tooth in dogs, lingual view (left) and relations
with the absolute age of the animal (right). From Horard-Herbin, 2000.

o The existence of dental anomalies (absence of a tooth or presence of
supernumerary teeth);

o The presence of cut marks (Binford, 1981; Vigne and Marinval-Vigne, 1983)
in areas where the skin or muscles are strongly attached:

Skinning marks: incisions located towards the front of the mandible,
under the canine or incisor teeth;

Filleting marks: located on the lingual (medial) or ventral side of the
mandible, possibly indicative of tongue retraction.

Dismembering marks: located on the mandibular ramus.
Anthropogenic marks must be distinguished from taphonomic processes
related to post-depositional events. We were looking for incisions that
are often multiple, parallel, thin, with a “V” rather than a “U” cross
section.

Butchering marks were not always observable due to the preservation
state of the bone surface or fragmentation. In this case we indicated "not
observable".

- The presence of localized burn marks on the front of the mandible, characterized by
the disintegration of the enamel of incisor, canine and first premolar teeth and by a
coloration of the dentine. Only this criterion was considered truly diagnostic, but we
also noted when other teeth seemed burned or when the appearance of the bone, eroded,
suggested that the mandible may have been burned). Special caution is needed in the
case of lakeside settlements (Twann, Chalain, Clairvaux), where humidity may have
dark colored the dentine, and the alternance between humid and dry conditions may
have weaken the enamel (Denys and Patou-Mathis, 2014). Under these conditions, only
the criteria we mentioned first will be considered as truly diagnostic. These marks,
located in areas where the bone is less or not protected by the flesh, result from cooking
and thus attest to the consumption of the animal (Vigne, 1988; Bréhard, 2007).
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2.3. Adaptation of the photogrammetry protocol

The photogrammetry protocol was globally the same as the one used for modern
specimens. Sometimes, the mandible was caught in a concretion coating with the skull still
connected. In these cases, the entire block was reconstructed to preserve the information related
to the anatomical connection. Whenever possible, the mandibles were isolated and cleaned
before being reconstructed alone. When the mandible was broken into several remountable
pieces, these were glued together using PRIMAL glue.

The two mandibles of an individual may have been photographed, in particular when their
state of fragmentation was not the same, in order to increase the representation of these
individuals in subsequent analyses.

A unique ID was assigned to each of the archaeological remains that was reconstructed using
photogrammetry. This ID is composed of the first 3 or 4 letters of the site (to avoid confusion)
followed by a number.

618 three-dimensional models of different mandibles of non-juvenile canids were
reconstructed over the course of this thesis. Two of them were still connected to the cranium
and surrounded by the concretion coatings and could not be photographed separately: Pir5,
Mas2, Mas10 (Neolithic). In this corpus, there are only three subadult dogs (Bor23, Bor36 and
Bor92: Chalcolithic, Gulmenitsa A2) and 2 subadult foxes (Vit23, Chalcolithic 2, Gulmenitsa;
Her15 Early Neolithic, LBK). We also reconstructed the mandibles of two juvenile dogs
(Twa86: Middle Neolithic, Cortaillod; Herl1: Early Neolithic LBK) and two juvenile foxes
(Cla3: Middle Neolithic, NM; Cla8: Middle Neolithic NMB).

Additionally, 3D models of 9canid crania (skull without mandibles) were built given their
relatively good state of preservation.

We also reconstructed 49 mandibles of mustelids (badger, mink, weasel, marten) from the
sites of Chalain and Herxheim, and 8 mandibles of wolves from the sites of Chalain 4 (5, early
Clairvaux, Late Neolithic) and Vitdnesti (3, Chalcolithic), for preliminary analyses allowing to
verify the species identification (see Appendix 8: Part 3 — Chapter 6. Verification of species
identification for fragmented archaeological mandibles).
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3.

General description of the archaeological sites

In this section we provide a very brief description of the sites considered in this thesis. We
recall the culture(s) and date(s) of occupation, the originality of the site and the place of dogs
among faunal remains. The results of previous observations on the long bones are mentioned
when relevant. The overall number of mandibles observed (not all of them are used in the
geometric morphometric analyses) as well as the results of my own observations or those of S.
Bréhard (cut and cooking marks and dental peculiarities) are given.

3.1.1. Sites in South-Eastern Europe

3.1.1.1. Alibeg

In Alibeg (Pescari village, Coronini commune, Caras-Severin county, South-Eastern
Romania), two occupations have been identified: at the end of the Mesolithic and during the
Early Neolithic (Starcevo-Cris culture; Boroneant, 2000; Boroneant, Bélasescu and Radu,
2012). The the number of faunal remains is very limited (only 115 remains for the Mesolithic,
including 85 NISP, and 15 for the Neolithic, including 11 NISP; Balasescu, unpublished). Dogs
represent around 3% of the NISP. Two dogs included in our corpus come from the levels
situated at the limit between Mesolithic and Early Neolithic occupations (at the turn between
the 7" and the 6™ millennium cal. BC; Boroneant, 2000), and a mandible from the Mesolithic
period. All show burn marks (observations: S. Bréhard, C. Brassard).

Mesolithic/early Neolithic
Al -

Figure 56. Burn marks on the canine of aLate Mesolithic or early Neolithic dog in Alibeg.
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3.1.1.2. Icoana

Icoana (Caras Severin county, South-Eastern Romania) is an open-air site in the upper gorge
of the Iron Gates region, located on a narrow slip of land along the Danube (Boroneant, 2000;
Boroneant, Balasescu and Radu, 2012; Bonsall et al., 2015). The site is pluristratified, with the
upper layers almost completely washed away by the Danube prior to excavation, leaving traces
of the Early Neolithic Starevo-Cris culture (mainly pit features and sunken huts) and
Mesolithic occupation (trapeze and rectangular-shaped dwellings). The faunal remains
originated mainly from the identified features rather than the so-called cultural layers.

8 mandibles were observed in the present thesis. Only one was dated to the early Neolithic
(Ico4), the others were stratigraphically assigned to the Mesolithic. Recent radiocarbon dates
on 18 pig bones suggest that the main occupation of the site occurred between 9,100-7,500 cal.
BC, only one date indicating an occupation at the very end of the 7" millennium cal. BC (Boric,
2011). No anthropogenic marks or teeth abnormalities were evidenced (observations: S.
Bréhard); however, the high fragmentation of the material prevents most of the observations
(Figure 57).

Liil Ty r
*\um ¥

Figure 57. Fragmentation of dog remains from the Mesolithic (Ico1,2,3,6,9,10) and Early Neolithic (Ico4)
of Icoana.
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3.1.1.3. Ostrovul Banului

In Ostrovul Banului (Gura village Viii, Mehedinti county, South-Eastern Romania), several
cultural levels have been identified: Mesolithic, Early Neolithic (Starcevo culture-Cris), Bronze
Age, Romano-Byzantine Hallstatt and Middle Ages. The Mesolithic was dated by 14C between
7,478 and 6,228 cal. BC (Margarit, Boroneant and Bonsall, 2017, 40) The Mesolithic fauna
includes 308 NISP, and the dog is the only domestic animal, with a percentage of 22.7% (70
remains, Baldsescu and Radu, 2012).

Our corpus contains one dog mandible dated to the Mesolithic (Ost2, Figure 58). The fourth
premolar shows burn marks.

Ostrovul Banului
Mesolithic

Figure 58. Burn marks on a dog mandible from the Mesolithic of Ostrovul Banului.

3.1.1.1. Cheia

Cheia (Gradina, Constanta county, South-Eastern Romania) was occupied during the
Hamangia III culture of the Chalcolithic (5,200-4,850 cal. BC, Voinea and Neagu, 2008;
Balasse et al., 2014) The site has provided the largest number of animal remains for the
Hamangia culture. The archaecozoological study has shown that more than 85% of the spectrum
consists of domestic species (domestic cattle, sheep, goats, dogs), which suggests that livestock
farming plays a very important role for the community of Cheia. Hunting is a secondary
occupation to complement the meat diet (Balasescu, 2008).

Our corpus contains two dog mandibles from the Hamangia III culture. The third molar is
missing and the second premolar is rotated in one of them (Che2). No butchering or burn marks

were evidenced (observations: S. Bréhard and C. Brassard).
Cheia
Hamangia III
Chalcalithic
Che2

&
W

Figure 59. Dental anomalies in a dog from Hamangia III occupation in Cheia
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3.1.1.2. Isaccea

Isaccea (Tulcea county, South-Eastern Romania) is situated on the lower terrace of the
Danube and is dated to early Chalcolithic (Boian culture, Giulesti phase, last part of the 6th
millennium cal. BC, Micu, 2000; Balasescu and Radu, 2004).

Faunal remains came from refuse pits. Domestic mammals were predominant (67% of
NISP). Dogs were skinned and eaten on this site (Bréhard and Balasescu, 2012).

Our corpus contains 13 mandibles belonging to 12 different dogs dated to the Boian Giulesti.
No bruning marks were evidenced but this criterion was rarely measurable due to fragmentation
and absence of teeth. Skinning (Isa9), dismembering (Isa3, Isa8) and filleting (Isa8) marks have
been evidenced (observations: S. Bréhard, Figure 60).

Some dental anomalies have been observed: absence of the first premolar (Isa8), or third
molar (Isal left and right, Isall), rotation of the second premolar (Isa2), third root on the fourth
premolar (Isa7).

Isaccea
Chalcalithic
Boian Giulesti
Isa7

Figure 60. Dismembering and filleting marks and dental anomalies in dogs from the Gumelnita culture in
Isaccea.

316



3.1.1.3. Varasti

At Varasti (Varasti municipality, Calarasi county, South-Eastern Romania), the fauna comes
from a Boian culture establishment (Vidra phase). There is no absolute dating, but the site was
dated by relative chronology between 4,700-4,500 BC (Balasescu, pers. comm.). The fauna is
not very numerous (366 remains, including 260 remains of mammals, Bolomey, 1966). Dogs
represent only 2.7% of the NISP.

Our corpus contains 8 dog mandibles dated to the Boian Vidra culture. One mandible (Var1)
shows skinning marks, and another one (Var5) shows dismembering marks.

The first premolar teeth are sometimes missing (in three mandibles, e.g. Var6), as well as
the third molar (in one mandible, Var8). The second premolar is rotated in Var7.

Varasti
Boian Vidra
Chalcolithic

Vars

-
Varasti
P Boian Vidra

FChalcelithic
Varb

Varasti
Boian. Vidra
Chalcolithic
Var?

Figure 61. Dismembering marks and dental anomalies on dog mandibles from the Boian Vidra culture in
Varasti.
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3.1.1.4. Hdrsova-tell

The site Harsova-tell (Constanta county, South-Eastern Romania) was occupied during the
Boian Spantov culture (first half of the 5th millennium cal. BC, 4,702-4,547 cal. BC, Bréhard
and Balasescu, 2012) but mainly during the Gumelnita culture , phase A (Gumelnita phase A2
is the main occupation: 4,350-4,050 BC, Bréhard and Balasescu, 2012). It was also occupied
during the Cernavoda culture (3,700-3,300 BC). Domestic cattle and sheep/goats were the main
species exploited during the Boian occupation while sheep/goats and pigs dominate during the
Gumelnita A2 occupation (Balasescu and Radu, 2004; Balasescu, Moise and Radu, 2005;
Bréhard and Balasescu, 2012). During the Gumelnita A2 occupation, dogs represented 17% of
the identified remains and they were skinned and eaten (Lazar, Margarit and Balasescu, 2016).

Our corpus contains 79 dog mandibles (4 from the Boian Spantov, 17 from Gumelnita A,
57, including 6 juveniles) from Gumelnita A2.

Dental anomalies are frequent in dogs dated to the Gumelnita culture. The third molar is
missing in 18 mandibles (e.g. Har5). This is often associated with other anomalies (the second
premolar is missing in 9 mandibles and the fourth premolar is missing in 4 cases). The second
premolar is rotated in 2 mandibles from the Gumelnita and in one from the Cernavoda culture
(Har73).

Numerous butchering marks have been evidenced, for all cultures (observations: S. Bréhard
and C. Brassard). Anthropogenic marks were visible on juveniles as well. Skinning marks were
observable on 2 mandibles from the Boian Spantov and 32 from the Gumelnita (e.g. Har48).
Dismembering marks were clearly observable on the mandible from the Cernavoda culture
(Har73) and on 12 mandibles from the Gumelnita. Burn marks were attested on 6 mandibles
from the Gumelnita culture (e.g. Har39). Long bones also present butchering marks (Pionnier-
Capitan, 2010, Figure 62).
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Figure 62. Location of cut marks on the Chalcolithic dog remains of Harsova (from Pionnier-Capitan,

Harsova

2010).

Our corpus also contains the mandibles of 5 red foxes (1 from the Boian Spantov occupation,
3 from the Gumelnita A2 occupation and 1 is dated to the chalcolithic without more details).

No anomalies or anthropogenic marks were evidenced on these mandibles.

Harsova tell
Gumelnitsa A2
Chalcalithic
Har5

Harsova tell
Cernavoda
Chalcolithic
Har?3

Y

Harsova tell
Gumelnitsa A2
Chalcolithic
Hard8

‘ .

Harsova tell
Gumelnitsa A2

Y Chalcolithic
Har39

Figure 63. Butchering and burn marks and dental anomalies in dogs from Harsova tell.
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3.1.1.5. Vitanesti-Mdgurice

In Vitanesti-Magurice (hereafter Vitanesti, Teleorman County, South-Eastern Romania),
two phases of Chalcolithic occupation were identified — separated by an abandonment phase.
The first belonged to the early phase of the Gumelnita culture Al and the second to Gumelnita
A2 and Bl (Andreescu, Mirea and Apope, 2003). The Gumelnita A2 level was dated to the
second half of the 5™ millennium cal. BC (4,449-4162 cal. BC, Balasse et al., 2016). During
the Gumelnita, hunting was very important (wild taxa represent 84% of the NISP), as in
Cascioarele (Balasescu and Radu, 2003; Balasescu, Radu and Moise, 2005).

I observed 35 mandibles of dogs, 2 of red foxes and 3 of wolves, from the Gumelnita (mainly
from the Gumelnita A2). I observed skinning marks on 3 dog mandibles (e.g. Vit26), and
dismembering marks in one wolf (Vitl) and 9 dogs (e.g. Vit19). Burn marks are observable on
two wolf mandibles (Vitl, Vit3) and 4 dog mandibles (e.g. Vit19). Some dogs show dental
anomalies. The third molar is missing in 2 dogs (e.g. Vit25). The first and/or second premolar
teeth are missing in 5 dogs (e.g. Vitl0, Vitl5). The shape of the fourth premolar is abnormal in
Vitl5. A fourth molar is present in Vit34. The second premolar is rotated in two mandibles (e.g.
Vit34).

PVitenes:i
| Gumelnitsa B

Vitanesti \ Vitanesti
Gumelnitsa B1 ; e ) Gumelnitsa A2
Chalcolithic Chalcolithic
Vitl9 L ) A : ) Vit15’

- » Lf/

Vitanesti - o : -
Gumelnitsa A2 . |tanest.|
Chalcolithic : melmts_a A2
Vit10 Chalcolithic
| Al vit2s
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Figure 64. Butchering and burn marks and dental anomalies in dogs from the Gumelnita culture in
Vitanesti.
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3.1.1.6. "Ostrovel" Cascioarele

Cascioarele "Ostrovel" (Calarasi county, South-Eastern Romania) was occupied during the
Boian Spantov culture (4,790-4,368cal. BC, Balasescu, Radu and Moise, 2005) but mainly
during the Gumelnita B1 (first half of the 4th millennium BC, Balasescu, Radu and Moise,
2005). Cascioarele is a unique case in the Gumelnita culture: everyday activities coexisted with
unusual practices: an annex with statuettes, bone figurines, anthropomorphic and zoomorphic
pottery vessels and miniature chairs has been excavated (Marinescu-Bilcu, 2001). Moreover,
hunting (mainly of red deer and wild boar) occupied an essential place in the socio-economic
system (Balasescu, Moise and Radu, 2005; Bréhard and Balasescu, 2012).

Our corpus contains 10 mandibles of dogs dated to the Gumelnita B occupation.
Only a mandible revealed skinning marks (Cas4, observations: S. Bréhard). On the same

mandible, the second premolar and third molar are missing. The third molar is likely missing
in another mandible (Cas3).

Cascioarele Cascioarele
Gumelnitsa B Gumelnitsa B
Chalcolithic Chalcolithic
Cas3 Cas4

R

Figure 65. Absence of the third molar in two dog mandibles from the Gumelnita B in Cascioarele.
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3.1.1.7. Popina-Bordusani

B