
HAL Id: hal-02267349
https://hal.science/hal-02267349v1

Submitted on 20 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Taxonomic and phylogenetic signals in bovini cheek
teeth: Towards new biosystematic markers to explore

the history of wild and domestic cattle
Thomas Cucchi, Barbara Stopp, Renate Schafberg, Joséphine Lesur,

Alexandre Hassanin, Jörg Schibler

To cite this version:
Thomas Cucchi, Barbara Stopp, Renate Schafberg, Joséphine Lesur, Alexandre Hassanin, et al.. Tax-
onomic and phylogenetic signals in bovini cheek teeth: Towards new biosystematic markers to explore
the history of wild and domestic cattle. Journal of Archaeological Science, 2019, 109, pp.104993.
�10.1016/j.jas.2019.104993�. �hal-02267349�

https://hal.science/hal-02267349v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


1 

Taxonomic and phylogenetic signals in Bovini cheek teeth: towards new biosystematic 1 

markers to explore the history of wild and domestic cattle 2 

 3 

 4 

Thomas Cucchi1,#,*, Barbara Stopp2,#, Renate Schafberg3, Joséphine Lesur1, Alexandre 5 

Hassanin4, Jörg Schibler2,  6 

 7 
1 CNRS, Muséum national d’Histoire naturelle, Sorbonne Universités, UMR 7209, 8 

Archéozoologie, Archéobotanique: Sociétés, Pratiques et Environnements, 75005 Paris, 9 

France 10 
2 IPAS - Integrative Prehistory and Archaeological Science, University of Basel, 4051 Basel, 11 

Switzerland 12 
3Martin-Luther-University Halle-Wittenberg, Museum of Domesticated Animals “Julius 13 

Kühn”, 06108 Halle, Germany 14 
4CNRS, Muséum national d’Histoire naturelle, Sorbonne Universités, UMR 7205, Institut de 15 

Systématique, Évolution, Biodiversité, 75005 Paris, France 16 

 17 
# joint first 18 

* Corresponding author: thomas.cucchi@mnhn.fr 19 

 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
  34 

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S030544031830565X
Manuscript_e7c4c7ec25657a6f374be78e64a4d9d9

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S030544031830565X
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S030544031830565X


2 
 

Abstract 35 

Domestic cattle have contributed both to the rise of civilizations and the global loss of 36 

biodiversity, but the timing and mechanism of their domestication history remain to be fully 37 

understood. Palaeogenetics, which can now explore the target of human selection in the 38 

genome, have revolutionized our understanding of cattle domestication. However, biometric 39 

approaches of bone remains are still required as a prerequisite for targeted paleogenetic 40 

studies to document the taxonomic diversity of wild progenitors and the emergence of 41 

domestic morphotypes. But so far, biometric markers of cattle domestication have proven 42 

limited in their capacity to disentangle human intentionality from other biotic and abiotic 43 

factors.  44 

Using a two-dimensional geometric morphometric approach (GMM), we assessed the 45 

taxonomic and phylogenetic signals of the enamel folding pattern of occlusal surfaces 46 

(EFPOS) in the maxillary and mandibular molars of wild and domestic species of the tribe 47 

Bovini, including ancient cattle breeds and archaeological aurochs and domestic cattle. The 48 

phylogenetic signal was assessed using a mitochondrial genome phylogeny across 11 wild 49 

taxa of the tribe Bovini. We found that EFPOS could accurately identify both the wild and 50 

domestic species of the Bovini taxa as well as shape differentiation among aurochs and 51 

modern and archaeological cattle. The phylogenetic differentiation among aurochs and both 52 

taurine and zebu cattle is strong, but the overall phylogenetic signal among the tribe Bovini is 53 

blurred by genetic introgression between wild and domestic Bos species in south-east Asia.  54 

These results strongly suggest that the GMM analysis of dental traits are relevant 55 

markers that can be used before the implementation of targeted paleogenomic analyses as a 56 

mean to document the diversity and distribution of wild progenitors of domestic forms, 57 

identify the emergence of the earliest regional morphotype and their trajectory towards 58 

modern breeds. 59 

 60 

Key words: Bovini, domestication, zooarchaeology, geometric morphometrics, teeth, 61 

phylogenetic signal, taxonomy 62 

 63 

 64 

 65 
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1. Introduction 67 

The domestication of aurochsen in several parts of Eurasia had a dramatic effect on human 68 

history. Their domestic forms became the symbols of prestige, leadership and wealth, while 69 

their strength intensified agricultural production, driving the rise of cities and civilisations 70 

(Fagan 2015). Nowadays, they provide nearly 30% of the world's meat and over 87% of the 71 

world's milk (Scherf, 2000). They are also one of the main sources of unsustainability in our 72 

food production system, since 26% of the ice-free land on our planet is used for grazing 73 

livestock and a third of cropland is used for livestock feed production 74 

(www.fao.org/nr/sustainability/sustainability-and-livestock). Aurochs domestication also 75 

played a major role in the evolution of the tribe Bovini (Figure 1). Two domestic forms 76 

stemmed from aurochs: common cattle (Bos primigenius taurus) and zebu cattle (Bos 77 

primigenius indicus), one from the yak: the domestic yak (Bos mutus grunniens), one from the 78 

gaur: the gayal (Bos gaurus frontalis), and one from the Asian water buffalo: the river buffalo 79 

(Bubalus arnee bubalis) (Hassanin, 2014). Currently, due to habitat loss, these wild ancestors, 80 

if not extinct or endangered, have been reduced to small pockets of populations in confined 81 

areas (Figure 1). The worldwide dispersal of common and zebu cattle induced adaptations to 82 

highly diverse environments, such as lowlands and highlands or humid and arid conditions, 83 

driving the emergence of different phenotypes (e.g. Felius et al., 2011). This variety of 84 

characteristics evolved over thousands of years, but the emergence and development of well-85 

defined, genetically isolated breeds was mainly established from the Industrial Revolution 86 

onwards (Ajmone-Marsan et al., 2010).  87 

  So far, the domestication of aurochs is the most documented history from 88 

archaeological and genetic evidence. The  earliest evidence (10,500 BP) of the human control 89 

of aurochsen based on male body size reduction comes from the  northern Fertile Crescent 90 

(Helmer et al. 2005, Peters et al 2005). Since common or taurine cattle have a potential 91 

progenitor in the form of European aurochs, it is still debated how much local European 92 

aurochs have contributed to the genetic make-up of modern cattle (e.g. Cymbron et al., 2005; 93 

Beja-Pereira et al., 2006; Tresset et al., 2009; Schibler et al., 2014; Scheu et al., 2015; 94 

Upadhyay et al., 2017). The second domestication centre led to the origin of zebu cattle, also 95 

referred to as humped cattle. A general consensus stemming from archaeological (Meadow, 96 

1996) and genetic evidence (e.g. Bradley and Magee, 2006) considers the Indus Valley as the 97 

most likely centre of domestication for this animal. However, other regions in the Indian 98 

subcontinent are also considered potential domestication centres (Chen et al., 2010). The third 99 

domestication centre for aurochs has been claimed as Africa (Pérez-Pardal et al., 2010), but 100 



4 
 

genetic evidence suggests that the first domestic cattle here were actually taurine cattle from 101 

the Middle East, with an admixture from local African aurochs (Pitt et al., 2019). In mainland 102 

and island south-east Asia, the domestication history of the yak in the Tibetan Plateau or the 103 

Asian water buffalo, the gaur and the banteng, mainly relies on genetic and genomic 104 

investigations from current wild and domestic populations (Bradley 2006). Although genetic 105 

and paleogenetic studies have provided huge insights into the broad origin and trajectories of 106 

taurine and zebu cattle, a refined understanding of the timing and mechanisms of their 107 

emergence remains to be undertaken in south-western Asia (Arbuckle et al. 2016). In south-108 

east Asia, studies on the domestication process of wild cattle through archaeological evidence 109 

is progressing, with the first ancient mtDNA sequences just being published (Siripan et al. 110 

2019). 111 

 Along with genetic markers, documenting the domestication pathway of wild cattle could 112 

greatly benefit from more powerful morphometric tools to document, from the fossil record, 113 

the distribution range of wild cattle species and sub-species before the domestication process 114 

was initiated, and identify intraspecific morphological changes induced by the domestication 115 

process. The morphological markers used to identify cattle domestication from aurochs and 116 

subsequent livestock diffusion have so far relied on body-size reduction (Peters et al. 2005; 117 

Helmer et al., 2005; 2015, Arbuckle, 2014). This body-size reduction, used as domestication 118 

syndrome (Hemmer, 1990), is a pleiotropic consequence of the selection for behaviours 119 

facilitating adaption to the human environment (Trut, 2009; Wilkins et al., 2014). However, 120 

difficulty in disentangling human intentionality from other potential biotic and abiotic factors 121 

(Maurer et al., 1992) makes it a poor phenotypic marker of early domestication (Helmer et al. 122 

2005; Vigne, 2011; Zeder, 2015).  123 

The geometric morphometrics (GMM) revolution in the study of biological forms (Zelditch et 124 

al. 2012) have provided an important breakthrough to track phenotypic responses associated 125 

with both the process of domestication and its geographical origins in the archaeological 126 

record  (Cucchi et al., 2011; Larson, Dobney & Cucchi 2011; Evin, Dobney & Cucchi et al. 127 

2017). Mainly applied on suid teeth, GMM studies have contributed to reach new insights into 128 

pig domestication and dispersal in Island South East Asia (Larson et al. 2007; Cucchi et al. 129 

2009), China (Cucchi et al., 2011, 2016) and Europe (Ottoni et al., 2013; Evin et al., 2015; 130 

Balasse et al., 2019), as well as into the emergence of landrace breeds in Gaul (Duval et al., 131 

2015; 2018) and Bronze-Age Switzerland (Bopp-Ito et al., 2018). The GMM approach of the 132 

enamel folding pattern of the occlusal surfaces (EFPOS hereafter) has been used to 133 

distinguish Bovidae from South Africa (Brophy et al., 2014), explore diversity in Gallic-134 
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Roman domestic cattle (Nuviala, Laffont & Montuire 2014) and assess taxonomic and 135 

phylogenetic signals in Equus mandibular teeth among extant wild, domestic and hybrid taxa 136 

(Cucchi et al., 2017). 137 

In this study we would like to further assess the biosystematic resolution of EFPOS variation 138 

in Bovini. The first objective is to test whether EFPOS can reach an accurate taxonomic 139 

identification at the genus and species levels to document the diversity in wild cattle before 140 

the emergence of agriculture. The second is to test whether genetic isolation can lead to 141 

observable intraspecific phenotypic divergence. And finally, we tested the extant of 142 

phylogenetic signal in EFPOS variation to assess its potential in tracking genetic relationship. 143 

To provide a proof of concept useful across the wide geographic range where these questions 144 

apply, we have chosen to test these biosystematic signals from three molars (M2, M3 and M3) 145 

commonly found in archaeological deposits and over two subtribes of Bovini: the Bubalina 146 

(Bubalus and Syncerus) and the Bovina (Bos and Bison) (Hassanin et al., 2013), which covers 147 

most of the current diversity in wild and domestic cattle. We assessed which molar would 148 

perform best in identifying the genus and species of the Bovini tribe and populations within 149 

Bos p. taurus, taking into account the age and different parameters of the EFPOS 150 

quantification. We assessed the phylogenetic signal using a mtDNA genome phylogeny from 151 

modern specimens contrasted with the interspecific morphospace of each molar.  152 
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 153 

Figure 1: Former range (Late Pleistocene) and current geographic distribution of wild species 154 

of Bovina after Hassanin 2015 with localisation of their potential domestication centres after 155 

Irving-Pease et al. 2018. 156 

 157 

2. Materials and methods 158 

Specimens analysed include three extant species of the subtribe Bubalina: the Asian water 159 

buffalo (Bubalus arnee), the lowland anoa (Bubalus depressicornis) and the African buffalo 160 

(Syncerus caffer); two extant species of Bison: the American bison (Bison bison), and the 161 

European bison (Bison bonasus); four wild species of the genus Bos: the yak (Bos mutus), the 162 

gaur (Bos gaurus), the banteng (Bos javanicus) and the extinct aurochs (Bos primigenius); and 163 

two domestic species: common cattle (Bos primigenius taurus) and zebu cattle (Bos 164 

primigenius indicus). The modern breeds of common cattle used in this study (Hollaender, 165 

Jersey, Shorthorn and Wilstermarsch) are from the Museum of Domesticated Animals “Julius 166 
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Kühn” in Halle, which collected the specimens in the late 19th and early 20th century. These 167 

specimens belong to the so-called ancient breeds or little developed country breeds. 168 

Wilstermarsch and Hollaender belong to the Pied Lowland/Northwestern Lowland subunit, 169 

whereas Shorthorn and Jersey belong to the British/Celtic/North European subunit (Felius et 170 

al., 2011). Jersey and Hollaender are two milk breeds, while Wilstermarsch and Shorthorn are 171 

dual-purpose/meat breeds. These different selective purposes are observable from their skull 172 

morphotypes: milk breeds have longer and narrower skulls, whereas meat animals have 173 

shorter and more compact ones (Duerst, 1931; Haring, 1949). We also included two 174 

archaeological samples of domestic cattle (Bos p. taurus), one from the late Iron Age site of 175 

Basel-Gasfabrik (BS, Switzerland, c. 150-80 BC) and one from the Bronze Age site of 176 

Savognin-Padnal (GR, Switzerland, c. 1950-1050 BC).  177 

Due to a nomenclature problem (e.g. Gentry et al., 2004; Roskov et al., 2018), we made no 178 

distinction between the wild and domestic forms of yak (Bos mutus), gaur (Bos gaurus), 179 

banteng (Bos javanicus) or Asian water buffalo (Bubalus arnee) for this analysis.  180 

 181 
Status Species M3 M2 M3 

modern wild taxa Bison bison 7 10 13 

  Bison bonasus 14 9 10 

  Bos gaurus 13 14 6 

  Bos mutus 2 3 - 

  Bos javanicus 15 12 3 

  Bubalus arnee 12 11 4 

  Bubalus depressicornis 2 4 5 

  Syncerus caffer 21 28 11 

modern domestic taxa Bos primigenius indicus (zebu cattle) 5 5 6 

  Bos primigenius taurus (common cattle)       

  Hollaender 13 12 10 

  Jersey 8 7 8 

  Shorthorn 8 10 10 

  Wilstermarsch 5 5 5 

archaeological samples Bos primigenius primigenius 21 21 18 

  Bos primigenius taurus       

  Basel-Gasfabrik (late Iron Age) 17 15 9 

  Savognin-Padnal (Bronze Age) 15 12 7 
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total sample size   178 178 125 

Tab. 1: Sample size for the modern and archaeological Bovini used in this study. Maxillary 182 

molars: M3, M2; mandibular molar: M3. 183 

 184 

Our morphometric study focused on the maxillary second and third molars (M2, M3) and the 185 

mandibular third molar (M3) (fig. 2a, 2b). Both maxillary and mandibular third molars 186 

provide important advantages when dealing with archaeological material since they are easily 187 

distinguishable from the other teeth. Understanding the effect of attrition through ageing over 188 

the variation of the EFPOS was pivotal for this study. This effect has been proven null or 189 

negligible on the EFPOS of horses’ cheek teeth (Seetah et al., 2014), and CT analysis on the 190 

third maxillary and mandibular molars of African bovids (Brophy et al., 2014) also indicate a 191 

negligible effect. To investigate whether this observation is also valid for bovine teeth, we 192 

only considered teeth with full abrasion for this study. To obtain a relative age determination 193 

for the modern and archaeological specimens, we used the wear stage recording systems 194 

accessible from the IPAS website 195 

(https://duw.unibas.ch/de/ipna/forschung/archaeobiologie/archaeozoologie/methodik/). With 196 

this system, each tooth is given a numerical score which corresponds to its eruption and 197 

attrition stages, combining the age systems of Barone 1986, Becker/Johansson 1981, Ducos 198 

1968, Habermehl 1975 and Grigson 1982.  199 

 200 

2.1 Geometric morphometric approach to Bovini molar’s EFPOS 201 

Following previous studies on equines (Cucchi et al., 2017), we quantified the EFPOS of 202 

bovine molars with a 2D GMM approach combining landmarks of type 3 on the main enamel 203 

folds and semilandmarks on enamel curves between each landmark. For all three molars, we 204 

collected 7 landmarks (1–7) on the maximum curvature of the enamel folds at the junction 205 

between dentine and enamel, (fig. 2AB). The semilandmarks were then sampled equidistantly 206 

on the curves drawn between each landmark, at the junction between dentine and enamel (tab. 207 

2). 208 
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 209 

Fig. 2: A: Landmarks (1–7) and semilandmarks (a–f) used for the maxillary M2 and M3 (here 210 

a M3 of an archaeological Bos p. taurus from the Basel-Gasfabrik sample). B:  Landmarks (1–211 

7) and semilandmarks (a –f) used for the M3 (here a M3 of an archaeological Bos p. taurus 212 

from the Basel-Gasfabrik sample). Scale in mm. 213 

 214 

We performed a Generalised Procrustes Superimposition (GPS) on all the 2D Cartesian point 215 

coordinates of the EFPOS outline configurations to remove the effects of position, size and 216 

orientation. The semilandmarks were slided using the Bending Energy method (Bookestein 217 

1996). The GPS produces Procrustes coordinates which can be used as EFPOS’ shape 218 

parameter. GPS also computes the centroid size of the EFPOS as the square root of the sum of 219 

the squared distances from the landmarks and semilandmarks to the centroid of the enamel 220 

outline (Bookstein, 1996; Zelditch et al., 2012).  221 

 222 
 a b c d e f Total 
M3 23 28 20 22 38 44 175 
M2 19 26 20 21 34 34 154 
M3 21 22 16 15 17 22 113 
Tab. 2: Number of semilandmarks (SLM) for each tooth and each curve (a–f). For the position 223 

of the curves see fig. 1a/b. 224 

 225 

The points and curves digitization were computed from the images using tpsDig V2.17 and 226 

the GPS with tpsRelw v1.53 (Rohlf, 2016).  227 

 228 

2.2 Assessing taxonomic signals in bovine molars EFPOS size and shape while accounting for 229 

age effect and allometry  230 

 231 

Differences in centroid size variation of the EFPOS among bovine taxa were tested for the 232 
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three molars using Analysis of Variance (ANOVA) with Bonferroni correction for pairwise 233 

comparisons (SI1). EFPOS size differences between bovine species, while accounting for size 234 

varying with age, were tested for each molar with a single factor Analysis of Covariance 235 

(ANCOVA). 236 

EFPOS shape differences between bovine species, while accounting for shape 237 

covarying with age and centroid size (allometry), were tested for each of the three molars with 238 

a single factor Multivariate Analysis of Covariance (MANCOVA). The MANCOVA assessed 239 

whether age and allometry effects differ significantly between the bovine species (interaction) 240 

and which of the three molars was the most affected by these two effects (R-squared).  241 

 We then assessed which of the three phenotypic markers (M3, M2, M3) would provide 242 

the greatest taxonomic resolution at the genus, species and population level, and which 243 

parameters of EFPOS quantification parameters (the shape, the size-free shape, the age-free 244 

shape or the form) would perform the best. The size- and age-free shape parameters are the 245 

residuals of the multivariate regression between the Procrustes coordinates as dependent 246 

variables and respectively the Log-centroid size and the age scores. The Procrustes from 247 

space were obtained by combining the Log-centroid size with the Procrustes coordinates 248 

(Mitteroecker and Gunz, 2009; Klingenberg 2015). 249 

The taxonomic resolution (genus, species, and populations) for the three molars was assessed 250 

using Linear Discriminant Analysis (LDA). Its predicting approach calculated the percentage 251 

of cross validated correct classification (% CVC) of each specimen into its taxonomic group, 252 

following a 2 fold cross-validation over 10 000 iterations.  253 

The genus factor comprised four groups: Bos, Bison, Bubalus and Syncerus. The species 254 

factor comprised the 11 specific groups of our dataset (tab. 1). The population factor was 255 

characterized by the 4 modern breeds and 2 archaeological populations (tab. 1). To avoid 256 

spurious results of the LDA induced by the high dimensionality of the shape parameters 257 

compared to the number of observation, we performed Principal Component Analysis (PCA) 258 

for each parameter and used only the PC scores explaining 99% of the total variance as 259 

variables in the LDA analysis. On average, 30 PC scores were enough to reach this threshold. 260 

 261 

2.3 Assessing the phylogenetic signal in bovine molars EFPOS 262 

To assess the phylogenetic signal of the three molars morphospace, we used the sequences of 263 

the complete mitochondrial genome of Bovini, extracted from the NCBI (National Center for 264 

Biotechnology Information) for the 11 following taxa (the accession numbers are indicated 265 

between brackets): domestic Asian buffalo – Bubalus arnee bubalis  (JN632607), anoa – 266 
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Bubalus depressicornis (EF536351), African buffalo – Syncerus caffer (EF536353), 267 

American bison –  Bison bison (JN632601), European bison – Bison bonasus (JN632602), 268 

domestic yak – Bos mutus grunniens (EF494179), domestic cattle – Bos primigenius taurus 269 

(V00654), zebu – Bos primigenius indicus (AY126697), gaur – Bos gaurus (JN632604), 270 

banteng – Bos javanicus (JN632606) and aurochs – Bos primigenius primigenius 271 

(GU985279).  272 

The sequences were aligned on SeaView version 4 (Gouy et al., 2010). Our final alignment 273 

contained 16,284 characters. A Bayesian tree was constructed with MrBayes v3.2.1 (Ronquist 274 

et al., 2012) and the GTR+I+G model selected under jModelTest 2.1.7 (Darriba et al., 2012) 275 

using the Akaike information criterion. The posterior probabilities were calculated using four 276 

independent Markov chains run for 10,000,000 Metropolis-coupled MCMC generations, with 277 

tree sampling every 1000 generations and a burn-in of 25%. 278 

 279 

To estimate the strength of the phylogenetic signal relative to a Brownian motion model of 280 

evolution, we used the Kmult method (Adams, 2014), a multivariate generalization of the K-281 

statistic (Blomberg et al. 2003). Under a Brownian motion model of evolution the expected 282 

Kmult value is 1.0. Observed Kmult values were evaluated by comparing with the permutated 283 

K-value from randomized shape data relative to the tree topology of the molecular phylogeny. 284 

To visualise the association between the molecular phylogeny and the dental shape space we 285 

created a phylomorphospace, which fitted the shape changes from the bovini taxa onto the 286 

tree topology using a squared change parsimony approach (Klingenberg and Gidaszewski, 287 

2010). 288 

 289 

Morphometric statistics were performed with R (RCoreTeam, 2016), and the libraries MASS 290 

(Venables & Ripley 2002) and geomorph (Adams and Otarola-Castillo, 2013).  291 

 292 

3. Results 293 

 294 

3.1 EFPOS size and shape differences among Bovini accounting for age and allometric effect  295 

 296 

The ANCOVA found significant overall differences in the size variation of the EFPOS among 297 

the Bovini species (modern and archeological Bos p. taurus have been separated) for each 298 

tooth (Figure 3, tab. 3, See SI1 for taxa pairwise comparisons for each molar). All three 299 

molars displayed the same pattern of size differentiation among taxa, although the 300 
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differentiations had a greater resolution for the maxillary molars. Bos p. primigenius is 301 

significantly bigger than all the other species, while Bubalus depressicornis is the smallest. 302 

After Bos p. primigenius, the bisons’ M3 and M2 were significantly larger than those of other 303 

genera. We also observed that Iron Age common cattle were significantly smaller than 304 

modern cattle breeds. In most cases there was an overlap in the size range of the remaining 305 

taxa. 306 

 307 

 308 

Fig. 3: Box plot of the M3, M2 and M3 centroid sizes (log) from the tribe Bovini, including 309 

modern and archaeological domestic cattle (Bos p. taurus). 310 

 311 

The size differences among Bovini species are reflected in the strong taxonomic signal in the 312 

size variation of the EFPOS which is above 50% (R-squared) for all three molars, while an 313 

age effect below 10% was only significant for the third maxillary and mandibular molars 314 

(tab.3), common among the species (tab. 3: Age*Taxa). 315 

 316 

M3 Df SS MS R-Squared F Z Pr 

(>F) 

 

Age 1 0.04363 0.043632 0.08556 43.5365 2.1454 0.001 ** 

Taxa 10 0.29316 0.029316 0.57487 29.2515 6.6617 0.001 ** 

Age*Taxa 9 0.00580 0.000644 0.01137 0.6427 -0.6191 0.753 ns 

M2 Df SS MS R-Squared F Z Pr 

(>F) 

 

Age 1 0.00148 0.001481 0.00312 1.9206 0.8700 0.168 ns 

Taxa 10 0.33697 0.033697 0.71006 43.7088 7.3857 0.001 ** 

Age*Taxa 10 0.00968 0.000968 0.02040 1.2558 0.6748 0.266 ns 

M3 Df SS MS R-Squared F Z Pr 

(>F) 
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Age 1 0.03879 0.038795 0.05184 20.25 1.9168 0.001 ** 

Taxa 9 0.46190 0.051323 0.61718 26.79 6.6697 0.001 ** 

Age*Taxa 9 0.02931 0.003257 0.03917 1.70 1.1925 0.107 ns 

Tab. 3: Results of the single factor ANCOVA test for age effect on the size variation of the 317 

M3, M2 and M3 (Age) and the size differences among Bovini taxa (Taxa) while accounting for 318 

size covarying with age (Age*Taxa).  319 

 320 

MANCOVA found significant overall EFPOS shape differences among the Bovini species for 321 

the three molars (tab. 4: “Taxa”). Patterns of shape variation differ according to the molars 322 

(figure 4), but most of the variation was triggered by the differentiation between the Bubalina 323 

and Bovina species. Within the Bovina species, the Bison species separate from the Bos 324 

species. Within the Bos species, Bos p. indicus separate from Bos p. primigenius and Bos p. 325 

taurus, and Bos javanicus and Bos gaurus separate significantly, except for the M3. 326 

 327 
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 328 

Figure 4: Patterns of shape variation among the Bovini species mean shape for M3 (A), M2 (B) 329 

and M3 (C). Shape deformation along the PCs axes are displayed using the shape of 330 

specimens at the ends of the range of variability along PC1 and PC2.  331 

 332 
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 333 

For both third molars, the age related attrition effect accounted for 10% and 12% of the 334 

EFPOS shape variation, while for the second maxillary molar the age effect reach 32% (tab. 335 

4). It was reduced to around 18% by eliminating the youngest and oldest age groups. A 336 

common, and almost common, age effect among species for the third maxillary lower and 337 

mandibular molars for the M2 (tab.4) was found. We then obtained age-free shape variables 338 

using the residuals of the multivariate regression. 339 

  340 

M3 Df SS MS R-Squared F Z Pr (>F)  

Age effect 1 0.12673 
 

0.126734 0.120641 
 

29.579 
 

6.4949 0.001 ** 

Taxa 10 0.16502 0.016502 0.157089 3.8515 6.2211 0.001 ** 

Age*Taxa 9 0.04322 0.004802 0.04141 
 

1.1208 
 

0.5946 0.276 ns 

M2 Df SS MS R-Squared F Z Pr (>F)  

Age effect 1 0.45424 0.45424 0.32858 117.1079 6.6222 0.001 ** 

Taxa 10 0.22299 0.02230 0.16130 5.7489 5.9444 0.001 ** 

Age*Taxa 10 0.06909 0.00691 0.04998 1.7813 2.0784 0.017 * 

M3 Df SS MS R-Squared F Z Pr (>F)  

Age effect 1 0.25647 0.256474 0.098254 17.5115 5.7224 0.001 ** 

Taxa 9 0.51961 0.057735 0.199060 3.9420 6.6318 0.001 ** 

Age*Taxa 9 0.16458 0.018287 0.063051  1.2486 1.1209 0.133  ns 

Tab. 4: Results of the single factor MANCOVA test for age effect on the shape variation of 341 

the M3, M2 and M3, (Age effect) and the shape differences among Bovini species (Taxa) while 342 

accounting for shape covarying with age (Age*Taxa) , where”*” denotes interaction. 343 

 344 
The MANCOVA found significant but very weak allometric effects in the M3 and M3 shape 345 

variation, explaining less than 5% of the shape variation (tab. 5). Furthermore, this allometric 346 

effect did not interact with the taxonomic signal, which suggests a common allometric effect 347 

on molar shape that does not affect species differentiation. We obtained size-free shape 348 

variables using the residuals of the multivariate regression. 349 

 350 

M3 Df SS MS R-Squared F Z Pr (>F) 

Allometry 1 0.02365 0.0236487 0.022512 4.9849 3.1304 0.003 ** 

Taxa 10 0.17921 0.0179213 0.170598 3.7776 6.1584 0.001 ** 

Allometry*taxa 10 0.06013 0.0060126 0.057235 1.2674 1.1413 0.128 ns 
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M2 Df SS MS R-Squared F Z Pr (>F) 

Allometry 1 0.00756 0.0075614 0.00547 1.2441 0.6824 0.256 ns 

Taxa 10 0.28292 0.0282919 0.20465 4.6550 5.2857 0.001 ** 

Allometry*taxa 10 0.09522 0.0095223 0.06888 1.5668 1.6533 0.041 * 

M3 Df SS MS R-Squared F Z Pr (>F) 

Allometry 1 0.11535 0.115347 0.044189 7.9699 4.0634 0.001 ** 

Taxa 9 0.60338 0.067042 0.231150 4.6323 7.3664 0.001 ** 

Allometry*taxa 9 0.24170 0.026855 0.092593 1.8556 2.9532 0.002 ** 

Table 5: Results of single factor MANCOVA test for the allometric effect over shape 351 

variation of the M3, M2 and M3 as well as shape differences between Bovini species (Taxa) 352 

while accounting for shape covarying with size (Log CS), where”*” denotes interaction.  353 

 354 

3.3 Taxonomic signals in Bovini cheek teeth shape and form 355 

 356 

The taxonomic resolution from the genus to the population levels differed among the 357 

phenotypic markers and their morphometric variables, according to the percentage of CVC 358 

(tab. 6). Maxillary molars performed better than the mandibular ones in separating the taxa to 359 

the genus and species level, which is not surprising since only half of the M3 could be 360 

quantified.  The M2 shape was the most efficient at discriminating the different genera in 361 

bovines with almost 90% correct classifications, closely followed by both third molars. 362 

Discrimination of species was still high for the M3 and M2 shapes with more than 75% of 363 

correct classifications for the M3, but was enhanced in all three molars when using the form 364 

variables with M2, reaching nearly 85% CVC. For population discrimination the CVC 365 

dropped below 50%, with the M3 providing the best signal (48%). Finally, correcting for age 366 

or size effects did not significantly improve the discrimination of genus and species in 367 

bovines.  368 

 369 

Shape Size-free shape Age-free shape Form 

Genus Species Population* Genus Species Genus Species Genus Species Population* 
M3 88.03 75.5 44.12 89.06 75.52 87.5 73.43 88.51 82.82 38.24 
M2 89.95 72.48 30.3 89.42 73.02 89.95 74.61 88.36 84.65 30.3 
M3 84.18 66.18 48.38 84.89 53.96 84.89 53.24 87.77 66.91 38.71 

Tab. 6: Percentage of correct classification after cross validation for M3, M2, and M3 at 370 

different taxonomic levels: genus, species and population and according to four phenotypic 371 

parameters: Shape, Size-free shape, Age-free shape and Form. *: analysis performed on extant 372 

populations of Bos p. taurus only. 373 

 374 
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CVA shows significant divergence (MANOVA: Pillai=1.6655, F=2.9535, p<0.0001) between 375 

the ancestral wild shape of the Aurochs and the domestic phenotype of common and zebu 376 

cattle, between common and zebu cattle and between modern and archaeological common 377 

cattle, with zebu cattle showing the greatest divergence (Figure 5A). The CVC is too low to 378 

accurately separate the different populations of modern cattle based on their molar shape 379 

(Tab. 6). However, we found significant differentiation patterns (MANOVA: Pillai=2.423, 380 

F=1.558, p=0.001545) among modern and archaeological common cattle (Figure 5B), where 381 

Iron Age and Bronze Age cattle from Switzerland are within the variation range of modern 382 

breeds. In this morphospace, Jersey ancient breeds is the most divergent phenotype. Also, Iron 383 

Age and Bronze Age cattle displayed greater phenotypic similarities with Hollaender ancient 384 

breeds (SI 2). 385 

 386 

Fig. 5: Patterns of M3 shape differentiation within the first three canonical factors of the CVA 387 

(A) among wild extinct aurochs (Bos primigenius) and modern and archaeological domestic 388 

cattle (Bos p. taurus) and (B) among modern and archaeological common cattle. 389 
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 390 

3.4 Phylogenetic signal in Bovini molar shape. 391 

 392 

The Kmult statistics found a low but significant phylogenetic signal in M3 (Kmult observed = 393 

0.206; P-value = 0.009) and M3 (Kmult observed = 0.2781; P-value = 0.003) but not in the M2 394 

(Kmult observed = 0.17; P-value = 0.18). Both third molars phylomorphospace captured the 395 

phylogenetic signal separating the Bovinae from the Bubalina and Bos from Bison species 396 

within the Bovina (fig. 6). The low phylogenetic signal in M3 is driven by the phenotypic 397 

relationships of the cattle of south-east Asia – the banteng (Bos javanicus) and the gaur (Bos 398 

gaurus) within the Bubalina, and greater dental shape similarity between the yak (Bos mutus) 399 

and the humped cattle (Bos p. indicus) than with the American bison (Bison bison), both being 400 

incongruent with the mitochondrial phylogeny (fig. 6A). For the M3 (figure 6B), the low 401 

phylogenetic signal is due to greater phenotypic similarities of Bos p. primigenius and the 402 

common cattle (Bos p. taurus) with the American bison (Bison bison), than with the European 403 

one (Bison bonasus), as well as a greater similarity between the bateng (Bos javanicus) and 404 

the common cattle (Bos p. taurus) than with the gaur (Bos gaurus). 405 

 406 

 407 

Fig. 6: Bovini MtDNA genome phylogeny and dental shape Phylomorphospace of M3 (A) and 408 
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M3 (B).  409 

 410 

4. Discussion 411 

 412 

4.1. Identifying the diversity of the wild progenitors and the domestication process in Bos 413 

species 414 

Our study has shown that both the EFPOS size and shape variations of the maxillary molars 415 

provided reliable taxonomic resolution at the genus and species levels. The resolution to 416 

species was not affected by the age effect, or only slightly for the M2 shape, and could be 417 

increased when using the form parameter, bringing together the taxonomic resolution of both 418 

size and shape. These results are congruent with previous studies on South African Bovids 419 

(Brophy et al. 2014) and equids (Cucchi et al., 2017) in rejecting the general idea that 420 

hypsodont teeth from ruminants are not good taxonomic characters because of the attrition 421 

blurring process. As expected the second molar was the most affected by attrition, leading to 422 

potential spurious identification. Therefore, we suggest to implementing taxonomic studies on 423 

the M3. 424 

Our study also showed that both maxillary and mandibular third molar shape 425 

variations had a significant phylogenetic signal among Bovini species, finding phenotypic 426 

relationships congruent with the most recent phylogeny (Hassanin, 2014; Hassanin, 2015). 427 

Both molars captured the genetic relationship between aurochs (Bos p. primigenius) and the 428 

two lines of domestic cattle (Bos p. taurus / indicus), between the two species of bison (Bison 429 

bison and Bison bonasus) and the yak (Bos mutus), and between gaur (Bos gaurus) and 430 

banteng (Bos javanicus). However, the strength of this signal was weakened by the 431 

phenotypic relationship between the south-east Asian cattle (Bos gaurus and Bos javanicus) 432 

and the Bubalina, as well as the one between Bos mutus and Bos p. indicus for the M3 and the 433 

phenotypic proximity between Bos javanicus and Bos p. taurus for the M3. Since we could not 434 

make a distinction between the wild and domestic forms of yak (Bos mutus), gaur (Bos 435 

gaurus), and banteng (Bos javanicus) for this analysis, it is likely that this incongruence 436 

between genotype and phenotype is the consequence of genetic introgression among Bos 437 

species (Hassanin 2015, Wu et al. 2018). 438 

The high taxonomic resolution up to the species level, the lack of significant impact of 439 

attrition in this resolution and the strength of the phylogenetic signal recorded in the M3 440 

clearly suggest that this molar should be preferred for biosystematic studies of Bovini dental 441 

series from fossil and archaeological contexts. Since the wild ancestors of domestic cattle are 442 
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either extinct (aurochs) or reduced to very small pockets of range distribution, this 443 

biosystematic power would prove extremely valuable to document the diversity and 444 

distribution of the wild progenitors of domestic forms, from the Pleistocene and early 445 

Holocene archaeological records. Applied to all the available dental series of Bovini in the old 446 

world, this marker would help illustrate the natural geographic distribution of aurochs variants 447 

and test the relevance of the three different sub-species proposed by zooarchaeologists 448 

(Clutton-Brock 1989). In south-east Asia, these studies would help map the distribution of the 449 

four wild species of Bos and understand their geographic diversity and sympatry. 450 

The discrimination and the phylogenetic signal recorded in the M3 between the wild 451 

and domestic European forms of Bovini (Bison bonasus, Bos p. primigenius and Bos p. 452 

taurus, Bos p. indicus) clearly suggest that GMM on M3 could trace the phylogenetic histories 453 

of domestic cattle in the core area of the Fertile crescent. However, this approach alone could 454 

prove unable to identify the early process of domestication, when high gene flow between 455 

wild and domestic populations would prevent the expression of genetically induced 456 

phenotypic divergence (Irving-Pease et al. 2018, Vigne 2015). Unless corralling and 457 

reproductive control were strong enough to foster the adaptive phenotypic change induced by 458 

the anthropic environment (Zohary et al. 1998).   459 

 The biosystematic resolution of the M3 could also prove useful to document the 460 

subsequent dispersal of domestic forms outside the distribution range of their wild ancestor. 461 

For example, the possibility of identifying the two domestic cattle (Bos p. taurus and indicus) 462 

and their relationships with their potential wild progenitor could help provide new clues on 463 

the development of herding in Africa, imported from the Near East during the 7th millennium 464 

BC (Linseele, 2013; Lesur et al., 2014). According to the latest understanding, the first 465 

domestic bovine in Africa are considered to be taurine cattle – zebu seem to occur later, 466 

during the 2nd millennium BC – but we still do not know where it entered the continent, 467 

although genetic data suggest it happened through the Horn of Africa (Hanotte et al., 2002; 468 

Gifford-Gonzalez and Hanotte, 2011). 469 

The scarcity of evidence for zebu in archaeological contexts partly lies in the fact that 470 

only limited morphological criteria have been established to identify zebu from taurine 471 

specimens (Grigson, 1976; Grigson, 1980).  However, these criteria are not especially useful 472 

for archaeological material because the study was based on cranial parts that are seldom 473 

preserved in ancient contexts. For the moment, only a few studies have suggested the ancient 474 

presence of zebu in Africa, and only from the 1st millennium BC (Chaix, 2011; Chaix, 2013). 475 

The GMM approach of EFPOS, therefore, provides a new method to address this issue. 476 
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However, the remaining difficulty lies in the fact that hybridization between the two species 477 

may have occurred very early in Africa (Hanotte et al., 2002; Lesur, 2017). The method now 478 

needs to integrate hybridised African specimens to check if we can also discriminate them.  479 

 480 

4.2. Identifying the emergence of early cattle morphotype in archaeology 481 

 482 

Identifying the emergence of early domestic cattle breeds due to human selective pressure, for 483 

traits such as greater milk yield, is in the realm of palaeogenomic studies (Bradley & Magee 484 

2006, Irving- Pease et al. 2018) but not of morphometrics. Indeed, morphometric changes in 485 

skeleton bones cannot be directly related with a specific selective pressure (Zeder 2015), such 486 

as meat or milk yield. However, documenting the origin and pace of morphometric changes 487 

over a large dental series from the 4th millennium BC in the Near and Middle East and from 488 

the 3rd millennium BC in Europe until Antiquity, would allow us to pinpoint the timing of the 489 

emergence of regional morphotypes due to neutral genetic shifts fostered by geographic 490 

isolation, as has already been performed for pigs (Duval et al. 2014, 2018). Once these key 491 

locations and periods are identified, targeted paleogenomic analysis could then be more 492 

efficiently implemented to explore selective traits within these regional morphotypes. 493 

Our study found clear M3 shape divergence between aurochs, Bronze and Iron Age 494 

Switzerland cattle and modern cattle breeds, suggesting that regional morphotypes are clearly 495 

attested in this region from the Bronze Age. Furthermore, these archaeological cattle 496 

morphotypes show greater phenotypic similarity towards modern cattle breeds than to their 497 

aurochsen progenitor, suggesting that great selective breeding in cattle was already in place 498 

from the 2nd millennium BC in Europe. But was that selection directed towards adaptation to 499 

mountainous regions or towards greater meat or milk production? Only paleogenomic 500 

analyses would be able to provide a definite answer. The population signal in the molar shape 501 

variation of Bos p. taurus is too weak to make safe taxonomic identification. However, 502 

phenotypic proximities between the Bronze Age and Iron Age morphotypes with the 503 

Hollaender breed (Felius et al. 2011), suggest that these Bronze and Iron Age morphoptypes 504 

may have been selected for milk production. Other potential explanations could be the genetic 505 

consequence of different regional connections between the two sites. Archaeological finds 506 

evidence that the Padnal people had connections with the north of Italy and with the north and 507 

east of Switzerland (Rageth, 1986). The Basel-Gasfabrik people, on the other hand, had more 508 

connections with the west and south of France as well as with the Mediterranean (Spichtig, 509 

2005). This hypothesis will have to be tested with a paleogenetic approach and a large 510 
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comparative molar shape analysis of the Bronze and Iron Age domestic cattle sampled from 511 

Switzerland and Italy. 512 

 513 

CONCLUSION 514 

Our understanding of the origin and trajectories of wild cattle domestication have been 515 

mainly driven by the advance in genetic studies of modern and ancient Bos species, but 516 

zooarchaeologists still need powerful biometric markers to document the timing and 517 

mechanisms of cattle domestication in the old world and implement targeted biomolecular 518 

studies.  519 

Our GMM approach of the taxonomic and phylogenetic signals encapsulated in the 520 

variation of molar morphology of wild and domestic species of the tribe Bovini found that M3 521 

shape variation could accurately separate the genera and species of both wild and domestic 522 

modern specimens of the tribe Bovini with high statistical accuracy, as well as their 523 

phylogenetic relationships. But recent genetic introgression between wild and domestic Bos 524 

species in eastern Asia have partly blurred this phylogenetic signal. The taxonomic resolution 525 

at a population level does not reach such a reliable probabilistic classification. However, 526 

significant differentiation patterns among aurochs and modern and ancient cattle breeds 527 

clearly suggest that genetic divergence indirectly triggered by intentional breeding selection 528 

can be deciphered from the archaeological record. 529 

This proof of concept strongly suggest that GMM analysis of M3 applied on Bos 530 

remains from Pleistocene and Holocene dental series and through Eurasia would be a useful 531 

pre requisite for targeted bio molecular studies for three main reasons: (1) to document the 532 

diversity and distribution of wild progenitors of domestic forms; (2) to identify where and 533 

when the first domestic phenotype emerged; and (3) to trace the emergence of the earliest 534 

regional morphotype and their trajectory towards modern breeds. 535 

 536 

 537 

Acknowledgements 538 

We are grateful to everyone who granted us access to museum collections and/or provided 539 

working space: L. Costeur (Naturhistorisches Museum Basel), M. Hellmund† and M. Stache 540 

(Geiseltalmuseum Halle), F. Mayer and C. Funk (Museum für Naturkunde Berlin) and K. 541 

Murphy Gregersen (Zoologisk Museum Kopenhagen). For access to the archaeological 542 

samples we thank M. Bopp-Ito (IPAS Basel) and T. Reitmaier (Archaeological Service of the 543 

canton Graubünden), and G. Lassau and N. Spichtig (Archaeological Service of the canton 544 



23 
 

Basel-Stadt). We are most grateful to the two anonymous reviewers who provided many 545 

insightful comments which helped us to greatly improve the quality of this manuscript. Many 546 

thanks to Jill Cucchi for copy-editing. 547 

 548 

 549 

Authors contributions: 550 

TC and BS designed the study, BS collected the morphometric and Age data, TC and BS 551 

analyzed and interpreted the data, TC and BS wrote the paper in collaboration with RS, AH, 552 

JL and JS.  553 

 554 

Funding: 555 

Barbara Stopp has been supported by the Swiss National Science Foundation (SNSF: 556 

PP00P1_123336) and the Institute of Prehistory and Archaeological Science (IPAS) at the 557 

University of Basel. This study did not receive any other specific grants from funding 558 

agencies in the public, commercial or not-for-profit sectors. 559 

 560 

References 561 
 562 
Adams, D.C., 2014. A method for assessing phylogenetic least squares models for shape and 563 
other high-dimensional multivariate data, Evolution 68, 2675-2688. 564 
 565 
Adams, D.C., Otarola-Castillo, E., 2013. geomorph: an R package for the collection and 566 
analysis of geometric morphometric shape data, Methods in ecology and evolution 4, 393-567 
399. 568 
 569 
Ajmone-Marsan, P., Garcia, J.F., Lenstra, J.A., Consortium, G., 2010. On the Origin of 570 
Cattle: How Aurochs Became Cattle and Colonized the World, Evolutionary Anthropology 571 
19, 148-157. 572 
 573 
Arbuckle, B.S., Kansa, S.W., Kansa, E., Orton, D., Çakırlar, C., Gourichon, L., Atici, L., 574 
Galik, A., Marciniak, A., Mulville, J., Buitenhuis, H., Carruthers, D., De Cupere, B., 575 
Demirergi, A., Frame, S., Helmer, D., Martin, L., Peters, J., Pöllath, N., Pawłowska, K., 576 
Russell, N., Twiss, K., Würtenberger, D., 2014. Data Sharing Reveals Complexity in the 577 
Westward Spread of Domestic Animals across Neolithic Turkey. PLOS ONE 9, e99845. 578 
https://doi.org/10.1371/journal.pone.0099845 579 
 580 
Arbuckle, B.S., Price, M.D., Hongo, H., Öksüz, B., 2016. Documenting the initial appearance 581 
of domestic cattle in the Eastern Fertile Crescent (northern Iraq and western Iran), Journal of 582 
Archaeological Science 72, 1-9. 583 
 584 
Bader, R.S., 1965. Heritability of Dental Characters in the House Mouse, Evolution 19, 378-585 
384. 586 



24 
 

 587 
Beja-Pereira, A., Caramelli, D., Lalueza-Fox, C., Vernesi, C., Ferrand, N., Casoli, A., 588 
Goyache, F., Royo, L.J., Conti, S., Lari, M., Martini, A., Ouragh, L., Magid, A., Atash, A., 589 
Zsolnai, A., Boscato, P., Triantaphylidis, C., Ploumi, K., Sineo, L., Mallegni, F., Taberlet, P., 590 
Erhardt, G., Sampietro, L., Bertranpetit, J., Barbujani, G., Luikart, G., Bertorelle, G., 2006. 591 
The origin of European cattle: Evidence from modern and ancient DNA, PNAS 103, 8113-592 
8118. 593 
 594 
Balasse, M., Cucchi, T., Evin, A., 2019. Wild game or farm animal? Tracking human-pig 595 
relationships in ancient times through stable isotope analysis, in: Hybrid Communities. 596 
Stépanoff, C & Vigne, J.D., London. https://doi.org/10.4324/9781315179988-12 597 
 598 
Barone, R., 1986. Anatomie comparée des mammifères domestiques. Tome premier: 599 
Osteologie, Troisième édition, revue et mise à jour, Vigot Frères, Paris. 600 
Bernal, V., 2007. Size and shape analysis of human molars: Comparing traditional and 601 
geometric morphometric techniques, HOMO - Journal of Comparative Human Biology 58, 602 
279-296. 603 
 604 
Becker, C., Johansson, F., 1981. Tierknochenfunde, zweiter Bericht: Mittleres und oberes 605 
Schichtpaket (MS und OS) der Cortaillod-Kultur. Die neotlithischen Ufersiedlungen von 606 
Twann, Band 11, Bern. 607 
 608 
Blomberg, S.P., Garland JR., T., Ives, A.R., 2003. TESTING FOR PHYLOGENETIC 609 
SIGNAL IN COMPARATIVE DATA: BEHAVIORAL TRAITS ARE MORE LABILE. 610 
Evolution 57, 717–745. https://doi.org/10.1111/j.0014-3820.2003.tb00285.x 611 
 612 
Bookstein, F.L., 1996. Landmark methods for forms without landmarks: morphometrics of 613 
group differences in outline shape, Medical Image Analysis 1, 225-243. 614 
 615 
Bopp-Ito, M., Cucchi, T., Evin, A., Stopp, B., Schibler, J., 2018. Phenotypic diversity in 616 
Bronze Age pigs from the Alpine and Central Plateau regions of Switzerland. Journal of 617 
Archaeological Science: Reports 21, 38–46. https://doi.org/10.1016/j.jasrep.2018.07.002 618 
 619 
Bradley, D.G., Magee, D.A., 2006. Genetics and the Origins of Domestic Cattle, in: Zeder, 620 
M.A., Bradley, D.G., Emshwiller, E., Smith, B.D. (Eds.), Documenting Domestication: New 621 
Genetic and Archaeological Paradigms, University of California Press, Berkeley - Los 622 
Angeles - London, pp. 317-328. 623 
 624 
Brophy, J.K., de Rutter, D.J., Athreya, S., DeWitt, T.J., 2014. Quantitative morphological 625 
analysis of bovid teeth and implications for paleoenvironmental reconstruction of Plovers 626 
Lake, Gauteng Province, South Africa, Journal of Archaeological Science 41, 376-388. 627 
 628 
Castelló, J.R., 2016. Bovids of the World: Antelopes, Gazelles, Cattle, Goats, Sheep, and 629 
Relatives, Princeton University Press, Princeton and Oxford. 630 
 631 
Chaix, L., 2011. A Review of the History of Cattle in the Sudan throughout the Holocene, in: 632 
Jousse, H., Lesur, J. (Eds.), People and Animals in Holocene Africa. Recent advances in 633 
archaeozoology, Africa Magna Verlag, Frankfurt, pp. 13-26. 634 
 635 
Chaix, L., 2013. The Fauna from the UNO/BU Excavations at Bieta Giyorgis (Aksum) in 636 
Tigray, Northern Ethiopia: Campaigns 1995–2003; Pre-Aksumite, 700–400 BC to Late 637 



25 
 

Aksumite, AD 800–1200, Journal of African Archaeology 11, 211-241. 638 
 639 
Chen, S., Lin, B.-Z., Baig, M., Mitra, B., Lopes, R.J., Santos, A.M., Magee, D.A., Azevedo, 640 
M., Tarroso, P., Sasazaki, S., Ostrowski, S., Mahgoub, O., Chaudhuri, T.K., Zhang, Y.-p., 641 
Costa, V., Royo, L.J., Goyache, F., Luikart, G., Boivin, N., Fuller, D.Q., Mannen, H., 642 
Bradley, D.G., Beja-Pereira, A., 2010. Zebu Cattle Are an Exclusive Legacy of the South 643 
Asia Neolithic, Molecular Biology and Evolution 27, 1-6. 644 
 645 
Cucchi, T., Fujita, M., Dobney, K., 2009. New insights into pig taxonomy, domestication and 646 
human dispersal in Island South East Asia: molar shape analysis of Sus remains from Niah 647 
Caves, Sarawak. Int. J. Osteoarchaeol. 19, 508–530. https://doi.org/10.1002/oa.974 648 
 649 
Cucchi, T., Hulme-Beaman, A., Yuan, J., Dobney, K., 2011. Early Neolithic pig 650 
domestication at Jiahu, Henan Province, China: clues from molar shape analyses using 651 
geometric morphometric approaches, Journal of Archaeological Science 38, 11-22. 652 
 653 
Cucchi, T., Dai, L., Balasse, M., Zhao, C., Gao, J., Hu, Y., Yuan, J., Vigne, J.-D., 2016. 654 
Social Complexification and Pig ( Sus scrofa ) Husbandry in Ancient China: A Combined 655 
Geometric Morphometric and Isotopic Approach. PLOS ONE 11, e0158523. 656 
https://doi.org/10.1371/journal.pone.0158523 657 
 658 
Cucchi, T., Mohaseb, A., Peigné, S., Debue, K., Orlando, L., Mashkour, M., 2017. Detecting 659 
taxonomic and phylogenetic signals in equid cheek teeth: towards new palaeontological and 660 
archaeological proxies, Royal Society Open Science 4, 160997. 661 
 662 
Cymbron, T., Freeman, A.R., Malheiro, M.I., Vigne, J.-D., Bradley, D.G., 2005. 663 
Microsatellite diversity suggests different histories for Mediterranean and Northern European 664 
cattle populations, Proceedings of the Royal Society B 272, 1837-1843. 665 
 666 
Darriba, D., Taboada, G.L., Doallo, R., Posada, D., 2012. jModelTest 2: more models, new 667 
heuristics and parallel computing, Nature Methods 9, 772. 668 
 669 
Saif-Ur-Rehman, M., Schnabel, R.D., Taylor, J.F., 2014. Worldwide Patterns of Ancestry, 670 
Divergence, and Admixture in Domesticated Cattle, PLOS Genetics 10, e1004254. 671 
 672 
Dobney, K., Cucchi, T., Larson, G., 2008. The pigs of Island Southeast Asia and the Pacific : 673 
new evidence for taxonomic status and human-mediated dispersal, Asian perspectives 47, 59-674 
74. 675 
 676 
Dray, S., Dufour, A.B., 2007. The ade4 package: implementing the duality diagram for 677 
ecologists, Journal of Statistical Software 22, 1-20. 678 
 679 
Duerst, J.U., 1931. Grundlagen der Rinderzucht: eine Darstellung der wichtigsten für die 680 
Entwicklung der Leistungen und der Körperformen des Rindes ursächlichen, physiologisch-681 
anatomischen, zoologisch-paläontologischen, entwicklungsmechanischen und 682 
kulturhistorischen Tatsachen und Lehren : für wissenschaftliches und praktisches Studium, 683 
Springer Verlag, Berlin. 684 
 685 
Duval, C., Cucchi, T., Horard-Herbin, M.-P., Lepetz, S., 2018. The development of new 686 
husbandry and economic models in Gaul between the Iron Age and the Roman Period: New 687 



26 
 

insights from pig bones and teeth morphometrics. Journal of Archaeological Science 99, 10–688 
18. https://doi.org/10.1016/j.jas.2018.08.016 689 
 690 
Duval, C., Lepetz, S., Horard-Herbin, M.-P., Cucchi, T., 2015. Did Romanization impact 691 
Gallic pig morphology? New insights from molar geometric morphometrics. Journal of 692 
Archaeological Science 57, 345–354. https://doi.org/10.1016/j.jas.2015.03.004 693 
 694 
Evin, A., Cucchi, T., Escarguel, G., Owen, J., Larson, G., Strand Vidarsdottir, U., Dobney, K., 695 
2014. Using traditional biometrical data to distinguish West Palearctic wild boar and domestic 696 
pigs in the archaeological record: new methods and standards, Journal of Archaeological 697 
Science 43, 1-8. 698 
 699 
Evin, A., Flink, L.G., Balasescu, A., Popovici, D., Andreescu, R., Bailey, D., Mirea, P., Lazar, 700 
C., Boroneant, A., Bonsall, C., Vidarsdottir, U.S., Brehard, S., Tresset, A., Cucchi, T., Larson, 701 
G., Dobney, K., 2015. Unravelling the complexity of domestication: a case study using 702 
morphometrics and ancient DNA analyses of archaeological pigs from Romania. 703 
Philosophical Transactions of the Royal Society B-Biological Sciences 370. 704 
https://doi.org/10.1098/rstb.2013.0616 705 
 706 
Evin, A., Dobney, K., Cucchi, T., 2017. A history of pig domestication: New ways of 707 
exploring a complex process, in: Ecology, Conservation and Management of Wild Pigs and 708 
Peccaries. Cambridge University Press. 709 
 710 
Fagan, B., 2015. The intimate bond: how animals shaped human history. Bloomsbury 711 
Publishing USA. 712 
 713 
Felius, M., Koolmees, P.A., Theunissen, B., Consortium, E.C.G.D., Lenstra, J.A., 2011. On 714 
the Breeds of Cattle - Historic and Current Classifications, Diversity 3, 660-692. 715 
 716 
Gentry, A., Clutton-Brock, J., Groves, C.P., 2004. The naming of wild animal species and 717 
their domestic derivatives, Journal of Archaeological Science 31, 645-651. 718 
 719 
Gifford-Gonzalez, D., Hanotte, O., 2011. Domesticating Animals in Africa: Implications of 720 
Genetic and Archaeological Findings, Journal of World Prehistory 24, 1-23. 721 
 722 
Gouy, M., Guindon, S., Gascuel, O., 2010. SeaView version 4: a multiplatform graphical user 723 
interface for sequence alignment and phylogenetic tree building, Molecular Biology and 724 
Evolution 27, 221-224. 725 
 726 
Grant, A., 1982. The use of tooth wear as a guide to the age of domestic ungulates, in: 727 
Wilson, B., Grigson, C., Payne, S. (Eds.), Ageing and Sexing Animal Bones from 728 
Archaeological Sites, B.A.R., Oxford, pp. 91-108. 729 
 730 
Grigson, C., 1976. The Craniology and Relationships of Four Species of Bos. 3. Basic 731 
Craniology: Bos taurus L. Sagittal Profiles and Other Non-Measurable Characters., Journal of 732 
Archaeological Science 3, 115-136. 733 
 734 
Grigson, C., 1980. The Craniology and Relationships of Four Species of Bos. V. Bos indicus 735 
L., Journal of Archaeological Science 7, 3-32. 736 
 737 
Grigson, C., 1982. Sex and age determination of some bones and teeth of domestic cattle: a 738 



27 
 

review of the literature, in: Wilson, B., Grigson, C., Payne, S. (Eds.), Ageing and Sexing 739 
Animal Bones from Archaeological Sites, BAR British Series 109, Oxford, pp. 7-23. 740 
 741 
Habermehl, K.-H., 1975. Die Altersbestimmung bei Haus- und Labortieren, 2., vollständig 742 
neubearbeitete Auflage, Verlag Paul Parey, Berlin und Hamburg. 743 
 744 
 745 
Hanotte, O., Bradley, D.G., Ochieng, J.W., Verjee, Y., Hill, E.W., Rege, J.E.O., 2002. African 746 
Pastoralism: Genetic Imprints of Origins and Migrations, Science 296, 336-339. 747 
 748 
Haring, F., 1949. Mast- und Schlachteigenschaften: und ihre Beziehungen zum Typ 749 
verschiedener Schweinerassen und deren Kreuzungen, Niemeyer. 750 
 751 
Hassanin, A., 2014. Systematic and evolution of Bovini, in: Melletti, M., Burton, J. (Eds.), 752 
Ecology, Evolution and Behaviour of Wild Cattle. Implications for Conservation, Cambridge 753 
University Press, Cambridge, pp. 7-20. 754 
 755 
Hassanin, A., 2015. Systematics and phylogeny of cattle, in: Garrick, D.J., Ruvinsky, A. 756 
(Eds.), The genetics of cattle, 2nd Edition ed., CABI, Wallingford, Oxfordshire, pp. 1-19. 757 
 758 
Hassanin, A., An, J., Ropiquet, A., Nguyen, T.T., Couloux, A., 2013. Combining multiple 759 
autosomal introns for studying shallow phylogeny and taxonomy of Laurasiatherian 760 
mammals: Application to the tribe Bovini (Cetartiodactyla, Bovidae), Molecular 761 
Phylogenetics and Evolution 66, 766-775. 762 
 763 
Helmer D., Gourichon L., Monchot H., Peters J., Sana Segui M., 2005 Identifying early 764 
domestic cattle from Pre-Pottery Neolithic sites on the Euphrates using sexual dimorphism, 765 
in: J.-D. Vigne, J. Peters, D. Helmer (Eds.), The First Steps of Animal Domestication: New 766 
Archaeological Approaches, Oxford Oxbow), pp. 86–95 767 
 768 
Hemmer, H., 1990. Domestication. The decline of Environmental perception, Cambridge 769 
Unniversity Press. ed. 770 
 771 
Hillson, S., 1986. Teeth, Cambridge University Press, Cambridge. 772 
 773 
Irving-Pease, E.K., Ryan, H., Jamieson, A., Dimopoulos, E.A., Larson, G., Frantz, L.A.F., 774 
2019. Paleogenomics of Animal Domestication, in: Lindqvist, C., Rajora, O.P. (Eds.), 775 
Paleogenomics. Genome-Scale Analysis of Ancient DNA, Springer, Cham, pp. 225-272. 776 
 777 
Klingenberg, C.P., Gidaszewski, N.A., 2010. Testing and quantifying phylogenetic signals 778 
and homoplasy in morphometric data, Systematic Biology 59, 245-261. 779 
 780 
Klingenberg, C.P., 2011. MorphoJ: an integrated software package for geometric 781 
morphometrics, Molecular Ecology Resources 11, 353-357. 782 
 783 
Larson, G., Cucchi, T., Fujita, M., Matisoo-Smith, E., Robins, J., Anderson, A., Rolett, B., 784 
Spriggs, M., Dolman, G., Kim, T.-H., 2007. Phylogeny and ancient DNA of Sus provides 785 
insights into neolithic expansion in Island Southeast Asia and Oceania. Proceedings of the 786 
National Academy of Sciences 104, 4834–4839. 787 
 788 



28 
 

Larson, G., Cucchi, T. & Dobney, K. 2011. Genetic aspects of pig domestication. In 789 
Ruvinksy, A. & Rothschild, M. (eds.) The Genetics of the Pigs. 2nd ed. Oxford: CAB 790 
International, 14-37. 791 
 792 
Lesur, J., 2017. Et la gazelle devint chèvre. Pré-Histoires africaines d’hommes et d’animaux, 793 
Presses Universitaires du Midi / Publications Scientifiques du Muséum, Toulouse. 794 
 795 
Lesur, J., Hildebrand, E.A., Abawa, G., Gutherz, X., 2014. The Advent of Herding in the 796 
Horn of Africa: New Data from Ethiopia, Djibouti and Somaliland, Quaternary International 797 
343, 148-158. 798 
 799 
Linseele, V., 2013. Early Stock Keeping in Northeastern Africa: Near Eastern Influences and 800 
Local Developments, in: Shirai, N. (Ed.), Neolithisation of Northeastern Africa, ex oriente, 801 
Berlin, pp. 97-108. 802 
 803 
Meadow, R.H., 1996. The Origins and Spread of Agriculture and Pastoralism in Northwestern 804 
South Asia, in: Harris, D.R. (Ed.), The Origins and Spread of Agriculture and Pastoralism in 805 
Eurasia, University College London Press, London, pp. 390-412. 806 
 807 
Mitteroecker, P., Gunz, P., 2009. Advances in Geometric Morphometrics, Evolutionary 808 
Biology 36, 235-247. 809 
 810 
Maurer, B.A., Brown, J.H., Rusler, R.D., 1992. THE MICRO AND MACRO IN BODY SIZE 811 
EVOLUTION. Evolution 46, 939–953. https://doi.org/10.1111/j.1558-5646.1992.tb00611.x 812 
 813 
Nuviala, P., Laffont, R., Montuire, 2014. Analyse des contours de la troisième molaire 814 
inférieure de boeuf : un moyen d’appréhender la variabilité morphologique du boeuf gallo-815 
romain ?, in: . A. Gardeisen & C. Chandezon (Eds) Équidés et Bovidés de La Méditerranée 816 
Antique. Rites et Combats. Jeux et Savoirs, Monographies d’Archéologie Méditerranéenne, 817 
Lattes, pp. 285–294. 818 
 819 
Ottoni, C., Flink, L.G., Evin, A., Geoerg, C., De Cupere, B., Van Neer, W., Bartosiewicz, L., 820 
Linderholm, A., Barnett, R., Peters, J., Decorte, R., Waelkens, M., Vanderheyden, N., Ricaut, 821 
F.-X., Cakirlar, C., Cevik, O., Hoelzel, A.R., Mashkour, M., Karimlu, A.F.M., Seno, S.S., 822 
Daujat, J., Brock, F., Pinhasi, R., Hongo, H., Perez-Enciso, M., Rasmussen, M., Frantz, L., 823 
Megens, H.-J., Crooijmans, R., Groenen, M., Arbuckle, B., Benecke, N., Vidarsdottir, U.S., 824 
Burger, J., Cucchi, T., Dobney, K., Larson, G., 2013. Pig Domestication and Human-825 
Mediated Dispersal in Western Eurasia Revealed through Ancient DNA and Geometric 826 
Morphometrics. Molecular Biology and Evolution 30, 824–832. 827 
https://doi.org/10.1093/molbev/mss261 828 

 829 
Park, S.D.E., Magee, D.A., McGettigan, P.A., Teasdale, M.D., Edwards, C.J., Lohan, A.J., 830 
Murphy, A., Braud, M., Donoghue, M.T., Liu, Y., Chamberlain, A.T., Rue-Albrecht, K., 831 
Schroeder, S., Spillane, C., Tai, S., Bradley, D.G., Sonstegard, T.S., Loftus, B.J., MacHugh, 832 
D.E., 2015. Genom sequencing of the extinct Eurasian wild aurochs, Bos primigenius, 833 
illuminates the phylogeography and evolution of cattle, Genome Biology 16:234. 834 
 835 
Pérez-Pardal, L., Royo, L.J., Beja-Pereira, A., Chen, S., Cantet, R.J.C., Traoré, A., Curik, I., 836 
Sölkner, J., Bozzi, R., Fernández, I., Álvarez, I., Gutiérrez, J.P., Gómez, E., Ponce de León, 837 
F.A., Goyache, F., 2010. Multiple paternal origins of domestic cattle revealed by Y-specific 838 



29 
 

interspersed multilocus microsatellites, Heredity 24, 105-511. 839 
 840 
J. Peters, A. von den Driesch, D. Helmer, 2005. The upper Ephrates-Tigris basin: Cradle of 841 
agro-pastoralism? , in: J.-D. Vigne, J. Peters, D. Helmer (Eds.), The First Steps of Animal 842 
Domestication: New Archaeological Approaches, Oxford Oxbow, pp. 96–124 843 
 844 
Pitt, D., Sevane, N., Nicolazzi, E.L., MacHugh, D.E., Park, S.D.E., Colli, L., Martinez, R., 845 
Bruford, M.W., Orozco-terWengel, P., 2019. Domestication of cattle: Two or three events? 846 
Evolutionary Applications 12, 123–136. https://doi.org/10.1111/eva.12674 847 
 848 
Rageth, J., 1986. Die wichtigsten Resultate der Ausgrabungen in der bronzezeitlichen 849 
Siedlung auf dem Padnal bei Savognin (Oberhalbstein GR), Jahrbuch der Schweizerischen 850 
Gesellschaft für Ur- und Frühgeschichte 69, 63-103. 851 
 852 
RCoreTeam, 2016. R: a language and environment for statistical computing, R Foundation for 853 
Statistical Computing, Vienna, Austria. 854 
 855 
Rohlf, F., 2016. Morphometrics at SUNY Stony Brook [updated 25.8.2016 (Homepage); cited 856 
2014]. Available from: http://life.bio.sunysb.edu/morph/index.html. 857 
 858 
Ronquist, F., Teslenko, M., Van der Mark, P., Ayres, D.L., Darling, A., Höhna, S., Larget, B., 859 
Liu, L., Suchard, M.A., Huelsenbeck, J.P., 2012. MrBayes 3.2: efficient Bayesian 860 
phylogenetic inference and model choice across a large model space, Systematic Biology 61, 861 
539-542. 862 
 863 
Roskov, Y., Abucay, L., Orrell, T., Nicolson, D., Bailly, N., Kirk, P.M., Bourgoin, T., 864 
DeWalt, R.E., Decock, W., De Wever, A., Nieukerken, E.v., Zarucchi, J., Penev, L., eds., 865 
2018. Species 2000 & ITIS Catalogue of Life, 2018 Annual Checklist. Digital resource at 866 
www.catalogueoflife.org/annual-checklist/2018, Species 2000: Naturalis, Leiden. 867 
 868 
Scherf, B.D., 2000. World watch list for domestic animal diversity 3rd edition ed., Food and 869 
Agriculture Organization of the United Nations (FAO), Rome, p. 726. 870 
 871 
Scheu, A., Powell, A., Bollongino, R., Vigne, J.-D., Tresset, A., Cakirlar, C., Benecke, N., 872 
Burger, J., 2015. The genetic prehistory of domesticated cattle from their origin to the spread 873 
across Europe, BMC Genetics 16. 874 
 875 
Schibler, J., Elsner, J., Schlumbaum, A., 2014. Incorporation of aurochs into a cattle herd in 876 
Neolithic Europe: single event or breeding?, Scientific Reports 4, Article number: 5798. 877 
 878 
Seetah, K., Cucchi, T., Dobney, K., Barker, G., 2014. A geometric morphometric re-879 
evaluation of the use of dental form to explore differences in horse (Equus caballus) 880 
populations and its potential zooarchaeological application, Journal of Archaeological Science 881 
41, 904-910. 882 
 883 
Spichtig, N., 2005. Die spätlatènezeitliche Siedlung Basel-Gasfabrik, in: Bräuning, A., al., e. 884 
(Eds.), Kelten am Hoch- und Oberrhein, Konrad Theiss Verlag, Esslingen, pp. 105-112. 885 
 886 
Siripan, S., Wonnapinij, P., Auetrakulvit, P., Wangthongchaicharoen, N., Surat, W., 2019. 887 
Origin of prehistoric cattle excavated from four archaeological sites in central and 888 



30 
 

northeastern Thailand. Mitochondrial DNA Part A 1–9. 889 
https://doi.org/10.1080/24701394.2019.1597072 890 
 891 
Tresset, A., Bollongino, R., Edwards, C.J., Hughes, S., Vigne, J.-D., 2009. Early diffusion of 892 
domestic bovids in Europe: an indicator for human contacts, exchanges and migrations?, in: 893 
Hombert, J.-M., D'Errico, F. (Eds.), Becoming Eloquent: Advances in the Emergence of 894 
Language, Human Cognition, and Modern Cultures., Benjamins Publishing Company, 895 
Amsterdam, pp. 73-92. 896 
 897 
Trut, L., Oskina, I., Kharlamova, A., 2009. Animal evolution during domestication: the 898 
domesticated fox as a model. Bioessays 31, 349–360. 899 
 900 
Upadhyay, M., Chen, W., Lenstra, J.A., Goderie, C., MacHugh, D., Park, S., Magee, D.A., 901 
Matassino, D., Ciani, F., Megens, H.-J., van Arendonk, J., Groenen, M., Consortium, 902 
E.C.G.D., Crooijmans, R., 2017. Genetic origin, admixture and population history of aurochs 903 
(Bos primigenius) and primitive European cattle, Heredity 118, 169-176. 904 
 905 
Venables, W.N., Ripley, B.D., 2002. Modern applied statistics (Fourth S., editor) New York. 906 
Springer. 907 
 908 
Vigne, J.-D., Carrere, I., Briois, F., Guilaine, J., 2011. The early process of mammal 909 
domestication in the Near East: New evidence from the Pre-Neolithic and Pre-Pottery 910 
Neolithic in Cyprus. Current Anthropology 52, S255–S271. 911 
 912 
Vigne, J.-D., 2015. Early domestication and farming: what should we know or do for a better 913 
understanding? Anthropozoologica 50, 123–150. 914 
 915 
Wilkins, A.S., Wrangham, R.W., Fitch, W.T., 2014. The “Domestication Syndrome” in 916 
Mammals: A Unified Explanation Based on Neural Crest Cell Behavior and Genetics. 917 
Genetics 197, 795–808. https://doi.org/10.1534/genetics.114.165423 918 
 919 
Wu, D.-D., Ding, X.-D., Wang, S., Wójcik, J.M., Zhang, Y., Tokarska, M., Li, Y., Wang, M.-920 
S., Faruque, O., Nielsen, R., Zhang, Q., Zhang, Y.-P., 2018. Pervasive introgression 921 
facilitated domestication and adaptation in the Bos species complex. Nature Ecology & 922 
Evolution 2, 1139–1145. https://doi.org/10.1038/s41559-018-0562-y 923 
 924 
Yang, C., Xiang, C., Qi, W., Xia, S., Tu, F., Zhang, X., Moermond, T., Yue, B., 2013. 925 
Phylogenetic analyses and improved resolution of the family Bovidae based on complete 926 
mitochondrial genomes, Biochemical Systematics and Ecology 48, 136-143. 927 
 928 
Zelditch, M.L., Swiderski, D.L., Sheets, H.D., 2012. Geometric Morphometrics for 929 
Biologists: A Primer, 2nd edition ed., Academic Press. 930 
 931 
Zeder, M.A., 2015. Core questions in domestication research. Proceedings of the National 932 
Academy of Sciences 112, 3191–3198. 933 
 934 
Zohary, D., Tchernov, E., Horwitz, L.K., 1998. The role of unconscious selection in the 935 
domestication of sheep and goats. Journal of Zoology 245, 129–135. 936 
 937 
 938 
 939 




