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Current evidence supports the idea that animal domestication occurred in multiple loci and at different time
periods throughout the Near East rather than according to a single origin. In this scenario, the southern Levant is
being increasingly considered as another presumed primary centre of goat domestication, alongside eastern
Anatolia and the Zagros. Assessing the status (i.e. wild or domestic) of this animal in this region, however, is
hampered by the difficulty of morphologically distinguishing domestic goats from their wild relatives. Diet
reconstruction is a powerful approach to address this issue since the feeding of managed animals is partially
controlled by their owners, unlike free-ranging wild populations. For the first time, we propose to contribute to
this question through dental microwear texture analysis (DMTA) using confocal microscopy.

Characterising how the dietary behaviour of extant wild and domestic goats is reflected in DMTA is critical.
For this purpose, we constructed a reference collection composed of three wild goat species (19 Capra pyrenaica
from the southern Iberian Peninsula, 12 Capra ibex from the Alps and 12 Capra nubiana from the Near East) and
15 domestic goats (Capra hircus) reared in an extensive system in Mediterranean scrubland areas.

The preliminary results indicate that DMTA allows discrimination of the groups of extant goats. The results
obtained were used to characterise the palaeodiet of 16 goats (Capra format aegagrus) from two key Early and
Middle Pre-Pottery Neolithic B sites in the southern Levant: Kharaysin (Zarqa, Jordan, ca. 8800-7500 cal BC) and
Qarassa (As-Suweyda, Syria, 8700-8200 cal BCE). The higher variability in archaeological goats could be an
indicator of controlled feedings. It could also support the hypothesis about diverse and experimental manage-
ment systems at the first steps of animal domestication.

This paper shows the potential of this tool to address the process of early animal domestication. Following this
initial work, the reference collection will include a broader spectrum of livestock management strategies and the
archaeological corpus will be expanded through new samples during upcoming excavations and the integration
of additional sites.

1. Introduction

The transition from hunting to husbandry in southwestern Asia was a
complex process that began during the 9th millennium cal BC (e.g., Kuijt
and Goring-Morris, 2002; Arbuckle and Atici, 2013; Edwards, 2016).
There is a growing consensus that animal domestication was a broad
chronological and spatial process being, therefore, neither rapid nor
homogeneous (e.g., Arbuckle, 2014; Vigne et al., 2011; Gourichon and
Kolska-Horwitz, 2021). This probably occurred locally through
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interconnected events occurring at diverse rhythms across the Near East
(Ibanez et al., 2018).

Sheep and goats had certainly been domesticated in the eastern
Anatolian and Zagros regions by the 9th millennium cal BC (Zeder and
Hesse, 2000; Peters et al., 2005; Zeder, 2008; Stiner et al., 2022). Do-
mestic sheep were probably introduced into the southern Levant
(southern Syria, Jordan, Israel, and the Palestinian territory) from the
northern Levant during the 8th millennium cal BC, since wild sheep
(Ovis orientalis) do not appear to have been native to this area at the
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beginning of the Holocene (Horwitz and Ducos, 1998; Martin and
Edwards, 2013). Unlike sheep, wild populations of goats did inhabit this
region. Many factors suggest that the southern Levant could have been
another primary centre of caprine domestication (Horwitz et al., 1999;
Ducos and Kolska-Horwitz, 2003; Arbuckle and Atici, 2013; Gourichon
and Kolska-Horwitz, 2021). Evidence for this includes a progressive size
reduction, as observed in the Tell Aswad site by the 8th millennium cal
BC (Helmer and Gourichon, 2008, 2017), and the predominance of goats
(Capra format aegagrus) in Pre-Pottery Neolithic B (PPNB) sites (c.
8500-7100 cal BC) (e.g., Finlayson and Makarewicz, 2020; Gourichon
and Kolska-Horwitz, 2021).

However, distinguishing between domestic goats and their wild
relatives in the southern Levant is not straightforward using traditional
zooarchaeological lines of evidence, since changes in the morphology
and size of archaeological goats is hardly perceptible prior to the Late
PPNB (Horwitz et al., 1999). Indeed, phenotypic changes tend to be the
result of long-term human intervention and they do not appear in the
early stages of animal management, and they may be delayed by regular
crossbreeding between controlled animals and their wild congeners
present in the surrounding environments (Vigne et al., 2011; Zeder,
2006, 2012). Since domestic animals resembled their wild relatives in
the early stages of domestication, it is critical to use other approaches to
identify these changes (e.g., Pollath et al., 2019).

We can expect that the diet of the first managed goats was different
to that of wild ones. The animals are likely to have been intentionally
foddered by their owners (e.g., supplies of fodder), as evidenced by
isotope analyses (Peters et al., 2005; Grupe and Peters, 2008). The
reduced human-controlled mobility of managed animals compared to
wild ones (e.g., Arbuckle and Atici, 2013; Zimmermann et al., 2018),
together with the fact that domestic livestock would have been kept near
the settlements for long periods of time, where human impact on natural
vegetation had probably generated artificially impoverished niches
(Arranz-Oategui et al., 2017), could have altered the dietary regimes of
first domesticated animals. In addition, studies on the diet of extant wild
and domestic goat populations has shown different dietary behaviours,
probably due to physiological and/or cognitive modifications brought
about by animal domestication (Cuartas and Garcia-Gonzalez, 1992).
Thus, reconstructing an animal’s palaeodiet is a powerful approach that
can shed new light on the early process of goat domestication since di-
etary modifications presumably occurred earlier than skeletal mor-
phologies in domesticated animals.

The use of stable isotope analyses has been explored to characterise
animal palaeodiets in central Anatolia (e.g., Peters et al., 2005; Pearson
et al., 2007), northern Syria (Tornero and Sana, 2011), and the southern
Levant (Makarewicz and Tuross, 2009, 2012; Makarewicz et al., 2016).
The main constraints of these analyses are the poor preservation of bone
collagen at most Neolithic sites in the Near East (e.g., Weiner and
Bar-Yosef, 1990; Grupe, 1995; Miller et al., 2019), and the destructive
aspect of the technique. For this reason, other methods that enable an-
imal palaeodiet reconstruction must be explored.

Dental microwear texture analysis (DMTA) is a non-destructive
method that reveals the most recent foodstuffs of animals by micro-
scopically analysing the microfeatures produced on the tooth enamel
surface by the last intakes of food (e.g., Teaford and Walker, 1984;
Gordon, 1984; Scott et al., 2005, 2006). This tool has provided infor-
mation on the diet of a variety of wild and domestic ungulates, allowing
dietary behaviour to be classified (e.g., Walker et al., 1978; Berlioz et al.,
2017; Rivals and Alvarez-Lao, 2018; Louail et al., 2022), as well as an
analysis of intra-specific variability (e.g., Merceron et al., 2010). For this
reason, dental microwear texture is a potential method for identifying
behavioural changes in diet that could have occurred prior to any
morphometric changes.

Here, we present the first application of DMTA to discriminate be-
tween wild and domestic goats. Characterising the inter- and intra-
specific variability of extant wild and domestic goats is essential for
understanding how their dietary behaviours are reflected in DMTA and
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identifying the most discriminant microwear texture parameters.
Ideally, we should analyse goats from the same study area (southern
Levant), living in the same environmental conditions as in the Pre-
Pottery Neolithic. However, this is not possible, as the environment
has changed since then, and because wild Capra f. aegagrus is no longer
present in this region. In this regard, we sampled three extant wild goat
populations from Europe and the Near East (Capra pyrenaica, C. ibex, and
C. nubiana), as well as one domestic population (Capra hircus) (Fig. 1). In
this pilot study, we looked at a specific herd management strategy in
terms of domestic goat feeding. This management strategy consists of
letting goats feed in wooded areas of the northern Iberian Peninsula,
with no additional fodder supplies. The shepherd herds the goats
through similar areas throughout the year; consequently, it is a highly
anthropised environment.

We tested the hypotheses that DMTA differs (1) among the different
extant wild and domestic goat populations, and (2) between domestic
animals and the wild specimens combined into a single group. (3) The
intra-group variability was explored for each extant goat population.
The diet of wild goats can be influenced by sex and age. In extant wild
Iberian goats, it has been reported that young individuals select more
grasses than adults, and males consume more ligneous plants than fe-
males (e.g., Cuartas et al., 1996). For this reason, we also explored the
variability according to (4) the sex and (5) age of the animals. In addi-
tion, we analysed (6) seasonal variability, a factor that is known to have
influenced palaeodiets (e.g., Merceron et al., 2010; Rivals et al., 2015).
Our preliminary results strongly suggested that, despite the existence of
certain sex-related variability, intragroup homogeneity and intergroup
heterogeneity would allow us to discriminate the distinct groups of
goats. Subsequently, the results obtained were used to characterise the
palaeodiets of the goats (Capra format aegagrus) from two key
Pre-Pottery Neolithic B sites in the southern Levant: Kharaysin (Zarqa,
Jordan, ca. 8800-7500 cal BC) and Tell Qarassa (As-Suweida, Syria,
8700-8200 cal BC).

Thus, in this paper, we explore the potential of DMTA to discriminate
between the domestic and wild dietary behaviour of extant goats, and its
use in reconstructing the diets of Capra f. aegagrus from PPNB archae-
ological samples to better understand the early process of goat domes-
tication in the southern Levant.

2. Material and methods
2.1. Extant reference collection

DMTA was conducted on the mesio-lingual facet of the second lower
molar (M2) protoconid. When this was not possible, the analysis was
extended to the mesio-lingual facet of the hypoconid of the first (M1)
and third (M3) lower molars, since the microwear signal is consistent
between molars (Xafis et al., 2017) (Fig. 2). Dental facets have different
functions during the chewing cycle; this is the reason why only one facet
was selected (Ramdarshan et al., 2017). We built up a reference
collection comprised of 58 extant goats, of which 15 are domestic and 43
wild (Table 1 and Supplementary material 1).

2.1.1. Wild goats

Three wild goat species from the southern Iberian Peninsula (Capra
pyrenaica), the Alps (Capra ibex), and the Near East (Capra nubiana) were
sampled (Fig. 1). Firstly, a set of 19 adult Iberian ibexes, also known as
Iberian wild goats (Garcia-Gonzalez et al., 2021) (Capra pyrenaica: 14
females and five males) from the Sierra Nevada and Sierra de Cazorla
(Southern Iberian Peninsula), curated at the Estacion Experimental de
Zonas Aridas-CSIC (Almeria, Spain), the Estacién Biolégica de
Donana-CSIC (Jaca, Spain), and the Parque Nacional de Sierra Nevada
(Granada, Spain), were sampled. The osteological collection was
developed between 1987 and 2007 in spring (n = 7), summer (n = 7),
and autumn-winter (n = 3). The season of death is unknown for three
individuals. In terms of diet, this species tends to consume ligneous
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Fig. 1. Location of extant domestic (green), wild (red) and archaeological (yellow) specimens analysed. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 2. Examples of central and occlusal views of a right hemimandible of goat, and topography of texture enamel surface of mesio-lingual facet of second lower

molar protoconid.

plants, with a representative contribution of graminoids and herbaceous
plants (Martinez et al., 1985; Cuartas and Garcia-Gonzdlez, 1992;
Cuartas et al., 1996; Martinez, 2000).

Secondly, 12 adult Alpine ibexes (Capra ibex: five females and seven
males) from Val de Cogne in Val d’Aosta (northwestern Italy) were
analysed. The specimens, curated at the Zoological Museum of Strasburg
in France, were collected in 1897 by Hagmann Gottfried. The season of
death is not known for any of the specimens. This species has a diet

dominated by herbaceous plants and grasses, although it may vary ac-
cording to the season (Couturier, 1962; Zingg, 2009; Parrini et al.,
2009).

Thirdly, we sampled 12 adult Nubian ibexes (Capra nubiana: three
females, seven males, and two of unknown sex) from three localities
(Wadi IThmed, Wadi Adani, and Wadi Leithih) on the Sinai Peninsula
(Egypt) and in the region of Petra (southern Jordan). The specimens,
curated at the Zoological Museum of Strasburg in France, were collected
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Table 1
Number of extant wild and goats studied by species and location.
Species Number  Status Location
Capra 15 Domestic El Pont d’Armentera and Amposta
hircus (extensive (Tarragona, north-eastern Iberian
system) Peninsula)
Capra 19 wild Sierra Cazorla and Sierra Nevada
pyrenaica (southern Iberian Peninsula)
Capra ibex 12 wild Val de Cogne (Val d’Aosta, north-
western Italy)
Capra 12 wild Sinai Peninsula (eastern Egypt) and
nubiana Petra (southern Jordan)

between 1893 and 1911 between spring (n = 2) and summer (n = 3). The
season of death of the remaining individuals (n = 7) is unknown. Nubian
goat populations have a flexible diet, with a tendency to graze (Hack-
ham and Ritte, 1991).

2.1.2. Domestic goats

The collection consists of 15 domestic goats (Capra hircus: four males
and 11 females) of the Blanca de Rasquera breed. Four of these were
mixed with the Granadino-Murciana breed. The specimens, collected in
spring (n = 3), summer (n = 9), and autumn (n = 3), come from two
nearby areas in southern present-day Catalonia with the same envi-
ronment (Tarragona province, north-eastern Iberian Peninsula). These
goats fed on the vegetation available in wooded areas (500-1000 m),
receiving no supplies of additional fodder. The vegetation in the area
principally comprises woody plants: holm oak (Quercus ilex), kermes oak
(Quercus coccifera), rosemary (Salvia rosmarinus), heather (Erica sp.),
scorpion broom (Genista scorpius), shrubby hare’s-ear (Bupleurum fruti-
cosum), wild madder (Rubia peregrina), and juniper (Juniperus commu-
nis). Grass plants are also present, e.g., nut grass (Cyperus rotundus) and
spiny-head mat-rush (Lomandra longifolia). The specimens browsed in a
similar area throughout the year and, consequently, these goats were fed
in an overgrazed environment. Given that the availability of woody
plants is poor in this overgrazed environment, the intake of herbaceous
plants by goats was representative.

2.2. Archaeological material

The archaeological samples come from two PPNB sites (8800-7500
cal BC) in the southern Levant: Kharaysin (Zarqa, Jordan) and Tell
Qarassa (As-Suweyda, Syria) (Fig. 1 and Table 2).

Tell Qarassa is a Pre-Pottery Neolithic site located in the southern
part of the region of Leja, 25 km from the Jabal-al-Arab mountains (750
m a.s.l.) and 20 km from the city of As-Suweyda (Ibanez et al., 2010).
The excavations, carried out in 2009 and 2010, uncovered several
buildings from the mid-9th millennium cal BC (Early PPNB). The
zooarchaeological analysis revealed the predominance of goats (Capra f.
aegagrus), followed by gazelles, boar, aurochs, carnivores, and other taxa
(Ibanez et al., 2010). A total of three goat teeth, dated to the Early PPNB
(8700-8200 cal BC) were available for the dental microwear analysis
(Table 2).

Kharaysin is a Pre-Pottery Neolithic site, located in the village of
Quneya, in the Zarqa province, covering approximately 25 ha. Four
occupation levels have currently been identified from the Late PPNA
(beginning of the 9th millennium cal BC) to the beginning of the 7th
millennium BC (Late PPNB). The architecture from the Middle PPNB
levels is characterised by rectangular houses with lime-plastered floors.
The houses were arranged parallel to one another, forming terraced lines
on an east-west axis (Ibdnez et al., 2015, 2020). The preliminary
zooarchaeological results show the predominance of goats, followed by
gazelles, aurochs, and boars. A total of 13 goat teeth, dated to the Middle
PPNB (ca. 8300-7600 cal BC), were sampled (Table 2).

The palaeoenvironmental data available for the southern Levant
indicates the existence of diverse ecological niches in this region
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Table 2

Archaeological specimens studied from Tell Qarassa and Kharaysin. The number
of specimens, the taxon, the stratigraphic unit (SU) and the chronology (EPPNB:
Early Pre-Pottery Neolithic; MPPNB: Middle Pre-Pottery Neolithic B) are
indicated.

Site Number of Taxon SU Chronology
specimen
Kharaysin 2 Capra f. 86 MPPNB (8100-7500
aegagrus cal. BC)
Kharaysin 3 Capra f. 134 MPPNB (8100-7500
aegagrus cal. BC)
Kharaysin 6 Capra f. 133 MPPNB (8100-7500
aegagrus cal. BC)
Kharaysin 8 Capra f. 391 MPPNB (8100-7500
aegagrus cal. BC)
Kharaysin 10 Capra f. 402 MPPNB (8100-7500
aegagrus cal. BC)
Kharaysin 13 Capra f. 133 MPPNB (8100-7500
aegagrus cal. BC)
Kharaysin 18 Capra f. 190 MPPNB (8100-7500
aegagrus cal. BC)
Kharaysin 19 Capra f. 385 MPPNB (8100-7500
aegagrus cal. BC)
Kharaysin 22 Capra f. 85 MPPNB (8100-7500
aegagrus cal. BC)
Kharaysin 25 Capra f. 1601  MPPNB (8100-7500
aegagrus cal. BC)
Kharaysin 29 Capra f. 815 MPPNB (8100-7500
aegagrus cal. BC)
Kharaysin 32 Capra f. 391 MPPNB (8100-7500
aegagrus cal. BC)
Kharaysin 33 Capra f. 301 MPPNB (8100-7500
aegagrus cal. BC)
Tell 10 Capra f. 25 EPPNB (8500-8100
Qarassa aegagrus cal. BC)
Tell 17 Capra f. 59 EPPNB (8500-8100
Qarassa aegagrus cal. BC)
Tell 25 Capra f. 46 EPPNB (8500-8100
Qarassa aegagrus cal. BC)

(Deckers et al., 2009; Asouti et al., 2015). In the inland areas, such as
those around Tell Qarassa and Kharaysin, woodland and
woodland-steppe formations dominated. This vegetation was mainly
composed of eudicotyledons, such as Pistacia, Amygdalus, and Quercus
trees; to a lesser extent, there were also patches of grasses (Arranz-Oa-
tegui et al., 2017). Another component of the local vegetation at both
sites were riparian plants. Mixed Mediterranean deciduous and conif-
erous forests could have grown in nearby areas, such as Jabal al-Arab
Mountain and the Balqa highland.

2.3. Dental microwear analysis

The occlusal surface of all the available teeth (58 extant goats and 16
archaeological samples) was carefully cleaned using acetone followed
by 96% ethanol to remove any remaining sediment and dust. This was
done using cotton to prevent the surface becoming damaged. The
occlusal surface was then moulded using high-precision poly-
vinylsiloxane (President Light Body, Coltene Waledent). A first impres-
sion was made to remove any remaining dust embedded in the occlusal
surface, and the second impression was analysed.

The moulds were analysed using a Sensofar Plu Neox white-light
scanning confocal microscope housed at the Institucié Mila i
Fontanals-CSIC (Barcelona, Spain) and employing the SensoSCAN®
acquisition software package. For each facet, an area of 150 x 150 pm
was selected from images of 255 x 191 pm taken using a 50x (0.80 NA)
objective lens (Fig. 2). The selected areas (150 x 150 pm) were treated
and measured using MountainsMap 7® (Digital Surf). Firstly, the sam-
ples were inverted along the z-axis, since negative moulds were ana-
lysed. The least-square (LS) plan method was used to correct the lack of
horizontality of the sample. The occlusal surface of the tooth generally
presents a curved morphology. Consequently, the curvature was
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eliminated using a polynomial function (power 8; Francisco et al.,
2018). Finally, the extreme points were eliminated (upper and lower
0.5%) to remove outliers.

For the archaeological samples, any teeth whose surface was altered
by post-depositional agents were discarded from this analysis. The
identification of non-dietary traces was based on several experimental
works (i.e., King et al., 1999; El-Zaatari, 2010; Dauphin et al., 2018;
Weber et al., 2020; Uzunidis et al., 2021).

2.4. Statistical analysis

Dental microwear texture analysis was quantified using two methods
in MountainsMap 7®: (1) scale-sensitive fractal analysis (SSFA); and (2)
standard roughness (ISO 25178) and flatness (12781) ISO (International
Standard Organization; Leach, 2013). On the one hand, three SSFA pa-
rameters were measured: anisotropy (EpLsar), complexity (Asfc), and
heterogeneity of complexity (HAsfc9) (Scott et al., 2005, 2006). On the
other hand, 34 ISO parameters relating to the height, volume, direction,
peak sharpness, and plateau size were obtained (Table 3). The infor-
mation gathered was assigned to five datasets according to the hy-
potheses: (1) sexual feeding variability; (2) seasonal variability; (3) age
variability; (4) discrimination between different wild and domestic goat
populations; and (5) discrimination according to status (wild versus
domestic).

The variability between males and females was analysed for the
Capra pyrenaica population from the southern Iberian Peninsula and
Capra ibex from the Alps. The analysis of seasonal variability was
possible in individuals from the southern Iberian Peninsula wild goat
population that had died in the spring (n = 5) and summer (n = 7). Age
variability was analysed in ibexes from the southern Iberian Peninsula:
12 adults (2-6 years), and six older specimens (6-10 years). The non-
parametric Mann-Whitney test was performed on the ISO and SSFA
parameters to explore the null hypothesis that dental microwear does
not vary according to season or sex. SSFA and ISO parameters that
differed between the groups were explored using univariate plots indi-
cating the mean and the standard error.

The set used to test the hypothesis that dental microwear differs
between distinct wild and domestic goat populations comprised four
groups: the wild goat populations from the southern Iberian Peninsula,
Alps, and Near East; and domestic goats reared in woodland areas. The
three populations of wild goats were subsequently combined into a
single category to test the hypothesis that DMTA differs according to
status (i.e. domestic versus wild).

In both cases, the following procedure was used. SSFA parameters
(epLsar, Asfc, and Hasfc9) were explored through univariate plots. The
non-parametric Mann-Whitney test was used to analyse the presence of
significant differences in the SSFA. The statistical procedure applied to
the ISO parameters was adapted from previous works (e.g., Adams et al.,
2020; Francisco et al., 2021; McLennan and Purnell, 2021). The ISO
parameters were log-transformed to increase the normality and homo-
scedasticity. According to a Shapiro-Wilks test, the data were normally
distributed, so parametric tests were used. An analysis of variance
(ANOVA) was constructed. When the homogeneity of variance test
(Levene test) showed significant differences, Welch’s ANOVA was used.
A linear discriminant analysis (LDA), based on the ISO texture param-
eters that presented significant differences, was constructed. When
Box’s M test was violated (p < 0.05), a quadratic discriminant analysis
(QDA) was performed. The significance of the QDA and LDA was
assessed using Wilks’ lambda. All the statistical analyses were carried
out using the IBM SPPS 26® statistics software package.

3. Results
3.1. Sexual variability

The results obtained from the SSFA and ISO parameters show no
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Table 3
Description and functional groups of the ISO and SSFA parameters.

Abbreviation Description Functional group

epLsar (SSFA) Anisotropy Direction

Asfc (SSFA) Area-scale complexity Complexity

Hasfc9 (SSFA) Heterogeneity Heterogeneity of

complexity

Sq (ISO Root mean square height Height
parameter)

Sku (ISO Kurtosis of the height distribution Height
parameter)

Sp (ISO Maximum peak height Height
parameter)

Sv (ISO Depth between the mean plane and Height
parameter) the deepest valley

Sz (ISO Height between the highest peak and ~ Height
parameter) the deepest valley

Sa (ISO Arithmetic mean height Height
parameter)

Smr (ISO Peak material proportion Functional
parameter)

Smc (ISO Inverse areal material ratio Plateau size
parameter)

Sal (ISO Auto-correlation height Density
parameter)

Str (ISO Texture aspect ratio Spatial
parameter)

Std (ISO Texture direction Spatial
parameter)

Vm (ISO Material volume at a given material Volume
parameter) ratio

Vv (ISO Void volume of the core Volume
parameter)

Vmp (ISO Material volume of the core at given =~ Volume
parameter) material ratio

Vme (ISO Material volume of the core at given ~ Volume
parameter) material ratio

Vve (ISO Void volume of the core Volume
parameter)

Vvv (ISO Dale void volume Volume
parameter)

Spd (ISO Density of peaks Feature
parameter)

Spc (ISO Arithmetic mean peak curvature Feature
parameter)

510z (ISO Ten-point height Height
parameter)

s5p (ISO Five-point height Height
parameter)

s5v (ISO Five-point pit height Height
parameter)

Sda (ISO Closed dale area Area
parameter)

Sha (ISO Closed hill area Area
parameter)

Sdv (ISO Mean dale volume Feature
parameter)

Shv (ISO Mean hill volume Feature
parameter)

Sk (ISO Core height Functional
parameter)

Spk (ISO Peak reduced height Functional
parameter)

Svk (ISO Reduced dale height, Reduced valley =~ Functional
parameter) depth

Smrl (ISO Low peak material portion Functional
parameter)

Smr2 (ISO High peak material portion Functional
parameter)

significant differences between males and females in the wild goat
population from the Alps (Capra ibex) (Supplementary material 2). In
the population from the southern Iberian Peninsula (Capra pyrenaica),
significant differences were found in Smr2 and Svk (Fig. 3 and Supple-
mentary material 2). Svk and Smr2 are two functional parameters that
reflect surface roughness (Table 1), more specifically, the depth of the
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Fig. 3. The mean and standard error (SE) of Svk and Smr2 parameters by sex Capra pyrenaica.

valleys. From Fig. 3, it can be seen that the dental texture wear of the
male goats involves deeper valleys than recorded for females (Svk
parameter).

3.2. Seasonal variability

The seasonal variability between spring and summer in the Capra
pyrenaica wild goat population shows no significant differences in ISO
parameters (Supplementary material 3). For SSFA parameters, even
though no significant differences were found, the surface tooth texture
of wild goats which died in the spring months was characterised by a
higher degree of complexity (Asfc) than that of goats which died in the
summer, but these differences are not significant.

3.3. Age variability

No significant differences in either the ISO or SSFA parameters were
found between adult (2-6 years) and older specimens (<6 years) in the
Capra pyrenaica wild goat population (Supplementary material 4).

0.00185

i

epLsar

0.00165

T T T T T
CH PI SIN ALP QA KH

1.6

3.4. Inter-group variability

The results obtained for the set of SSFA parameters show that do-
mestic goats present significantly lower complexity values (Asfc) than
wild goats (Fig. 4). In terms of anisotropy (epLsar), domestic goats
present slightly higher values than wild goats, even though these trends
are not significantly different (Supplementary material 4).

The analysis of variance (ANOVA), carried out on the ISO parame-
ters, indicated significant differences between goat populations in 24
parameters (Supplementary material 4). Subsequently, a Quadratic
Discriminant Analysis (Box’s M test = 40.156; gl = 18; p > 0.007) was
performed on the basis of these parameters. The QDA removed seven
parameters (s5p, Vmp, Spk, Vvv, Vve, Vv, and Sdv). The Wilks’ lambda
test indicated that there were significant differences between the four
goat groups (WL = 0.116; Khi2 = 100.101; gl = 51; p=<0.001). The
QDA classification was correct for 82.8% of the entire sample. Wild
goats from the Near East (91.7%) and the southern Iberian Peninsula
(100%) were the most accurately classified, followed by the domestic
animals (80%). The wild goat population from the Alps (73.7%) was

Asfc

St
1
W] 1

1o T T
CH PI

1
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Hasfc9

R

0.90 =
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CH PI

T T T T
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Fig. 4. Mean and standard error (SE) of SSFA parameters by goat population and archaeological site (CH = domestic goat reared in an extensive system; CP= Capra
pyrenaica; CI= Capra ibex; CN= Capra nubiana; Kh = Kharaysin; Qa = Tell Qarassa).
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more poorly classified (Table 4 and Supplementary material 6).

Domestic and wild goat populations occupy different areas of the
QDA texture-diet plot (discriminant functionl, DF1 = 52.4%; discrimi-
nant function 2, DF2 = 32.4%) (Fig. 5A). The domestic goats have
significantly more negative DF1 values than the wild goat populations (t
= 13.512, p=<0.001). According to the discriminant coefficients (Sup-
plementary material 7), negative DF1values represent reduced peaks
and valleys, and not a very rough surface (Sq, Sz, and Vmc parameters).
The three wild goat populations occupy different areas along the DF2
axis (38.4%). According to the discriminant coefficients, parameters
related to height (Sq and Sa), peak sharpness (Spc), and function (Svk)
can be discriminated between distinct wild goat populations living in
different ecological niches.

3.5. Status variability

The results show the presence of significant differences between
domestic and wild goats in terms of complexity (Asfc) (Fig. 6). This data
indicates that domestic goats present a lower degree of complexity than
wild ones. There were no significant anisotropy (epLsar) or heteroge-
neity (Hasfc9) differences between these two groups (Supplementary
material 8).

The Analysis of Variance (ANOVA) showed the presence of signifi-
cant differences in 23 ISO parameters (Supplementary material 8). The
LDA (Box’s M test = 2.286; gl1 = 1; p = 0.136), constructed on the basis
of these parameters, removed four parameters (Vmp, Vv, Vvv, and Vvc).
Wilks’ lambda indicated that there were significant differences between
the two groups (WL = 0.412; Khi2 = 41.194; gl = 19; p = 0.002). The
classification was correct for 89.7% of the samples. In more detail, 80%
of the domestic goats were classified correctly, as were 93% of the wild
goats (Table 5 and Supplementary material 9). According to the
discriminant coefficients (Supplementary material 10), the tooth surface
texture of domestic goats presented small height ranges (Sp and Sv pa-
rameters) and a low degree of roughness (Smc), suggesting that the
surfaces were more polished than those of wild goat teeth (Fig. 7).

3.6. Archaeological samples

The results obtained through the SSFA parameters show that the
goats from Tell Qarassa (n = 3) and Kharaysin (n = 13) have interme-
diate anisotropy (epLsar), heterogeneity (Hasfc9) and complexity (Asfc)
values (Figs. 4 and 6).

The archaeological samples from Tell Qarassa and Kharaysin were
added to the Quadratic Discriminant Analysis (Fig. 5B). Two goats from
Qarassa presented negative values for DF1, and one individual had
values close to ‘0’. The samples from Kharaysin presented a high degree
of variability. Four individuals had negative values for DF1, six in-
dividuals plotted close to ‘0’, and three other specimens presented
positive values. The variability of the specimens from Kharaysin is
higher than for any of the extant wild or domestic goat populations

Table 4
Classification of each extant wild and domestic goat group using the classifica-
tory rule obtained from Quadratic Discriminant Analysis (QDA).

Extant wild and Capra hircus Capra Capra Capra
domestic goat (Extensive ibex nubiana pyrenaica
groups system)
Capra hircus 12 (80%) 2 1 (6.8%)
(extensive (13.3%)
system)
Capra ibex - 11 - 1 (8.3%)
(91.7%)
Capra nubiana - 1 (8.4%) 11 -
(91.7%)
Capra ibex - 2 3(15.8%) 14 (73.7%)
(10.5%)
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Fig. 5. (A) Quadratic discriminant analysis (QDA) of ISO parameters that
exhibit significant differences between different wild and domestic goat pop-
ulations. The circle shows the centroid for each group. (B) Plot of archaeolog-
ical specimens of Tell Qarassa and Kharaysin according to the QDA conducted
on extant specimens.

(Fig. 8).

The predictive model obtained for domestic and wild goats using the
LDA was used to classify the archaeological specimens (Table 6). One of
the three goats from Tell Qarassa was classified as being “domestic”.
Three individuals from the Kharaysin site (23.1%) were classified as
being “domestic” and the rest (76.9%) as “wild”.

4. Discussion
4.1. DMTA can discriminate between extant wild and domestic goats

In this work, we analysed three extant wild goat populations (Capra
pyrenaica, Capra ibex and Capra nubiana) from three different regions
(the southern Iberian Peninsula, northwestern Italy, and the Near East,
respectively), and a domestic goat population (Capra hircus) reared in an
extensive system, in wooded areas, in the northeastern Iberian Penin-
sula. We explored whether, and how, DMTA differs between these four
goat groups.

DMTA conducted on the dental occlusal surface enabled the do-
mestic goats analysed and the three groups of wild goats combined



J.-M. Sergio et al.

Journal of Archaeological Science 155 (2023) 105779

epLsar Asfc Hasfc9

0.00185 7.0 1.60

/ o - Ly

I St

0.00180 = { 4.0= I 0.90 = {

TRl I {

9 el el

0.00175 1.0 0.20

T T T T
DOM WLD QA KH

T T T T
DOM WLD QA KH

T T T T
DOM WLD QA KH

Fig. 6. Mean and standard error (SE) of SSFA parameters by goat status and archaeological site (DOM = domestic; WLD = wild; Kh = Kharaysin; Qa = Tell Qarassa).

Table 5

Classification of extant domestic and wild specimens (combined in a single
group) using the classificatory rule obtained from Linear Discriminant Analysis
(LDA).

Goat status Domestic goats Wild goats
Domestic goats 12 (80%) 3 (20%)
Wild goats 3 (7%) 40 (93%)

together to be distinguished. The dental microwear surfaces in the do-
mestic goats are less rough and less complex than those of the combined
wild goat populations, which have rougher and more complex tooth
surfaces. The analysis conducted using the four groups individually
showed the same trends. The domestic goats exhibit less complex and

more abraded surfaces than the three wild goat populations, which lived
in diverse ecological niches. Overall, the tooth surface texture in the
domestic goats and the three wild goat populations present different
degrees of abrasion.

In this study, a single herd management strategy was studied. The
domestic goats analysed were fed in an overgrazed and human-modified
environment, as the shepherd herds the goats through similar pasture-
lands throughout the year. Given the low availability of woody plants,
the ingestion of herbaceous plants close to the ground by the domestic
goats was representative (see 2.1.2). The high degree of abrasion on the
dental surface of domestic goats could be explained by mechanical
factors related to the intake of grasses and dust (Scott et al., 2006;
Merceron et al., 2016). However, there are other factors that could
contribute to these differences.

Physiological factors, such as the muscle force used during the

Discriminant function 1 (100%)
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Fig. 7. Linear Discriminant Analysis (LDA) of ISO that exhibit significant differences between domestic and wild goats (combined in a single group).
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Table 6

Classification of each archaeological specimen according to the results obtained
from Linear Discriminant Analysis (LDA) conducted on extant domestic and wild
specimens (combined in a single group).

Site Number of specimens  Taxon Domestic ~ Wild

Kharaysin 2 Capra f. aegagrus ~ 0.44318 0.55682
Kharaysin 3 Capra f. aegagrus ~ 0.00018 0.99982
Kharaysin 6 Capra f. aegagrus 0.38610 0.61390
Kharaysin 8 Capra f. aegagrus ~ 0.00172 0.99828
Kharaysin 10 Capra f. aegagrus ~ 0.00050 0.99950
Kharaysin 13 Capra f. aegagrus 0.98929 0.01071
Kharaysin 18 Capra f. aegagrus  0.05936 0.94064
Kharaysin 19 Capra f. aegagrus ~ 0.06523 0.93477
Kharaysin 22 Capra f. aegagrus 0.44440 0.55560
Kharaysin 25 Capra f. aegagrus 0.90070 0.09930
Kharaysin 29 Capra f. aegagrus ~ 0.15523 0.84477
Kharaysin 32 Capra f. aegagrus ~ 0.01996 0.98004
Kharaysin 33 Capra f. aegagrus 0.99805 0.00195
Tell Qarassa 10 Capra f. aegagrus ~ 0.23527 0.76473
Tell Qarassa 17 Capra f. aegagrus ~ 0.99789 0.00211
Tell Qarassa 25 Capra f. aegagrus 0.11083 0.88917

chewing process, may also contribute to dental microwear signals. In
this sense, Harbers et al. (2020) showed changes in locomotor muscles
forces between free-ranging and captive wild boars. Digestive physi-
ology should also be taken into consideration. Ingested dust and grit are
washed off by the liquid of the rumen, thus reducing the abrasive load on
the teeth (Hatt et al., 2019, 2020). The rumination process varies ac-
cording to the type of diet, the sex of the animal (e.g., Gross et al., 1995),
and between ruminants (e.g., Clauss et al., 2009).

The effect of animal domestication on digestive physiology cannot be
ruled out (Clauss et al., 2006). In this sense, some authors have proposed
that one effect of the domestication process would have been a relatively
high ruminal volume in caprines (Garcia-Gonzalez, 1987; Cuartas and
Garcia-Gonzalez, 1992). This change in ruminal volume could have led
to a change in the rumination process. In addition, domestic goats tend
to select more ligneous vegetation in comparison to wild ones (Gar-
cia-Gonzalez and Cuartas, 1989; Cuartas and Garcia-Gonzalez, 1992,
1993; Cuartas et al., 1996; Aldezabal et al., 2002), which could have led
to different rumination times.

In this work, we focused on one single domestic goat management
strategy (extensive system in overgrazed areas). For this reason, these
preliminary results must be taken with caution. It highlights the need to
analyse further domestic goat populations fed using different

management strategies (e.g., grasses and/or fodder).

The DMTA also allowed the three wild goat species to be distin-
guished. They inhabit different ecological niches with diverse food
availability. The significant differences observed between the three
populations probably correspond to this ecological diversity. The ibexes
from the southern Iberian Peninsula (C. pyrenaica) present the highest
values of slope, plateau size and complexity among the wild goats
studied. This is probably due to the fact that, of these three goat pop-
ulations, the diet of this group includes the highest proportion of
ligneous plants (e.g., Martinez, 2000). The Nubian and Alpine goats
present lower values, likely because the intake of herbaceous plants is
higher for these two species (Couturier, 1962; Zingg, 2009; Parrini et al.,
2009; Gross et al., 1995; Hackham and Ritte, 1991).

4.2. The effect of seasonality, age and sex on DMTA

Seasonal and sexual variability can affect DMTA, as reported in
previous studies on extant ungulate populations (e.g., Merceron et al.,
2010; Rivals et al., 2015; Uzunidis, 2020; Merceron et al., 2021). In this
work, we explored how these factors can affect DMTA in goats, and how
they can be taken into account to characterise archaeological goat
palaeodiets.

A portion of the samples from the osteological collections lacked
information related to season of death and sex. For this reason, the
number of specimens for which seasonal- and sex-related variability
could be analysed in this study is limited.

In terms of social behaviour in extant wild goat populations, males
and females are segregated according to the season (e.g., Villaret et al.,
1997; Granados et al., 2001). Group size (unisex or mixed), and the areas
of vegetation that these access vary according to both season and sex. In
this paper, the DMTA conducted on extant goat populations showed
significant differences between males and females in C. pyrenaica, which
could be related to their behavioural segregation. Conversely, no sig-
nificant differences were found related to seasonal variability. However,
the low number of specimens analysed must also be taken into account.
In future work, the use of techniques that distinguish the seasonality of
the last food intakes, such as dental cementum analysis (Monks, 1981;
Naji et al., 2015, 2022; Jiménez-Manchon et al., forthcoming), should be
included.

The results presented in this study show no significant differences
between adults and older individuals. These results are consistent with
studies on extant Iberian ibexes, where differences have only been found
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between adults and the youngest specimens (<2 years; Granados et al.,
2001). In future work, other factors that may affect variability in the
DMTA, such as the use of different facets and teeth, will be analysed.

4.3. Reconstruction of goat diets in the early and middle PPNB sites of
Tell Qarassa and Kharaysin

We analysed the surface enamel texture of goats (Capra f. aegagrus)
from two PPNB sites in the southern Levant: Tell Qarassa and Kharaysin.
In these contexts, the goat is the most-common taxon, as is the case in
the majority of the Neolithic sites from this region dated to the same
period (Horwitz et al., 1999; Martin and Edwards, 2013; Munro et al.,
2018; Gourichon and Kolska-Horwitz, 2021). However, the status of
Capra f. aegagrus is very difficult to determine. This paper, represents the
first attempt to explore the use of DMTA to characterise and infer the
status of PPNB goats.

For the Early PPNB site of Tell Qarassa, the ISO parameters reveal
surface textures characterised by intermediate height and volume
values. The SSFA parameters show intermediate isotropy and
complexity, suggesting that both grasses and woody plants were
consumed. The palaeoenvironmental data from Tell Qarassa evidences
the presence of open Savannah-type landscapes with grasslands and
trees suitable for agropastoral activities (Arranz-Oategui et al., 2017).
The results obtained from the DMTA fit this scenario. However, caution
must be exercised due to the low number of specimens analysed.

At Kharaysin, the specimens tend to present a surface enamel texture
with values that are compatible with the intake of ligneous plants. Ac-
cording to preliminary carpological studies, eudicotyiledonous plants
were predominant (Ibanez et al., 2019).

The large variability seen in the Kharaysin goats is noteworthy. This
variability is greater than in any of the extant goat populations analysed
in this work. This cannot be due to the presence of different species of
Capra because no Capra nubiana remains have been identified at this site
so far. However, the osteological discrimination between C. nubiana and
C. aegagrus has to be taken into account. Indeed, based on mitochondrial
DNA analysis, a few bones of Capra nubiana has been identified in Pre-
Pottery Neolithic levels at the southern-levantine site of Abu Ghosh
(Bar-Gal et al., 2002).

Ecological and environmental factors can be rejected. On the one
hand, it does not seem likely that the inhabitants of Kharaysin could
have regularly hunted beyond a 20 km radius from the settlement. On
the other hand, the preliminary palaeoenvironmental data suggest that
there were no significant changes during the 9th and 8th millennia BC.
In this sense, the further study gazelle diets, a wild ungulate that was not
domesticated, could provide more information for comparison.

The specimens of the extant goat populations we analysed died in
different seasons and correspond to both males and females (Supple-
mentary material 1). These factors could have affected the DMTA (see
Section 4.2), resulting in increased intra-group variability. Even so, the
variability observed in the PPNB goats from the Kharaysin site is higher
still. For this reason, we think that the greater variability is not related to
either sex or season of death.

The tooth microwear diversity in the Kharaysin goats could be an
indicator of human-controlled feeding behaviours. The concomitant
occurrence of wild goat hunting and experimental management systems
could explain this high degree of variability. Managed goats would have
grazed in areas close to the site, possibly in a human-modified land-
scape, in croplands and/or livestock pens. In this sense, at Tell Qarassa,
coprophilous fungi have been identified in the surroundings of the site
(Arranz-Oategui et al., 2017). New experimental programmes assessing
extant domestic populations are needed to improve our understanding
of the diet of early managed goats.

Stable carbon and nitrogen isotope analyses conducted on Capra
specimens from the MPPNB site of Abu Ghosh and Late PPNB site of
Basta have shown a wide variability in goat diet, higher than in gazelles,
which has been related to the presence of early managed animals
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(Makarewicz and Tuross, 2012). Reduction in goat body size in Middle
PPNB sites, such as Tell Aswad, Kfar Hahoresh and Yiftah’el sites, sug-
gests the presence of early managed animals at more or less the same
period of the MPPNB levels of Kharaysin (Helmer and Gourichon, 2008,
2017; Munro et al., 2018; Sapir-Hen et al., 2016). The classification of
three of the 12 archaeological specimens of Kharaysin as “domestic”
supports this explanation. Regarding Tell Qarassa, whose occupations
date back to the EPPNB, the status of the exploited goats is still uncer-
tain, although one the three teeth analysed was classified as closer to the
present-day domestic goats than to the comparative wild populations.

5. Conclusions

In this paper, we explored the use of DMTA to discriminate dietary
behaviour between wild and domestic goats. The DMTA applied to
extant populations demonstrates that this method facilitates the correct
differentiation of wild and domestic goats. In general, domestic goats
present a more abraded tooth texture surface than wild ones. This
greater degree of abrasion may be due to mechanical factors, related to
the intake of a high amount of dust/grit and grasses in a human-
modified environment, since domestic goats generally browse in
similar areas throughout the year, very probably in overgrazed pastures.
Physiological agents, such as digestive physiology and muscle force
differences between wild and domestic goats, cannot be ruled out,
possibly in addition to the first factor mentioned above. The intragroup
variability results obtained show that, despite the existence of a certain
level of variability related to sex and the season of death, the intragroup
values of extant wild and domestic goats are homogeneous. However,
caution must be exercised as the sample sizes studied were quite small
and because only one goat management strategy was taken into account.

The DMTA conducted on Capra f. aegagrus from two key Pre-Pottery
Neolithic B sites from the southern Levant (Tell Qarassa and Kharaysin)
showed great variability in the dental microwear texture, suggesting the
presence of diversified diets. The variability of specimens from these
sites is greater than for any of the extant wild or domestic goat pop-
ulations studied and could reflect the occurrence of both hunted and
controlled goats in the faunal assemblages. These preliminary results
could support the hypothesis that humans manipulated certain goats
and, therefore, evidence the initial experimentation with goat man-
agement strategies in the southern Levant during the 9th and 8th
millennia BC.

The aim of this paper was to explore and provide a new line of evi-
dence to identify the behavioural changes in early human-controlled
goats that may have occurred prior to the appearance of clear
morphometric changes. Our results show that DMTA can be a relevant
proxy to investigate goat domestication and early husbandry practices.
Future works will need to consider a broader spectrum of livestock
management strategies and a larger archaeological corpus.
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