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A B S T R A C T   

Sheep predominate the Early Neolithic faunal assemblages in the Iberian Peninsula. Their exploitation for meat 
and milk production made them key to the economy of these early farming societies. Management of sheep 
breeding season and feeding in the context of the local environment were decisive in obtaining these livestock 
products. This work focuses on these aspects through stable isotope and dental microwear analyses on sheep 
teeth from the cave of Chaves (Huesca, Spain). The results show the existence of “out of season” (autumn/early 
winter) sheep births in the Early Neolithic, contrasting significantly with spring lambing prevailing in Neolithic 
husbandries elsewhere in Europe and confirming the antiquity of a western Mediterranean characteristic in this 
regard. Furthermore, little changes in sheep diet throughout the year have been documented, as far as could be 
evidenced from stable carbon isotope ratios and dental microwear. Only two individuals showed higher vari-
ability in diet on a seasonal scale with possible contribution of C4 plants, possibly from grazing in the valley 
steppes at lower altitudes. Overall the results suggest good adaptation of sheep to the Pyrenean mid-altitude 
environment and strong zootechnical knowledge of the earliest shepherds in this area.   

1. Introduction 

Sheep were an important component of the earliest husbandries in 
the Mediterranean. This species was introduced relatively quickly into 
the Iberian Peninsula, together with goats, cattle and pigs (Saña, 2013; 
Saña et al., 2020). Around 5600–5400 cal BC, domestic animals are 
attested in the whole Iberian Peninsula, from the Mediterranean to the 
Atlantic coasts. Domestic caprines were the most abundant in the Early 
Neolithic herds in the Iberian Peninsula, among which sheep predomi-
nated goat in almost all sites (Saña et al., 2020). Sheep were exploited 
mainly for meat and milk (Debono Spiteri et al., 2016; Sierra et al., 
2019). This species was a fundamental part of the small-scale mixed 
intensive farming system proposed for the Early Neolithic in the Iberian 
Peninsula (Antolín, 2016, 2015; Antolín et al., 2018), in which livestock 
farming would have been intensive and with multipurpose animal 

exploitation (Antolín et al., 2014; Sierra et al., 2019), resembling sys-
tems described for other Mediterranean regions such as Greece (Hal-
stead, 2006, 1996, 1981). In this model, agriculture and animal 
husbandry would be interconnected. Animal husbandry would have 
been restricted to crop fields (because woodland clearings are limited), 
where small numbers of sheep would have been grazed at some time of 
the year, resulting in direct manuring (Halstead 1981). Animal hus-
bandry would have been diversified into different species and different 
products (meat, milk and traction) (Halstead 1996), as documented in 
the Neolithic period on the Iberian Peninsula (Antolín et al., 2014; 
Helmer et al., 2018; Sierra et al., 2019). Intensively managed herds 
would generally be kept on the settlement, especially during the winter. 
During these periods, they would have to be fed with fodder, which 
could consist of stems, leaves, branches, grains or by-products of the 
various stages of crop processing (Halstead 1998). 
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The livestock management practices of the earliest farming societies 
in the Iberian Peninsula have been little addressed. Studies involving 
stable isotope analysis, increasingly commonly used to investigate 
husbandry practices, have been scarce and focused in the northeast of 
the Iberia. These studies have shown the existence of different hus-
bandry management regimes for pigs in different sites of the Early 
Neolithic (Navarrete et al., 2017) and different food regimes for cattle, 
goats and sheep at the La Draga site (Navarrete et al., 2019). It seems 
that during the Early Neolithic there were various livestock manage-
ment practices related to the herding of different species, the exploita-
tion of different livestock products and adaptation to the different 
Iberian environments. 

In this research context, the cave of Chaves (Central Pyrenees; 
5600–4900 cal BC) (Utrilla and Laborda, 2018) provides some of the 
earliest evidence for the introduction of sheep into the Iberian Penin-
sula, with dates similar to the oldest ones on the Mediterranean coast. 
The site is located within the Ebro basin in the first mountainous ranges 
of the central Pyrenees (elevation 640 m). Its surroundings were char-
acterized by the presence of an open forest (Alcolea et al., 2017; López- 
García, 1992; López-García and López-Sáez, 2000), with high altitude 
pastures to the north and steppe landscapes to the south. This situation 
allowed for the combined exploitation of the valley and the mountain 
(Alcolea et al., 2017) providing access to multiple resources. At Chaves, 
sheep were quickly adopted and were the most abundant of the live-
stock. This species was exploited for meat and milk, as indicated by the 
mortality profiles (Sierra et al. 2019). 

The present study aims at characterizing in more details Early 
Neolithic sheep husbandry at Chaves on the seasonal scale, focusing on 
the management of animal breeding and feeding. Wild herbivores have a 
seasonal breeding strategy due to the underlying physiological mecha-
nisms of animal adaptation to environmental conditions (Chemineau 
et al., 2008). Today, although sheep have retained a strongly seasonal 
reproduction, some sheep breeds originating from the Mediterranean 
area can lamb in the autumn, bringing benefits in terms of out-of-season 
availability of animal products (Gómez-Brunet et al., 2012; Valls Ortiz, 
1983). Recent research has shown autumn lambing in the Early 
Neolithic of Southern France, in the Epicardial occupations at Taï 
(altitude 54 m; 5270–4990 cal BC) and Gazel (250 m; 5350–5050 cal BC) 
in the Languedoc region (Tornero et al., 2020). This important finding 
implies both the physiological adaptation of sheep and intentional 
management by the herders, implying skills in the manipulation of 
socio-sexual signals in sheep herds (Tornero et al., 2020). One objective 
of our study was to determine whether autumn lambing may also have 
occurred at Chaves, in an earlier context and in different environmental 
settings in a middle mountain location. 

In addition, this work aimed to evaluate the feeding regimes of the 
Chaves sheep taking into account the exploited landscape around 
Chaves, the herd feeding management strategies and their role in the 
management of the breeding season. Domestic herds feeding manage-
ment of fundamental for livestock production. Both the availability of 
forage resources and the dietary requirements of herds change season-
ally. Ruminants are adapted to seasonal variations of food. Despite this 
adaptation, feeding is key for the meat and milk production (Morand- 
Fehr et al., 2007), the herds health and reproduction (Lamy et al., 2012). 
Fecundation (Abecia et al., 2006), gestation, birth, and lactation are risk 
stages (in which they require more energy) for females (Kilgour et al., 
2008; Kind et al., 2006; Meikle et al., 2018; Rosa and Bryant, 2003), for 
what feeding must be controlled to ensure the survival of the offspring. 
Especially in a context where autumn lambing could be envisaged and 
will be investigated, a special attention could have been given to winter 
food provisioning, aiming at reducing weight loss in prevision to spring 
mating (Tornero et al., 2020). 

2. Background 

2.1. Investigating sheep diet 

Sheep are ruminants. Ruminants are divided into three groups, 
browsers or concentrate selectors, grazers or grass and roughage eaters 
and mixed feeders or intermediate opportunistic (Hofmann, 1989). 
Sheep are considered grazers, with a preferential diet of grasses in 
certain environments (Balasse and Ambrose, 2005; Hofmann, 1989), but 
can also be fed browse (Papachristou, 1997; Redding, 1981). Browse can 
also be included in the form of tree branch fodder as a seasonal 
complementation to face the scarcity of grass resources, reflecting a 
specific intervention by the herders and the exploitation of a specific 
part of the landscape (forested areas). 

The analysis of stable carbon isotopes in bioapatite (δ13C) has been 
used previously to determine the feeding patterns of domestic herds. 
Carbon is incorporated into tissues from plant intake (Lee-Thorp and van 
der Merwe, 1991; Tieszen, 1991). The measurement of stable carbon 
isotope ratios (13C/12C) allows distinguishing between different plant 
types in diet, including the reliance on plants with different photosyn-
thetic processes such as C3 and C4 grasses. Most of the grasses in the 
Iberian Peninsula are C3, but there is a small proportion of C4 grasses 
(Pyankov et al., 2010), specifically those from the Chenopodiaceae and 
Amaranthaceae families (Domínguez-Llovería, 2011; Sanz-Elorza, 
2009). Today, plants from these families are documented in arid areas 
such as those in the lowlands and middle mountain of the Ebro basin 
(between 200 and 800 m, although they can reach up to 1500) but do 
not occur in the mountain due to lower temperatures at higher eleva-
tions. Potential seasonal variations in the relative contribution of these 
different plant resources in sheep diet, as a tracer of mobility between 
the lowlands and the highlands, may be reconstructed through 
sequential analysis in enamel (Balasse et al., 2002; Navarrete et al., 
2019; Tornero et al., 2020). Moreover, δ13C values also allow to char-
acterize the feeding environment in which the animals are fed, dis-
tinguishing between plants grown in open and closed environments: the 
later are characterized by significantly lower stable carbon isotope ratios 
due to the canopy effect (Bonafini et al., 2013; Drucker et al., 2008; 
Drucker and Bocherens, 2009; van der Merwe and Medina, 1991). 

Dental microwear is a technique that attempts to identify and 
quantify the microtraces present on the occlusal surface of the tooth 
enamel (Mainland, 1998a; Solounias and Semprebon, 2002). These 
microtraces allow the inference of the diet in the last intakes, which is 
called the “Last Supper” effect (Grine, 1986; Mainland, 1998b). These 
marks are usually scratches and pits with different morphology. 
Depending on their relative occurrences, one can distinguish between 
browsers, grazers or mixed-feeders, and try to reconstruct the landscape 
in which the species live and feed. Dental microwear has been used since 
the last decades applied to wild animals, to know diet and paleoenvir-
onment (Rivals et al., 2009). The application to domestic species is less 
common. A greater variability in dental microwear in domestic animals 
due to human intervention is challenging the method (Gallego-Valle 
et al., 2020; Jiménez-Manchón et al., 2020; Mainland, 2006, 2003, 
1998a). 

The combined use of sequential stable isotope analysis and micro-
wear analysis allows different levels of time resolution and qualitive 
assessement. On the one hand, the sequential isotopic analysis in enamel 
allows tracing dietary changes occurred during the period of tooth for-
mation, which covers the first years of life in sheep molars (Milhaud and 
Nezit, 1991; Weinreb and Sharav, 1966), with a multiple season record. 
On the other hand, dental microwear analysis allows investigation of 
diet over the last days or weeks before death, and also enables to specify 
diet abrasiveness and the relative proportion of browse and graze (Grine 
1986, Mainland 1998b), which cannot be defined using stable carbon 
isotopes in C3 environments. 
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2.2. Investigating sheep birth seasonality 

The reproduction of mammals tends to be seasonal due to physio-
logical mechanisms that allow them to adapt to environmental fluctu-
ations. Births occur when the environmental conditions are better for 
the survival of the female and offspring (Santiago-Moreno et al., 2006). 
In the case of sheep, the seasonality is very marked in high and middle 
latitudes (Rosa and Bryant, 2003). Domestication has extended the 
reproductive period with respect to their wild ancestors (Balasse et al., 
2017a; Hafez, 1952). The seasonality is regulated by different factors, 
among which the photoperiod is the most important (Karsch et al., 
1984). Other aspects such as temperature, feeding, male and females 
interactions, lambing date and lactation period have a modulating effect 
(Rosa and Bryant, 2003). Consequently the reproductive cycle (the 
alternation of a fertile period and a sexual rest period) vary with lati-
tudes but also between breeds (Hafez, 1952), some traits being heredi-
tary (Chemineau et al., 2008). In temperate Europe the annual fertility 
periods are short and lead to winter/spring lambing. By contrast, in 
some Mediterranean breeds a longer fertility period allows breeding in 
the spring, leading to autumn lambing (Chemineau, 1993; Hadjikoumis 
et al., 2018; Tornero et al., 2020). In particular, most of the current 
breeds in the Iberian Peninsula have long fertility periods (Forcada et al., 
1992; Gómez-Brunet et al., 2012; Valls Ortiz, 1983). Recent work has 
shown a prolonged period of breeding for sheep in the Early Neolithic of 
Southern France with autumn/winter births (Tornero et al., 2020), 
contrasting to all other Neolithic Europeans sites from higher latitudes 
where lambing was restricted to late winter/spring (Balasse et al., 2020, 
2017b). 

Research on sheep reproduction in the Neolithic has focused on 
establishing the seasonality of births and the length of the birth period, 
seeking to demonstrate the adaptability of domestic species to new en-
vironments and the management and the exploitation of livestock 

resources by the prehistoric agropastoral societies (Balasse et al., 2020, 
2017b). These works are based on the sequential analysis of δ18O values 
in the bioapatite of dental enamel. Oxygen is fixed in tissues from 
ingested water (Iacumin and Longinelli, 2002; Longinelli, 1984; Luz 
et al., 1984). Oxygen stable isotope ratios in precipitation vary accord-
ing to ambient temperature and rainfall amount. Sequential analysis of 
tooth enamel allows reconstructing the seasonal variations in the δ18O 
values recorded over the period of mineralization of tooth enamel 
(Balasse et al., 2002, 2003). 

3. Materials 

3.1. Site 

Cave of Chaves (Bastarás, Huesca; Fig. 1) is located in Sierra de 
Guara, the highest sector of the Central Pre-Pyrenees, at 640 m above sea 
level. This is a conglomerate cave with a mouth 60 m wide by 30 m high 
and a depth of 225 m (Baldellou, 2012; Utrilla and Laborda, 2018). It has 
Solutrean and Magdalenian occupations, but the most outstanding 
feature is the Early Neolithic sequence, with two levels (1a and 1b) 
whose radiocarbon dates overlap in a 500-year sequence (Utrilla and 
Laborda, 2018). The Early Neolithic occupation goes from 5600 to 4800 
cal BC. The earliest level (1b) is dated between 5600 and 5300 cal BC 
and the most recent level (1a) between 5300 and 4800 cal BC. These 
levels stand out for the richness of their materials, with potteries bearing 
Cardial decorations of Mediterranean influence, a rich lithic and bone 
industry with a large number of polished axes and an important set of 
spoons and spurs on bone support. In addition, the painted pebbles or 
with traces of ochre (Utrilla and Baldellou, 2007, 2001) and a burial in a 
pit, dated to 5308–5057 cal BC (Utrilla et al., 2008), stand out. The diet 
of buried humans shows a high animal protein intake by all individuals 
(Villalba-Mouco et al., 2018). Finally, the faunal assemblage, with over 

Fig. 1. Map showing location of Chaves in Ebro basin and Iberian Peninsula.  
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12,000 identified remains (Castaños, 2004) is one of the most important 
for the Early Neolithic in the Iberian Peninsula. Among the fauna re-
mains, those of sheep are the most abundant, both at level 1a and 1b, 
being only comparable with other sites such as La Draga (Saña, 2011), 
Cueva de Sarsa (Boessneck and Von den Driesch, 1980), Cueva de l’Or 
(Pérez Ripoll, 1980) or Nerja (Liesau and Morales, 2012). The landscape 
around Chaves in the Early Neolithic (1b level) was characterized by a 
slightly open forest (Arboreal Pollen 40–60%) dominated by pine forests 
and mixed oak forests. The presence of mesophyte tree species (Acer, 
Alnus, Tilia and Corylus) and Mediterranean shrubs (Arbutus unedo, 
Fabaceae and Phillyrea/ Rhamnus) was also documented (Alcolea et al., 
2017; López-García, 1992; López-García and López-Sáez, 2000). 
Permanence of the habitat within the cave is reflected from spaces 
defined for different uses, a diversity of lithic instruments and carried 
out activities, the variety of ceramic forms, and the presence of hearths, 
storage structures and cobbled floors (Utrilla and Laborda, 2018). 

3.2. Samples 

Sheep teeth were selected for microwear and sequential stable 
isotope analyses (Table 1). Morphological criteria were used to distin-
guish sheep from goats (Balasse and Ambrose, 2005; Gillis et al., 2011; 
Halstead et al., 2002; Helmer, 2000; Payne, 1985; Zeder and Pilaar, 
2010). A total of 14 lower molars of 12 sheep (8 seconds molars and 6 
third molars) were selected for isotope analysis. Most of them were 
slaughtered between 24 and 48 months (Sierra et al., 2019) Table 1). All 
of them belong to level 1b except for individual CH Ovis 5, belonging to 
level 1a. A total of 59 dental remains were selected for dental microwear 
analysis. All teeth analysed for stable isotope ratios were analysed for 
microwear. Of these, 30 were sheep belonging to different age classes (C: 
6–12 months; SD: 12–36 months; EF: 24–48 months; G: 48–72 months; 
HI: more than 72 months). The remaining samples were cattle (Bos 
taurus) (7), red deer (Cervus elaphus) (8), roe deer (Capreolus capreolus) 
(5) and the Iberian ibex (Capra pyrenaica) (9). The aim of the presence of 
these other species is to enable comparison of the results with other 
domestic and wild ruminants, with different food preferences (grazers: 
cattle and Iberian ibex, mixed feeding: red deer; browsers: roe deer) 
(Hofmann, 1989). 

4. Methods 

4.1. Stable isotope analysis 

A sequential sampling was performed on the molar buccal side, on 
the posterior lobe of M2 and on the middle lobe of M3 following the 
procedure described in Balasse et al. (2002). The lobe surfaces were 
cleaned by abrasion with tungsten drills. The enamel was sequentially 
drilled using a diamond bit perpendicular to the tooth growth axis from 

the apex to the enamel-root junction. A low magnification lens (×3) was 
used throughout the sampling process. The sampling covers the entire 
height of the crown and the samples are spaced at intervals of 1–1.5 mm. 
Each sample covers a horizontal band less than one millimetre wide that 
perforates the entire thickness of the enamel layer. The samples were 
located in tooth crown using their distance from the cervix of the crown. 

The samples were pre-treated to eliminate diagenetic carbonates (4 h 
in 0.1 M acetic acid [CH3COOH]; 0.1 ml solution / 1 mg sample) ac-
cording to the protocol in Balasse et al. (2002) modified in Tornero et al. 
(2013). The pretreated enamel powders were analysed in a Kiel IV de-
vice connected to a DeltaVAdvantage IRMS. The accuracy and precision 
of the measurements were verified using an internal laboratory calcium 
carbonate standard (Marbre LM standardized according to the interna-
tional standard NBS 19). The results are expressed in V-PDB. The 
analytical precision within each run, estimated from four to eight ana-
lyses of Marbre LM, was on average 0.04‰ for δ18O values and 0.02‰ 
for δ13C values. Over the period of analysis of the Chaves enamel sam-
ples, the analysis of 103 Marbre LM gave an average δ18O value of 
− 1.99 ± 0.04‰ (expected value − 1.83‰) and +2.16 ± 0.03‰ (ex-
pected value +2.13‰). 

Finally, the δ18O sequences were modelled using an equation derived 
from a cosine function described in Balasse et al., (2012) using four 
parameters: the position of the maximum δ 18O value (x0); the period of 
the cycle (X; distance over which one annual cycle was recorded); the 
amplitude of the signal (A) and the mean (M). The cycle period (X) was 
used to normalize x0 in order to eliminate inter-individual variability in 
tooth size (Balasse et al., 2012). The x0/X ratio varies with the season of 
birth. The season of birth is estimated by comparison with reference x0/ 
X ratios obtained in modern sheep (Balasse et al., 2020). All results are 
shown using a circular representation to reflect the cyclical nature of 
seasonality (Balasse et al., 2020). 

4.2. Dental microwear 

The methodology of Solounias and Semprebon (2002) was followed. 
First, the negative moulds of the selected teeth were made with high 
resolution dental silicone (Provil®novo Light CD) and then a second 
layer using low resolution dental silicone (Provil®novo Putty). For the 
positive moulds, pure transparent epoxy resin was used (C.T.S.® EPO 
150 resin and K 151 catalyst) (Camarós et al., 2016; Solounias and 
Semprebon, 2002). The positive moulds were analysed using a Zeiss 
Stemi 2000C stereomicroscope in the facilities of IPHES (Catalan Insti-
tute of Human Paleoecology and Social Evolution), illuminated with the 
CL1500 ECO light source. The images have been taken with the DeltaPix 
Invenio 5SII camera. The samples were analyzed by AS under the su-
pervision of FR. The observations were made twice in different parts of 
the protoconid of the selected lower molars and premolars, having as 
reference a 0.4 × 0.4 mm grid. The following variables, used in previous 
studies (Gallego et al., 2017; Jiménez-Manchón et al., 2018; Rivals et al., 
2011), are: number of pits; number of scratches; number of small and 
large pits; number of fine and coarse scratches; the range of thickness of 
the scratches or SWS (scratch width score), distinguishing between 
predominance of fine scratches (0), predominance of coarse scratches 
(2) and the same amount of fine and coarse scratches (1); the presence of 
more than four cross scratches (CS); and the presence of depressions of 
irregular circumference or gouges (G). The numbers of scratches and pits 
allows distinction between grazers and browsers. To compare between 
both types of diets, the database of modern wild animals of Solounias 
and Semprebon (2002) was used. The R script created by Rivals (2019) 
was used for the elaboration of the microwear graphs. 

5. Results 

5.1. Stable isotope analysis 

The results from the measurements of stable carbon and oxygen 

Table 1 
General information about the specimens selected for stable isotope analysis. 
Age has been calculated using Payne (1987, 1973) and Jones (2006).  

ID Teeth Side Payne Payne Jones Jones 

classes age classes age 

CH Ovis 1 M2 R E 24–36 m E1/2 19–36 m 
CH Ovis 2 M2-M3 R E 24–36 m E3+ 22–42 m 
CH Ovis 3 M2 L EF 24–48 m –  
CH Ovis 4 M2 R D 12–24 m D6+ 14–27 m 
CH Ovis 5 M2-M3 R F 24–36 m F9/10 – 
CH Ovis 6 M2 R E 24–36 m E3+ 22–42 m 
CH Ovis 7 M2 L E 24–36 m – – 
CH Ovis 8 M2 R E 24–36 m E1/2 19–36 m 
CH Ovis 9 M3 L G 48–72 m – – 
CH Ovis 10 M3 L F 36–48 m F5/8 30–54 m 
CH Ovis 11 M3 R F 36–48 m F9/10 42–66 m 
CH Ovis 12 M3 R F 36–48 m F9/10 42–66 m  
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isotope ratios are shown in Table 2 and Fig. 2. 

5.1.1. Oxygen isotope ratios 
Overall, the δ18O values vary between − 5.3‰ and 2.8‰. In the 

second molars, the mid-range values vary between 0.5‰ and − 3.2‰, 
and the amplitude of intra-tooth variation is between 2.1‰ and 4.7‰. In 
the third molars, the mid-range δ18O value varies between − 0.4‰ and 
− 3.1‰, and the amplitude of intra-tooth variation is between 2.9‰ and 
5.5‰. 

The intra-tooth δ18O sequences for both M2 and M3 vary according 
to a sinusoidal pattern, which probably reflects the seasonal cycle, with 
the lowest values in the cold season and the highest in the warm season. 

5.1.2. Modelling of the δ18O sequences 
Results from the modelling of the δ18O sequences and the normalized 

location in tooth crown of the δ18O sequence optimum (x0/X) are shown 
in the Supplementary materials. CH Ovis 3 M2, CH Ovis 4 M2 and 
CH Ovis 12 M3 could not be modelled due to truncated sequences. A 
duration of the births period of 0.35 year (or 4.2 months) is documented 
from the M2 where the x0/X ratios vary between 0.94 (or − 0.06) and 
0.29. For the M3, a duration of 0.42 year (or 5.1 months) is documented 
with x0/X ratios varying between 0.07 and 0.49 (Figs. 3 and 4). 

5.1.3. Carbon isotope ratios 
For all teeth except CH Ovis 5 and the last samples of CH Ovis 9, the 

δ13C values vary between − 12‰ and − 10.5‰. In the second molars, the 
mid-range value varies between − 11‰ and − 11.4‰, and the intra-tooth 
variation is between 0.4‰ and 1.6‰. In third molars, the mid-range 
value varies between − 10.5‰ and − 11.4‰, and the intra-tooth varia-
tion is between 0.8‰ and 1.2‰. 

Fig. 2 shows intra-tooth variations in the δ13C values in the second 
and third molars. Leaving aside CH Ovis 5 and the last samples of CH 
Ovis 9, all remaining individuals have very similar values that vary 
between − 12‰ and − 10.5‰, within a range of 1.6‰ for the M2 and 
between − 12‰ and − 10‰, within a range of 2‰ for the M3. The 
maximum amplitude within each tooth does not exceed 1.6‰. 

Individual CH Ovis 5, which was directly dated between 5294 and 
5051 cal BC, stands out with higher δ13C in both second and third molars 
(M2: max = 9‰, min = 10.2‰, mid-range = -9.6‰; M3: max = -7.7‰, 
min = -10.1‰, mid-range = -8.9‰). Individual CH Ovis 9 also has 
higher values from δ13C, especially in the part of the crown latest formed 
(M3: max = -8.9‰, min = -11.6‰, mid-range = -10.3‰). Those could 
either reflect consumption of C3 plants from dry environments (Kohn, 
2010) or the contribution in the diet of C4 plants (Cerling et al., 1993; 
Vogel, 1978). 

5.2. Microwear analysis 

Of the total 59 samples selected, 19 were discarded due to tapho-
nomic alterations preventing the observation of microwear (El-Zaatari, 
2010; King et al., 1999). These alterations resulted mainly from abrasion 
and erosion. Of the remaining 40 analyzed, 19 belonged to Ovis aries, 5 
to Bos taurus, 6 to Cervus elaphus, 5 to Capreolus capreolus and 5 to Capra 
pyrenaica. Sheep are in different age stages (C = 5; D = 2; DE = 1; EF = 9; 
G = 1; HI = 2). 

In general, all species are characterised by enamel surfaces with a 
low number of pits (Mean = 13.7) and scratches (Mean = 9.5) (Fig. 5). 
The scratches have a range between 4.5 and 19. The pits are between 6 
and 29. The pits are more numerous than the scratches in all species 
except the Capra pyrenaica, where the number of scratches and pits is 
similar. The diet of these 5 species is very similar to each other, as the 
statistical tests show (Table 3). The variability of scratches is higher 
among wild animals than among domestic ones (Fig. 6), while in the pits 
these differences between wild and domestic animals are not observed 
(Table 4). 

Sheep are characterized by a low number of pits (Mean = 16) and 
scratches (Mean = 7.5). The number of scratches ranges from 4.5 to 13, 
while the pits range from 8 to 29. In 80% of individuals, the pits are 
more numerous than the scratches. In the range of scratch width score 
(SWS), fine scratches predominate in all but four individuals. Large pits 
(LP) are less numerous than small pits. In addition, the absence of 
crossed scratches (CS) and depressions of irregular circumference or 
gouges (G) is noteworthy. These data suggest a browsing diet for this 
species, although differences in feeding at different age stages have been 
detected. Younger animals (stage C: 6–12 months; stage D: 12–24 
months, analysed the M1 of all individuals except one, which has been 
analysed in dp4) have fewer scratches than adults (stage EF: 24–48 
months; stages G and HI: greater than 48 months) (Fig. 7) (Mann- 
Whitney U = 12.5; p = 0.02) but similar numbers of pits (Mann-Whitney 
U = 37.5; p = 0.96). 

6. Discussion 

6.1. Seasonality of sheep births 

The season of sheep births at Chaves may be determined by com-
parison with the modern references with known dates of birth (Carme-
jane: Blaise & Balasse 2011; Rousay: Balasse et al. 2012; Kemenez: 
Balasse et al., 2017b, 2020). Although the modern references are still 
incomplete and document mostly winter and spring births outside of the 
Mediterranean area, additional works are currently being undertaken to 

Table 2 
Results from stable carbon (δ13C) and oxygen (δ18O) analysis of enamel bioapatite. Specimen, tooth, maximum (max) and minimum value (min), mid-range and 
amplitude of intra-tooth variation (A).  Table 2.   

δ13CVPDB (‰) δ18OVPDB (‰) 

Specimen Max Min Mid-range A Max Min Mid-range A 

CH Ovis 1 M2 − 10.94 − 11.91 − 11.42  0.97 − 1.52 − 4.94 − 3.23  3.42 
CH Ovis 2 M2 − 11.07 − 11.51 − 11.29  0.44 0.21 − 3.99 − 1.89  4.19 
CH Ovis 3 M2 − 10.57 − 11.45 − 11.01  0.88 1.81 − 2.16 − 0.17  3.97 
CH Ovis 4 M2 − 10.77 − 11.56 − 11.16  0.80 − 0.68 − 2.73 − 1.71  2.05 
CH Ovis 5 M2 − 9.02 − 10.21 − 9.61  1.18 2.79 − 1.88 0.45  4.67 
CH Ovis 6 M2 − 10.38 − 11.52 − 10.95  1.14 0.08 − 3.91 − 1.91  3.99 
CH Ovis 7 M2 − 10.55 − 11.71 − 11.13  1.16 0.36 − 2.71 − 1.17  3.07 
CH Ovis 8 M2 − 10.39 − 12.00 − 11.19  1.60 − 0.06 − 4.52 − 2.29  4.46 
CH Ovis 9 M3 − 8.92 − 11.58 − 10.25  2.66 0.68 − 3.64 − 1.48  4.32 
CH Ovis 10 M3 − 10.02 − 10.94 − 10.48  0.92 − 0.92 − 5.28 − 3.10  4.37 
CH Ovis 11 M3 − 10.87 − 12.02 − 11.44  1.15 − 0.79 − 3.68 − 2.23  2.88 
CH Ovis 12 M3 − 10.81 − 11.98 − 11.39  1.17 1.34 − 3.06 − 0.86  4.40 
CH Ovis 5 M3 − 7.67 − 10.09 − 8.88  2.42 2.38 − 3.10 − 0.36  5.49 
CH Ovis 2 M3 − 10.74 − 11.53 − 11.13  0.79 0.47 − 3.85 − 1.69  4.32 
Min − 11.07 − 12.02 − 11.444  0.44 − 1.52 − 5.28 − 3.229  2.05 
Max − 7.67 − 10.09 − 8.879  2.66 2.79 − 1.88 0.452  5.49  
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Fig 2. Results from the sequential stable carbon and oxygen isotope analysis in second and third molar (M2 and M3) enamel bioapatite. Each sample is located in the 
tooth crown relative to its distance from the enamel-root junction (ERJ). 

Fig. 3. Distribution of sheep births at Chaves, as reflected by the position of the maximum δ18O value in tooth crown (x0) normalized to the period of the cycle (X). 
The birth season is compared with modern reference sheep (Carmejane CAR: Blaise and Balasse, 2011; Rousay ROU: Balasse et al., 2020, 2017b). Blue, green, yellow 
and orange color areas represent x0/X ratios obtained from modern specimens (colored dots). 
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complete them. Nevertheless, late summer/autumn births are repre-
sented by a few modern data (Fig. 3), and can also be extrapolated as 
occurring outside of the range of values obtained for winter/spring 
births. At Chaves, lambing occurred from the autumn to late spring. The 
timing of sheep births at Chaves is compared to other European sites 
dated between the 6th and 4th millennia BC on Fig. 4. The sheep births 
at Chaves typically occur within the time period defined at other west-
ern Mediterranean sites (Gazel and Taï, 43◦N; Tornero et al., 2020) and 

at the margins of the lambing period defined at other locations in 
temperate Europe (latitudes 44-46◦N). Sheep births in autumn and early 
winter show an extension of the breeding season with respect to present- 
day as well as Neolithic sheep at higher latitudes. Autumn births are 
practiced in today’s western Mediterranean sheep breeds, including in 
the Rasa aragonesa breed native to the same latitudes as Chaves sheep 
(Forcada et al., 1992; Gómez-Brunet et al., 2012; Valls Ortiz, 1983). The 
practice is also documented in medieval texts in the same latitudes 

Fig. 4. Distribution of sheep births at Chaves, as reflected by the position of the maximum δ18O value in tooth crown (x0) normalized to the period of the cycle (X). 
The birth season is compared with archaeological sheep from temperate Europe and the western Mediterranean (Balasse et al., 2020, 2017b; Tornero et al., 2020). In 
dark and light grey colors, the 1σ and 2σ confidence intervals reflect the time of the year when most sheep births occur outside of the Mediterranean area. 

Fig. 5. Photomicrograph of occlusal surfaces of sheep’s teeth at 35x magnification under a stereomicroscope.  
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(Fernández-Otal, 1993). Similar systems have been described in present 
day and as early as in the Pre-Pottery Neolithic period in Cyprus (Had-
jikoumis et al., 2018). However, Cyprus lies at a latitude around 35◦N, 
implying a different photoperiod cycle allowing for a shorter sexual rest 
and a longer fertility period in sheep, providing herders with a wider 
margin to schedule lambing in autumn and winter (Hadjikoumis et al., 
2018). The existence of such strategies in the Western Mediterranean at 
higher latitudes (42-43◦N) would have required an extended fertility 
period, overcoming in a way the photoperiodic control, and perhaps 
revealing a genetic capacity by sheep for it. Our results suggest that this 

particularity existed in the Early Neolithic, implying not only sheep 
physiological capability for an extended fertile period, but also human 
control on the females and males interactions. Additionally, human 
genetic selection may have contributed to the extension of the breeding 
season of Mediterranean sheep (Tornero et al., 2020). 

The existence of the “Mediterranean” type lambing period in the 
Early Neolithic levels at Chaves has biological and economic implica-
tions. First, it may be meaningful in terms of the adaptability of sheep to 
the Iberian environment. A successful adaptation of sheep to the Iberian 
environment was already demonstrated by the predominance of this 

Table 3 
Summary of microwear patterns by species. The number of individuals under study has been indicated (N), the average number of pits (P) and scratches marks of 
individuals in each group (S), the number of scratches/pits (S/P ratio), the percentage of large pits (% LP), pits of irregular circumference (% G), the value of SWS 
(scratch width score) for each species, cross scratches (% XS) and the percentage of individuals with scratches mark counts between 0 and 17 (% 0–17).  

Species N #P #S S/P ratio %LP %G SWS %CS %0–17 

Ovis aries 19 16 7.5  0.56 33.2 0 0.2 0 100 
Bos taurus 5 11.8 9.5  0.81 23 20 0.4 20 100 
Cervus elaphus 6 15.1 8.2  0.54 35 0 0.5 17 100 
Capreolus capreolus 5 15.1 11  0.71 34 20 0 0 100 
Capra pyrenaica 5 11 12  1.05 33 0 0 0 80  

Fig. 6. Bivariate plot of the numbers of pits and scratches grouped by species. Error bars correspond to standard error of the mean (±1 SEM) for each sample.  

Table 4 
Microwear results Mann-Whitney test.  

Mann-Whitney Bos taurus Cervus elaphus Capreolus capreolus Capra pyrenaica 

Scratches Pits Scratches Pits Scratches Pits Scratches Pits 

Ovis aries  0.06073  0.1734  0.76  0.784 0.1614  0.9729  0.08801  0.08279 
Bos taurus    0.4102  0.4102 1  0.5296  0.832  0.4633 
Cervus elaphus     0.3602  0.9269  0.1699  0.4632 
Capreolus capreolus        0.5993  0.2087  
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species among domestic stock in the whole Iberian Peninsula during the 
Early Neolithic (Saña et al., 2020). At Chaves and in the Pyrenean area, 
warm winters, a higher level of humidity and frequent rainfall charac-
terized the Mid-Holocene climate (González-Sampériz et al., 2017; 
Montes et al., 2016). This could have favoured autumnal lambing hus-
bandry systems by providing grazing resources to support autumn and 
winter lactation. In addition to the biological implications, the length of 
the birth period would have had important advantages. Extending the 
birth season could be part of a husbandry strategy to make livestock 
products such as milk available over a longer period of time. 

6.2. Feeding 

6.2.1. Stable carbon isotopes 
The δ13C values show, except for individuals CH Ovis 5 and 9, a diet 

consisting of C3 plants from open environments (Bonafini et al., 2013; 
Drucker et al., 2008; Noe-Nygaard et al., 2005). Low intra-tooth varia-
tions (0.4 to 1.6‰) reflect a small amplitude of variation in diet δ13C 
values on the annual scale and no obvious alternation between different 
diets over the seasonal cycle. The low seasonal variability may have 
several explanations. On the one hand, seasonal variations in δ13C 
values of C3 plants is lower in some Mediterranean plants (Werner and 
Máguas, 2010). Tornero et al. (2018) found reduced variation in plant 
communities in mid- and high-altitude mountain locations. The varia-
tion in the δ13C values of the Vilamajor pastures, located at an altitude of 
709 m in a mid-mountain landscape are around − 1.0‰ (Tornero et al., 
2018). On the other hand, this may also reflect specific management of 
sheep diet by the farmers. At La Draga (Navarrete et al., 2019) a simi-
larly low amplitude in the sheep diet δ13C values has been documented 
(0.9–2.6‰), which was interpreted as reflecting feeding in wetlands 
where plants do not undergo seasonal water stress. However, wetlands 
were not part of Chaves‘s surrounding landscape. Berthon et al. (2018) 
raise the possibility of winter foddering with summer grass. Further-
more, these results contrast with those provided by the experimental 
study carried out on transhumant sheep by Tornero et al. (2018) in the 

same study area. The modern transhumant sheep show a higher 
amplitude of intra-variation of δ13C values than at Chaves (2.2‰ and 
3.3‰; against 0.44‰ to 1.6‰ in Chaves sheep) and show opposed 
variations in δ13C and δ18O values, what is not observed in Chaves. 
Therefore, the amplitude of intra-annual changes in δ13C values as well 
as the pattern of co-variation of δ13C and δ18O values in the sheep teeth 
at Chaves are not in favour of altitudinal mobility. 

Sheep CH Ovis 5 and CH Ovis 9 (in the part of the crown latest 
formed) are an exception to this scheme, showing higher seasonal var-
iations and a potential contribution of dry environments or C4 plants in 
the diet (Fig. 2). Plants from the Chenopodiaceae and Amaranthaceae 
families (including C4 species) are currently present in these latitudes 
(Domínguez-Llovería, 2011; Sanz-Elorza, 2009; Tornero et al., 2018). 
These plants are now mostly located in the arid areas in the lowlands 
(200–500 m above sea level), but also in the middle mountains (until 
1500 m above sea level) of the Ebro basin. They were present in the 
steppes of the Ebro since the Pleistocene, being used as food for livestock 
during their stay in the lowlands (Domínguez-Llovería, 2011). During 
the Last Glacial Maximum and Late Glacial Interstadial they had their 
maximum expansion in the Iberian Peninsula, being part of the steppes 
that dominated the landscape. Later, they regressed from the beginning 
of the Holocene with a more humid climate, although they survived in 
the Ebro basin due to the drier climate (González-Sampériz et al., 2017). 
These drier landscapes would have existed during the mid-Holocene 
(Alcolea et al. 2017), such as in the Monegros (Peñuelas et al., 1999; 
Tornero et al., 2018). CH Ovis 5 and CH Ovis 0 may therefore have been 
taken to steppe areas within the Ebro basin. 

The occurrence of autumn/winter lambing implies mild climatic 
conditions and adequate availability of forage resources and/or that 
farmers were able to supplement sheep diet in those periods of lower 
food availability. At Taï and Gazel, sheep lambing deseasoning is sus-
pected to have been supported by winter foddering using forest re-
sources, in order that sheep reach spring mating with a good body mass 
(Tornero et al., 2020). At Chaves, no such use of forest resources as 
winter forage could be evidenced from δ13C values, even though 

>24 m<24 m

Fig. 7. Bivariate plot of the numbers of pits and scratches of sheep grouped by age. Error bars correspond to standard error of the mean (±1 SEM) for each sample.  
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archaeobotanical data suggest the presence of an open forest during the 
Early Neolithic period (Alcolea et al., 2017; López-García, 1992; López- 
García and López-Sáez, 2000). Alternatively, winter forage could have 
been collected at the margins of the open forests (where a canopy effect 
would not apply) or constituted with other types of plants. As mentioned 
above, it is also possible that the low annual variability in δ13C values is 
explained by the use of summer forage as winter fodder. This hypothesis 
could be supported by the presence of charcoals from different types of 
Mediterranean shrubs (Arbutus unedo, Juniperus, Fabaceae and Phillyrea/ 
Rhamnus) (Alcolea et al., 2017), although these taxa could have had 
other uses. The use of agricultural by-products, such as stubble cereals, is 
also possible. This has been observed in traditional Mediterranean 
livestock farmers, who used to dedicate an important part of their 
cultivated land to cereals for fodder, which were grazed in late winter 
and early spring, mowed in late spring for hay or cropped ripe in early 
summer for grain and straw (Halstead, 2006). 

6.2.2. Microwear 
The degree of abrasion is a fundamental aspect to infer the type of 

diet ingested by the animal populations. In recent years there has been a 
debate on whether the origin of these abrasions is found in the diet itself 
(phytoliths) or are incorporated into it in the form of soil or dust (Schulz- 
Kornas et al., 2020). Different experiments showed that the effect of 
external abrasives depended on their length (Ackermans et al., 2020; 
Hoffman et al., 2015; Merceron et al., 2016; Schulz-Kornas et al., 2020). 
In any case, it seems that both types of abrasives matter and should be 
taken into account. 

In the present study, the number of scratches and pits is low for all 
species, which would correspond to a non-abrasive diet. Feeding from a 
non-abrasive diet would correspond to a browsing diet according to the 
classification of Solounias and Semprebon (2002). This would not 
correspond to the usual preference of the sheep, which tend to prefer 
pastures (Hofmann, 1989), but in certain environments like the Medi-
terranean they may be browsers (Bartolomé et al., 1998; Papachristou, 
1997; Rogosic et al., 2006; Valderrábano et al., 1996). The same applies 
to other species such as cattle, which can also browsers in Mediterranean 
environments (Bartolomé et al., 2011; Brosh et al., 2006; Schoenbaum 
et al., 2018), or the Iberian ibex, which is mixed feeder depending on 
plant availability (Acevedo and Cassinello, 2009; Martínez, 2008). 
Another factor to take into account is that feeding in domestic animals is 
more difficult to characterize from microwear than that of wild species, 
due to a greater number of variables to take into account. The control 
carried out by humans increases the variability in feeding regimes, 
which can range from free or semi-controlled grazing in a variety of 
environments to the use of fodder (Mainland, 2006, 2003, 1998a). 
Further experimental studies are needed to deepen the understanding of 
the relationship between diet and microwear. One recent study has 
experimented with different traditional feeding regimes in modern 
sheep (Gallego-Valle et al., 2020). The diet of the Chaves sheep is less 
abrasive than the different feeding regimes of modern sheep (alfalfa, 
ray-grass, forage, barley and dusty alfalfa). Feeding with a high soil 
content can be ruled out, but it is difficult to classify the type of food 
ingested. It is interesting to note that diets composed of grasses (ray- 
grass) can also leave a low number of scratches (Gallego-Valle et al., 
2020). For this reason, it cannot be ruled out that the diet of the Chaves 
sheep (and other species such as cattle) was made up of low-abrasive 
grasses. It is also interesting from this study that the use of cereal 
straw and grains as hay gives the least abrasive signs, so that feeding 
with cereal-based fodder cannot be ruled out either. 

In any case, at Chaves, the diet of the sheep is not very variable, 
especially when compared to wild species. This may be due to a more 
selective type of diet of the sheep with respect to the rest of the animals, 
or to a close control by herders over the sheep. Also interesting is the 
differentiated diet of young sheep, showing lower average numbers of 
scratches compared to adults. Although it is true that the sample for each 
age category is small, it does seem to indicate a trend towards less 

abrasive feeding among young sheep. This tendency towards a more 
selected diet for young animals has also been observed in the microwear 
studies carried out at La Draga (Sierra et al., 2019). The differences may 
be due to young and adult sheep grazing in separate areas (Shank, 1982) 
or young sheep choosing a diet with higher digestibility (Langlands, 
1968). Another reason for the different signals may be the seasonality of 
the slaughter of young animals compared to adults (Rivals and Deniaux, 
2005). Last, the difference may be due to a different management of the 
young animals by humans. The presence of neonatal and infantile in-
dividuals in Chaves (Sierra et al., 2019) could be due to the fact that 
young animals are raised inside the cave and fed forage. 

The results show the existence of a good plant cover, since the low 
abrasiveness of the diet allows ruling out the inclusion of soil elements in 
the diet (Mainland, 2003). These results are consistent with anthraco-
logical data, which reveal a landscape dominated by pine and mixed 
forests with oaks accompanied by Mediterranean shrubs (Arbutus unedo, 
Fabaceae and Phillyrea/Rhamnus) (Alcolea et al., 2017), and with pollen 
analyses, which show a landscape formed by a slightly open forest 
(Arboreal Pollen 40–60%) dominated mainly by pines (López-García, 
1992; López-García and López-Sáez, 2000). Furthermore, overgrazing 
could be ruled out due to the scarcity of soil intake, as has been sug-
gested for later periods (Jiménez-Manchón et al., 2018). It is from Early 
Neolithic that human impact on the environment begins to be detected 
(Revelles, 2017), so the grasses would still be in good condition. The low 
number of pits, which would be related to the levels of sand and dust on 
the leaves consumed (Semprebon and Rivals, 2007), also points to a not 
very dry climate, which is consistent with the characteristics of the 
area’s climate during the Mid-Holocene (González-Sampériz et al., 
2017; Montes et al., 2016). 

7. Conclusions 

The integration of the results of reproduction and diet in the sheep of 
Chaves brings deeper knowledge into the economic systems of these 
Early Neolithic pastoral societies in the Iberian Peninsula. The results at 
Chaves show autumn/winter lambing, which is considered today as 
“out-of-season” lambing, typical for some Mediterranean breeds and 
husbandry systems. This extension of births shows a high degree of 
physiological adaptation to the western Mediterranean environment 
and climate at the beginning of the Neolithic and that the first herders 
were able to play an important role by manipulating the interactions 
between females and males (socio-sexual signals) those reproductive 
characteristics that were most favourable to them and managed the 
flocks for reproduction at those times when it was most advantageous 
for them. This demonstrates the wide zootechnical knowledge of these 
first farming societies, especially of the reproductive cycles of the sheep, 
and that these Early Neolithic husbandry systems took advantage of the 
local environmental factors and resources to extend the lambing period. 

On the other hand, the feeding regimes of Chaves’ sheep are very 
little variable, as far as can be shown from δ13C and microwear analysis. 
The δ13C values do not show evidence for mobility to the highlands and 
for the use of forest resources, although the use of open forest could not 
be shown. These regimes hardly varied both between individuals and 
within the annual cycle. The results of microwear show that the Chaves 
sheep had a more controlled feeding than wild animals in the same 
environment and that they were fed in environments with good plant 
cover, which would have hardly suffered from human impact. It has not 
been possible to document fodder feeding in winter, although the low 
variability of the values on δ13C and the low-abrasive diet could be due 
to this practice (both with forestry resources and agricultural by- 
products). Two sheep, one from the later occupation (1a level), and 
other from early occupation (1b level) showed seasonal contribution of 
C4 plants in diet, possibly suggesting pasturing in the driest lowlands of 
the Ebro basin. This could mean that the sheep would be grazed in the 
vicinity of the cave for most of the year, and would even be kept there, as 
it had been previously suggested at Chaves (Sierra et al., 2019), being 
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fed on fodder. 
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Gómez-Brunet, A., Santiago-Moreno, J., Toledano-Diaz, A., López-Sebastián, A., 2012. 
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Milhaud, G., Nezit, J., 1991. Développement des molaires chez le Mouton: Étude 
morphologique, radiographique et microdurométrique. Rec. Med. Vet. Ec. Alfort. 
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Saña, M., Antolín, F., Alcántara, R., Sierra, A., Tornero, C., 2020. Integrating 
domesticates: earliest farming experiences in the Iberian Peninsula., in: Gron, K., 
Rowley-Conwy, P., Sørensen, L. (Eds.), Farmers at the Frontier: A Pan-European 
Perspective on Neolithisation. Oxbow Books, Oxford, pp. 161–175. 
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