



Human and animal subsistence in northern Iberia during the Late Chalcolithic-Bronze Age : biomolecular insights from Muela de Borja, Ebro Valley
Laura C. Viñas-Caron1,2*, Isidro Aguilera3, Tina Jakob4, Joe W. Walser III5, Luke Spindler1,6, Maria Fontanals-Coll1, Michelle Alexander1
1. BioArCh, Department of Archaeology, University of York, York, UK
2. GLOBE Institute, University of Copenhagen, Copenhagen, Denmark
3. Museo de Zaragoza, Gobierno de Aragón, Zaragoza, Spain
4. Department of Archaeology, Durham University, Durham, UK
5. National Museum of Iceland, Reykjavik, Iceland
6. School of Archaeology, University of Oxford, Oxford, UK

*Corresponding author contact: laura@palaeome.org



Abstract
This study explores human diet and animal management strategies in multiple Late Chalcolithic and Bronze Age (2550-1200 cal BCE) sites (Moncín, Majaladares, El Estrechuelo and El Balcón) located in Muela de Borja in the Ebro Valley, Northern Iberia, through the application of stable carbon (δ13C) and nitrogen (δ15N) isotope analysis and zooarchaeology by mass spectrometry (ZooMS). Thirty-three animal and nine human bones were analysed across the four sites. ZooMS enabled us to identify a number of fragmented animal bones whose species representation reflected that of the wider zooarchaeological assemblage. The isotopic results complemented by a Bayesian stable isotope mixing model (BSIMM) indicate that all humans had a relatively uniform diet consisting of C3 terrestrial plant and animal resources, despite representing a range of burial sites and a broad chronology. In contrast, animals had a highly variable diet, which suggests the existence of diverse feeding and management strategies within and between species. When comparing data from these sites to other published sites of a similar chronology, we see regional patterns in δ13C and δ15N that reflect environmental differentiation. These results provide a deeper understanding of the diversity of human and animal dietary practices during the Late Chalcolithic and Bronze Age in the Ebro Valley and Northern Iberia. 
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1. Introduction 
The late third and second millennium BCE, corresponding to the Late Chalcolithic and Bronze Age in the Iberian Peninsula, is considered to be a time of increasing social differentiation and connectivity that reshaped early farming societies. It is in this time period that we see the introduction of new forms of agriculture that increased the productivity and variety of cereals cultivated, most notably millets in the Bronze Age (Buxó and Piqué 2008; Moreno-Larrazabal et al. 2015), but also the wider use of animal by-products beyond meat (Sherratt 1983; Greenfield 2010). While the archaeological record provides some hints at the nature of subsistence patterns during this period, there are still many aspects which remain unclear. Stable isotope analysis is increasingly applied to dietary studies in the Iberian Peninsula and potentially offers a deeper understanding of not only past diets and economies but also farming and animal husbandry practices. Carbon and nitrogen stable isotope data has made a significant contribution to the debates surrounding the introduction of millet in the Bronze Age (López-Costa et al. 2015) as well as the incorporation of irrigation practices and manuring during this period (Araus et al. 1997; Ferrio Díaz et al. 2005; Aguilera et al. 2008; Mora-González et al. 2016, 2018; Knipper et al. 2020). Furthermore, social asymmetries that start to occur in the material culture from many parts of the Iberian Peninsula at this time period appear to be mirrored by human dietary differences (e.g. Waterman et al. 2016; Fernández-Crespo and Schulting 2017; Díaz-Zorita Bonilla et al. 2019; Molina-González et al. 2019; Knipper et al. 2020), although not universally. The degree to which dietary trends were widespread or distinctive across all regions of the peninsula during the Chalcolithic and Bronze Age remains unexplored. This is particularly notable given the mosaic of cultural and environmental variability that exists in the Iberian Peninsula (López-Costa and Alexander 2019).
Studies so far indicate that societies in southern Iberia experienced greater social inequality than communities from the north during this period, demonstrated by new hilltop settlements, individual burial practices and differentiated material culture indicating the presence of hierarchy in organisation, as in the well-studied Early Bronze Age Argar culture (2200-1550 BCE) (Lull et al. 2011; 2015). In the north, however, populations present a general continuity in settlement and burial practice, despite certain novelties in ceramic technologies (e.g. Beaker ceramics) or metallurgical practices (Lillios 2019). This has recently been argued to be an indicator that these groups were more stable and resilient than those of the south (Blanco-González et al. 2018) despite a genetic turnover observed in the whole peninsula during the Chalcolithic and Bronze Age transition (Olalde et al. 2019; Villalba-Mouco et al. 2021). Our current understanding of the societies of northeast Iberia during the Late Chalcolithic and Bronze Age, however, is patchy, partly due to the elusive nature of the archaeological evidence in this period and uneven research history. The sites that do exist are typically small and defined by clusters of underground features frequently interpreted as storage pits and other domestic facilities (Lillios 2019). More permanent sites have, however, occasionally been identified, particularly in upland areas, such as those under consideration here from the Ebro valley e.g. Moncín and Majaladares, and caves also continued to be occupied as burial and habitation spaces. The varied nature of the sites themselves attests to the diversity of local groups that were present across Northern Iberia, living in a mosaic of environments, with differing material cultures and subsistence strategies. 
The diet of humans and animals they subsisted on provides information on individual and community choices influenced by environmental factors, resource availability and social preferences (López-Costas and Alexander 2019). In this paper, we aim to reconstruct past human and animal diets from a prehistoric population that lived in the Muela de Borja Plateau, Ebro Valley, between ca. 2550 to 1200 cal BCE. To that end, we applied stable carbon (δ13C) and nitrogen (δ15N) isotope analysis to human (n=9) and animal (n=33) remains from multiple sites located in the Muela de Borja (Moncín, Majaladares, El Estrechuelo and El Balcón) and compared this data to published isotopic datasets from contemporary populations from across the northern Iberian Peninsula. Animal samples were also subject to zooarchaeology by mass spectrometry (ZooMS) to assign species to unidentifiable bone fragments and distinguish morphologically challenging species (e.g. sheep and goat). Collectively, this biomolecular approach provides a detailed overview of human dietary patterns and animal management practices during the Late Chalcolithic and Bronze Age and sheds light on how subsistence choices affected the economic development of local communities and their environmental resilience. 
2. Background to the archaeological sites 
The Muela de Borja Plateau is a geostructural unit of 50 km² that rises to 805 metres in height with views to the wooded Moncayo Mountain Massif, to the west, and the Ebro River, to the east, with its floodplains and green areas (Harrison 2007). These favourable geographical conditions (altitude, prominence, topography, and water provision) softened the semiarid climate and vegetation of the region and facilitated the development of a prehistoric community from which 42 sites have been identified and investigated to date (see Aguilera 2017). Four of these sites are under consideration here, situated in the highest part of the plateau, close to water sources (Fig. 1). These sites were chosen due to the available information on the diversity of the flora and fauna and a rich funerary record that allows us to understand the territorial organisation and history of the human community. The four sites are outlined below.
Moncín
The site of Moncín is located in the Muela de Borja (UTM coordinates: X= 617322; Y= 4635386). The archaeological excavations began in 1979, conducted by R. J. Harrison, and lasted until 1987. This complex site consists of an open-air settlement (Moncín ext.), a large cave with both a funerary and residential use (Moncín I and II), and, finally, a small burial cavity (Moncín III). Radiocarbon (14C) dating of the open-air site indicates that human populations occupied the settlement from approximately 2550 to 1250 cal BCE, that is, from the Late Chalcolithic to the Late Bronze Age (Harrison et al. 1994). Despite the disturbance of the archaeological layers by later human activities, excavations revealed the presence of numerous artefacts, including a repertory of ceramics from the distinctive Bell Beaker Maritime style (2550-2350 cal BCE) included within the Late Chalcolithic; the  regional Bell Beaker Ciempozuelos style (2350-2000 cal BCE); the so-called “Epicampaniform”, that comprises the Arbolí type, representative of the Early Bronze Age (2000-1700 cal BCE) in northeast Iberia; and, finally, the Cogotas I style during the Late Bronze Age (1500-1200 cal BCE). Notably, 21 rectangular dwellings built of timber frames resting on stone bases, with hard clay floors and central hearths, were identified in the site, which does not present any internal organisation. Underground silos were also documented, arranged in the centre of the site. Additionally, it was possible to recover an assemblage of scattered human remains belonging to different individuals dating to 2200-1750 cal BCE, which covers the Late Chalcolithic-Early Bronze Age phases. 	
The large cave Moncín I-II contained various human remains in different chambers and, most remarkably, several cave paintings consisting of anthropomorphic and geometric figures. AMS dating of two human bones from different individuals provided an estimated age of 1902-1735 cal BCE that, together with the presence of Bell Beaker sherds from the Ciempozuelos type, indicates a Late Chalcolithic chronology and that it was used at least until the Middle Bronze Age (1700-1500 cal BCE) and Late Bronze Age (1500-1200 cal BCE), as denoted by the recovery of Proto-Cogotas and Cogotas I pottery. Finally, Moncín III consisted of a secondary burial deposition. Partial human bones belonging to 4 individuals were found without any associated burial goods, and AMS dating of one of the bones revealed that the cave was used around 1624 cal BCE (Middle Bronze Age).
Majaladares
The Majaladares site is similarly located in the Muela of Borja, approximately 3 km from Moncín (X=614664; Y=4636819). It consists of an open-air settlement (Majaladares ext.), two caves used as a dwelling and burial space (Majaladares I and II) that originally must have been a single cave, and, finally, a third cavity (Majaladares III) with exclusive funerary use. Excavations in the open-air site took place in 1990-1994 and 1999 and revealed a rich archaeological sequence dating from 2350 to 1250 cal BCE, which ranges from the Late Chalcolithic to the Late Bronze Age (Harrison 2007). It extends over three terraces and has been subject to processes of re-deposition, resulting in the removal of the materials, including Ciempozuelos, Epicampaniform and Cogotas I pottery. As in Moncín, timber and stone buildings with central hearths were documented, but no storage pits could be found. Moreover, during the excavations, some human bone fragments were identified.
Between 1986 and 1988, excavations were carried out in Majaladares II cave, under the direction of I. Aguilera. The work brought to light three different occupation phases that altogether, according to radiocarbon dating of wood charcoal and fauna, started around 2350 cal BCE and ended in 1500 cal BCE (Late Chalcolithic-Middle Bronze Age), with a period of decline during the Early Bronze Age . Among the abundant archaeological artefacts found on the site, there were Bell Beaker, Epicampaniform and Cogotas I pottery. There is evidence of fauna, wood charcoal, and seeds, as well as disarticulated human remains. 
El Estrechuelo
El Estrechuelo (X=616006; Y=4635950) was discovered in 1981 by I. Aguilera and partially excavated in 1984. It is a small sepulchral cave with accumulative secondary burials close to an open-air living area (Aguilera 1986). It contains at least six individuals that were found entirely disarticulated with a small number of ceramic fragments, some belonging to the Late Bell Beaker phase (Epicampaniform, 2000-1700 cal BCE). AMS dating of two human bones showed that the cave was used over a long period (2355 and 1335 cal BCE).
El Balcón
El Balcón (X=615069; Y=4637555) was discovered in 1978 by I. Aguilera through a superficial prospection. It includes an open-air site and a rock shelter where a human femur, belonging to an adult, was discovered, along with other archaeological materials that denote a residential use (Aguilera 1985, unpublished report). The presence of incised and impressed pottery (Bell Beaker Ciempozuelos, 2350-2000 cal BCE) indicates a Late Chalcolithic chronology.
3. [bookmark: _heading=h.1fob9te]The osteoarchaeological assemblage
[bookmark: _heading=h.3znysh7]The human individuals from La Muela de Borja were mainly buried in caves, generally inside natural cavities, but some remains were found dispersed outside the caves mixed with domestic archaeological sediments. The skeletal remains were found completely disarticulated and without burial goods due to the different phases of the funerary practices of these communities: a previous removal of the flesh by natural means; the collection of clean bones; and their final deposition in cavities and natural holes inside the studied caves. However, it is also possible that some of these remains represent disturbed primary burials. In some instances, bones showed evidence for rodent gnawing.   
The incompleteness of the skeletons prevented the full anthropological study of all the individuals potentially buried in each site, although the preservation was generally good. Preliminary studies of the human osteological remains found in Muela de Borja (Musgrave 1994; Jakob and Walser 2016, unpublished report; Aguilera 2017), estimated a minimum number of individuals (MNI) of 44: 25 from Moncín; 9 from Majaladares; 6 from El Estrechuelo; 1 from El Balcón; 1 from El Barranco de la Albaradilla; and 2 from La Calleja. The morphological sex could be determined for a total of 15 adults (5 females and 10 males), but the sex of 24 individuals (9 adults, 18 subadults and 2 of unknown age) remains undetermined (Table 1).
Sex determination was carried out using standard osteological techniques, as described by Buikstra and Ubelaker (1994). Assessment of biological sex relies on the preservation of the skull and the pelvis and can only be carried out once sexual characteristics have developed, during late puberty and early adulthood. Therefore, no attempt was made to estimate sex in individuals younger than 18 years. Since no pelvic remains were present, sex estimation relied on morphological features of the cranium and mandible, as well as metric evaluation of sexually dimorphic areas of long bones. 
Non-adult and adult age was determined using standard age estimation methods, as outlined in Scheuer and Black (2000) and Brothwell (1981). Age estimation of non-adult individuals is most reliant using dental development and eruption criteria. However, no teeth were recovered from any of the non-adult skeletal remains and therefore age estimation is based on long bone length and fusion of epiphyses. The subadults from the different sites ranged between 0.5 and 12.5 years. Age estimation of adult remains had to be based on dental wear since no other anatomical areas used for age estimation such as the pubic symphysis or auricular surface were preserved. However, age estimation of adult individuals can be inaccurate and, in many cases, no precise age other than ‘adult’ (>18 years) could be established.
The available anthropological data did not provide any meaningful information on the demography of the population but gave some insights into skeletal morphology. Stature for male and female adults was probably slightly higher compared to published data from the same time periods and geographical area (Lalueza-Fox 1998), but this is only based on the measurement of a small number of completely preserved long bones (N=10) (Jakob and Walser 2016, unpublished report). Some postcranial signs, such as the high prevalence of the third trochanter or Allen’s Fossa, might suggest an intense activity connected to walking through rough and rugged mountainous areas (Lozanoff et al. 1985; Göhring 2021). A rare anatomical variant (concha bullosa), which predisposes to infections such as sinusitis, was present in a male from El Estrechuelo, and this probably represents one of the oldest examples reported so far (Mays et al. 2011, 2014). 
Despite the small number of skeletal elements available for analysis, a relatively high prevalence of traumatic lesions in the form of healed fractures and soft-tissue trauma (entheseal changes) and joint diseases (degenerative joint disease and osteoarthritis) were described. Some non-specific infectious disease (affecting the visceral aspect of ribs, one lower leg bone and the endocranial aspect of an adult frontal bone) and two benign bone tumours (osteomata) were also reported among the sites. The palaeopathological analysis did not show any sign of interpersonal violence, and oral health (caries, calculus) was good overall. However, ante-mortem tooth loss was frequent. Some teeth (e.g. incisors) are rarely lost during life and deliberate removal (dental avulsion) has to be considered. Non-specific stress indicators (cribra orbitalia and enamel hypoplasia) related to potential nutritional and/or disease suffered by the non-adult population were also observed, but in only a minimum of three individuals. It is important to highlight that all the interpretations provided by the osteological analyses must be tentative due to the incomplete nature of the osteological data. 
4. Zooarchaeological and archaeobotanical evidence for diet
Based on the information obtained from the analysis of the faunal assemblages (Legge 1994; Legge 2007), the most abundant remains were sheep/goat (50.5% and 26.8% for Moncín and Majaladares Ext., respectively) and cattle (14.0% and 15.3%), with horses also prominent (8.9% and 24.5%), and only a few pigs (6.1% and 6.2%) (Fig. 2). Horses were used as a source of meat, as evidenced by fractures and cut marks (Legge 2007, p. 174). Wild resources also played a significant role in the economy and diet. Hunting is evidenced by numerous remains of wild animals such as lynx, the wildcat, the badger, the rabbit and particularly the red deer, which was found in relatively high percentages (20.5% and 25.9%), all hunted for their skins, fur, meat and antler (Legge 2007, pp. 172-73). Other species present in the sites in lower proportions are roe deer, dogs, wolves, foxes or brown bear. 
Mortality patterns suggest that the husbandry of sheep and goats was directed towards meat, dairy and wool productions as similar distributions of young and adult specimens were found, while there is good evidence that the cattle herds were kept mainly for the exploitation of dairy products and meat, to a lesser extent. In Moncín, in particular, there is a prominence of old females (>8 years) and 30% of the individuals were under a month old. Also, zooarchaeological evidence of traction-related pathologies in bovids from Moncín may indicate the use of these animals for agriculture (Legge 1994). However, given the lack of plough marks or remains of the ploughs themselves, it is difficult to determine the extent to which communities may have employed plough cultivation in Muela de Borja. 
Cereal remains from the sites were dominated by wheat (Triticum durum), followed by barley (Hordeum vulgare) (Wetterstrom 1994; Alcolea et al. 2018). Pulses, including lentils (Lens culinaris), were cultivated, and there is evidence of flax (Linum usitatissimum). Wild fruits, especially acorns (Quercus sp.), were consumed. Finally, a range of weed species was commonly reported, including grasses such as Chenopodium, Polygonum, Malva and Rumex (Wetterstrom 1994; Alcolea et al. 2018). 
Altogether, these communities had a diversified economy relying on herding and specialised hunting and a plant economy based on farming wheat and barley, with some pulses and complementary collecting of wild fruits and plants.
5. Stable isotope analysis for dietary reconstruction
Carbon (δ13C) and nitrogen (δ15N) stable isotope analysis has proven to be an invaluable tool for reconstructing changes in diet, animal husbandry practices and environmental conditions. This method is based on the principle that the carbon and nitrogen isotopic values of the foods consumed by humans and animals are recorded in their tissues after (somewhat) predictable isotope fractionation (DeNiro and Epstein 1978, 1981). Stable isotope analysis in bone collagen reflects the protein component of an individual’s diet rather than the whole diet and provides a dietary average of the foods consumed during the last years of life as bone is continually being remodelled (Hedges et al. 2007).
Carbon isotope values are commonly used to discriminate the intake of plants with different photosynthetic pathways (i.e. C3 and C4). C3 plants include cereals such as wheat and barley and most fruits and vegetables found in Europe, while C4 plants are represented by tropical grasses and crops such as maize, sorghum, sugarcane and millet. In this region, C4 plants are relatively rare, but millet has been identified from the Early-Middle Bronze Age in northeast Iberia and so may have been available to the individuals sampled from the area (Alonso and Bouby 2017; Tarongi 2017). C4 plants generally display higher values than C3 plants, with average δ13C values of −12‰ and −26‰, respectively (Smith and Epstein 1971; O’Leary 1981). Carbon values can also be employed to elucidate the contribution of terrestrial or marine resources in the diet, as the latter are enriched in 13C (Schoeninger and DeNiro 1984).
Nitrogen isotope values can be used to assess the position that an individual occupies in the food chain. The widely accepted value for isotopic spacing between diet and consumer tissue is 3–5‰, although this value may be higher (Bocherens and Drucker 2003; O’Connell et al. 2012). Because of this, individuals with mostly animal protein in their diet have higher δ15N values than those consuming mainly plants (Hedges and Reynard 2007). Furthermore, as aquatic food chains tend to be longer than terrestrial ones, marine and freshwater resources usually exhibit higher δ15N values than terrestrial resources (Schoeninger et al. 1983). This difference can help to distinguish between the consumption of aquatic or C4 foods when samples are 13C-enriched. However, it is highly unlikely that aquatic resources are of consequence here, given the site location, and although freshwater fish may have conceivably been available, there is no evidence for this in the zooarchaeological record from the sites.
Finally, isotopic results must be interpreted cautiously since carbon and nitrogen isotope variation in animal and human tissues could reflect environmental factors affecting the soil-plant system at the base of the food chain (e.g. temperature, precipitation, aridity, salinity, soil composition or manuring) as well as physiologic and metabolic factors (e.g. Szpak 2014; Reitsema 2013). Thus, analysing the values of humans, animals and plants together, wherever possible, can offer further information about past human and animal diets.  	
6. Materials
A total of 9 individual humans from the range of sites and different deposition types, inside and outside caves, were selected for δ13C and δ15N isotope analysis (Table 2). Samples were taken from bone and belong to different skeletal elements, depending on their availability and overall preservation. When selecting samples for destructive analysis, we were interested to explore through the use of biomolecular analysis the potential information of fragmentary remains that were not to be used for museum display. Other criteria included the selection of samples representing a range of different sites and locations to avoid sampling the same individual twice. Sex and age were assigned morphologically as described in the osteoarchaeological section and represent adults (>18 years) in the majority with one non-adult (BAA7, 2.5-5.5 years). 
These samples were combined with faunal data from Moncín and Majaladares to provide an isotopic baseline for understanding human diet but also to examine questions related to environmental variability and animal husbandry practices. Animal bones were previously studied using zooarchaeological methods, but identification was not always possible due to the high fragmentation of the remains. To explore the potential of these fragmentary remains but also ensure taxonomic diversity, we selected 33 animal remains, including 10 samples that could be either sheep or goat (Ovis aries/Capra hircus), 5 cattle (Bos taurus), 1 deer (Cervidae), 1 horse (Equus caballus) and 16 unidentifiable bone fragments (Table 3). 
7. Biomolecular methods
7.1. Collagen extraction and stable isotope analysis
Collagen extraction and stable isotope analysis were performed at the BioArCh laboratories in the Department of Archaeology, University of York (UK). Bone collagen was extracted following the method described by Longin (1971) with modifications proposed by Brown et al. (1988). The surface of the bone was cleaned by air-abrasion to remove any possible surface contaminants and then approximately 300-400 mg of clean bone was obtained. Bone fragments were demineralised using 0.6 M hydrochloric acid (HCl), at 4°C until fully demineralized, then rinsed with ultrapure water and gelatinised with pH3 HCl at 80°C for 48 hours. The supernatant containing the collagen was eeze-filtered and then ultrafiltered (30 kDa Amicon ultrafilters). The samples were frozen and freeze dried for 48 h. Finally, collagen extracts were weighed in duplicate into tin capsules (0.9-1.1 mg) and were analysed by EA-IRMS in a Sercon GSL elemental analyser coupled to a Sercon 20-22 continuous flow isotope ratio mass spectrometer (Sercon, Crewe, UK). Results are reported as per mil (‰) relative to the internationally accepted standards of VPDB for δ13C and AIR for δ15N.
Overall accuracy of the measurements was determined according to Kragten (1994) by combining uncertainties in the values of standard reference materials and sample replicates within each analytical run. These were international standards IAEA 600 (caffeine: δ13Craw= -27.59 ±0.06‰, δ13Ctrue= -27.77 ±0.043‰, δ15Nraw= 0.86 ±0.07‰, δ15Ntrue= 1 ±0.2‰), IA CANE (sugar cane: δ13Craw= -11.75 ±0.05‰, δ13Ctrue= -11.64 ±0.03‰), IAEA N2 (ammonium sulphate: δ15Nraw= 20.3 ±0.14‰, δ15Ntrue= 20.3 ±0.2‰) and an internal standard (fish gelatin: δ13Craw= -15.31 ±0.03‰, δ13Ctrue=-15.32 ±0.03‰,  δ15Nraw= 15.04 ±0.13‰, δ15Ntrue= 15.2 ±0.12‰). Maximum uncertainty was 0.16‰ (1σ) for ẟ13C and 0.22‰ (1σ) for ẟ15N. In addition, a bovine bone control was extracted and analysed within the same batch, producing the following average values (δ13C= -23.32 ±0.10‰, δ15N=6.32 ±0.16‰). This was within the overall mean value from 50 separate extracts of this bone sample, which produced values of ẟ13C = -23.19 ±0.19‰ and ẟ15N =6.29 ±0.30‰. 
7.2. [bookmark: _heading=h.2et92p0]Statistical tests
Statistics were carried out using R and significance level was set at 0.05 for all tests. Given the reduced number of samples, Kruskal-Wallis tests and nonparametric post-hoc analyses were employed. For comparisons of two groups, Mann-Whitney U tests were applied. 
7.3. [bookmark: _heading=h.tyjcwt]Bayesian mixing models and spatial interpolations
A Bayesian stable isotope mixing model (BSIMM) was used to estimate the proportional contribution of different food sources to the human individuals using ReSources (version 1.0.39 https://www.isomemoapp.com/app/resources), an online application of FRUITS (Food reconstruction using isotopic transferred signals, Fernandes et al. 2014). A concentration dependent and routed model for Bayesian estimations was used. The model was built with estimations for the macronutrient (proteins, carbohydrates and lipids) composition of food groups following Fernandes et al. (2015), combining lipids and carbohydrates into a single fraction, ‘Energy’. The average δ13C and δ15N values for the nutrient fractions (proteins and energy), of each source were estimated from bone collagen values using the fractionations reported in Fernandes et al. (2015). These are:  ∆13Cprotein-collagen =-2‰, ∆13Clipids-collagen =-8‰ and ∆15Nprotein-collagen=+2‰ for terrestrial mammals and ∆13Cprotein-collagen =-1‰, ∆13Clipids-collagen =-7‰ and ∆15Nprotein-collagen=+2‰ for fish. The offset for plants assumed the δ15N value of plant protein was the same as the average bulk plant δ15N value and for δ13C, the offsets were ∆13Cbulk-protein= -2‰ and ∆13Cbulk-carbohydrates = +0.5 ‰. A conservative uncertainty of 1‰ was used for all offsets. The diet-collagen offsets of 4.8 ± 0.2‰ for δ13C and 5.5 ± 0.5‰ for δ15N, were used taking into account varying macronutrient concentrations (Fernandes et al. 2012, 2015), and assuming that nitrogen derived exclusively from protein (100%) and carbon derived from both protein, (74 ± 4%) and carbohydrates/lipids, (26 ± 5%). 
As there is no evidence for C4 plant or aquatic resource consumption at the site, three main source food groups were used in the model: domestic herbivores (cattle, sheep, goat and horse), and wild herbivores (deer) and C3 plants. The mean values for domestic herbivores, (δ13C= -20.1 ± 0.9‰ δ15N= 6.0 ± 1.6‰, n=29), wild herbivores (δ13C= -20.0 ± 0.3‰ δ15N= 3.8 ± 0.3‰, n=3) derive from the present study. The mean values for C3 plants (wheat [Triticum sp.] and barley [Hordeum vulgare], δ13C= -22.2 ± 0.5‰ δ15N= 7.0 ± 0.8‰, n=21) were taken from published data from an Iron Age site in north-central Iberia dating to the 4th-3rd centuries BCE (Fernández-Crespo 2019a). Priors were incorporated to reduce uncertainties in dietary estimations and produce more ‘realistic’ outputs based on prior knowledge. One prior was based on the physiological assumption that acceptable levels of dietary protein intake should conservatively range between 5 and 45% (Fernandes et al. 2014). A second prior considered that plant foods would make up a more significant proportion of the diet in comparison to animal foods in prehistoric societies (Larsen 2003; Cheung and Szpak 2020) and, finally, the third prior assumes that domestic herbivores would make up a greater proportion of the diet in comparison to wild herbivores, following the species representation in the zooarchaeological assemblage from the sites. 
The spatial distribution of our δ13C and δ15N data in combination with comparative published studies of contemporaneous populations from the region was explored using the Bayesian model AverageR. This is available as an R-based open access App (https://www.isomemoapp.com) within the Pandora and IsoMemo initiatives, version 1.9.1. Further details can be found in Cubas et al. (2020). The mean of the δ13C and δ15N values and the standard error of the mean (SEM) were calculated for each site by considering an area within an 80 km radius around the given geographical coordinates.
7.4. [bookmark: _heading=h.3dy6vkm]ZooMS analysis
Collagen peptide mass fingerprinting, also known as Zooarchaeology by Mass Spectrometry (ZooMS), was carried out to aid in the identification of animal remains from Moncín and Majaladares. Bones are identified due to existing differences in the mass of their peptides, which arise as a result of collagen type I (COL1) amino acid sequence variations between species. This method, thus, provides the possibility to identify fragmentary bone remains and distinguish species that are often difficult to separate morphologically, such as goat and sheep (Buckley et al. 2010).
ZooMS analysis was carried out on all 33 animal remains based on the method described by Buckley (2009). Fifty microliters of 50mM ammonium bicarbonate buffer (AmBic, NH4HCO3, pH 8.0) and 1 μL of trypsin solution (0.4 µg µl) were added to the collagen remaining from stable isotope analysis (<1 mg) and then incubated at 37°C overnight. One microliter of 5% trifluoroacetic acid (TFA) was added to cease protein digestion. Extracted peptides were then purified using C18 resin ZipTips (Agilent) and eluted with 50 μL of 50% acetonitrile (ACN)/0.1% TFA. One microliter of the sample was spotted in triplicate onto a 384 MALDI plate with 1 μL of α-cyano-4-hydroxycinnamic acid matrix solution and dried to air. MALDI analysis was carried out using a Bruker Ultraflex III MALDI-TOF mass spectrometer at the University of York. Replicates were averaged using the open-source software mMass (Strohalm et al. 2010). The m/z values were then manually examined to detect the presence of relevant peptide markers and compared with a reference database built with previously published data (Buckley et al. 2010, 2014; Kirby et al. 2013). In case of unclear classification, we used Bacollite, a new automatic method used for species identification that provides a confidence score (Hickinbotham et al. 2020).
8. [bookmark: _heading=h.1t3h5sf]Results
8.1. [bookmark: _heading=h.4d34og8]Species identifications
ZooMS results are presented in Table 3 and Fig. 3. Manual identifications were possible for 30 of 33 samples. Overall, the most abundant species was cattle (Bos taurus), followed by goat (Capra hircus), horse (Equus sp.), sheep (Ovis aries), red deer (Cervus elaphus) and pig (Sus domesticus). As the evolutionary rate of collagen is relatively slow, there are instances in which there are no differences within type I collagen, which means closely related species cannot always be differentiated. As can be seen, in the case of MN13, it was only possible to narrow down the identification to a handful of possible species (cat, tiger, polecat and lynx) because of the presence of markers shared between these different species. Despite this, considering the range of species present in the region today and the archaeological assemblages from the study area, we were able to exclude tiger and polecat and refine our identification to wild cat or lynx. Henceforth, we will refer to this sample as a “felid”. Another example was the inability to separate dogs from wolves since ZooMS cannot discriminate between domestic animals and their wild counterparts, naming it a “canid”. Finally, three samples could only be identified as sheep or red deer due to poor preservation of the collagen. Bacollite analysis indicates that sheep is more probable (Fig. S1) and was accepted as the final identification, especially in the light of the isotopic values of these samples (see below).
The frequencies of the different species are consistent with the zooarchaeological data. Unfortunately, in our study, we did not identify any rabbit which seemed to be a wild resource used by this community. The observed proportion of sheep and goat individuals does not show a preference for a specific species, although the number of bones analysed here is reduced and cannot be taken as representative of the whole assemblage. 
8.2. [bookmark: _heading=h.2s8eyo1]Stable isotopes
δ13C and δ15N isotopic compositions of human and animal remains are presented in Table 2 and 3 and Figure 4, with summary statistics in Table 4. All samples provided good collagen yields, with carbon and nitrogen percentages and atomic C:N ratios located within the accepted ranges (Ambrose 1990; DeNiro 1985; van Klinken 1999).
The range of δ13C and δ15N values of wild herbivores (red deer) reflect the consumption of C3 plants and provide a good baseline for the natural ecological background during the Late Chalcolithic-Bronze Age. The isotopic values of domestic herbivores (goat, sheep and cattle) also indicate a clear dietary reliance on C3 resources but, instead, are highly variable compared to the deer. δ13C values for sheep (δ13C = -19.9 ± 0.6‰) and goat (δ13C = -19.8 ± 0.5‰) were similar and, although differences in their average nitrogen values can be observed, with sheep (δ15N = 6.8 ± 1.2‰) having slightly higher nitrogen values than goat (δ15N = 5.7 ± 1.1‰), this is not statistically significant (see below). Cattle possess the widest range of carbon and nitrogen isotope values among the animals here. Their δ15N values range between 4.6 and 9.0‰, with a mean value of 7.1 ± 1.5, and their δ13C between -22.0 and -18.2‰, with a mean value of -19.9 ± 1.2‰. Lastly, horses show 13C-depleted values (δ13C = -21.2 ± 0.6‰), while their nitrogen values (δ15N = 3.9 ± 0.4‰) are within the range of δ15N values possessed by wild herbivores.
The diet of the various domestic (cattle n=8, sheep n=7, goat n=7, horse n=5) and wild herbivores (deer n=3) was compared using a Kruskal-Wallis test, with samples from both sites combined, to assess if the observed differences were significant. No significant difference was observed in δ13C values (𝜒2=8.94, df=4, p=0.06), whereas δ15N values differed significantly between species (𝜒2=18.84, df=4, p=0.008). Post-hoc pairwise comparisons using Dunn’s test with Bonferroni adjustment (Table S2) showed that cattle and sheep differed significantly from horses (p= <0.005 and p=0.03, respectively). Differences were also found between cattle and deer (p=0.02). Goats did not differ significantly from sheep or any other species (p>0.05). 
Domestic pigs are omnivorous feeders. However, the isotopic values of the pig analysed here (δ13C= -19.9‰; δ15N=6.3‰) fall in the same range observed for the herbivores. The only canid yielded values similar to humans (δ13C = -18.8‰; δ15N = 9.2‰). Carnivores are represented by a single felid with a δ13C value of -19.7‰ and a δ15N value of 8.5‰. Its nitrogen value places carnivores at a slightly lower level than humans and the canid. 
Finally, humans had a relatively uniform diet, despite representing a range of burial sites and a broad chronology. The δ13C values range from -19.9 ‰ to -18.3‰ (mean = -19.2 ± 0.5‰), and the δ15N values range from 8.8‰ to 10.1‰ (mean = 10.1±0.6‰). The population of Muela de Borja predominantly consumed C3 plants and terrestrial animal resources, with no evidence of aquatic or C4 resource consumption. When the diet of Moncín (n=4, including Moncín I, III and external) and Majaladares (n=3, Majaladares I, II and external) was compared through a Mann-Whitney U test, carbon (W=3, p=0.4) and nitrogen values (W=7, p=0.86) were found to be similar, although comparison was not possible with El Balcón and El Estrechuelo due to small sample sizes. Interestingly, the one non-adult (BAA7) sampled from Moncín I had a δ15N value of 8.8‰, which is >1‰ lower than the next lowest value possessed by an adult at that site. 
Dietary homogeneity among adults is also indicated by the Bayesian Mixing Model that shows a diet with consistent proportions of three defined food groups, C3 cereals, domestic herbivores and wild herbivores between individuals, with C3 cereals making up ≥60% of the diet with a moderate intake of domesticated animal products (≥25%), and wild herbivores (deer) comprising ≤10% of the diet (Fig. 5 and Table 2). Although the contribution from wild animals is small, they likely played a regular contribution to the human diet. This evidence supports the zooarchaeological findings and highlights the utility of the BISSM model in identifying the potential contribution of this food resource which would otherwise be masked in the isotope data of the site.
9. [bookmark: _heading=h.17dp8vu]Discussion
9.1. [bookmark: _heading=h.3rdcrjn]Animals and the environment of the site
At Muela de Borja, the variability in δ13C and δ15N values possessed by the animals indicates diversity in feeding locations and management strategies. This variance could reflect the use of various pastures/fodder for different animals, which could in turnbe explained by the small-scale movement or exchange of animals across different ecological regions in the landscape with distinctive isotopic values (Stevens et al. 2013; Jones et al. 2019), or the existence of diverse herds managed by small social units for household consumption (Szpak et al. 2014). 
The δ13C values for animals ranged within the expected values for an open C3-dominated environment, with some patterns of variation. Cattle, in particular, possess a wide range of δ13C values (-22‰ to -18.2‰).  For example, one individual (MJ8) with a δ13C value of -22‰ could have grazed in a forested environment like the Moncayo area, where depletion in 13C occurs due to a ‘canopy effect’ (Drucker et al. 2008). The individual with the highest δ13C values may have been grazing at the river valley area where modern plants have been shown to exhibit higher δ13C than in mountain areas in the Ebro basin (Tornero et al. 2018), or, potentially they could have had a small contribution of C4 to their diet. C4 crops such as millet are not mentioned in the archaeobotanical records of Muela de Borja in this period (Wetterstrom 1994; Alcolea et al. 2018). However, millet has been identified from the Early-Middle Bronze Age (c. 2100-1350/1250 cal BCE) in northeast Iberia and thus was available in other areas in the region (Alonso and Bouby 2017; Tarongi 2017). Horses possess notably lower δ13C values than other herbivores, although this is due to their differing digestive physiology characterised by hindgut fermentation (Hedges 2003; Hamilton et al. 2009; Stevens et al. 2013).
A wide spread of δ15N values is exhibited by the animal data. High δ15N values between 8-9‰ observed in some domesticated herbivores, particularly cattle and sheep, could be explained by numerous environmental and anthropogenic factors. In particular, aridity raises nitrogen isotope values (Austin and Vitousek 1998; Handley et al. 1999; Amundson et al. 2003). An increase in aridity and temperature towards the end of the period, especially from 2000-1600 cal BCE, is indicated by palaeoenvironmental studies carried out in the Muela de Borja and surroundings (Aguilera 2017). However, the deer at the site that presumably reflect a diet of local and naturally available vegetation do not show increased δ15N values. Anthropogenic activity is instead more likely to have influenced the δ15N values of domestic herbivores. Manuring, in particular, leads to 15N enrichment in plants which drives up δ15N values in the animals that consume them (Bogaard et al. 2007, 2013; Fraser et al. 2011). Pollen diagrams indicate that populations in the Muela de Borja employed the surrounding fields for herding and farming (Aguilera 2017). Based on this, it has been hypothesised that the location of pasturing herds near the villages would have enabled the integration of animal and crop husbandry, with fields that were periodically left fallow to provide fodder for animals and the use of animal manure to maintain soil fertility. This explanation fits well with the herbivore data presented here and could indicate that those herbivores with the highest δ15N values were located closest to the human settlements where anthropogenic activity, including manuring, raises herbivore δ15N values (Hedges et al. 2005). Other herbivores with the lower δ15N values similar to that reported for deer, e.g. horses, may have instead grazed in similar areas in the landscape, further indicating that horses, unlike other domestic herbivores found at the site, were not being foddered on crops enriched in 15N through manuring. Finally, however, if any of these fragments of animal bone represent non-adult specimens, a potential nursing signal cannot be discounted for high δ15N values among herbivores (Balasse and Tresset 2002), as nursing elevates nitrogen values to a higher trophic level. This is particularly relevant for cattle, as dairying was hypothesised for this species at the site due to an elevated proportion of young individuals (Legge 1994; Legge 2007). 
The dog exhibits δ13C and δ15N values close to the humans, suggesting that they were at a similar trophic level, consuming comparable proportions of animal protein. This similarity indicates that the dog lived alongside humans and had access to similar food directly through feeding and/or food waste. A close relationship between humans and dogs manifested through similar diets is a common pattern in archaeology (Guiry 2012), and isotopic studies of dogs and humans from Bronze Age sites in north-east Iberia contemporaneous to those analysed here have reported a similar pattern of human management of dog diets (Grandal-d’Anglade et al. 2019; Albizuri et al. 2021). A variety of feeding and management practices, including more or less animal protein, in pig diets associated with free-range or enclosed management has been reported for pigs at prehistoric sites in northern Iberia (Navarrete et al. 2017; Villalba-Mouco et al. 2018b; Grandal-d’Anglade et al. 2019; Jones et al. 2019). The nitrogen isotope value (6.3‰) of the single pig from Muela de Borja is consistent with the bulk of the herbivores at the sites, which may be associated with a free-ranging diet. The carnivorous felid has a δ15N value higher to a wild cat (Felis silvestris) reported from the Late Neolithic-Chalcolithic site of San Juan Cave (=6.7‰) in the Ebro basin (Villalba-Mouco et al. 2018a) but is comparable to other European wildcats (Krajcarz et al. 2020) having an opportunistic diet of available prey.
Finally, as not all the remains have been directly radiocarbon dated, it is important to note that faunal remains might not be strictly contemporaneous and isotopic differences between them could thus parallel temporal trends in agricultural practices identified in Muela de Borja. Specifically, the period between 2200-1800 BCE (Late Chalcolithic-Early Bronze Age) is concordant with a process of agricultural intensification in Moncín associated with increased deforestation and soil degradation evident in diverse paleoenvironmental records (Aguilera, 2017). Pollen analyses conducted in cave Majaladares II suggest a transformation in the type of farming practised around 1450-1200 BCE (Late Bronze Age), probably in response to these environmental changes. A more pastoral lifestyle, indicated by the presence of non-cultivated open spaces, and an economy increasingly oriented towards the cultivation of legumes over cereals was adopted. Legume consumption would have resulted in lower δ15N values (Fraser et al. 2011). Perhaps this occurred in response to the sustained human impact on the environment coupled with the deterioration of climatic conditions characterised by lower temperatures and an increase in aridity, which ultimately led to the gradual abandonment of Muela de Borja. These environmental and agronomic changes may have engendered variability in the animal isotopic data from Muela de Borja, although the humans, as discussed below, are surprisingly uniform in their isotopic values. 
9.2. [bookmark: _heading=h.26in1rg]Human diet
The human isotope values from Moncín, Majaladares, El Estrechuelo and El Balcón are consistent with the archaeobotanical and zooarchaeological evidence and indicate a homogeneous diet based on C3 terrestrial resources. The consumption of C4 plants like millet can therefore be excluded for humans. Additionally, a regular input of marine or freshwater resources has not been observed, something supported by the lack of ictiofaunal remains recovered at the sites, although the recovery methods may not have been optimum for their discovery. The uniform diet between individuals from different sites reinforces the lack of specialisation in subsistence activities in each settlement. Moreover, although it is a small dataset, the similarity between the humans buried in caves and open-air sites suggests that funeral rites were not based on social parameters or, if it was based on status, overall diet did not reflect those differences. 
The one non-adult individual (2.5-5.5 years) analysed possessed the lowest δ15N value among the humans at the site indicating a potential difference between adults and non-adults, although obviously, one individual is not sufficient to interpret on a population level. A lower δ15N value for non-adult individuals has also been reported from other broadly contemporaneous sites in this geographic region (e.g. Fernández-Crespo et al. 2018; Villalba-Mouco et al. 2019) and linked either with a differential protein intake due to age-related differences in diet, physiological processes during growth or compromised health status (Beaumont et al. 2013). Osteological analysis of the skeletal population at these sites revealed the presence of Cribra orbitalia and enamel hypoplasia in the non-adult population that could be related to nutritional stress, altogether painting a picture of non-adults experiencing potentially stressful health conditions at this time.
Figure 6 presents a comparison of our results with other Late Neolithic-Chalcolithic sites in the Ebro Valley that have both human and herbivore (wild and domestic) data (Fernández-Crespo and Schulting 2017, Villalba-Mouco et al. 2018a, 2019). What is notable here is that the humans at Muela de Borja are among those that possess the highest values for both δ13C and δ15N in the Ebro valley. Statistically, Kruskal-Wallis tests indicate significant differences between human diet at the different sites or groups of sites incorporated in Figure 6 for both nitrogen (𝜒2=75.9, df=3, p<0.005) and carbon values (𝜒2=92.6, df=3, p<0.005). Post-hoc pairwise comparisons using Dunn’s test with Bonferroni adjustment showed that the populations of Muela de Borja and San Juan Cave both differ from Cueva de Abauntz and the multiple sites of La Rioja (p<0.005 in both cases) in having higher isotopic values overall. Furthermore, the wild and domestic herbivores from Muela de Borja together display the widest range in δ13C and δ15N values among sites in this geographical area which overall indicates the diversity in the environments and foddering strategies that were exploited at these sites, remembering that not all sites are strictly contemporaneous so chronology may also be a factor here. Differences are also statistically evident in carbon (𝜒2=27.2, df=3, p<0.005) and nitrogen (𝜒2=11.4, df=3, p=0.009) values for the herbivore data in the sites plotted here, where again, in the case of carbon, both San Juan Cave and Muela de Borja stand apart with higher δ13C values. In terms of nitrogen, however, only San Juan Cave and Cueva de Abauntz (p=0.01) differ significantly, largely due to the narrow ranges in δ15N values at these sites which possess low and high δ15N values respectively within the overall range of values seen at both Muela de Borja and sites at La Rioja. 
9.3. [bookmark: _heading=h.lnxbz9]Wider comparisons with other Late Neolithic-Bronze Age sites from northern Iberia
To understand the diet at Muela de Borja and the Ebro Valley in the context of dietary patterns in contemporary populations across the region, our adult human and herbivore results are compared to those previously published from northern Iberian sites spanning the Late Neolithic/Chalcolithic and Bronze Age (e.g. Stevens et al. 2014; López-Costas et al. 2015; Fernández-Crespo and Schulting 2017; Fernández-Crespo et al. 2016, 2019b, 2021; Aranburu-Mendizabal et al. 2018; Sarasketa-Gartzia et al. 2018, 2019; Villalba-Mouco et al. 2018a, 2019; Grandal-d’Anglade et al. 2019; Jones et al. 2019; González-Rabanal et al. 2020; Albizuri et al. 2021). We compiled a δ13C and δ15N dataset of 347 humans and 141 herbivores (cattle, sheep, goat, horse, deer). Herbivore data, in particular, enable us to disentangle the role of environmental factors as opposed to human activities, but the low number of faunal remains compared with human remains included in individual studies limits the interpretations that can be drawn. Taken together, however, the information allows us to detect some preliminary trends.
[bookmark: _heading=h.35nkun2]We observe a broad north-south gradient in mean δ13C values, for both humans and animals, across Northern Iberia (Fig. 7a-d and S2), with lower values at the Atlantic coast and higher values in the inland and Mediterranean area. Consumption of marine, freshwater and C4 resources is reported infrequently among these sites, irrespective of their distance from the sea, and is thus unlikely to explain these differences. In terms of δ15N values, herbivores and humans present the same gradient seen in the δ13C values, with humans in the middle Ebro Valley demonstrating overall higher mean δ15N values which may indicate both humans and animals consumed plants enriched by manuring, however it is more likely that this reflects an environmental influence, as noted by others (e.g. Fernández-Crespo et al. 2016, Villalba-Mouco et al. 2019; Jones et al. 2019). Figure 7 demonstrates that the isotopic patterning we see reflects that of the Köppen-Geiger climate classifications across the region (Fig 7, panel e) with the Ebro valley in particular identified with an arid steppe climate in contrast to the dry temperate areas toward the Mediterranean coast and the wetter temperate areas in the north of the region. This relationship between climate and isotope values for humans and animals in the region provides an interesting avenue for future investigation.
[bookmark: _heading=h.dnnnwgnhtod0]Conclusions 
The diet of humans buried with different funerary practices at multiple sites in the Muela de Borja show remarkable similarity across a wide chronological scale over around 1300 years. Considerable isotopic variability among the domestic and wild animals found at these sites reflects the diverse environments and animal strategies in use by the populations there and can be explained by a combination of factors, including access to different forage, animal mobility/trading, and possible agricultural/manuring practices. Temporal variations, however, will also play a role in the absence of more precise dates. Altogether, these data provide a deeper understanding of the diversity of human and animal dietary practices during the Late Chalcolithic and Bronze Age in the Ebro Valley and Northern Iberia, hinting at the complex use of the environmentally diverse landscape and its role in dietary economies.  
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Fig. 1 Map of the Iberian Peninsula indicating the location of the sites under study (Moncín, Majaladares, El Estrechuelo, El Balcón) with comparative sites from northern Iberia: Cova do Santo (1), Los Avellanos Cave (2), Abrigo de la Castañera (3), El Mirón (4), Pico Ramos (5), Santimamiñe (6), Karea (7), Kurtzebide (8), Ondarre and Esnaurreta II (9), Cueva de Abauntz (10), Arroyal I, Fuente Celada and Ferrocarril-La Dehesa (11), El Hornazo (12), La Cascaja (13), Las Yurdinas II (14), Los Husos I (15), Peña Larga (16), Hipogeo de Longar (17), El Sotillo (18), San Martín (19), Alto de la Huesera (20), Chabola de la Hechicera (21),  La Atalayuela (22), San Juan Cave (23), Minferri (24) Cova de la Guineu (25) and Can Roqueta (26). Some sites are plotted together due to their proximity. Coordinates of the sites can be found in Table S1. Map by Helen Goodchild, Department of Archaeology, University of York.
Fig. 2 Percentage of species identified in the zooarchaeological record based on MNI in the sites of Moncín (a) and Majaladares (b) exterior
Fig. 3 Number of identified fragments and species obtained from the ZooMS data in Moncín (a) and Majaladares (b)
Fig. 4 Plot of human and animal bone collagen δ13C and δ15N values from Moncín, Majaladares, El Estrechuelo and El Balcón 
Fig. 5 Estimation of the resource’s contribution (%) to the diet of the adult individuals from Moncín, Majaladares, El Estrechuelo and El Balcón, obtained from the Bayesian Mixing Model ReSources
Fig. 6 Boxplot comparison of the (a) δ13C and (b) δ15N values for humans and herbivores from multiple sites of La Rioja (N=178), Cueva de Abauntz (N=49), San Juan Cave (N=39) and Muela de Borja (N=38)
Fig. 7 Isoscapes representing δ13C (a) and δ15N (b) mean values for herbivores, and δ13C (c) and δ15N (d) mean values for humans. Plots with standard error of the mean can be found in Fig S2. (e) Map showing the location of the sites (see Fig.1 for the names) and Köppen-Geiger climate classifications according to Beck et al. (2018). Arid (B), temperate (C) and cold (D) climates are distinguished.
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Tables
Table 1 Minimum number of individuals (MNI) recovered from the Muela de Borja sites, differentiated by age estimations and morphological sex determinations

	Muela de Borja
	Subsite
	Adults
	Subadults
	Undetermined
	MNI

	
	
	Female
	Male
	Undetermined
	Undetermined
	
	

	Moncín
	Moncín ext.
	-
	1
	4
	2
	-
	7

	
	Moncín I
	-
	2
	1
	6
	-
	9

	
	Moncín II 
	-
	1
	-
	3
	-
	4

	
	Moncín III 
	2
	-
	-
	2
	-
	4

	
	Moncín IV
	1
	-
	-
	-
	-
	1

	
	Total 
	3
	4
	5
	13
	-
	25

	El Estrechuelo
	El Estrechuelo 
	1
	2
	-
	1
	2
	6

	Majaladares
	Majaladares ext.
	-
	1
	-
	1
	-
	2

	
	Majaladares I 
	-
	-
	1
	-
	-
	1

	
	Majaladares II 
	1
	-
	1
	2
	-
	4

	
	Majaladares III 
	-
	1
	-
	1
	-
	2

	
	 Total
	1
	2
	2
	4
	-
	9

	El Balcón
	El Balcón
	-
	-
	1
	-
	-
	1

	Barranco de La Albaradilla
	Barranco de La Albaradilla
	-
	-
	1
	-
	-
	1

	La Calleja
	Calleja I
	-
	1
	-
	-
	-
	1

	
	Calleja II
	-
	1
	-
	-
	-
	1

	
	Total
	-
	2
	-
	-
	-
	2




Table 2 	Stable carbon and nitrogen isotope results and bone collagen quality indicators of human remains. The estimated caloric contribution of food sources is also reported in %, reported as the mean ± 1σ
	Sample
	Site
	Element sampled
	Age
	Yield (%)
	%C
	%N
	C/N
	δ13C (‰)
	δ15N (‰)
	C3 cereals (%)
	Domestic Herbivores (%)
	Wild Herbivores (%)

	BAA1
	Majaladares ext. 
	Cranium
	Adult
	2.1
	34.5
	12.3
	3.3
	-19.9
	10.5
	61±14
	28±10
	11±8

	BAA2
	Majaladares I
	Rib
	Adult
	7.4
	43.1
	15.8
	3.2
	-19.0
	10.5
	60±13
	29±10
	11±8

	BAA3
	Majaladares II
	Rib
	Adult
	13.2
	44.5
	16.2
	3.2
	-19.4
	9.8
	61±14
	28±10
	11±8

	BAA5
	Moncín I
	Vertebra
	Adult
	5.0
	42.7
	15.5
	3.2
	-18.3
	10.1
	61±14
	28±10
	11±8

	BAA6
	Moncín ext.
	Rib
	Adult
	9.7
	40.7
	15.0
	3.2
	-18.9
	11.0
	61±14
	28±10
	10±8

	BAA7
	Moncín I
	Rib
	Non-adult
	12.6
	47.9
	17.4
	3.2
	-19.3
	8.8
	61±15
	27±10
	12±8

	BAA8
	Moncín III
	Vertebra
	Adult
	10.1
	45.0
	16.3
	3.2
	-19.7
	10.2
	61±15
	28±11
	11±8

	BAA9
	El Estrechuelo
	Rib
	Adult
	8.2
	44.0
	16.0
	3.2
	-18.9
	10.0
	60±14
	28±10
	11±8

	BAA10
	El Balcón
	Femur
	Adult
	9.0
	41.5
	15.2
	3.2
	-19.1
	10.4
	61±14
	28±10
	11±8




Table 3 	Stable carbon and nitrogen isotope results and bone collagen quality indicators of animal remains. ZooMS identifications are also reported
 
	Sample
	Site
	Element sampled
	Morphological ID
	ZooMS ID
	Yield (%)
	%C
	%N
	C/N
	δ13C (‰)
	δ15N (‰)

	MN1
	Moncín
	Metacarpal
	Sheep/Goat
	Sheep
	7.3
	44.5
	16.1
	3.2
	-19.7
	7.9

	MN2
	Moncín
	Talus
	Unidentified
	Sheep
	2.1
	47.6
	17.1
	3.3
	-19.6
	6.0

	MN3
	Moncín
	Phalanx II
	Deer
	Red deer
	6.8
	45.2
	16.3
	3.2
	-19.8
	3.6

	MN4
	Moncín
	Phalanx II
	Unidentified
	Sheep
	3.4
	38.0
	13.8
	3.2
	-20.5
	5.3

	MN5
	Moncín
	Mandible
	Sheep/Goat
	Sheep
	12.3
	41.9
	15.4
	3.2
	-19.3
	8.1

	MN6
	Moncín
	Pelvis
	Sheep/Goat
	Goat
	11.2
	44.1
	16.1
	3.2
	-19.4
	5.8

	MN7
	Moncín
	Tarsal
	Unidentified
	Red deer
	2.8
	41.9
	15.3
	3.2
	-20.0
	3.7

	MN8
	Moncín
	Vertebra
	Unidentified
	Cattle
	13.2
	47.3
	17.3
	3.2
	-19.3
	8.9

	MN10
	Moncín
	Humerus
	Sheep/Goat
	Goat
	10.6
	43.9
	15.8
	3.2
	-19.4
	6.9

	MN11
	Moncín
	Long bone fragment
	Unidentified
	Red deer
	4.9
	36.1
	13.1
	3.2
	-20.3
	4.2

	MN12
	Moncín
	Calcaneus
	Horse
	Horse
	6.4
	40.5
	14.5
	3.3
	-21.9
	4.1

	MN13
	Moncín
	Femur
	Unidentified
	Cat/Tiger/Polecat/Lynx
	13.6
	43.6
	15.8
	3.2
	-19.7
	8.5

	MN14
	Moncín
	Pelvis
	Sheep/Goat
	Goat
	10.9
	45.2
	16.5
	3.2
	-20.0
	6.1

	MN15
	Moncín
	Mandible
	Cattle
	Cattle
	13.3
	44.8
	16.3
	3.2
	-19.5
	8.3

	MN16
	Moncín
	Mandible
	Cattle
	Cattle
	9.7
	45.5
	16.7
	3.2
	-19.2
	6.4

	MN17
	Moncín
	Metatarsal
	Sheep/Goat
	Goat
	6.1
	43.8
	16.0
	3.2
	-19.3
	4.5

	MJ1
	Majaladares
	Mandible
	Sheep/Goat
	Goat
	8.9
	41.1
	15.0
	3.2
	-20.1
	6.9

	MJ3
	Majaladares
	Radius
	Unidentified
	Sheep
	16.2
	42.0
	15.4
	3.2
	-20.1
	5.9

	MJ4
	Majaladares
	Tibia
	Unidentified
	Sheep
	11.6
	44.0
	15.8
	3.3
	-20.7
	6.3

	MJ5
	Majaladares
	Phalanx I
	Cattle
	Cattle
	4.3
	40.7
	14.9
	3.2
	-18.2
	7.0

	MJ6
	Majaladares
	Humerus
	Sheep/Goat
	Goat
	10.7
	43.7
	15.8
	3.2
	-19.6
	4.1

	MJ7
	Majaladares
	Ulna
	Sheep/Goat
	Sheep
	10.5
	43.0
	15.7
	3.2
	-19.1
	7.9

	MJ8
	Majaladares
	Mandible
	Cattle
	Cattle
	10.5
	44.8
	16.3
	3.2
	-22.0
	4.6

	MJ9
	Majaladares
	Vertebra
	Unidentified
	Cattle
	9.6
	43.7
	15.9
	3.2
	-19.7
	9.0

	MJ10
	Majaladares
	Vertebra
	Unidentified
	Horse
	7.6
	43.4
	15.8
	3.2
	-20.4
	4.5

	MJ11
	Majaladares
	Phalanx II
	Unidentified
	Pig
	9.9
	46.2
	16.8
	3.2
	-19.9
	6.3

	MJ13
	Majaladares
	Carpal or tarsal
	Unidentified
	Horse
	2.9
	36.8
	12.7
	3.4
	-21.5
	3.5

	MJ14
	Majaladares
	Fragment
	Unidentified
	Horse
	1.5
	38.5
	13.8
	3.3
	-21.4
	3.8

	MJ15
	Majaladares
	Phalanx II
	Cattle
	Cattle
	14.3
	44.6
	16.3
	3.2
	-20.5
	6.2

	MJ16
	Majaladares
	Phalanx III
	Cattle
	Cattle
	15.6
	44.0
	16.1
	3.2
	-20.7
	6.6

	MJ17
	Majaladares
	Vertebra
	Unidentified
	Dog/Wolf
	13.1
	43.7
	15.9
	3.2
	-18.8
	9.2

	MJ19
	Majaladares
	Mandible
	Sheep/Goat
	Goat
	5.8
	41.2
	14.7
	3.3
	-20.7
	5.3

	MJ20
	Majaladares
	Rib
	Unidentified
	Horse
	7.2
	45.1
	16.3
	3.2
	-20.9
	3.7




Table 4 Summary statistics with Number of individuals (N), Mean (M), Median (Mdn), Standard Deviation (SD), Minimum (Min) and Maximum (Max) of the isotopic values of human and animal remains
 
	 
	
	δ13C (‰)
	δ15N (‰)

	 
	N
	M
	Mdn
	SD
	Min
	Max
	M
	Mdn
	SD
	Min
	Max

	Humans
	9
	-19.2
	-19.3
	0.5
	-19.9
	-18.3
	10.1
	10.2
	0.6
	8.8
	11.0

	Cattle
	8
	-19.9
	-19.6
	1.2
	-22.0
	-18.2
	7.1
	6.8
	1.5
	4.6
	9.0

	Goat
	7
	-19.8
	-19.6
	0.5
	-20.7
	-19.3
	5.7
	5.8
	1.1
	4.1
	6.9

	Sheep
	7
	-19.9
	-19.7
	0.6
	-20.7
	-19.1
	6.8
	6.3
	1.2
	5.3
	8.1

	Horse
	5
	-21.2
	-21.4
	0.6
	-21.9
	-20.4
	3.9
	3.8
	0.4
	3.5
	4.5

	Red deer
	3
	-20.0
	-20.0
	0.3
	-20.3
	-19.8
	3.8
	3.7
	0.3
	3.6
	4.2

	Pig
	1
	-19.9
	-
	-
	-
	-
	6.3
	-
	-
	-
	-

	Canid
	1
	-18.8
	-
	-
	-
	-
	9.2
	-
	-
	-
	-

	Felid
	1
	-19.7
	-
	-
	-
	-
	8.5
	-
	-
	-
	-
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