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Abstract This study examines strontium, oxygen, and car-
bon isotope ratios (87Sr/86Sr, δ18O, δ13C) in dental enamel
and bone apatite from 82 individuals interred at Late
Neolithic, Chalcolithic, and Bronze Age burial sites near
Madrid, Spain, to discern variations in dietary patterns and
identify possible migrants. Questions about mobility pat-
terns and subsistence practices have played a central role in
the scholarship of Late Prehistoric central Iberia in the last
20 years, but the archaeological record has still not been
able to provide clear answers. This study adds valuable
data to this line of research. The results of this study sug-
gest that migration from regions with different geologic
landscapes was uncommon in these communities. For the
identified migrants, based upon the 87Sr/86Sr values, sev-
eral of the identified non-local individuals originate from
regions with substantially older lithological features and
possible places of origin are being investigated. As it is
not possible to discern individuals who may have moved
from regions with similar geologic landscapes using this
methodology, these data provide the minimum number of

migrants, and it is conceivable that the number of non-
locals in this sample may be higher. Combining multiple
lines of material and biological evidence and the comple-
tion of Sr isotope mapping in the Iberian Peninsula will
help to clarify these findings. Stable carbon isotope data
provide new and direct evidence of regional changes in
consumption patterns. In particular, this study provides
some possible evidence for the consumption of C4 plants
in third-millennium BC central Spain.
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Introduction

This study uses strontium, oxygen, and carbon isotope ra-
tios (87Sr/86Sr, δ18O, δ13C) in dental enamel and bone ap-
atite from 82 humans interred at Late Neolithic, Copper,
and Bronze Age sites in Central Spain in order to identify
mobility patterns and potential variations in dietary pat-
terns. For decades, mobility and pastoralism have been
key themes in the scholarship of central Iberian Late
Prehistory (e.g., Maluquer de Motes 1972). This has been
largely due to a combination of two factors. First, semi-
nomadic pastoralism has traditionally been considered the
preferred subsistence practice in the environmental condi-
tions of the Spanish Meseta, which, with a 600-m-high
Tertiary plateau, has a pseudo-steppe landscape, with
patches of cereal fields, oak woodlands (mostly Quercus
ilex and Q. faginea) and shrubs, dry and hot summers, and
cold and rainy winters. Second, prehistoric settlement lo-
cations favored river basins, where rich soils and perma-
nent pasture lands can be found, and the archaeological
record for this time is defined by reiterative clusters of pit
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features, with scarce evidence for dwellings and an ab-
sence of deep-stratified sites. These features further sug-
gest that semi-nomadic pastoralism—perhaps combined
with seasonal, rainfall agriculture—was the major mode
of subsistence (e.g., Blasco 1994). Thus, although this in-
terpretation was first challenged two decades ago (Díaz-
del-Río 1995), most scholars still agree that there is evi-
dence for some degree of population mobility in this region
and time, especially when compared to their contemporary
southeastern and subsequent Iron Age populations (cf.
Blanco 2011; Lull et al. 2013).

Our knowledge of prehistoric subsistence strategies in
Central Spain has frequently relied on a poorly preserved ar-
chaeological record, with fragmentary, commingled, and, of-
ten only partially studied, faunal collections. Part of this pat-
tern has changed throughout the last decades, as a result of the
boom and bust cycle of the construction bubble in Central
Spain and its effects on the exponential increase of open-
area excavation of sites. Although analyses of most faunal
collections remain incomplete and we consequently lack a
comprehensive synthesis, today we know that Late
Prehistoric groups relied heavily on a combination of domes-
tic animals (in order of importance: cows, sheep/goats, and
pigs) and opportunistic and seasonal hunting of wild fauna
(Liesau 2011: 168).

Unfortunately, our understanding of agricultural strategies
in late prehistoric central Spain is even less advanced.
Systematic flotation has not been used as a standard practice
during the excavation boom in the region, and when applied,
results have often had poor recovery rates (e.g., Díaz-del-Río
et al. 1997). Accordingly, our information on cultivated crops
is derived from a limited number of sites and contexts and it is
likely not representative. Nevertheless, we have evidence that
wheat, barley, and legumes are present in the area from the
Early Neolithic onward, although we lack information as to
their probable variations through time.

While, in the past , the scarci ty of faunal and
palaeobotanical information has impeded the study of patterns
of prehistoric human dietary change, new approaches are now
possible. Extensive excavations of burials have provided an
ample amount of recovered human remains. Many of these
assemblages have been well mapped, dated, and analyzed,
resulting in detailed reports and publications and provide the
basis for work promoting a regional synthesis (Aliaga 2014;
Pérez-Villa 2015). As the mobile or sedentary nature of pre-
historic groups is at the heart of the discussion of prehistoric
social structure and subsistence patterns, isotopic analyses of
human remains are an effective and timely alternative to other
standard bioarchaeological methods. This is because stable
and radiogenic isotope analyses provide a way to quantify
the diet and mobility patterns of individual humans and ani-
mals and, when such data are combined, these patterns in
prehistoric communities.

Methods

Isotope analyses of archaeologically recovered human re-
mains have become a significant part of archaeological and
bioanthropological research because these analyses can pro-
vide a record of diet and mobility patterns from prehistoric
communities. Many general reviews of isotopic research in
archaeology have been published (cf. Ambrose and
Krigbaum 2003; Katzenberg 2008; Makarewicz and Sealy
2015; Schoeninger and Moore 1992), and the body of work
related to these methodologies continues to expand.

Strontium isotopes are incorporated into the tissues of
plants, animals, and humans through nutrient intake. The iso-
topic composition of this bioavailable Sr depends on the local
geology (the types and age of rocks) and the types of soils and
sediments in the subsurface. As dental enamel is formed dur-
ing childhood and not subsequently remodeled, its 87Sr/86Sr
ratio records the geologic signature of an individual’s child-
hood landscape (Beard and Johnson 2000; Price et al. 1994).
Oxygen isotope values (δ18O) provide information about wa-
ter sources and can also be used to distinguish between plants
and animals from different geographic locations (Stuart-
Williams et al. 1996; White et al. 2004). In particular, δ18O
depletion is associated with increased precipitation and/or
lower temperature (Bradley 1999; Price and Burton 2011:
91–92). In bone and enamel apatite, δ13C values are used to
evaluate patterns of plant and animal consumption within the
whole diet (Krueger and Sullivan 1984; Lee Thorp et al.
1989).

For the 87Sr/86Sr analysis, enamel surfaces were cleaned
with acetone and the top layer of enamel was removed.
Next, a small amount of enamel (10–15 mg) was removed
with a Dremel tool. Enamel was removed from the tooth in
a lengthwise fashion from the crown tip to root in order to
incorporate enamel from the entire time of crown formation.
Bone samples were cleaned and ground into powder using a
Dremel tool. Strontium was extracted from acid-digested
enamel samples using Sr spec ion-exchange resins in the
University of Iowa Department of Earth and Environmental
Sciences clean lab (Waight et al. 2002; Waterman et al. 2014).
87Sr/86Sr ratios were obtained by running each sample on the
Nu Plasma HR multicollector inductively coupled plasma-
mass spectrometer (MC-ICP-MS) housed at the University
of Illinois Department of Geology MC-ICP-MS Laboratory.
88Sr voltages were monitored to insure that samples had Sr
concentrations sufficient for accurate measurement with the
MC-ICP-MS. 87Sr/86Sr ratios were accepted when 88Sr was
measured between 5 and 19 V. All ratios were normalized to
the NIST 987 international strontium carbonate standard value
of 0.710268 (McArthur et al. 2001), which had a reproduc-
ibility of ±0.000050 (2 SD, n = 91).

When looking to identify non-local individuals in a burial
population, the local bioavailable 87Sr/86Sr isotope
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composition must first be defined. There are two established
methods used to estimate the local 87Sr/86Sr range for archae-
ological samples when regional 87Sr/86Sr maps are not avail-
able: (1) the mean of the human dental enamel analyzed ±2
SD (Bentley et al. 2004; Price et al. 2002) or (2) the mean of
the local faunal remains analyzed ±2 SD. For the fauna, it is
best to have animals with very limited geographic ranges (e.g.,
rabbit or snails) recovered from the same archaeological sites
as the human samples (Bentley et al. 2004; Price et al. 2002).
Price et al. (2002) suggest that samples from larger fauna be
included, to better understand the migration ranges of multiple
species that may relate to human migration patterns. In accor-
dance with these suggested practices, the local bioavailable Sr
composition range in this study is defined by 2 standard devi-
ations from the mean of the combined selected human
87Sr/86Sr ratios. The calculations were first done with all of
the human samples. Next, because the bone sample are more
likely to be contaminated with the local 87Sr/86Sr ratios of the
burial soil and first molars that may contain 87Sr/86Sr ratios
from breast milk, these samples were excluded from a second
set of calculations. Ratios from the local fauna (n = 15) were
also examined to help calibrate the local range (Table 1).

For the δ13C and δ18O data, all bone and tooth samples
were sent to the Laboratory for Archaeological Science at
the University of South Florida for processing. There collagen
and apatite samples were obtained using the techniques de-
scribed by Tykot (2006). All collagen yields and C/N ratios in
collagen were measured, as yields of less than 1% have been
found to be too degraded for reliable analysis, and C/N ratios
between 3.7 and 2.9 are generally found to indicate good
preservation (DeNiro 1985; Tykot 2002). In order to remove
any non-biogenic carbonates that may have leached into the
bone apatite from the burial environment, all bone apatite was
pretreated with a buffered acetic acid solution. Such treat-
ments have been found effective in removing postmortem
contamination while retaining the in vivo isotopic signature
(Koch et al. 1997; Tykot 2002). The faunal bone samples were
analyzed for carbon, nitrogen, and oxygen isotopes using a
CHN analyzer coupled with a FinniganMATDelta Plus stable
isotope ratio mass spectrometer using continuous flow for the
bone collagen, and a Finnigan MAT Delta Plus instrument
using a Kiel III device with 100% phosphoric acid at 90 °C
was used for the bone apatite and enamel samples.

The carbon and oxygen ratios are reported using the delta (δ)
notation and calibrated to an international standard using the
f o l l ow i n g s t a n d a r d f o rm u l a : δ = [ ( R s a m p l e /
Rstandard) − 1) × 1000], where Rsample is the ratio of the heavy
isotope to light isotope in the sample (e.g., 13C/12C or 15N/14N),
Rstandard is the ratio of the heavy isotope to light isotope in the
reference standard, and δ is the difference in isotopic composi-
tion of the sample relative to that of the reference, expressed in
parts per thousand (‰) (see Tykot 2006). The δ13C and δ18O
notations are calculated using ambient inhalable reservoir

(AIR) and the Pee Dee Belemnite (PDB) standards. The ana-
lytical precision of the employed instrument was ±0.1‰ for the
δ13C data and ±0.2‰ for the δ18O data.

Regional context, selected sites, and samples

In this study, the geographical research area is essentially di-
vided into two structural-lithological regions: the northern si-
erras and the southern Tagus river basin. Sierras were formed
during the Cenozoic, out of igneous andmetamorphic rocks of
the Paleozoic granite shelf plateau. The Tagus basin is mainly
composed by detrital rocks (sands and marls) with some
chemical and lacunar facies (gypsum and limestones)
(Instituto Geológico y Minero de España 1988). The region
has its highest point at 2430 m and the lowest at 430 m.a.s.l,
and has a substantial spatial ecological variability. All 15 sam-
pled sites belong to the basin and are mainly distributed along
the Tagus and its tributaries (Fig. 1). To date, there are no
excavated Late Prehistoric sites in the sierras, and later sites
have poor preservation of bone samples. The samples in this
study thus cover a 90-km-long transect cutting through the
Tagus river basin, from the 800 to 600 m.a.s.l., distributed
throughout Quaternary, Cenozoic, and Cretaceous formations.

Late Neolithic settlement sites are virtually unknown in the
region. It is currently assumed that groups were somehow
small and mobile, all of which would explain the general lack
of archaeological evidence. When found, sites are typically
defined by clusters of underground features, frequently
interpreted as storage pits and other domestic facilities
(Díaz-del-Río 2006: 68–70). A generalized expansion of set-
tlement sites is documented throughout most of Iberia during
the Copper Age (3100–2200 cal BC). Like many other regions,
the Tagus basin flourishes with settlements that largely cluster
throughout the most fertile river banks: a region like Madrid,
with its 8000 km2 virtually surveyed, shows a shift from just
31 Neolithic to over 500 possible Copper Age locations. Sites
are again defined by underground features, now in dense clus-
ters that extend from one to occasionally over 10 ha. The main
features that define this period are ditched enclosures (Díaz-
del-Río 2004), evidence nowadays widespread throughout
most of Iberia (Jiménez-Jáimez 2015). Finally, Bronze Age
sites are frequently smaller, with similar locations, and again
comprising pit clusters of different extensions. Perhaps, their
most salient features are the lack of enclosures and the gener-
alized presence of individual burials adjacent to other domes-
tic facilities (Díaz-del-Río 2006: 75).

Certainly, the region is known to have a considerable fu-
nerary record for both the Copper and Bronze ages (Aliaga
2014; Pérez-Villa 2015). Although there is funerary evidence
over most of the course of the Late Prehistory, it peaks by the
mid third millennium BC (Fig. 2), coinciding with the demise
of ditched enclosures throughout the region. While this
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increase in funerary activities is initially characterized by col-
lective burial practices, it is progressively substituted by indi-
vidual burials, a pattern that can also be observed in other
regions of Iberia (Balsera et al. 2015: 145).

This variable frequency in burial practices, peaking by
2500 cal BC, has inevitably influenced our sampling strategy,
biasing the collection towards the second half of the third and
the first half of the second millennia, with just one case for the
Late Neolithic, the individual burial of La Ocañuela (Toledo).
Out of the remaining 13 sites with human samples, the Copper
Age site of El Rebollosillo is the only secondary burial ana-
lyzed. The site is a small natural cave of approximately 23 m2

located in the Cretaceous carbonate rocks of the karstic mas-
sifs immediately south of the Spanish Central Range (Díaz-
del-Río et al. 2017). It is one out of the several caves formed
during the Pliocene that are known to have sheltered burial
activities throughout Late Prehistory. All the rest belong to
sites located south of the Central Range, in both Miocene
(seven cases) and Quaternary (four cases) deposits. These
are all individual burials except for two infant crania recov-
ered inside the same feature at the Bronze Age site of La
Dehesa. Buried individuals were interred in pits usually in
flexed fetal position, and these burials generally lacked metal
tools or adornments or other grave goods that are often
interpreted as relating to status (Pérez-Villa 2015: 145–160).

The sampled population consists of 13 infants, 5 juveniles,
and 64 adults (Table 1). Biological sex was not assigned in 45
cases, in 12 cases because the individuals were infants at the
time of death, and for the rest, because skeletal preservation
was too poor for determination. Out of the remaining 37, 16
were determined to be male and 21 female. The chronology of
the human sample is as follows: one belongs to the Late
Neolithic, 19 to the Copper Age, and 62 to the Bronze Age.
Dates have been assigned by association with diagnostic items
in 39 cases, while the remaining 43 have been radiocarbon
dated, all directly obtained from human bones except for one
charcoal sample (Table 2). Dates belong to 10 of the 14 sam-
pled sites (contextual details can be found in Aliaga 2014;
Aliaga and Megías 2011; Díaz-del-Río et al. 2017;
Domínguez and Vírseda 2009; Martín Bañón 2007; Pérez-
Villa 2015; Ríos 2011).

Because of the variability in preserved material, it was not
possible to sample the same skeletal element from each indi-
vidual. Ideally, second molars would have been selected,
which begin formation during early childhood, but when un-
available, first and third molars were selected, which represent
a formation time period of infancy to early childhood and late
childhood to early adulthood (Smith 1991). For some molars,
when teeth were not recovered in situ, it was not possible to
assign proper tooth designations. For several of the sampled

Fig. 1 Location of sampled sites.
1 El Rebollosillo, 2 La Dehesa, 3
ElMuladar, 4 Bajo del Cercado, 5
Casa Montero, 6 Los Berrocales,
7 El Congosto, 8 Caserío de
Perales 2, 9 Pista de Motos, 10
Fuente de la Mora, 11–13
Gózquez 047/085/087, 14 La
Ocañuela, 15 Los Chorrillos
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infants, other teeth were chosen as the adult molars had not yet
formed. In some cases, when dental remains were not avail-
able, the human bone was sampled. As the bone is subject to
diagenetic changes, thesematerials are less likely to accurately
identify migrants through Sr or O in bone or enamel apatite.

The analyzed faunal remains are more varied chronologi-
cally than the humans. Sites and species were selected in order
to outline an initial plot of the regional Sr signature. Out of the
14 samples from 12 sites, 5 are directly associated to Bronze
Age contexts: Sus, Canidae, Bos, and Ovis/Capra. Although
recovered from Copper and Bronze Age contexts, all rabbits
and hare are most probably intrusive fauna, as is the only
hedgehog sample. Finally, the Felis catus and one of the
Canis familiariswere recovered from Late Antiquity contexts.

Results

The calculations with all of the human data and the human
data with bone samples and first molars excluded yielded the
same local range (Fig. 3). Based on this analysis, the local
range for the surveyed sites in the Madrid region is defined
as 0.707 to 0.713. As all of the fauna data fit within the bio-
available range defined by the human samples, no adjustments
were made based on the fauna. Using this range, we were able
to identify four clear outliers who exhibit 87Sr/86Sr isotope
ratios outside of the local range (0.71489, 0.71432, 0.71847,
0.71456) (Fig. 3). The fact that only 4/82 (4.9%) individuals
can be identified as non-locals suggests that inter-regional
mobility may have been less common in this area than in
Southwestern Spain and Portugal, where slightly higher ratios
of non-locals have recently been identified in Copper Age
burials (Waterman et al. 2014; Waterman 2012). However,
because this methodology cannot identify individuals who
moved from locations with similar geological features and
some of the bone samples may not exhibit migrant signatures

due to diagenesis, the number of non-locals in this study
should only be interpreted as representing the minimum num-
ber (MNM).

Three of the four identified immigrants from the Bronze
Age site of Los Berrocales are likely female, which suggests
the possibility of a pattern of exogamy in which females marry
outside of their natal community. However, more data would
be needed to establish this as a regional or even a local pattern.
Based on the higher 87Sr/86Sr ratios, at least three migrants
may have come from regions with substantially older geologic
lithologies such as the nearby Guadarrama sierra (Villaseca
et al. 1998). Based on these findings, mobility may well have
been a strictly regional phenomenon, since distance from
these sites requires less than a 2-day walk.

Data of δ18O in meteoric precipitation collected since the
year 2000 by the Spanish Monitoring Network of Isotopes in
Precipitation (REVIP) offer a weighted mean of −7.07‰ for
the city of Madrid, while offering lower values (−11 to −8‰)
for the central mountain chain (Díaz-Teijeiro et al. 2009).
Díaz-Teijeiro et al. (2009) report that all these values are
strongly tied to factors such as altitude and continentality.
Thus, similar variation should be expected between lower
altitude sites such as ours and samples from the higher sierras,
of which we lack to date.

Our δ18O values for humans ranged from −4.6 to −1.6‰
(−3.1‰ mean) (Fig. 4). These values are substantially higher
than contemporary data from precipitation (Díaz-Teijeiro et al.
2009). This difference could relate to isotope fractionation
from water source to consumer, variability in water source,
and/or climatic fluctuations over time. Additionally, these
higher values may relate to the consumption of animal milk.
Based upon the same principles of oxygen isotope fraction-
ation that causes breast milk consumption to result in higher
δ18O values (Wright and Schwarcz 1998), the consumption of
animal milk may also increase δ18O values (Lai 2008). By this
time in prehistory, the gene mutation for lactose persistence
had spread throughout populations in Europe and there is
archaeological evidence of dairying throughout Western
Europe (Gerbault et al. 2011). More data on current environ-
mental and prehistoric values in humans and animals are need-
ed in this region to clarify these findings.

The results of the oxygen isotope analysis did not identify
any additional non-locals, nor did those who exhibited non-
local Sr signatures exhibit δ18O values that fell on the high or
low ends of the δ18O range for the surveyed burial populations
on a whole. The range of δ18O values for the sampled fauna
was even larger than for the human population (0.0–4.3‰),
and animals with the highest oxygen isotope values were com-
monly herbivores, such as rabbits, while carnivores and om-
nivores had some of the lowest values. Thus, we cannot tie
these differences fully to trophic level and animal diet.
Instead, this is most likely a result of the wide chronological
distance between samples and evidence that water sources

Fig. 2 Summed radiocarbon probability distributions for 42 Southern
Meseta’s individual burials (red) and 93 individual and collective
burials (grey). Radiocarbon dates and references can be found at the
BRadiocarbon Date Archive for Andorra, Portugal and peninsular
Spain^: http://www.idearqueologia.org
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across the sampled region were fairly heterogeneous in terms
of δ18O values. These findings correspond somewhat to the
observed contemporary pattern of δ18O value variation in the
region. Precipitation, temperature, and regional and seasonal
fluctuations in temperature and rainfall are probably influenc-
ing the observed human and animal variations. Moreover, as
teeth reflect a small window of time during dental develop-
ment, seasonality may be more strongly influential in this
dataset than it would be if we had sampled bone apatite.
While the fauna data are valuable in identifying the variability
of bioavailable oxygen isotopes in the region, sampling water
sources as well as additional fauna in future studies would
help to explain regional patterns.

In strictly C3 ecosystems, humans should exhibit a δ13C
apatite or enamel signature of roughly −14‰ and in C4 eco-
systems a δ13C apatite signature close to ∼0. Mixed diets and
environments are suggested by intermediate values (Lai 2008;
Tykot et al. 2009; Kohn and Cerling 2002). δ13C values in
dental enamel ranged from −9.5 to −12.8‰ (Fig. 4). There is
no clear correlation between the age or sex of the individual
and the higher δ13Cap values. While in several cases, high
δ13Cap values in sampled first molars could be due to breast
milk consumption as these teeth form during late infancy and
early childhood, second and third molar exhibit similar, and in
many cases, higher values. Thus, we must look for another
source for this δ13C enrichment.

Two main sources of higher δ13C values in human diets
come from marine proteins and C4 (or Crassulacean acid me-
tabolism (CAM)) plants. As this region is not in close proxim-
ity to the sea, we suggest that certain C4 (or CAM) plants may
have been consumed. Additional isotopic data from bone col-
lagen that includes δ15N and δ13C values from these same sites
would help to clarify this dietary information, and a new study
is currently being undertaken to acquire these data. Recently,
Fernández-Crespo and others (2017: 331) have suggested that
the aridity shown by the palaeoenvironmental record for La
Mancha, south of our case-study area, may be behind similar
enriched values obtained from the BronzeAge site of El Azuer.
Also, some isotopic enrichment in animal tissues from the Late
Neolithic onward could be linked to the Bcanopy effect,^
wherein dense forest canopies produce more δ13C-depleted
plants near the forest floor and anthropogenic deforestation
leads to higher δ13C values in some terrestrial herbivores as
they begin to feed in more open landscapes and/or fallow ag-
ricultural fields (van der Merwe and Medina 1991), while the
use of fertilizers may also lead to slight δ13C enrichment in C3

plants by increasing the soil salinity (Farquhar et al. 1989).
Thus, further information on long-term environmental condi-
tions and agricultural practices in prehistoric Iberia may lend
valuable data to these investigations.

When burial sites with δ13C data from at least five individ-
uals are compared using t tests, we found that the contempo-
rary burials of Los Berrocales and Gózquez (which lie 15 km

apart) exhibit a highly statistically significant difference in
δ13C values (p = .00006), suggesting strong dietary differ-
ences perhaps related to C4 or CAM plant consumption.
This may provide evidence that settlements practiced some
specialization when it came to food production and consump-
tion and that there may have been substantial dietary variabil-
ity in the region during the Bronze Age.

Discussion

Our study suggests that inter-regional human mobility was
lower in the Late Prehistory of Central Spain than was previ-
ously thought. However, some migrants may have been
overlooked with the employed methodology. The higher ra-
tios of the migrants suggest migration for more mountainous
regions or highlands into the river valley. Exogamy has been
occasionally suggested as an explanation for other Copper or
Bronze Age regional patterns, such as pottery production and
distribution (Abarquero 2005; Carmona 2011), and we may
see some evidence for female exogamy, perhaps reflecting
some scale of patrilocality, at Los Berrocales. If so, this would
contrast with the matrilocality proposed for their contempo-
rary and overtly more complex southeastern groups of El
Argar (Lull 2000). However, without more isotopic data
documenting female mobility, this finding remains
speculative.

Perhaps, one of the most intriguing results of this study
relates to diet change and variability throughout the Late
Prehistory of Iberia. Although evidence is still patchy, some
form of C4 plant consumption, as evidenced by enriched
δ13Cap values in human skeletons, has been documented in
the Estremadura region of Portugal during the Copper Age
(Waterman et al. 2016). Additionally, we have similar find-
ings among some Bronze Age populations of La Mancha
(Nájera et al. 2010; Salazar et al. 2013) and now have evi-
dence of some δ13C enrichment in the diets of Copper and
Bronze Age populations of the Upper Tagus basin. This
suggests that these higher values may not be exclusively
tied to environmental factors, as southern Portugal and
Central Spain have distinctly different Atlantic and
Continental climates. While the contemporaneity of all
sampled populations would favor a common cause for these
higher δ13C values, other aspects of population demo-
graphics, such as the sedentariness or social complexity,
do not provide answers, as there seem to be appreciable
differences between all three regions (e.g., Díaz-del-Río
2006; Brodsky et al. 2013; Aranda et al. 2008; Lillios
1991). Of course, we cannot rule out the availability and
consumption of an indigenous C4 or CAM plant that may
have been useful as a dietary supplement in the context of a
semi-steppe environment with a xeric regime, such as the south-
ern Spanish Meseta (e.g., purslane, Tankersley et al. 2016) or
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of seaweed intake in the case of Portuguese coastal groups
(Waterman et al. 2016).

Although more data are needed, our results suggest that an
increase of some form of C4 plant consumption probably

Table 2 List of dated samples and results

No. Site Location Region S. unit/tag Lab code BP SD δ13C cal BC 2σ Sample

1 Casa Montero Vicálvaro Madrid 2781 Beta-295151 3130 50 −18.7 1510–1270 Human bone

2 Casa Montero Vicálvaro Madrid 2486 Beta-295150 3320 40 −18.1 1700–1500 Human bone

4 El Congosto Rivas Vaciamadrid Madrid 1324 KIA27583 3345 35 * 1740–1530 Human bone

9 Gózquez 085 San Martín de la Vega Madrid 2275 CNA2348 3355 35 −18.02 1750–1530 Human bone

10 Gózquez 085 San Martín de la Vega Madrid 992 CNA2349 3360 35 −19.27 1750–1530 Human bone

11 Gózquez 047 San Martín de la Vega Madrid 9142 CNA2350 3890 35 −19.27 2480–2230 Human bone

12 Gózquez 085 San Martín de la Vega Madrid 1602 ind. 1 CNA2351 3405 35 −19.99 1870–1610 Human bone

13 Gózquez 047 San Martín de la Vega Madrid 9030/9031 CNA2352 3890 35 −19.71 2480–2230 Human bone

15 Gózquez 047 San Martín de la Vega Madrid 5130 ind. 2 Beta-134865 4100 80 −25 2880–2480 charcoal

17 Gózquez 087 San Martín de la Vega Madrid 4304 CNA2353 3520 35 −16.78 1940–1740 Human bone

18 Gózquez 087 San Martín de la Vega Madrid 2805 CNA2354 3470 35 −18.59 1890–1690 Human bone

19 Gózquez 087 San Martín de la Vega Madrid 303 CNA2355 3525 35 −18.17 1950–1750 Human bone

20 Gózquez 087 San Martín de la Vega Madrid 1704 CNA2356 3495 35 −17.21 1920–1690 Human bone

21 Gózquez 087 San Martín de la Vega Madrid 3303 CNA2357 3475 35 −17.22 1890–1690 Human bone

27 La Ocañuela Ocaña Toledo 1224 Beta-232895 5180 40 −19.80 4220–3810 Human bone

28 Los Chorrillos Estremera Madrid 325 CNA2358 3755 35 −17.85 2290–2030 Human bone

29 Pista de Motos Madrid Madrid 960 ind. 1 DSH261 3269 21 * 1620–1500 Human bone

32 Los Berrocales (AP) Madrid Madrid Burial 2 ind. 1 CNA373 3515 40 −19.86 1950–1700 Human bone

33 Los Berrocales (AP) Madrid Madrid Burial 2 ind. 2 CNA372 3540 50 −20.28 2030–1740 Human bone

36 Los Berrocales (AP) Madrid Madrid Burial 3 Ua41485 3405 33 * 1870–1620 Human bone

38 Los Berrocales (AP) Madrid Madrid Burial 5 CNA2359 3585 35 −17.86 2040–1780 Human bone

41 Los Berrocales (AP) Madrid Madrid Burial 10 CNA2360 3530 35 −18.76 1950–1750 Human bone

42 Los Berrocales (AP) Madrid Madrid Burial 11 CNA2361 3315 35 −18.91 1690–1500 Human bone

46 Los Berrocales (EE) Madrid Madrid Burial 17 CNA367 3550 60 −18.16 2120–1690 Human bone

53 Los Berrocales (EE) Madrid Madrid Burial 25 CNA2362 3370 35 −19.51 1750–1540 Human bone

64 Los Berrocales (EE) Madrid Madrid Burial 38 CNA2363 3435 35 −18.14 1880–1640 Human bone

66 Los Berrocales (EE) Madrid Madrid Burial 40 CNA368 3565 45 −16.52 2030–1770 Human bone

67 El Rebollosillo Torrelaguna Madrid Individual 1 CNA4006 4065 31 −18.60 2850–2480 Human bone

68 El Rebollosillo Torrelaguna Madrid Individual 2 CNA4007 4004 31 −18.51 2620–2460 Human bone

69 El Rebollosillo Torrelaguna Madrid Individual 3 CNA4008 4005 30 −16.30 2580–2460 Human bone

70 El Rebollosillo Torrelaguna Madrid Individual 4 CNA4009 3995 31 −19.52 2580–2460 Human bone

71 El Rebollosillo Torrelaguna Madrid Individual 5 CNA2364 4015 35 −18.49 2630–2460 Human bone

72 El Rebollosillo Torrelaguna Madrid Individual 6 CNA4010 3989 31 −19.58 2580–2460 Human bone

73 El Rebollosillo Torrelaguna Madrid Individual 7 CNA2365 4005 35 −18.54 2620–2460 Human bone

74 El Rebollosillo Torrelaguna Madrid Individual 8 CNA4011 4007 31 −19.21 2620–2460 Human bone

75 El Rebollosillo Torrelaguna Madrid Individual 9 CNA2366 4020 35 −18.37 2630–2460 Human bone

76 El Rebollosillo Torrelaguna Madrid Individual 10 CNA4012 4086 30 −16.02 2860–2490 Human bone

77 El Rebollosillo Torrelaguna Madrid Individual 11 CNA2367 3915 35 −19.06 2490–2290 Human bone

78 El Rebollosillo Torrelaguna Madrid Individual 12 CNA4013 4024 30 −15.95 2620–2470 Human bone

79 El Rebollosillo Torrelaguna Madrid Individual 13 CNA4014 3774 30 −16.22 2300–2050 Human bone

80 El Rebollosillo Torrelaguna Madrid Individual 14 CNA2368 4000 35 −19.42 2620–2460 Human bone

82 El Rebollosillo Torrelaguna Madrid Individual 15 CNA2369 4020 35 −17.88 2630–2460 Human bone

84 El Rebollosillo Torrelaguna Madrid Individual 16 CNA2370 4090 35 −18.81 2870–2490 Human bone

All unpublished except for no. 4 (Martín Bañón 2007); no. 15 (Díaz-del-Río 2004); no. 29 (Domínguez and Vírseda 2009); and nos. 36, 46, and 66
(Aliaga and Megías 2011)

*not reported
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began in central Iberia by mid-third millennium BC and be-
came a staple throughout the Bronze Age. This is also sug-
gested by the lowest δ13Cap value of the Late Neolithic sample
recovered from La Ocañuela (Toledo), to our knowledge, the
only documented individual burial for this chronology in the
whole region (ca. 4000 cal BC), and the observed shift to
enriched δ13Cap values in sample 15, dated to 2880–2480 cal
BC, with similar values to other mid-third-millennium BC sam-
ples such as numbers 11 and 81, both from the collective cave
of El Rebollosillo, dated to 2640–2410 cal BC. It should be
also noted that the only prehistoric sheep analyzed has the
lowest δ13Cen values of the whole sample, while both
C. familiaris and Sus sp., probably sheltered and fed livestock,
fall within Bronze Age human values.

Higher δ13C values in Late Copper Age and Bronze Age
human samples from non-coastal areas such as the Spanish
Meseta could be interpreted as an evidence for the consump-
tion of imported millets, This is however unlikely. Third-
millennium BC carpological remains of Panicum miliaceum
and Setaria italica are extremely sparse in Iberia (Moreno-
Larrazabal et al. 2015), and none has been directly dated.
The earliest for the former belongs to the northern
Portuguese Copper and Iron Age site of Crasto de
Palheiros, associated to an occupation dated between 2650
and 2470 cal BC (Sanches 2008: 46), while the multi-
stratified site of Kobaederra cave, in northern Spain, has

the earliest evidence for the latter, dated to 3310–2900 cal
BC. Finally, a single seed of Panicum sp. (not necessarily
P. miliaceum) has been recovered from a burial context in
Camino de las Yeseras (Madrid, Spain) (Peña-Chocarro
et al. 2011: 273) dated to 2580–2470 cal BC (Ríos 2011:
77). There are later—and again scanty—Bronze Age evi-
dences for millet throughout Iberia, while the first fully de-
veloped cultivation of P. miliaceum is documented in some
regions such as the northwest only by the fourth to third
century BC (Moreno-Larrazabal et al. 2015).

Be it a result of a cultural use of available autochthonous
plants or of the consumption of millet, central Iberian popula-
tions seem to have changed their diet and productive habits,
integrating some form of C4 plant intake by at least ca.
2500 cal BC. The claim for a shift in consumption patterns
would require of further support. Additional data could be
obtained combining results from phytoliths, starch remains
analyses on grinding stones, and human dental calculus
(e.g., Liu et al. 2015). If further evidence is found, the intro-
duction of millet in agricultural practices would involve the
incorporation of a summer cultigen into the already staple
wheat and barley agriculture. Such a change in agricultural
production would suggest some shift in subsistence practices,
or economic aspects of crop production and trade, and would
provide more evidence against the theories that these groups
were highly mobile.

Fig. 3 87Sr/86Sr values by sample
type and site. Blue shading shows
bioavailable local 87Sr/86Sr range
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In sum, our isotopic analyses suggest that human mobility
in the Late Prehistory of Central Spain was lower than has
been proposed in the more traditional culture historical per-
spective via other (largely ambiguous) archaeological data.
The scant evidence that we did find documenting migrants
in these burials offers new perspectives on the way in which
these small human groups may have organized their social
reproduction through exogamic marriage practices. The isoto-
pic data presented here have also provided new evidence of
possible changes in consumption patterns during the third
millennium BC. Thus, we propose that using stable and radio-
genic isotope analyses, in combination with more traditionally
derived archaeologically data, allows for more nuanced in-
sights into regional changes in agricultural and economic
practices and helps to clarify our understanding of a dynamic
time period in Iberian prehistory.

Acknowledgments The research for this paper was financially support-
ed by the Ministerio de Economía y Competitividad project HAR2013-
47776-R BHuman diet and mobility in Iberian Prehistory (3100–1500 cal

BC). The cases of the middle Tagus and Upper Guadalquivir basins^. We
thank Enrique Baquedano and Miguel Contreras for allowing and
assisting sample collection at the Museo Arqueológico Regional de
Madrid. We would also like to thank Raquel Aliaga, Susana Consuegra,
Rosa Domínguez, Asunción Martín, Alberto Pérez-Villa, and Antonio
Uriarte for their helpful inputs.

References

Abarquero FJ (2005) Cogotas I. La difusión de un tipo cerámico durante
la Edad del Bronce. Monografías. Arqueología en Castilla y León 4.
Valladolid

Aliaga R (2014) Sociedad ymundo funerario en el III y II milenio a. C. en
la región del Jarama. British Archaeological Reports, International
Series. 2630. Archaeopress, Oxford

Aliaga R, MegíasM (2011) Los Berrocales (Madrid): un yacimiento de la
Edad del Bronce en la confluencia Manzanares-Jarama. Patrimonio

Arqueológico de Madrid 8. Universidad Autónoma de Madrid,
Madrid

Ambrose SH, Krigbaum J (2003) Bone chemistry and bioarchaeology. J
Anthropol Archaeol 22:193–199

Aranda G, Fernández S, Haro M, Molina F, Nájera T, Sánchez M (2008)
Water control and cereal management on the Bronze Age Iberian
Peninsula: la Motilla del Azuer. Oxf J Archaeol 27(3):241–259

Balsera V, Bernabeu J, Costa-Caramé M, Díaz-del-Río P, García-Sanjuán
L, Pardo S (2015) The radiocarbon chronology of Southern Spain’s
Late Prehistory (5600-1000 cal BC): a comparative review. Oxf J
Archaeol 34(2):139–156

Beard BL, Johnson CM (2000) Strontium isotope composition of skeletal
material can determine the birthplace and geographic mobility of
humans and animals. J Forensic Sci 45(5):1049–1061

Bentley RA, Price TD, Stephan E (2004) Determining the ‘local’
87Sr/86Sr range for archaeological skeletons: a case study from
Neolithic Europe. J Archaeol Sci 31(4):365–375

Blanco González A (2011) From huts to ‘the house’: the shift in perceiv-
ing home between the Bronze Age and the Early Iron Age in central
Iberia (Spain). Oxf J Archaeol 30:393–410

Blasco,MC (1994) ed. El horizonte campaniforme de la región deMadrid
en el centenario de Ciempozuelos. Patrimonio Arqueológico del
Bajo Manzanares 2. Universidad Autónoma de Madrid.

Bradley RS (1999) Paleoclimatology: reconstructing climates of the
Quaternary Vol. 68. Academic Press

Brodsky MC, Gilman A, Martín Morales C (2013) Bronze Age political
landscapes in La Mancha. In: Cruz Berrocal M, García Sanjuán L,
Gilman A (eds) The prehistory of Iberia. Debating early social strat-
ification and the state. Routledge, London, pp 141–169

Carmona E (2011) Las comunidades campesinas calcolíticas en el valle
medio del Arlanzón (cal 3000–1900 A.C.): Transformaciones y
procesos históricos. Universidad de Burgos, Burgos

DeNiro MJ (1985) Postmortem preservation and alteration of in vivo
bone collagen isotope ratios in relation to palaeodietary reconstruc-
tion. Nature 317(6040):806–809

Díaz-del-Río P (1995) Campesinado y gestión pluriactiva del ecosistema:
un marco teórico para el análisis del III y II milenios A.C. en la
Meseta Peninsular. Trab Prehist 52(2):99–109

Díaz-del-Río P (2004) Copper Age ditched enclosures in central Iberia.
Oxf J Archaeol 23(2):107–121

Díaz-del-Río P (2006) An appraisal of social inequalities in Central Iberia
(c. 5300–1600 cal BC). In: Díaz-del-Río P, García Sanjuán L (eds)
Social inequality in Iberian. British archaeological reports interna-
tional series 1525. Archaeopress, Oxford, pp 67–79

Fig. 4 Scatterplot of 87Sr/86Sr and δ18O values from humans and faunal samples. One non-local individual from Pista de Motos (0.71490) not included
as δ18O values were not obtained. Only three outliers are shown as sample 29 lacks associated δ18O value

1450 Archaeol Anthropol Sci (2017) 9:1439–1452



Díaz-del-Río P, Consuegra S, Peña-Chocarro L,Márquez B, Sampedro C,
Moreno R, Albertini D, Pino B (1997) Paisajes agrarios
prehistóricos en la Meseta Peninsular: el caso de ‘Las Matillas’
(Alcalá de Henares, Madrid). Trab Prehist 54(2):93–111

Díaz-del-Río P, Consuegra S, Audije J, Zapata S, Cambra O, González A,
Waterman A, Thomas J, Peate D, Odriozola C, Villalobos R, Bueno
P, Tykot RH (2017) Un enterramiento colectivo de mediados del III
milenio AC en el centro de la Península Ibérica: El Rebollosillo
(Torrelaguna, Madrid). Trab Prehist 74(1)

Díaz-Teijeiro MF, Rodríguez-Arévalo J, Castaño S (2009) La Red
Española de Vigilancia de Isótopos en la Precipitación (REVIP):
distribución isotópica espacial y aportación al conocimiento del
ciclo hidrológico. Ingeniería Civil (CEDEX) 155:87–97

Domínguez RM, Vírseda L (2009) Excavación en el yacimiento Pista de
Motos (Villaverde, Madrid). Actas de las cuartas jornadas de
Patrimonio Arqueológico en la Comunidad de Madrid (Madrid
2007), pp 327–331

Fernández-Crespo T,Mijika JA, Ordoño J (2017) Aproximación al patrón
alimentario de los inhumados en la cista de la Edad del Bronce de
Ondarre (Aralar, Guipúzcoa) a través del análisis de isótopos
estables de carbono y nitrógeno sobre colágeno óseo. Trab Prehist
73(2):325–334

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope discrim-
ination and photosynthesis. Annu Rev Plant Biol 40(1):503–537

Gerbault P, Liebert A, Itan Y, Powell A, Currat M, Burger J, Thomas MG
(2011) Evolution of lactase persistence: an example of human niche
construction. Philosophical Transactions of the Royal Society B:
Biological Sciences 366(1566):863–877. doi:10.1098/rstb.2010.
0268

Jiménez-Jáimez V (2015) The unsuspected circles. On the late recogni-
tion of Southern Iberian Neolithic and chalcolithic ditched enclo-
sures. Proceedings of the Prehistoric Society 81:179–198

Instituto Geológico y Minero de España (1988) Atlas Geocientífico del
Medio Natural de la Comunidad de Madrid. IGME, Madrid

Katzenberg MA (2008) Stable isotope analysis: a tool for studying past
diet, demography, and life history. In: KatzenbergMA, Saunders SR
(eds) Biological anthropology of the human skeleton, 3rd edn. John
Wiley and Sons Inc, Hoboken, pp 413–441

Koch PL, Tuross N, Fogel ML (1997) The effects of sample treatment
and diagenesis on the isotopic integrity of carbonate in biogenic
hydroxylapatite. J Archaeol Sci 24:417–429

Kohn MJ, Cerling TE (2002) Stable isotope compositions of biological
apatite. Rev Mineral Geochem 48(1):455–488

Krueger HW, Sullivan CH (1984) Models for carbon isotope fraction-
ation between diet and bone. In: Turnlund J, Johnson PE (eds) Stable
isotopes in nutrition. American Chemical Society, Washington, DC,
pp 205–222

Lai L (2008) The interplay of economic, climatic and cultural change
investigated through isotopic analyses of bone tissue: the case of
Sardinia 4000–1900 B.C. Dissertation, University of South Florida

Lee-Thorp JA, Sealy JC, van der Merwe NJ (1989) Stable carbon isotope
ratio differences between bone-collagen and bone apatite, and their
relationship to diet. J Archaeol Sci 16:585–599

Lillios KT (1991) Competition to fission: the Copper to Bronze Age
transition in the lowlands of West-Central Portugal (3000–1000
BC). Ph.D. Dissertation, Yale University

Liesau C (2011) La arqueozoología, un elemento clave en la concepción
espacial de Camino de las Yeseras. In: Blasco C, Lieasu C, Ríos P
(eds) Yacimientos calcolíticos con campaniforme de la región de
Madrid: nuevos estudios. Patrimonio Arqueológico de Madrid 6.
Universidad Autónoma de Madrid, Madrid, pp 167–170

Liu L, Duncan NA, Chen X, Liu G, Zhao H (2015) Plant domestication,
cultivation, and foraging by the first farmers in early Neolithic
Northeast China: evidence from microbotanical remains. The
Holocene 25(12):1965–1978

Lull V (2000) Argaric society: death at home. Antiquity 285:581–590

Lull V, Micó R, Rihuete C, Risch R (2013) Bronze Age Iberia. In:
Fokkens H, Harding A (eds) The Oxford handbook of the
European Bronze Age. Oxford University Press, Oxford, pp 594–
616

Makarewicz CA, Sealy J (2015) Dietary reconstruction, mobility, and the
analysis of ancient skeletal tissues: expanding the prospects of stable
isotope research in archaeology. J Archaeol Sci 56:146–158

Maluquer de Motes J (1972) Proceso histórico económico de la Primitiva
población peninsular. Instituto de Arqueología y Prehistoria,
Publicaciones Eventuales 20. Universidad de Barcelona

Martín Bañón A (2007) Yacimiento de El Congosto (Rivas-
Vaciamadrid). La fase neolítica. Actas de las segundas jornadas de
Patrimonio Arqueológico en la Comunidad de Madrid, Madrid:
201–205

McArthur JM, Howarth RJ, Bailey TR (2001) Strontium isotope stratig-
raphy: LOWESS version 3: best fit to the marine Sr-isotope curve
for 0–509 Ma and accompanying look-up table for deriving numer-
ical age. The Journal of Geology 109(2):155–170

Nájera T, Molina F, Jiménez-Brobeil SA, Sánchez Romero M, Al
Oumaoui I, Aranda G, Delgado-Huertas A, Laffranchi Z (2010)
La población infantil de la Motilla del Azuer: Un estudio
bioarqueológico. Complutum 21:69–102

Moreno-Larrazabal A, Teira-Brión A, Sopelana-Salcedo I, Arranz-
Otaegui A, Zapata L (2015) Ethnobotany of millet cultivation in
the north of the Iberian Peninsula. Veg Hist Archaeobotany 24(4):
541–554

Peña-Chocarro L, Ruiz-Alonso M, Sabato D (2011) Los macrorrestos
vegetales. In: Blasco C, Liesau C, Ríos P (eds) Yacimientos
calcolíticos con campaniforme de la región de Madrid: nuevos
estudios. Universidad Autónoma de Madrid, Madrid, pp 261–275

Pérez-Villa A (2015) Pautas funerarias y demográficas de la Edad del
Bronce en la cuenca media y alta del Tajo. Bibliotheca
Praehistorica Hispana 31. CSIC, Madrid

Price TD, Burton JH (2011) An introduction to archaeological chemistry.
Springer, New York

Price TD, Johnson CM, Ezzo JA, Ericson J, Burton JH (1994) Residential
mobility in the prehistoric southwest United States: a preliminary
study using strontium isotope analysis. J Archaeol Sci 21(3):315–
330

Price TD, Burton JH, Bentley RA (2002) The characterization of biolog-
ically available strontium isotope ratios for the study of prehistoric
migration. Archaeometry 44(1):117–135

Ríos P (2011) Nuevas fechas para el Calcolítico de la región de Madrid.
Aproximación crono-cultural a los primeros poblados estables. In:
Blasco C, Liesau C, Ríos P (eds) Yacimientos calcolíticos con
campaniforme de la región de Madrid: nuevos estudios.
Patrimonio Arqueológico de Madrid 6. Universidad Autónoma de
Madrid, Madrid, pp 73–86

Salazar DC, Benítez de Lugo LB, Álvarez HJ, Benito M (2013) Estudio
diacrónico de la dieta de los pobladores antiguos de Terrinches
(Ciudad Real) a partir del análisis de isótopos estables sobre restos
óseos humanos. Revista Española de Antropología Física 34:6–14

de Sanches MJ coord (2008) O Crasto de Palheiros. Fragada do Crasto.
Murça-Portugal. Município de Murça. Portugal

Schoeninger MJ, Moore K (1992) Bone stable isotope studies in archae-
ology. J World Prehist 6(2):247–296

Smith BH (1991) Standards of human tooth formation and dental age
assessment. Wiley-Liss Inc., New York

Stuart Williams HLQ, Schwarcz HP, White CD, Spence MW (1996) The
isotopic composition and diagenesis of human bone from
Teotihuacan and Oaxaca, Mexico. Palaeogeogr Palaeoclimatol
Palaeoecol 126(1–2):1–14

Tankersley KB, Conover DG, Lentz DL (2016) Stable carbon isotope
values (δ13C) of purslane (Portulaca oleracea) and their archaeolog-
ical significance. Journal of Archaeological Science Reports 7:189–
194

Archaeol Anthropol Sci (2017) 9:1439–1452 1451

http://dx.doi.org/10.1098/rstb.2010.0268
http://dx.doi.org/10.1098/rstb.2010.0268


Tykot RH (2002) Contribution of stable isotope analysis to understanding
dietary variation among theMaya. In: Jakes KA (ed) Archaeological
chemistry: materials, methods, and meanings. American Chemical
Society, Washington DC, pp 214–230

Tykot RH (2006) Isotope analyses and the histories of maize. In: Staller
JE, Tykot RH, Benz BF (eds) Histories of maize: multidisciplinary
approaches to the prehistory, linguistics, biogeography, domestica-
tion, and evolution of maize. Academic Press, Amsterdam, pp 131–
142

Tykot RH, Falabella F, Planella MT, Aspillaga E, Sanhueza L, Becker C
(2009) Stable isotopes and archaeology in central Chile: methodo-
logical insights and interpretative problems for dietary reconstruc-
tion. Int J Osteoarchaeol 19(2):156–170

van der Merwe NJ, Medina E (1991) The canopy effect, carbon isotope
ratios and foodwebs in Amazonia. J Archaeol Sci 18(3):249–259

Villaseca C, Barbero L, Santos RJ, Zalduegui JF (1998) Nuevos datos
petrológicos, geocronología (Rb-Sr) y geoquímica isotópica (Sr,
Nd) del plutón de Ventosilla (Sierra de Guadarrama, Sistema
Central Español). Geogaceta 23:169–172

Waight TE, Baker JA, Peate DW (2002) Sr isotope ratio measurements by
double focusing MC-ICPMS: techniques, observations and pitfalls.
Int J Mass Spectrom 221:229–244

Waterman AJ (2012) Marked in life and death: identifying biological
markers of social differentiation in Late Prehistoric Portugal.
Dissertation. University of Iowa

Waterman AJ, Peate DW, Silva AM, Thomas JT (2014) In search of
homelands: using strontium isotopes to identify biological markers
of mobility in Late Prehistoric Portugal. J Archaeol Sci 42C:119–
127

Waterman AJ, Tykot RH, Silva AM (2016) Stable isotope analysis of
diet-based social differentiation at Late Prehistoric collective burials
in southwestern Portugal. Archaeometry 58(1):131–151

White CD, Spence MW, Longstaffe FJ (2004) Demography and ethnic
continuity in the Tlailotlacan enclave of Teotihuacan: the evidence
from stable oxygen isotopes. J Anthropol Archaeol 23:385–403

Wright LE, Schwarcz HP (1998) Stable carbon and oxygen isotopes in
human tooth enamel: identifying breastfeeding and weaning in pre-
history. Am J Phys Anthropol 106(1):1–18

1452 Archaeol Anthropol Sci (2017) 9:1439–1452


	Diet...
	Abstract
	Introduction
	Methods
	Regional context, selected sites, and samples
	Results
	Discussion
	References


