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Abstract

The Mesolithic period has a long history of study in the Cantabrian region (Northern Iberia) due to the relatively high
concentration of human remains dating to this period. Previous analysis of stable carbon and nitrogen isotopes focussed on
bone collagen, useful in broadly characterising Mesolithic diet, and particularly in identifying distinct inland and coastal
diets. But this long-term average view does not permit the study of variation throughout the year that we might expect to
see in hunter-gatherer diets. In this study, we present new radiocarbon dates and sequential dentine data from Los Canes
Cave (Asturias), as well as some of the first enamel strontium isotope results for the area. All the new and old radiocar-
bon dates fell within the 6th millennium, indicating the long use of Los Canes for funerary activity. The sequential stable
carbon and nitrogen isotope results show a C; terrestrial based diet for all the individuals. The mean 313C value is -19.6%o
+ 1.0 (o), ranging from -21.5 to -15.2%o. The mean 8'°N value is 9.0%0 + 1.47 (o) ranging from 6.5%o to 15.8%o. The
methodology used for this work also allowed us to study diet through different stages of the life cycle of these individuals,
including the impact of breastfeeding and weaning, as well as to identify possible stress-related moments reflected in the
isotopic data. Our data suggest a prolonged and late weaning period that took up to four years to complete. Breastfeed-
ing probably continued as a complementary food for children to fulfil their nutritional needs and to support the immune
system. Isotopic changes around the age of eleven could be associated with physiological stress related to puberty. How-
ever, there were no drastic changes in the diets, as all the individuals rely on terrestrial C; resources with the exception
of one individual, who may have consumed low trophic marine resources for several months. The human ®’Sr/%Sr values
presented a mean of 0.70955+0.0003, ranging from 0.70893 to 0.70981, suggesting that all the individuals spent their
childhood in the region around Los Canes cave. Combining both proxies allow us to discuss the territorialization of the
space, reinforcing the theory that some communities were occupying the coast, while others were focused on the inland
mountains, but were in contact with each other.
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Introduction

The Mesolithic is one of the best-known prehistoric peri-
ods in the Cantabrian region due to the large number of
sites and the long tradition of Archaeological research.
Many of the best-known Mesolithic sites are close to the
current coastline, which, taking into account the complex
orography of the territory and the paleo-economic infor-
mation provided by these sites, suggest that the human
groups that lived in the area consumed a broad-spectrum
diet, including both marine and terrestrial resources
(Arias 2007). This diverse exploitation may have pro-
vided enough resources to reach a relatively high popula-
tion density, based on the high number of Mesolithic sites
(Arias 1999; Fano 1998).

The information obtained from shell middens shows an
intense exploitation of different species of marine and ter-
restrial molluscs (Alvarez-Fernandez et al. 2011; Aparicio
2001; Bailey and Craighead 2003; Garcia-Escarzaga 2014;
Gutiérrez-Zugasti 2011), while fishing activity increased
(Alvarez-Fernandez 2015; Fano el at 2013) and hunting
continued playing a key role in the subsistence of these pre-
historic groups, especially deer (Cervus elaphus) (Altuna
and Mariezkurrena 2012; Alvarez-Fernandez and Altuna
2013; Marin and Gonzalez-Morales 2009), as well as cham-
ois (Rupicapra pyrenaca), ibex (Capra ibex) and wild boar
(Sus scrofa). However, due to the good climatic conditions
of the region, the vegetal resources, which tend to be under-
represented in the archaeological record, might also have
been an important part of the diet for these groups (Fernan-
dez-Crespo et al. 2020; Zapata 2000).

The Cantabrian region is also one of the places of the
Iberian Peninsula with a relatively high proportion of Meso-
lithic burials, providing key information about the funer-
ary practices of the time. The majority are individuals who
were intentionally buried in occupation levels from caves
or rock shelters (Arias 2007, 2012; Arias and Alvarez-
Fernandez 2004; Armendariz et al. 2010; Barandiaran and
Cava 2001; Fernandez-Tresguerres and Garralda 1986; Iri-
arte et al. 2010; Tapia et al. 2008; Vidal and Prada 2010).
Furthermore, disarticulated human remains were also found
in shell middens (Albisu and Etxeberria 2005; Arias 2007,
et al. 2013; Castafios 1998/2000; Garralda 1981; Gutiérrez-
Zugasti and Gonzalez-Morales 2013).

The demographic profile of all the burials did not exhibit
any sex/gender differences among the individuals who, in
the majority of the cases, were deposited on their side (oth-
ers were laid on their back) with the legs flexed. Sometimes,
the grave goods are quite complex and might be influenced
by the age of the individual, as seen in the juvenile from
structure 6-11 of Los Canes (Arias 2002, 2013; Arias and
Garralda 1996).
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However, despite the propitious environmental condi-
tions and the funerary practices, the prehistoric groups of
the region did not develop a complex social organization,
as there is no evidence of permanent settlements or clear
signs of food storage (Arias 1999). However, based on the
lithic industry (Arias 1999) and previous isotopic work
(Arias 2005/2006; Arias and Schulting 2010; Schulting et
al. 2024), there is evidence of territorialization of the space,
in which some human groups exploited marine and ter-
restrial resources of the coast while others remained in the
inland mountains and exploited only terrestrial resources.

Isotopic dietary studies in the region

The measurement of '*C and §'°N in the collagen of human
tissues has proven to be a very useful technique of investi-
gating aspects of the diets of individuals during the period
of tissue formation. Bone, as a living and active tissue, is
continuously remodelling, being reabsorbed and replaced
through the life of the individual once skeletal growth and
formation ceases. The rate of turnover varies from one bone
to another, between 3% —4% per year, taking from 10 to 15
years to complete the process (Bell et al. 2001; Hedges et
al. 2007; Fahy et al. 2017) depending on the proportion of
trabecular bone (Valentin 2002).

In contrast, the measurement of these isotopes in tissues
which grow incrementally such as hair and dentine can be
used to provide specific temporal resolution for the changes
in diet of an individual (e.g. Fuller et al. 2006; Mekota et al.
2006; de Luca et al. 2012). Measuring the isotope ratios in
tissues developing at different life stages offers the potential
to follow the diet of an individual through childhood and
adolescence, and to then compare it to the last few years of
life (Beaumont et al. 2013). The developmental age of each
tooth is very well established (Ubelaker 1989; AlQahtani et
al. 2010) and is only minimally affected by sex, geographi-
cal origin, or nutritional status (Reid and Dean 2000, 2006;
Elamin and Liversidge 2013). Thus, it is possible to calcu-
late the approximate age at which each section of dentine
was formed (Czermak et al. 2020). The analysis of dentine
has been used in previous studies to show short-term dietary
changes during the childhood of individuals from different
periods (Montgomery et al. 2013; Beaumont and Montgom-
ery 2016; Fernandez-Crespo et al. 2020; Higuero Pliego and
Beaumont 2023).

The first isotope analysis from the prehistory of the Can-
tabrian region was performed on human remains from Los
Canes, J3, Poza I’Egua and Colomba (Arias 2005/2006).
Subsequently, more isotope data were obtained from two
individuals from La Brafia-Arintero cave (Arias and Schul-
ting 2010), Chan do Lindeiro (Grandal-D’Anglade and
Vidal-Gorosquieta 2017), Santimamifie (Sarasketa-Gartzia
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et al. 2018), and Aizpea (Fernandez-Crespo et al. 2020). For
a recent review see Schulting et al. (2024).

Bulk collagen data suggest two dietary regimes (Table 1):
a C; terrestrial one, represented by all the individuals except
three, and a more marine one in the cases of J3, Poza ’Egua
and Colomba. These sites are close to the coast, making it
quite possible that the different groups that inhabited those
caves exploited that environment as previous studies sug-
gested (Alvarez-Fernandez 2015; Alvarez-Fernandez et al.
2011; Aparicio 2001; Bailey and Craighead 2003; Fano et
al. 2013; Garcia-Escarzaga 2014). This suggests a poten-
tial territorial division of the Cantabrian landscape, with
groups living along the coast monopolising the consump-
tion of marine resources, perhaps restricting access by other
groups (Arias 2005; Arias and Schulting 2010; Schulting et
al. 2024), a hypothesis supported by the regionalisation seen
in raw materials, of local origins (Arias 1999). Whether

such apparent territoriality (presumably working both ways,
with limited use of the inland mountain resources by coastal
communities) was actively maintained or the outcome of
restricted mobility is unknown.

However, it must be taken into account that the Cantabrian
region extends over 400 km parallel to the coast, with variable
width (Fig. 1). While the sites of Los Canes, Poza I’Egua and
Colomba are quite close to each other (Eastern Asturias), La
Brafia-Arintero is on the other side of the Cantabrian Moun-
tain range (Leon). Santimamifie and J3 have a more eastern
location (however, with great separation in between), and
Aizpea is close to the Pyrenees. In the opposite direction to
the other sites, Chan do Lindeiro is located in Lugo (Galicia)
and is the westernmost site with human isotopic data. Despite
the geographical differences, the marine values from Poza
I’Egua, Colomba and J3 still suggest territorialization along
the Cantabria coast (Arias 2005/2006) (Table 1) (Fig. 1).

Table 1 Radiocarbon datation, 5"°C and 6'°N values on bone collagen, and location from mesolithic sites in Northern Iberia, adapted from Schult-
ing et al. 2024. Data source: Arias 2005, 2012, 2013; Arias and Fano 2005; Arias and Schulting 2010; Arias et al. 2007, 2014; Barandiaran and
Cava 2001; Drak 2015; Drak et al. 2008; Fernandez-Crespo et al. 2020; Garcia-Sagastibelza et al. 2020; Grandal-D’Anglade and Vidal-Goros-
quieta 2017; Sarasketa-Gartzia et al. 2018; Iriarte et al. 2005; Lopez Quintana et al. 2015; Noval 2014; Tapia et al. 2008; Vidal and Prada 2010.

All the Radiocarbon dates and the isotopic values came from the same bone, except for Cotero de La Mina, indicated by an

ok

. In this case, the

Radiocarbon date came from a piece of charcoal while the isotopic values were obtained from a human clavicle

Site Sex Age 14C Date (BP) Lab code s13C 5N C:N
Inland

Arangas - Adult 8240+40 OxA-24,799 -18.8 9.1 33
Cotero de la Mina - - 5133 +£55% - -20.2 9.5 n.d.
Paré de Nogales - Adult 7365+36 OxA-X-23999-26 -19.2 8.2 32
Brafia-Arintero 1 M Adult 6980+50 Beta-226,472 -18.8 10.4 3.2
Brafia-Arintero 2 M Adult 7030+50 Beta-226,473 -18.9 10.5 32
Chan do Lindeiro—01 F Adult 7995+70 Ua-13,398 -20.5 8.4 3.1
Chan do Lindeiro—12 F Adult 8235451 Ua-38,115 -20.8 8.1 3.1
Chan do Lindeiro—07 F Adult - - -20.5 9.0 3.1
Aizpea F Adult 6600+50 GrA-779 -20.3 7.2 3.5
Los Canes 1 A (combined) F Adult 6197+45 - -19.8 8.1 32
Los Canes 2 A (combined) M Juvenile 7171+£36 - -19.7 7.9 33
Los Canes 2B M? Adult 7118 24 OxA-23,184 -19.2 8.1 33
Los Canes 3 A M Adult 6930+95 AA-6071 -19.2 7.7 n.d.
Los Canes 3B - Infant 7210+40 OxA-19,918 -18.3 11.3 33
Los Canes 3 C - Adult 6243+35 OxA-23,181 -19.7 7.6 32
Los Canes 3D - Indet 7315+40 OxA-X-2395-20 -20.7 7.5 3.3
Los Canes (UES) - Adult 5980+70 -21.9 7.7 n.d.
Coastal

Poza I’Egua M Adult 8550+80 TO-10,222 -16.7 12.1 n.d.
J3 M Adult 8300+50 GrA-23,733 -16.7 11.5 n.d.
Colomba M Adult 7090+ 60 TO-10,223 -15.8 12.6 n.d.
Santimamifie M Adult 6130+40 Beta-307,665 -16.3 10.4 n.d.
Lumentxa (combined) - Adult 6116+26 - -17.2 10.0 32
Linatzeta (combined) - Infant 7337+26 - -15.7 12.9 32
Atxuri-I - Adult? 7290+30 Beta-442,236 n.d. n.d. 33
Tito Bustillo M Adult 847050 Beta-197,042 n.d. n.d. n.d.
Cuartamentero M Adult 8395+40 OxA-18,230 -12.8 14.3 3.3
Mazaculos M Adult 7290430 OxA-18,237 -14.8 11.6 3.2
El Toral III - Adult? 7080+30 UGAMS-5400 n.d. n.d. n.d.
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Fig. 1 location of Los Canes cave within the Iberian Peninsula and the Cantabrian region, and map with the mentioned sites with previously ana-

lysed isotopic data in this work (Table 1) (by Teira L using ArcGIS Pro)

Strontium isotope analysis in the region

Strontium isotope (¥’Sr/*Sr) analysis performed on dental
enamel has proved to be useful for studying geographi-
cal mobility and potential migrations, both in animal and
human remains (Price 2015; Alt et al. 2016; Diaz del Rio et
al. 2017; Sarasketa-Gartzia et al. 2018; Villalba-Mouco et
al. 2020). ¥’Sr/*%Sr values vary depending on the geologi-
cal areas and the bedrock age of a location (Copeland et al.
2010). As the ¥’Sr contained in rock derives from the radio-
active decay of ¥'Rb, older rocks display higher 3’Sr/*¢Sr
values (Bentley 2004). Strontium isotopes enter the soil pri-
marily through the erosion and weathering of the bedrock
and the soil and are incorporated into the food chain through
plants. Plants are the main source of Sr, with minimal isoto-
pic fractionation due to the very small relative differences in
isotopic mass. However, it must be taken into account that
the bioavailable Sr/*®Sr values from a specific area might
be altered through the depositions of non-local strontium,

@ Springer

e.g., through the marine seaspray effect, atmospheric dust,
or the impact of rivers and lakes (Frei et al. 2020).

Strontium is fixed in enamel during its mineralization,
a non-remodelling tissue with high resistance to diage-
netic changes (Bentley and Knipper 2005). It reflects the
bioavailable strontium isotope ratio values from the region
where an organism lived during enamel mineralization, thus
allowing the tracking of individual mobility over time as
well as geographical provenance (Ericson 1985; Price et al.
2002; Bentley and Knipper 2005; Bentley et al. 2004). Prior
to this study, ¥’Sr/%6Sr values were only available from two
individuals, one from Santimamifie (Sarasketa-Gartzia et
al. 2018) and another from Aizpea (Fernandez-Crespo et al.
2020). Santimamifie is on the boundary between what was
considered to be local and non-local values (0.71038). The
values from Aizpea, however, support a restricted mobility
of the individual during the years the tooth was forming, in
accordance with a higher degree of territoriality than is usu-
ally attributed to Mesolithic communities.
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Los Canes Cave

From the beginning of the Holocene, the geographical
characteristics of the Cantabrian region (mainly the Canta-
brian mountains) allowed the existence of a dense vegeta-
tion year-round, in contrast with the drier conditions on the
southern side of the mountain range (Mufioz et al. 2004).
It has been suggested that the Mesolithic environment in
which the prehistoric human groups lived would have been
very similar to that of the present (Fano 2004).

Los Canes cave is located in the eastern part of Asturias
(northern Iberia), on the southern slope of the Cuera moun-
tain chain. It is considered a mountainous location due to
the abrupt topography in the surroundings, despite its rela-
tively low altitude (325 m above sea level), which reaches
1315 m.a.s.1. only 4 km north-east from the cave, and only
150 m at the bottom of the Cares valley, 3 km to the south.
Thus, there is a difference of 1165 m elevation within 7 km.
Although it is defined as an inland site, the cave is located
only 11 km from the current coastline with a 1000 m high
pass that must be crossed. However, that only means a4-5 h
walk from the cave, and shells of edible marine molluscs
such as limpets are present in the Palaeolithic and Meso-
lithic layers of the site (Arias 2002). The cave consists of
a narrow passage in a SE-NW direction, 1-2 m wide and
50 m long, where archaeological evidence was found in
two areas: at the entry of the cave, a 7 m length chamber
with a long stratigraphic sequence, and at the end, where an
assemblage of Palaeolithic engravings was found (Arias et
al. 1981; Martinez Villa 2020).

The excavations, led by P. Arias and C. Pérez between
1985 and 1993, uncovered a complex archaeological
sequence ranging from the late Solutrean (c. 18250 cal BC)
to the late Bronze Age (c. 1100 cal BC). The stratigraphical
sequence starts with a succession of undisturbed sub-hori-
zontal layers only preserved in the back of the entrance of
the cave. The earliest one being a late Solutrean layer dating
to around 18,250 cal BC, covered by a lower Magdalenian
layer (SU 2B), dated c. 17,000 cal BC, and followed by an
Upper Magdalenian layer dated c. 13,500 cal BC (SU 2 C).
Above these, a succession of four early Mesolithic layers
(probably Azilian) were identified (SU 3 A, 3B, 3 C and
4; the two earliest dated around 11500 cal BC). Later dur-
ing the Holocene, the sequence was severely affected by
natural and anthropogenic processes such as karstic reac-
tivation eroding the sediments close to the back wall of the
cave entrance. Later, through the late seventh and the sixth
millennia cal BC, the cave was used as a burial place by
late Mesolithic groups. Several graves were dug in a very
restricted area (7 2 m), disturbing most of the late Pleisto-
cene deposits. Three graves were well-preserved, but there
is evidence that some others were previously disturbed.

Finally, the upper part of the Mesolithic phase, which repre-
sents 30-35% of the excavated volume of the cave entrance,
was affected by early Neolithic activity during the first half
of the fifth millennium cal BC, and by very shallow Bronze
Age burials, from the second millennium cal BC. The con-
sequence of these processes was, on one hand, that the
preserved volume of the Palaeolithic layers was extremely
small; and on the other, that the Mesolithic structures con-
tained many displaced artefacts, bones, and shells from the
Palaeolithic layers (Arias 2002).

Of special interest are the three funerary structures where
several individuals were buried, and three almost complete
individuals were found. In structure 6-I, individual 1 A was
a mature female (around 60 years old) presenting signs
of osteoarthritis through the body as well as poor dental
hygiene (caries, marked wear and ante-mortem loss of teeth)
(Drak 2015; Drak et al. 2020). A second individual (1B) in
this structure was only represented by one tooth. In structure
6-11, the remains of a juvenile male aged between 15 and 20
years were found (individual 2 A), with signs of periostitis
in different bones (femora, humeri, tibiae and fibulae, and
ribs), enamel hypoplasia and cribra orbitalia, suggesting
several episodes of physiological stress during life (Drak
2015; Drak et al. 2020). Individual 2B, who was buried
before individual 2 A, was an adult of around 25 years old
only represented by some teeth and bones from both hands
and feet (Drak 2015; Drak et al. 2020). Finally, structure
6-11I contained one complete individual (3 A) and remains
from other three in the uppermost part of its filling (33B, 3 C
and 3D) (Drak 2015; Drak et al. 2020). Individual 3 A was a
male over 50 with generalized osteoarthritis throughout the
skeleton (clavicles, scapulae, several vertebrae, both femo-
ral heads, etc.), a fractured vertebra (12th thoracic) as well
as multiple carious lesions on the teeth. Individual 3B was
represented by several infantile bones with possible signs of
rickets. Individual 3 C only presented a pair of adult cuboids
and, finally, from the individual 3D only a deciduous molar
was found (Drak 2015; Drak et al. 2020).

Also, in order to interpret the human isotope values, the
previously baseline analysed from several faunal species
from the same site and period was used (Schulting et al.
2024; Table 2) (Table 2).

Materials and methods

The teeth from Los Canes Cave

The best-preserved teeth from the three individuals (1 A,
2 A and 3 A) were selected for dentine sequence analy-

sis. Previous 8'°C and 8'°N analysis of bone collagen
from these individuals suggests a terrestrial C; diet (Arias

@ Springer
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Table 2 §'°N and 6'*C values from different mesolithic animal species
from Los canes cave used to build the baseline for the site. Data from
Schulting et al. 2024

mean §°C  +16 means°N =lo

Species n

Cervus elaphus 6 -21.5 04 40 0.6
Capreolous capreolus 3 -20.9 09 39 0.1
Capra pyrenaica 5 -20.2 0.6 39 0.9
Rupicapra pyrenaica 4 -20.1 1.0 46 0.6
Capra/Rupicapra 1 -20.0 - 2.8 -
Sus scrofa 2 -20.8 1.0 4.1 0.2
Ursus sp. 1 -204 — 2.5 —

2005/2006). Combining this previous work with new analy-
ses provides new information on the diet during different
stages of the life of these individuals. We analysed stable
carbon and nitrogen isotope ratios, and enamel strontium
values from a total of seven teeth: four from the three indi-
viduals mentioned above, and three isolated teeth from dif-
ferent stratigraphic units (Table 3). We took into account
that the isolated ones could potentially be from the same
individuals, as one another, or one of the burials analysed.
However, when comparing the dentine sequences in pairs,
there was no match among them.The isolated teeth and the
one corresponding to individual 1 A were dated by '*C, and
strontium isotope analysis on enamel was carried out on all
of them. so, every tooth was photographed and digitised via
microCT-scan, which allows for recording the inner struc-
ture of the tooth (Fig. 2).

Plant and shell samples for strontium analysis

To interpret the data from the enamel samples, a baseline for
the bioavailable strontium from different geological units
was made. We analysed plants and snail shells from five dif-
ferent locations: the cave and its surroundings (Table 4).

Sequential dentine analysis and radiocarbon dating

Both the sequential dentine analysis and radiocarbon dat-
ing techniques use bone collagen, which was obtained from
dentine in the Research Laboratory for Archacology & the
History of Art, University of Oxford (UK). Prior to any
destructive analysis, all the teeth were microCT scanned
in the Museo de Ciencias Naturales de Madrid, to record
all morphological and structural data. First, the sequential
dentine analysis was performed, and then the remaining col-
lagen was used for radiocarbon dating.

Sequential dentine analysis
A modified version of the protocol developed by Czer-

mark et al. (2020) was followed in this study. Every tooth
was surface cleaned with aluminium oxide (Al,O;) pellets

@ Springer

Table 3 Teeth from Los canes used in this study. Four of the teeth came
from three of the buried individuals while the other three were isolated

Code Tooth SU/structure
Canl.M, Upper right third molar 6-1

Can2.M; Lower right third molar 6-11

Can3.C Upper right canine 6-111
Can3.M; Upper left third molar 6-111
Can8.P, Upper right second premolar 6-A

Can9.1, Upper right first incisor Surface
Canl3.M, Upper left second molar 5

to eliminate superficial debris. Then, teeth were partially
embedded in plaster and cut through the axial plane in two
halves. One of the resulting halves was used for this analy-
sis, instead of a 2 mm central slice as originally proposed by
the protocol, due to poor preservation, while the other was
preserved. The selected half was placed in 0.5 molar hydro-
chloric acid (HCI) until fully demineralised.

Samples were taken along the axial axis of the tooth
using a 1 mm diameter biopsy punch (Kai Medical), start-
ing from the crown until reaching the tip of the root. Dur-
ing this process, the anatomical region of the tooth (crown,
% root or % root, following AlQahtani et al. 2010), from
where the samples came was registered for later assigning
an estimated age. This was done by dividing the median
time of growth of each anatomical section by the number
of obtained samples. Then, microsamples were placed in
different Eppendorf tubes with MilliQ water. Microsamples
were frozen for 24 h and then freeze-dried for another 24 h.
Finally, microsamples weighing more than 0.35 mg were
placed in tin capsules for isotope ratio mass spectrometry.

If this minimum weight was not reached, two or more
consecutive microsamples were combined as long as they
belonged to the same anatomical region. When several sam-
ples from the same tooth had to be combined, a “half+1”
criteria was applied. This means that even after combining,
the total number of samples from the tooth should be above
half+1 the number of samples initially taken to consider
the tooth as viable for this approach. In case this was not
accomplished, the tooth was sampled again but with 1.5 mm
biopsy punches. This was done with several teeth and all
of them reached the minimum weight required for analysis.

Measurements were made on a Sercon 20/22 Isotope
Ratio Mass Spectrometer (IRMS) in the School of Archae-
ology, University of Oxford. Drift correction was done with
an alanine standard, with additional alanine (-27.11%. and
1.56%o for 3'3C and 8'°N, respectively), and internal cow
(-24.28%o0, 7.86%0) and seal (-12.54%o, 16.14%o0) standards
providing a three-point calibration relative to international
standards VPDB and AIR for §!°C and 8'°N, respectively
(cf. Coplen et al. 2006). Based on repeated measurements
of laboratory standards, instrument precision is ca. £0.2%o
for both isotopes.
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Fig. 2 Photography and microCT-scan from tooth Can2, where the inner structure as well the enamel pearl is observed
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Table 4 New radiocarbon dates for the tooth from the individual 1 A
(Canl.My;) as well as the other three isolated Mesolithic teeth using the
curve IntCal20 (Reimer et al. 2020) on OxCal v4.4.4 (Bronk Ramsey
2021)

Lab Code §°C  Date BP  Date Cal Date
reference BC (68.2%) Cal BC
(95.4%)
OxA-38,459 Canl.M; -20.6 6199+29 5215-5076 5286-5050
OxA-38,463 Can8.P, -20.3  7044+31 5983-5902 6001-5848
OxA-38,464 Can9.1, -18.5  7130+31 6033-5986 6061-5926
OxA-38,632 Canl3.M, -18.7 7112429 6021-5931 60525917

Radiocarbon dating

Remaining collagen from the demineralised tooth sections
was used for radiocarbon dating. The samples were sub-
jected to the laboratory’s standard acid-base-acid pretreat-
ment prior to gelatinisation and ultrafiltration (Brock et al.
2010). Graphite targets were then prepared for measurement
by AMS.

Strontium analysis

The strontium isotope sample preparation and analysis
took place at the MC-ICP-MS Facility of the Department
of Geological Sciences, University of Cape Town (South
Africa). The enamel sample was taken from along the
longitudinal axis of the crown, thus representing a single
average value for the years while the crown was devel-
oping. The surface was cleaned and cut using a Dremmel
diamond saw. Then the sample went through ultrasound
cleaning for 15 min, to ensure the elimination of any pos-
sible impurities. The solution preparation began with the
addition of 3 ml of a 65% nitric acid (HNO;) solution and
kept at 140 °C for an hour, which dissolved the enamel.
The Savillex PFA beaker was then opened, and the sample
evaporated. The next step was to redissolve it in 1.5 ml of
2 M HNOs; for 24 h. Finally, the sample was centrifuged at
2400 rpm for 20 min.

The plant samples were ashed at 650 °C for 24 h and
the ashes were mechanically pulverised. Then, 4 ml of a
solution based on 4 parts of hydrofluoric acid (HF) and 1
of nitric acid (HNO;) were added to the Savillex PFA bea-
kers containing+ 50 mg of each sample. The closed beakers
were left for 48 h at 140 °C, until the sample was dissolved.
The beakers were then opened, and the sample dried down.
Later, 2 ml of a 65% HNO; were added to redissolve the
sample, and again dried down; finally, 1.5 ml 2 M HNO;,
was added. The final content was centrifuged at 4000 rpm
for 20 min.

The snail shells were broken and brushed cleaned to
eliminate all sediment remains. Then the shell fragments
were cleaned by ultrasonication in 15-minute cycles and
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left to dry at 60 °C for 24 h. Following this, 3 ml of 65%
HNO; were added to Savillex PFA beakers with £50 mg of
each shell and kept at 140 °C until total dissolution. Finally,
another 1.5 ml of 2 M HNO; was added, and the content was
centrifuged similar to the plant samples.

The strontium elemental separation of all the samples
(enamel, plants, and snail shells) were done using a rou-
tine method with Sr.Spec resin after Pin et al. (1994). All
87Sr/%0Sr ratios were measured using a Nu Instruments
NuPlasma HR MC-ICP-MS, and referenced to bracketing
analysis of NIST987, using a 3Sr/®Sr reference value of
0.710255. All the strontium isotope data were corrected for
isobaric rubidium interference at mass 87 using the mea-
sured signal for *Rb and the natural **Rb/*’Rb ratio. Instru-
mental mass fractionation was corrected using the measured
86Sr/%8Sr ratio and the exponential law, and a true 36Sr/*¥Sr
value of 0.1194 (Salazar-Garcia 2011; Copeland et al. 2016;
Snoeck et al. 2016).

Results
Quality indicators

The C: N ratio is widely accepted as an effective quality
indicator for collagen. Acceptable ratios are those falling in
the range 2.9-3.6 (DeNiro 1985; Van Klinken 1999), or the
more constrained range of 3.1-3.5 which applies more to
radiocarbon dating, where small amounts of contamination
by modern carbon have a far greater impact than on §'°C
measurements (the Oxford Radiocarbon Accelerator Unit
currently uses the even more constrained range 3.1-3.4). All
the samples, with one exception, fell within the DeNiro’s
range. Most of them also fell into the range of 3.1-3.5, indi-
cating the good quality of the results obtained. The excep-
tion (Can2.M; 12 13) is still reported but was eliminated
from the sequential analysis.

Radiocarbon dates

Individuals 2 A and 3 A were previously radiocarbon dated
by Arias (2005/2006), providing Mesolithic dates. New
dates were obtained on a tooth from individual 1 A (Canl.
M,), together with teeth labelled Can8.P,, Can9.l; and
Canl3.M,. The new dates from these four teeth are pre-
sented in Table 4, while Fig. 3 shows all available dating
from the Mesolithic individuals of the site. All the new
dates fall within the 6th millennium, with three individuals
expanding from the very beginning of that period until the
first half. Can1.M3 was the only individual from the second
half of the 6th millennium, indicating the long use of Los
Canes for funerary activity.
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Fig. 3 Radiocarbon dates of all the individuals whose dentine was analysed in this work

Human 5'3Cand §"°N isotope values

Human dentine results are provided in Table S1. The mean
313C value is -19.6%o = 1.0 (), ranging between a minimum
value of -21.5%o and a maximum of -15.1%o (Fig. 4). The
mean §'°N value is 9.0%o + 1.47 (o) ranging from 6.5%o to
15.8%0 (Fig. 4). However, there are several values that are
more than two standard deviations above the mean, which is
-17.6%o for 5'C and 12%. for 8'°N. For the 8'C there was
only one sample higher, with a value of -15.1%., belong-
ing to individual Can9.I,. For 8'°N, there were four values
above that limit: one from individual Can8.P, (12.0%o), two
from Can9.1; (15.8%o and 13.3%o), and one from Can13.M,
(12.6%o). Interestingly, none of the two higher 5'°N values
from Can9.I, coincided with the higher §'3C value from the
same individual. Even more, the 5'°N outliers are always at
the beginning of the dentine sequences and might be related
to breastfeeding and the weaning process, as discussed
below.

Strontium results (37Sr/26Sr) from Los Canes Cave
Strontium bioavailable baseline
In order to obtain a bioavailable Sr baseline for the imme-

diate environs of the cave, modern plants and snail shells
from five geological units (GU’s) were sampled (Fig. 5).

The mean value for modern plants (n=10) from Los
Canes cave is 0.7082+0.0002, and for snail shells (n=3)
15 0.7087+0.0011 (overall mean=0.7083+0.0006). For the
GU “Barrios formation” (Ordovician), only plant samples
(n=10) were collected, giving a 3’Sr/%Sr mean value of
0.7121+0.0058. The plant samples (n=10) from GU “Puen-
tellés, Cavandi y Lebefia formations” (Carboniferous) gave
a mean of 0.7134+0.0027. For the GU “Picos de Europa
formation” (Carboniferous), the plant mean value was
0.7089+0.0004 (n=238) while for the snail shells (z=2) the
mean was 0.7087 (overall mean=0.7089=+0.0006). For the
GU “Sotres formation” (Permian), the modern plant sam-
ples (n=>5) gave a ¥Sr/**Sr mean value of 0.7089+0.0010,
and the snail shells a mean value of 0.7093+0.0016 (over-
all mean=0.7091+0.0013). Sample individual values are
given in Table S2 and means per geological unit in Table 5.

Human ®Sr/%6Sr enamel values

The human ¥’Sr/®6Sr values are presented in Table 6, with
a mean value of 0.7096+0.0003 and ranging from 0.70893
to 0.70981. In Fig. 6 the bioavailable Sr values from the
five geological units are compared with the values from the
enamel. The human values are located within the different
ranges from the geological units, which materially contrib-
uted to the formation of the enamel, thus consistent with a
‘local’ origin of the individuals.
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Fig. 5 Location of the sampling areas within each geological unit (Garcia-Noriega C using QGIS and maps from the “Instituto Geografico
Nacional”)

Table 5 Number of samples, overall mean and 2 Sd of the ¥’Sr/*°Sr Discussion
values obtained from the five different geological units sampled

Geological Unit NN N YSeMSrp 20 Mesolithic life histories at Los Canes Cave
plants  snail
shells . . . . L

Los Cancs cave 510 3 070835 0.0006 The reconstruction of life histories through sequential iso-
Barrios 10 10 ) 071212 0.0058 tope analysis on tooth dentine is a key means to understand
Puentellés, Cavandiy 10 10 . 071354  0.0027 the subsistence of an individual in different moments of their
Lebefia life cycle and the changes associated with them. Some of
Picos de Europa 10 8 2 0.70918  0.0006 these moments, such as the breastfeeding and weaning peri-
Stores 10 10 - 0.70918  0.0013 ods, have a great impact on the individual’s health in later

years. Stable isotope analysis of sequential dentine samples
has already been successfully used both in Iberian prehis-

Table 6 List of analysed human enamel from Los canes cave tory and history (Montgomery et al. 2013; Beaumont and

Arca (GU) Lab Code Sample 579,75y Montgomery 2016; Fernandez-Crespo et al. 2020; Higuero
Los Canes S-DCSG-3428 Canl.M, 0.70981 Pliego and Beaumont 2023). However, it is in the study of
Los Canes S-DCSG-3429 Can2.M, 0.70941 prehistory when it is more useful due, in part, to the lack of
Los Canes S-DCSG-3430 Can3.C 0.70976 written sources.

Los Canes S-DCSG-3431 Can3.M; 0.70972 Despite the importance of studies about the Mesolithic
Los Canes S-DCSG-3436 Can8.P, 0.70971 period in the Cantabrian region, and the potential informa-
Los Canes S-DCSG-3440 Canl3 M, 0.70893 tion this methodology might provide (short consumption of
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Fig.6 Box plots of the 87Sr/*®Sr means from the geological units and the comparison with the human enamel values from the Mesolithic individu-

als from Los Canes cave

different resources, seasonal variation, information masked
by the bone collagen, etc.), it has not previously been
applied. Thus, here we present the first dentine sequences
for this context (Cantabrian Mesolithic), coming from Los
Canes cave. Plots for each of the individuals show the den-
tine collagen profiles (and bulk collagen when available)
for '°C and 8'°N against approximate age at formation
(Fig. 7A and F).

Tooth Canl3.M, is one of the chronologically old-
est teeth from the sample and shows large differences in
both the carbon and nitrogen values through the sequence
(Fig. 7A). At the beginning of the sequence profile (before
3 years old), the 3'°N value show a decrease until 5 years
of age (-4.6%0), when they increase for two years (age 7,
+2.4%0) and then drop again for a period of four years (age
11, -3.9%0). From this point onwards, there is a tendency to
higher values (+2.3%o at the end of the sequence) that, how-
ever, did not reach previous peaks. The difference between
the highest and lowest 3'°N values is 6%o, which indicates
changes in the trophic level of the individual. The §'°C val-
ues followed a similar profile: At the beginning (-2.2%o)
of the isotope sequence, they decrease, then they increase
until the individual reaches 7 years of age (+2.5%o), and
decrease again until age 11. After that, there were some up
and down variations. Considering both isotopes together,
the weaning period might have lasted until the age of 4-5
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years, promoting survival thanks to the nutritional and anti-
microbial support of breastmilk while younger children’s
immune systems were still immature, and dietary needs and
exposure to pathogens were increasing (Fernandez-Crespo
et al. 2022). This is suggested by a drop in both isotopes at
the beginning of the sequence, the high 8'°N values and the
variation between the highest and the lowest values. Both
isotopes co-varied after that period, with increasing values
until 7 years of age. This might be related to some introduc-
tion of marine resources in the diet during those two years,
as the 8'3C values went from a typical C; terrestrial value
of -20.2%o to a more positive one of -17.8%o. Considering
that C, plants did not arrive in the Iberian Peninsula until the
Bronze Age, the intake of marine foods during those years
is a more plausible explanation (Higuero Pliego 2020). It
cannot be dismissed that they also played a role during the
weaning period (e.g., Cheung et al. 2022).

Furthermore, the difference between the §'°N value at
the second peak (10.4%o) with the lowest of the series was
3.9%o, which is indicative of a dietary change in the trophic
level of the individual. Finally, at the end of the sequence,
both isotopes show a pattern of opposite covariance (Beau-
mont and Montgomery 2016), which might be indicative of
two periods of physiological stress: the first one taking place
between 11 and 12.5 (a duration of 1.5 years) and a recovery
of the same length of time, and a second one immediately
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afterwards (at 14-15.5 years). These periods might also be
related to pubertal changes in the individual (Cocozza et al.
2021; Feuillatre et al. 2022; Sanchez-Cafiadillas et al. 2023)
or supplementation by children of the parentally provisioned
diet such as independent foraging (Fernandez-Crespo et al.
2020). Unfortunately, that was the end of the sequence and
there is no data available about the possible recovery of the
individual from this last episode.

Tooth, Can9.1; (Fig. 7B) provides the longest sequence
of all individuals, with 19 samples, representing a period of
nine years. The 8!°C values along the whole sequence range
between -19.7%o and -18.0%o, except during the eighth
year of life. That was when there was a considerable rapid
increase to -15.1%o, dropping sharply immediately after-
wards to -20.8%o. Regarding the §'°N values, the sequence
has a highest value of 15.8%o and a lowest of 7.9%o. This is a
continuous drop of 7.9%o over the course of five years. After
age 6 and until 8 years of age, the 5'°N values increased but
were stable, ranging between 8.8%o and 9.9%o, after which
they finally dropped at the end of the sequence (-1.3%o).
Taking into account the ages at which this tooth develops, it
is quite possible that the first years were registering a very
prolonged weaning process that took place during several
years, providing the individual with some extra breastmilk
with a high immunological value. Also of interest is the
high 8'3C value of -15.1%o associated with a moderate 5'°N
value of 9.3%o; the C: N value of 3.2 suggests that there is
no issue with the quality of collagen preservation for this
sub-sample. As mentioned above, C, plants had not arrived
in the area yet, suggesting a contribution from low trophic
level marine resources such as shellfish, as the most plau-
sible explanation.

Tooth Can8.P, (Fig. 7C) provided a simpler sequence
mainly due to the combining of samples in order to reach
the minimum weight for reliable IRMS analysis. There was
a drop in the values of both isotopes but of very different
intensity. While the 5'3C varied from —21.7%o to -19.6%o
(a variation of 2.1%o), which indicated a diet based on ter-
restrial C; plants throughout the sequence, the 5'°N values
showed greater variation. These values ranged from 12.0%o
at the beginning of the sequence, to 7.8%o at the end, with
a variation of 4.2%o, enough to indicate a change in the tro-
phic level of the individual. Due to the age of the individual,
the drop in both isotopes at the beginning of the sequences
might be related to prolonged breastfeeding. However, the
continuous decrease in the 8'°N values after 7 years of
age, may be due to limited animal protein in the diet, and
a decreasing intake over the time the tooth was developing.
The carbon isotopes also suggest a mostly terrestrial diet
based on C; resources.

The next sequence is from individual 3 A (Fig. 7D), who
was found in structure 6-II1 and was an elderly man. The
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sequence is constructed from two different teeth: a third
molar and a canine. For the §'°N values, the maximum was
9.9%0 while the minimum was 7.8%o. The 2.1%o range is
lower than a full shift in trophic level, so different quanti-
ties and sources of protein intake during those years seem
a possible explanation. For the 8'*C values, the maximum
was -19.1%o0 and the minimum-20.6%o (range of 1.5%o).
What is interesting when considering the sequences from
both isotopes together, is that two opposite covariances
appeared. This potentially indicates two periods of physi-
ological stress. The first one lasted for a year, between the
age of eight and nine, with a potential recovery of up to
two years (9—11). The second one was immediately after-
wards, starting at the age of eleven and lasting almost two
years (age 13). As with Can13.M,, these episodes might be
related to the individual going through puberty. After that
age, the values did not indicate any other episode of stress.
As the individual from whom these two teeth came from
was a mature adult, we know he survived until an older age.
The bulk bone collagen values are available for this indi-
vidual from previous analysis (Arias 2005/2006; Arias and
Schulting 2010; Schulting et al. 2024), reflecting mean diet
for the last ca. 10 years or more of life (40-50). The §'°N
bulk value is the same as the lowest dentine value (7.7%o).
However, within the dentine sequence there were much
higher values suggesting a higher animal protein intake in
the diet over several years. Even more, it must be taken into
account that the bulk collagen is reflecting the mean protein
intake during a period of time so that a mean value of 7.7%o
might suggest the existence of lower (and also higher) val-
ues during that time. These data could be pointing to the
possibility of a lower meat intake during later life. In the
case of 3'3C, the mean bulk value (-19.2%o) was again simi-
lar to the highest dentine value (-19.1%o0). What is interest-
ing in the adult diet of this individual is that the diet is not
the same as it was when he was younger, nor was it within
the same range, and it could possibly be related to the age-
ing processes, for example, consuming softer resources.
The sequence Can2.M; (Fig. 7E), comes from individual
2 A, a young male (ca. age 16) buried in structure 6-1I. Due
to the tooth being still in development and the combining of
samples to reach the minimum weight, this tooth provided
more limited information compared with the others. There
is a decrease in the 8'°N values from the period between 9
and 12 years, from 8.8%o to 7.7%o (-1.1%o), then it increased
up to 9.0%o by the age of ca. 13 (+1.3%o, which may indi-
cate going through puberty), and then decreased again by
the end of the sequence and death of the individual (-0.9%o).
The difference between the minimum and maximum value
(1.3%0) does not support a change in the trophic level of
the individual, but possibly only small changes in protein
sources during those years. There was also little variation
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in the 8'°C values, always ranging between -19.7%o and
-20.6%o.

When comparing the §'"°N and 8'3C values from the
dentine sequence and the bulk collagen, there is an overlap
between both tissues due to his early death, around 16 years,
before the tooth fully developed. The 8'N mean bulk colla-
gen value (7.9%o) and the mean dentine value are quite simi-
lar (8.2%o0), while there are differences in the 5'°C values.
The bulk collagen value was - 19.6%o but the mean dentine
value was -20.2%o, which minimum was - 19.7%o.

Finally, we present the dentine sequence from individ-
ual Canl.M;, an elderly female (1 A) buried in structure
6-1 (Fig. 7E). The sequence begins with the 8!'°N values
showing a continuous drop from ca. 10 years of age (9.6%o)
until almost age 13 (8.0%o). a difference of -1.6%o. Then,
the values stabilise for five years (18) before a slight brief
increase (+0.7%o) and then back again to previous values
(-0.9%o0). The difference between the highest value (9.6%o)
and the lowest (7.7%o) is only 1.9%o, suggesting variation
linked to protein sources. In the case of 8'°C, the values are
quite stable throughout the sequence, ranging from -20.5%o
to -19.7%o, except for two samples that show more negative
values (-21.1%o and -21.5%o). This might indicate a change
in the diet during that time (2.5 years). Then, the individual
came back to the previous diet. This individual also shows a
couple of periods with opposite covariance towards the end
of the sequence. However, compared with the other indi-
viduals who exhibit higher isotopic values changes, Can13.
M, and Can3 (both the canine and the third molar), the dif-
ference in values in Canl.M; never surpassed a 1%o thresh-
old, so that might not be interpreted as episodes of stress nor
related to puberty, as the episodes occurred later.

Regarding the diet during the last years of life, the §!°N
bone value was slightly lower (7.8%o) than mean dentine
(8.2%o0), which may point to little differences in the sources
of protein intake during the years, as it was quite stable
through the dentine sequence. In the case of the 3'3C val-
ues, both are quite similar (bone = -20.2%o, mean dentine
= -20.3%o). In this case, and in contrast to individual 3 A
(Can3.C and Can3.M;), this mature woman had a more
similar diet to that of her younger years, with little varia-
tion during the years for which both methodologies provide
information.

Territorial mobility at Los Canes

Finally, based on their ¥’Sr/%Sr values all the Mesolithic
individuals from Los Canes cave are consistent with living
in the broad surroundings of the site during the time each
tooth was growing, as the values fell within the bioavail-
able strontium range for all the nearby geological units.
Due to the lack of available strontium isotope data for other

archaeological remains from the same period and region,
this study presents the first published strontium data from
the Cantabrian region, there is little more that can be dis-
cussed, indicating a major direction for future research.
However, the strontium data supports the hypothesis of the
territorialisation of the region, in line with the 3'3C and §'°N
data (see below) and other archaecological materials (Arias
1999).

Los Canes Cave within the Cantabria mesolithic
context

Taking all the published isotopic results and comparing it
with the new data, interesting information about the Meso-
lithic diet of the region emerges. Figure 8 summarises these
data (terrestrial mammals, fish, bone collagen, and mean
dentine sequences values). Looking at the graph, almost
all the human §'°C and 8'°N values cluster together just
above the mammals’ values, supporting a terrestrial C, diet,
independently of whether values are from ‘bulk’ bone col-
lagen or dentine sequences. Three human §'°C and §'°N
bone collagen values fell outside that range, clearly signal-
ling a marine diet (Poza I’Egua, J3 and Colomba) (Arias
2005; Arias and Schulting 2010; Schulting et al. 2024).
Also, some slight differences within the terrestrial diet are
observed. All these values range from 7.7%o to 10.6%o in
the case of 8'°N values, and from -21.9%o to -18.7%o for
8!3C. In the first case, the difference between the maximum
and the minimum is 2.9%o. This difference suggests diverse
animal protein intake during the time both tissues formed.
Regarding the terrestrial human 8'3C values, there is a dif-
ference of 3.2%o. The C, crop millet does not appear in the
Iberian Peninsula until the Bronze Age (Higuero Pliego
2020; Gonzalez-Rabanal et al. 2022), and there are no sig-
nificant native C4 plant resources likely to feature in diets
before then. Another option could be the sporadic consump-
tion of salmonids in the diet (spending most of their lives
in the sea, salmon have marine isotopic values), remains of
which have been found in Los Canes cave, indicating river
fishing activity during the Mesolithic period of the cave.
In fact, the most positive value from the terrestrial indi-
viduals came from Can9.1;, who appears to have consumed
some low-tropic-level marine resources for a short period.
Our study also highlights the benefits of applying sequen-
tial dentine analysis in prehistory, as it has the capacity to
provide information that is masked in bone due to remod-
elling processes and a lower temporal resolution. Combin-
ing both tissues (bone and dentine sequence) allows for the
study of the diet of an individual during a period of years
(and decades), showing changes related to the age (wean-
ing period) as well as specific moments when the individual
consumed different resources.
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Conclusions

Years after the first isotopic analysis of human remains from
the Cantabrian Mesolithic, the sequential dentine analysis
of Mesolithic individuals from Los Canes cave have pro-
vided valuable new information. New data relate to different
processes during the life cycle and years during which the
analysed teeth were developing. Three isotopic sequences
provided information on prolonged weaning periods, where
breastfeeding was complemented with different foods, prob-
ably to improve chances of survival (Can8. P,, Can9.1; and
Canl3.M,). Another two isotopic sequences also showed
isotope values compatible with consecutive periods of
physiological stress (Can3.C and Can3.M;, and Canl3.M,),
possibly related to pubertal changes, and which both indi-
viduals survived. A third individual (Can2.M;), may also
signal isotopic changes be related to puberty as, similarly to
the other ones, it happened at a similar age, around eleven
years old. The dentine sequences also allowed the identifi-
cation of abrupt changes in the diet, such as consumption of
low trophic marine resources (Can9.1,).

@ Springer

This information shows how the diet of the last hunter-
gatherers in the Cantabria region (sixth millennium cal
BC) was quite dynamic, though within limits, as these new
data continue to support a degree of territoriality between
interior and coast (Arias 1999), confirming previous anal-
ysis performed on bone collagen on different individuals
from the Cantabria region. At inland sites, mainly within
a mountain range, the diet was terrestrial and based on C;
resources, in contrast with coastal sites distributed along
the Cantabria coast, where a mixed diet based with a sig-
nificant contribution of marine resources prevailed. How-
ever, at least one individual may have consumed marine
resources for a short period of time. Additionally, the late
weaning and the two individuals surviving through sev-
eral periods of physiological stress indicates how these
groups developed strategies and to assure the survival of
the group.

The Sr data also supports the idea of a degree of ter-
ritoriality for the last hunter-gatherers of the Cantabrian
region, as the enamel samples from the same teeth that
provided dietary information, suggest that the individuals
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grew up and lived in the surroundings area. The only
possible evidence of a geographical movement is a short
change in one 3'3C value of Can9.I,, which quickly
returned to a terrestrial diet after that moment. We con-
sider that these data have provided new valuable infor-
mation about the Mesolithic period in the region, so we
aim to further analyse new dentine sequences from other
archaeological sites, as well as to expand the strontium
baseline and human data.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s12520-0
26-02434-4.
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