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Pastoral activities in the northeastern Pyrenees increased substantially during the Bronze Age, raising the
question of the modalities of occupations in zones where the snow cover limited access to grasslands for
a significant part of the year. The present study explores how stable isotope analysis may characterize the
adaptation of husbandry to mountain environments through herding strategies, including the vertical
mobility of livestock. It also addresses the broader issue of the occupation of territories by Bronze Age
communities in the Western Mediterranean area, focusing on possible links between coastal plains and
mountainous areas. For this purpose, sequential stable carbon and oxygen isotope analyses were con-
ducted on caprines' teeth from the mountain site of Llo (Pyrénées-Orientales, 1630 m asl, Middle Bronze
Age) and the permanent coastal site of Portal-Vielh (Hérault, 0 m asl, Late Bronze Age). An exploratory
analysis was also conducted on modern sedentary and transhumant ewes to investigate the effect of
altitudinal mobility on enamel oxygen isotope values. The range of !0 values measured in modern and
archaeological caprines raised in mountain zones was lower than the one measured in the lowland
caprines, while no significant difference could be observed in the range of 3'3C values. Co-variations
between 3'3C and 3'®0 sequences reveal the most information. The positive correlation observed in all
instances at low elevation sites was not the leading pattern at Llo, where a variety of schemes could be
observed, including opposite 5'3C and 5'80 sequences. This opposition could not be explained by a
reversal of the 5'80 cycle due to vertical mobility. Other causes could involve changes in the pattern of
variation of 3'3C values, potentially linked to human responses to the local constraints, including vertical
mobility and/or foddering. Portal-Vielh delivered a fully lowland signal. At Llo, although a full adaptation
to a mountain environment seems clear, the question of the vertical mobility of the livestock cannot be
resolved at the moment. Most importantly, Llo was characterized by a high inter-individual variability in
the co-variation of 3'3C and 5'80 profiles, reflecting great plasticity of the husbandry practices on the
inter-annual scale. This could have been a key to the adaptation to these marginal environments. The
apparent disjunction between the coastal and mountain settlements, as far as herd trajectory is con-
cerned, must be reaffirmed by further investigations in a larger number of sites.

© 2017 Elsevier Ltd and INQUA. All rights reserved.
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1. Introduction

As observed by Carozza et al. (2005, 2007), mountain zones have
long been viewed as too harsh and inhospitable to be settled by
Bronze Age societies. Recent research in the Pyrenees Mountains
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revealed a different reality. In the French northeastern Pyrenees,
the earliest evidence of pastoral activities above 1500 m asl appears
during the second half of the early Neolithic (around 4700 and
4500 cal BC) (Reille, 1990; Rendu, 2003; Guiter et al., 2005). Those
intensified during the Middle Neolithic (around 4200 cal BC) at a
time when pollen and archaeological data reflect an opening in
forest cover, the emergence of plants associated with agropastoral
activities and the presence of habitat structures in the sub-alpine
and alpine zones (Rendu et al., 1996; Davasse et al., 1997; Galop,
1998, 2000; Vanniere et al.,2001; Rendu, 2003; Miras et al., 2007;
Palet Martinez and Orengo Romeu, 2009; Ejarque et al., 2010).

The agropastoral pressure in the mountain to alpine zones
increased substantially during the Bronze Age (Galop, 1998; Rendu,
2003; Carozza and Galop, 2008; Orengo Romeu, 2010; Rius et al.,
2012). This phenomenon is well-documented in Cerdanya, where
it is reflected by pollen indicators of pastoralism in the Enveitg
Mountain subalpine zone (Plantago lanceolata, Rumex and Arte-
misia, Cichorioideae, Chenopodiaceae) (Galop, 1998; Galop et al.,
2003) and by increasing fire frequency in the medium altitude
forests (Vanniere et al.,, 2001). Landscape anthropization also
included the building of cultivation terraces between 1600 and
2000 m in the Enveitg slope, as highlighted by pedo-
anthracological and archaeological analysis (Rendu, 2003; Bal,
2006; Bal et al., 2010; Harfouche and Poupet, 2013). Furthermore,
a large stone building (‘site 88’), discovered at 2100 m on the
Enveitg slope, was unusually large for a pastoral site. It could have
been a type of summer farm, unless its use was perennial (Rendu
et al,, 2012).

The rhythmicity and period of occupation of the mountain
slopes (mountain to alpine zones) is therefore a central focus of on-
going research on the management of mountain environments (Bal
et al., 2010; Rendu et al., 2012). In particular, uncertainty remains
about the modalities of exploitation of middle altitude landscapes
for the dominantly caprine husbandry. Bearing in mind that the
snow cover might have limited access to grasslands for a significant
part of the year, a perennial occupation in middle altitude zones
could have created the necessity of foddering during the shortage
season. An alternative solution could have included herd mobility
towards lower plain grasslands in the winter and/or higher eleva-
tion grasslands in the summer to find available grazing resources.
Moreover, on a regional scale, another question is to determine
whether agropastoral activities in this mountain area were con-
nected to the occupation in the coastal plains as part of a unique
cultural landscape in the Bronze Age. Explaining the pattern and
rhythms of the seasonal livestock mobility along the altitudinal
gradients would contribute to an improved understanding of the
mountain territories’ structuration and the modalities of their use.

To address these questions, we analysed intra-tooth variations
in stable oxygen (8'80) and carbon (5'3C) isotopic ratios in Bronze
Age caprines' tooth remains. These biogeochemical signatures are
governed by environmental factors, some of which vary with alti-
tude. They are integrated in vertebrates' skeletons through diet and
drinking. In particular, isotopic signals are recorded in enamel
bioapatite during tooth mineralization with no remodelling.
Sequential analysis in tooth enamel gives access to the animal's
isotopic history with an infra-annual resolution (Bryant et al,
19964, b; Fricke and O'Neil, 1996), potentially revealing seasonal
altitudinal mobility. This approach has been successfully applied to
detect the vertical movements of wild and domestic small stock in
East Africa (Balasse and Ambrose, 2005), North America (Fisher and
Valentine, 2013), the Peruvian Andes (Goepfert et al., 2013) and
Armenia (Tornero et al., 2016). These works demonstrated that the
isotopic ‘mountain signature’ varies from one place to another
depending on the environmental and climatic contexts: in mixed
C3-C4 plants areas, a key parameter may be the decreasing relative

proportion of C4 plants with altitude, whereas in places where C3
plants dominate, the focus is on the altitudinal effect inducing
increasing 8'>C values in plants and decreasing 5'80 values in
precipitations. These parameters are exacerbated when the
considered altitudinal gradient is very high. In the present study,
we aim to characterize the mountain signature for the French
Pyrenees. For this purpose, a combined analysis of stable carbon
and oxygen isotope ratios could be more efficient than strontium
isotope analyses, which are well-adapted for detecting mobility
(e.g., Bentley and Knipper, 2005; Viner et al., 2010; Valenzuela-
Lamas et al., 2015) but not adapted to a patchy and complicated
geological substratum such as the one of the Pyrenean mountains
and, generally speaking, complex orogenic areas.

First, we explored the signature of the mountain environment
and vertical mobility on the oxygen isotopic ratios of modern
transhumant and sedentary ewes raised in the Western Pyrenees,
filling the absence of such modern dataset for European mountains
context to date. Then, the approach combining the 3'3C and 3'80
sequential analysis was applied to animal remains from the Bronze
Age mountain settlement of Llo (1630 m asl) (Campmajo, 1983), on
the one hand, to address the adaptation of husbandry to moun-
tainous environments and to the Late Bronze Age site of Portal-
Vielh (coastal plain of the Languedoc) (Carozza and Burens, 2000)
on the other hand, to consider whether herding strategies may
have created a link between coastal plains and mountainous areas.
Additionally, we refer to the unique set of previously published
sequential stable isotope analyses in caprines' teeth available to
date for the Mediterranean margin of France at the late Neolithic
sites of Collet-Redon and La Citadelle, respectively, coastal and
hinterland settlements (Blaise et al., 2006; 2010; Blaise and Balasse,
2011) (Fig. 1 A).

2. Stable oxygen and carbon isotopes, altitudinal mobility
and diet

2.1. Stable oxygen isotopes

In large mammals from temperate Europe, a direct relationship
was established between 880 values in skeleton bioapatite and
that of local surface water though the ingested water (Land et al.,
1980; Luz and Kolodny, 1989; D'Angela and Longinelli, 1991). The
3180 values in precipitation change spatially and temporally, ac-
cording to climatic and geographical factors. Under intermediate
and high latitudes, the rainfall 380 values are mainly controlled by
the water vapour source and transport patterns, and ambient
temperature is a key parameter to seasonal variations: '20-
enriched rains occur in summer and 20-depleted rains in winter
(Dansgaard, 1964; Gat, 1980; Rozanski et al., 1993). In the study
area, seasonal variations in monthly isotopic data in modern rain-
fall support this global pattern (Avignon, Dax and Montpellier,
Fig. 1A; IAEA/WMO, 2016; data reported in Supplementary Material
1). Presently, the study area is principally under Atlantic climatic
influence. Paleoclimate proxies do not indicate any change in the
atmospheric circulation and weather pattern within the mid-
latitudes during the Holocene period (Magny et al., 2009b). The
Bronze Age was marked by climatic instability. Two climatic de-
teriorations are observed across Europe. The first one, dated to
1650-1350 cal. BC, induced a temperature cooling (mean annual
temperature decreased by c. 0.7 °C) and increasing humidity
(annual precipitation increased by c. 70—100 mm, more particularly
during summer) (Magny et al., 2009a, 2009b). The second pejo-
ration occurred around 850 cal. BC (van Geel et al.,, 1996; Magny
et al, 2007). On a global scale, a possible consequence when
comparing modern and Bronze Age 5'80 values would be lower
ratios for the latter.
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Fig. 1. a. Location of the modern and archaeological sites. One asterisk indicates the modern dataset and two refers to the published data (Blaise et al., 2006; 2010 and Blaise and
Balasse, 2011). The curves correspond to the mean annual 3'80 composition of rainwaters (V-SMOW) according to Millot et al. (2010) and Plata-Bedmar, 1994 for Spain. The dotted
curves indicates that few dataset were available and the relief was too uneven to draw reliable curves. The IAEA stations mentioned in the text are plotted on the map by black
circles. Climate conditions are defined according Dupias, 1985 and Joly et al., 2010; b. Vegetation zonation in the surrounding landscape of Llo and Portal-Vielh during the Bronze
Age. After Bal (2006), Bouby et al. (1999), Ruas and Bouby (2009), Harfouche and Poupet (2013).

At the regional scale, two other factors may influence rainfall
3180 values: the continental effect inducing higher rainfall 3'30
values in the coastal plains, decreasing with distance from the sea;
and the altitude effect inducing decreasing 3'%0 values with
increasing altitude, due to a gradual removal of moisture from
uplifted air masses with a preferential removal of 80 during
condensation (Rozanski et al., 1993). Isovalues contour lines of the
modern mean annual oxygen isotopic composition of rainwater are
shown in Fig. 1A (Millot et al., 2010). Although a complex topog-
raphy in the Pyrenean chain did not allow to define precisely the
isotopic composition of rainwater in this area (dashed lines in
Fig. 1A), globally the estimated 3'80 values from coastal plains are
approximately 4—5%o higher than those expected in the Pyrenees.
The altitude effect on rainfall '®0 values is not quantified in the

French Pyrenees, however gradients reported for the Alps vary
from 0.1 to 0.4%o0/100 m according to local conditions (Swiss Alps:
Siegenthaler and Oeschger, 1980; Kern et al., 2014; Italian Alps:
Longinelli and Selmo, 2003). Additionally, high elevation water
sources may also be seasonally supplied with snowmelt or ice-melt,
generating a release in the spring/early summer of water accu-
mulated through cold-condition precipitation with lower 3'%0
(Bhatia et al., 2011).

To summarize, (1) the coastal plains and mountain areas are
marked by radically different rainfall 3'80 signatures. This differ-
ence should be inherited in the 3'30 values of animals herded in
these respective territories if these referred to different entities
with no interactions at the regional scale; (2) settling in a moun-
tainous location and/or summer grazing in the high elevation
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alpine grasslands could lead to globally and/or seasonally (in
summer time) lower 8'80 values. Furthermore, summer mobility in
highland areas could induce reduced 5'80 amplitude of intra-tooth
variation.

2.2. Stable carbon isotopes

Tooth enamel bioapatite 3'3C provides information about graz-
ing on vegetation (Lee-Thorp and van der Merwe, 1987; Cerling
et al.,, 2003). A predominance of C3 plants is expected in this re-
gion, as well as on a global scale in present day southwestern
Europe (Pyankov et al., 2010). Wild C4 plants would not occur in
altitude sites and some C4 plants, may have occurred only in salt-
marsh vegetation from coastal areas, as in Iron Age Catalonia
(Valenzuela-Lamas et al., 2015). Among Bronze Age C4 domestic
plants, broomcorn millet and foxtail millet (Panicum milliaceum,
Setaria italica), are not mentioned in the archaeobotanical record of
Portal-Vielh (Bouby et al, 1999). Only one grain, identified as
‘Panicum type’, is suspected at Llo (Ruas and Bouby, 2009).

C3 plants 3'3C values have been shown to vary moderately
(1—2%o) on a seasonal scale, the highest values occurring in the dry/
warm season and the lowest in wet/cold season (Smedley et al.,
1991; Diefendorf et al., 2010; Hartman and Danin, 2010). Adapta-
tion to mountainous zones, where seasonal scarcity of vegetation
may have required alternative solutions including foddering and
vertical mobility, could interfere with this cycle. In humid areas,
plants 3'3C values have been shown to increase along altitudinal
gradients due to decreasing temperature and atmospheric partial
pressure (Korner et al., 1988, 1991; Friend et al., 1989; Morecroft
and Woodward, 1990). However, the observed correlations are in
some instances rather weak (Kohn, 2010), and the effect is of
modest amplitude: a 1.5%o increase from 400 m to 2500 m was
observed by Korner et al. (1988) in the Alps. Furthermore,
increasing plants 3'3C values have been reported with decreasing
mean annual precipitation. The effect seems to be noticeable under
very dry (<500 mm/y) or very humid conditions (>1000 mm/y)
(Kohn, 2010). In our study area, the lowest annual precipitation
reaches approximately 650 mm/y in coastal environments (Béziers
http://fr.climate-data.org) while the highest are measured in the
intermediate mountain zone, reaching1040 mm/y at the Llo station
(http://fr.climate-data.org). No data is available for the highlands.
Considering this, it is likely that the precipitation amount effect on
plants 3'3C values should be insignificant. Last, different elevation
zones are also characterized by a succession of landscapes whose
degree of opening may also affect plants 3'3C values due to the
canopy effect, leading to lower values in plants from dense forests’
understories (Van der Merwe and Medina, 1991) and on animals
feeding on them (Drucker et al., 2008).

In summary, (1) a mobility pattern involving summer stays in
highland pastures could result in higher summer §'3C values and
higher amplitude of seasonal variation compared to a sedentary
pattern at lower altitude; and (2) herding at middle altitude on an
annual scale with grazing on surrounding pastures would result to
globally higher 8'3C values than herding at a lower altitude. For
both (1) and (2), the expected impact due to the altitude effect is
moderate. (3) Winter foddering with leafy hay from dense forests
would lower winter 3'3C values and increase seasonal amplitude of
variation. (4) Winter foddering with late season forage should
maintain winter 3'3C values to a summer/early fall value and
therefore moderate the seasonal amplitude of variation. A multi-
plicity of schemes may also be envisaged, depending on the altitude
where grass fodder may have been grown/collected.

3. Material
3.1. Archaeological and environmental contexts

The material comprises six modern ewes and 14 archaeological
complete or sub-complete sheep (Ovis aries), goat (Capra hircus)
and Iberian ibex (Capra pyreneica) tooth rows belonging to different
individuals. Those were identified to species from morphological
criteria (defined by Couturier, 1962; Prat, 1966; Payne, 1985;
Crégut-Bonnoure, 1992; Guérin and Patou-Mathis, 1996; Helmer,
2000; Halstead et al., 2002; Balasse and Ambrose, 2005; Gillis et al.,
2011). The stable isotope analyses targeted lower second molars
(M3) with full crown development and lower third molars (Ms3)
with crown preserved at least over 17.5 mm following recom-
mendation by Balasse et al. (2012) to prevent a major loss in the
measured time sequence due to tooth wear. The archaeological
contexts for previously published datasets from the late Neolithic
sites of La Citadelle (Vauvenargues), Bouches-du-Rhone, 723 m;
(Fig. 1A) and Collet-Redon (Martigues, Bouches-du-Rhone, coastal
location; Fig. 1A) are described in Supplementary Material 2.

The open site of Llo is located on a rocky spur (1630 m asl)
overlooking the high plateau of Cerdanya (Eastern Pyrenees)
(Fig. 1). Today, the Alpine Mediterranean climate brings high sun-
light, intermediate annual rainfall concentrated during spring and
snowfall up to six months (from October to March). In the Bronze
Age, riverbank vegetation and deciduous forests dominated on the
Cerdanyan plateau (1300 m). The Northern slopes supported sparse
spine forests between 1600 and 2400 m (Bal, 2006). On the
Southern slopes, the zonation of vegetation was a mixed pine and
fir tree forest in the intermediate zone (1600—2100 m), changing to
a sparse spine forest (2100—2400 m), and an asylvatic alpine
grassland zone above 2400—2500 m (Galop, 1998; Vanniere et al.,
2001; Bal, 2006; Ruas and Bouby, 2009; Harfouche and Poupet,
2013). Hay crops were possibly grown in the intermediate zone
(Bal, 2006), while high frequencies of ruderal plants (Galop, 1998)
and a high occurrence of fire signals (Vanniere et al., 2001; Bal,
2006) attest to agropastoral activities in the higher altitude zones.

Household refuse areas dated to the Middle and Late Bronze Age
yielded a rich assemblage of faunal and botanical remains. The
volume of these finds and a possible stonewall enclosing the
habitat may indicate a permanent occupation, at least for some
phases (Campmajo, 1983). The archaeobotanical analysis suggests
local cultivation of legumes and cereals on the limestone outcrops
or terraces in a possibly permanent system involving rotation of
crops and forage plants for grazing (Ruas and Bouby, 2009). Animal
subsistence economy relied mainly on caprines (sheep, Ovis aries,
and goat, Capra hircus) and cattle (Bos taurus) husbandry (Vigne,
1983; Berlic, 1995a,b; Bréhard and Campmajo, 2005; Knockaert,
2012). Hunting is represented in low proportions. At Llo, ten
caprine M3 were selected, including seven sheep, one goat, one
Iberian ibex and one indeterminate caprine. All came from a single
archaeological level corresponding to a household refuse area
dated to the Middle Bronze Age (C4N31a: [1430-1261] cal BC;
C4N31b: [1419-1231] cal BC) (Campmajo et al, 2014;
Supplementary Material 3), contemporaneous to the 1650-1350 cal.
BC pejoration phase (Magny et al., 2009a, 2009b).

Portal-Vielh (Vendres, Hérault) is a coastal site located on a
small promontory on the northern shore of the Vendres lagoon
(Fig. 1). The settlement, occupied during Late Bronze Age II-III
(12111020 cal BC and 820-594 cal BC) (Supplementary Material
3) by Mailhac culture communities, expanded substantially dur-
ing the latest phase of occupation and an enclosure system was
built. This defensive system, as well as clay pits, pottery kilns and
structures probably intended to food storage, strongly suggests a
permanent settlement (Carozza and Burens, 2000). The occupation
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pattern at Portal-Vielh differs from the model of semi-settled
communities for the Late Bronze Age in eastern Languedoc,
describing main habitations in the hinterland and coastal settle-
ments used as summer camps (Py, 1990, 1993). Today, the Medi-
terranean climate brings cool winters, hot and dry summers and
maximum rainfall during autumn. The mean annual precipitation
are globally low. The latest occupation phase at Portal-Vielh co-
incides with the pejoration resulting in wetter and cooler condi-
tions than today (ca. 850 cal. BC) (van Geel et al., 1996; Magny et al.,
2007). The surrounding landscape was characterized by evergreen
oak forest and dry meadows (Dupias et al., 1968; Rameau et al.,
1989). Animal husbandry focused primarily on caprines, while
fishing and shellfish also played a significant role in the subsistence.
Barley, wheat and beans were recovered at the site, which could
have been cultivated in the basins, slopes and alluvial plains, while
the plateau may have supported cattle grazing (Bouby et al., 1999).
At Portal-Vielh, four teeth were selected, including the M;s of two
sheep, and the Mss of one sheep and one goat. All came from a pit
dated to the Late Bronze Age III (PVV St 31: [850-594] cal. BC; dates
in Supplementary Material 3) first used as a clay pit then converted
back a rubbish pit. All the teeth come from the single homogeneous
fill.

3.2. Modern reference set

3.2.1. The transhumant ewes

The five transhumant ewes are from a Basco-Bearnaise dairy
herd raised in the Western Pyrenees (Lescun, Aspes valley, Pyrénées
Atlantiques, Fig. 1A). This region is under the influence of a
mountain climate, subject to high precipitation (Joly et al., 2010).
Four transhumant ewes were born in late autumn and one in March
(Table 1). The farm, settled in the valley (800 m asl), is supplied
with water from a local source. Every year, the ewes move to
summer subalpine pastures (Cabanes d’Ansabere; 1500 and 2000
m asl) from the end of June to the end of September. Drinking water
comes from the ‘Gave d’Ansabere’ river. One ewe (Oss 36 T) moved
to 1300 m asl (Plateau du Bénou, Lasbordes) (Table 1), where the
main water sources are seasonal ponds directly filled by precipi-
tation. All individuals were slaughtered in June 2015 at the age of
five to nine years.

3.2.2. The sedentary ewe

The sedentary ewe (Oss S10) came from a Manech-a-téte-rousse
dairy herd raised in the Western Pyrenees, in a valley located
further north (Ogeu-les-Bains, Ossau valley, Pyrénées Atlantiques)
under a mountain margin climate with altered oceanic influence
(Joly et al., 2010). It was born in November 2010 and was kept at
320 m asl before being slaughtered in June 2015. Its drinking water
came from a local source in the village. All modern specimens only
contribute their 3'80 values; their 8'3C values may not be consid-
ered here as reference values because of the moderate contribution
of maize (Cy4) to their diet.

Table 1
Information data of modern transhumant and sedentary ewes.

4. Methods
4.1. Sequential sampling and chemical pre-treatment

Enamel sampling was performed on the buccal side of the molar,
preferentially on the second lobe or on the first lobe when the
second one was broken (‘LLo O 58’ and ‘PVV O 3’). Sampling is
perpendicular to the tooth growth axis and spans crown height
from the apex to the enamel-root junction (ER]). Enamel powders
weighing 4.5—8 mg were pre-treated with 0.1 M of acetic acid
[CH3COOH] (0.1 ml solution/0.1 mg of sample) during 4 h rinsed
five times with distilled water and freeze-dried. This protocol is
recommended for archaeological samples to eliminate contami-
nation from exogenous carbonates. Because it known to induce a
shift in 880 values (Koch et al., 1997; Balasse et al., 2012), it was
also applied to the modern samples. The previously published
dataset from Collet-Redon and La Citadelle used for comparison
had been additionally treated with sodium hypochlorite 2—3%
(Blaise and Balasse, 2011). Approximately 600 pg of pre-treated
bioapatite were reacted with 100% phosphoric acid [H3PO4] at
70 °C in individual vessels in an automated cryogenic distillation
system (Kiel IV device) interfaced to a Delta V Advantage isotope
ratio mass spectrometer. An internal laboratory calcium carbonate
standard (Marbre LM normalized to NBS 19) allows checking the
accuracy of the data. Over the period of analysis of these bioapatite
samples (from April to October 2015), 162 analyses of Marbre LM
gave a mean d°C value of 212 + 0.02% (10; expected
value = 2.13%0) and a mean 5'%0 value of —1.68 + 0.04%o (10, ex-
pected value = —1.83%o). The analytical precision for each run
varies from 0.01 to 0.03%o for 3'3C values and from 0.02 to 0.07%o
for 8'80 values.

4.2. Data treatment and statistical methods

Inter-individual variability was explored using the amplitude of
variation and the mid-point value ((min + max)/2) of the sequence.
Only sequences spanning at least half an annual cycle, for which
both a minimum and a maximum value could be clearly identified,
were included. Statistical analyses used non-parametric statistical
tests (Kruskal-Wallis and the Turkey's pairwise post hoc tests).
They considered for each specimen the series of data measured in
the sequence delimited by the minimum and maximum values. The
correlation between the 3'®0 and 3'3C sequences was estimated
using Pearson's correlation coefficient. All statistical analyses were
conducted using Past version 3.10 (Hammer et al., 2001) with a
threshold of significance at p-value < 0.05.

5. Results
5.1. Oxygen stable isotope values

5.1.1. The modern dataset
Results from stable isotope analyses are presented in Table 2 and

Specimen Year of birth  Birth period Breed Husbandry system  Principal location Location of summer pastures
Place Altitude (m Asl.) Place Altitude (m Asl.)

OssT 19 2006 March Basco-Béarnaise Transhumant Lescun 800 Cabanes d'Ansabere 1500—2000

Oss T 24 2010 Late autumn  Basco-Béarnaise Transhumant Lescun 800 Cabanes d'Ansabere 1500—2000

Oss T 17 2007 Late autumn Basco-Béarnaise Transhumant Lescun 800 Cabanes d'Ansabere 1500—2000

Oss T 14 2007 Late autumn  Basco-Béarnaise Transhumant Lescun 800 Cabanes d'Ansabere 1500—2000

Oss T 36 2009 Late autumn  Basco-Béarnaise Transhumant Lescun 800 Cabane de Lasbordes 1300

OssS10 2010 November Manech-a-téte-rousse  Sedentary Ogeu-les-Bains 320 Ogeu-les-Bains 320
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Table 2

313C and 380 values (VPDB %) of enamel bioapatite from the caprines’ second and third lower molars (M2 and M3) from Portal-Vielh (Pvv) and Llo (Llo). Oss T: modern
transhumant ewes; Oss S: modern sedentary ewes. Amplitude of intra-tooth variation. Max: highest value. Min: lowest value. The mid-point value of the annual cycle is

calculated from (Min + Max)/2. *: incomplete cycle.

Samples Tooth N 3'80 VPDB 3'3C VPDB
Mid-point Max Min Amplitude Mid-point Max Min Amplitude

Pvw O 6 M2 19 -0.7 0.0 -2.3 23 —-12.2 -11.0 -134 24
Pvv O 2 M2 17 1.6 0.3 -2.1 2.4 -12.0 -10.9 -13.0 2.2
Pvw 03 M3 15 -1.6 0.0 -33 33 -11.5 -10.1 -12.9 2.8
Pw(C1* M3 13 - 0.1 - - — -11.2 - -
LloO5 M3 18 -25 -0.6 —-43 3.7 -10.8 -9.8 -11.8 2.0
LloO9 M3 18 —4.2 -2.0 —-6.4 4.4 -11.8 -11.5 -12.1 0.6
Llo 0 11 M3 13 -3.1 -1.7 —-44 2.7 -11.9 -11.3 -124 11
Llo O 15 M3 19 —-43 2.7 -5.9 3.2 -11.7 —-111 -12.3 1.2
Llo O 58 M3 20 -51 -35 -6.7 3.2 —-124 -12.0 —-12.7 0.7
Llo O 159 M3 18 —-4.6 -2.5 -6.7 4.2 -11.6 -10.9 —-123 14
Llo O 161 M3 21 —-4.7 -2.6 -6.7 4.1 -10.8 -10.2 -114 1.2
Llo C pyr. 156 M3 18 -4.0 -1.8 -6.1 43 —-11.1 -10.7 -11.4 0.7
Llo C 250 M3 15 -0.7 13 -2.6 3.9 -10.9 -103 -11.5 11
Llo Capr 160 * M3 13 — -1.1 -4.38 3.7 — -10.8 — —
Oss T 19 M3 13 —-4.7 -2.0 -73 53 — — — —
Oss T 24 M3 17 —-4.6 -2.1 -7.0 49 — — - -
Oss T 17 M3 18 -49 24 -74 5.0 - - - -
OssT 14 M3 19 —-44 -2.0 -6.8 4.7 — — — —
Oss T 36 M3 20 -51 -3.5 -6.7 3.1 — — - -
Oss S 10 M2-M3 25 -33 -1.6 -5.0 34 - - - -

in Figs. 2—4 (see also Supplementary Materials 4, 5 and 6). The
sequences measured in the four transhumant ewes born in autumn
are compared to the one measured in the transhumant ewe born in
March (Oss T19) in Fig. 2. Because the timing of tooth formation is
fixed, the observed shift in the sequence of the seasonal cycle
measured in Oss T19 M3 reflects the difference in the birth season.
In contrast, the series of 880 values measured in the sedentary and
transhumant ewes born in the same season (autumn births) vary
according to the same pattern, suggesting that despite their vertical
mobility in summer, the expected scheme of seasonal variation of
3180 values was maintained.

The four modern transhumant ewes from Lescun, grazing at
1500—2000 m in summer, yielded 30 values between —7.4
and —2%o (and mid-point values from —4.9 to —4.4%0) with intra-
tooth amplitudes varying from 4.7%o to 5.3%o (Fig. 3). This group
yielded highly homogenous values. The ewes Oss T 14 and Oss T 17,
born in the same year, show a moderate inter-individual variability
on the mid-point value (0.5%0) and on the amplitude of intra-tooth
variation (0.3%o). Inter-individual variability in the mid-point value

between individuals born in different years does not exceed 0.5%o,
while the highest inter-individual difference in the intra-tooth
amplitude of variation reaches 0.6%o.. Oss T 36, which spent the
summer in another grazing area at a lower altitude (1300 m asl),
exhibits reduced amplitude of variation (3.1%0) due to a lower
maximum 8'80 value (—3.5%o; Fig. 3a&b). Compared to the trans-
humant ewes, the sedentary ewe from the valley (Oss S 10 from
Ogeu-les-Bains) exhibits a higher mid-point value (—3.3%o) than
the ewes from Lescun—as expected based on the isovalues contour
lines (Fig. 1A)—and a lower amplitude of intra-tooth variation
(3.4%o) albeit one that is comparable to that measured in Oss T 36
(Fig. 3a&b).

5.1.2. Comparison of modern and archaeological 6’80 datasets
Globally, the range of 3'80 values measured in caprines from Lo,
varying between —6.7 and 1.3%o, are closed to those measured in
the modern mountain ewes and differs from those measured in the
late Neolithic hinterland site of La Citadelle (—2.6 to —0.9%.) and
the coastal site of Collet-Redon (—1.8—1.8%o; Fig. 3a&b). Conversely,

~ ////G\?&\Q ]
ad Vo d
Y & or 4

RS

"0 VPDB (%o)

Oss T 24
Oss T 36 .
Modern transhumant ewes born during

Oss T 14 the autumn
Oss T 17

—_ Modern sedentary ewe from the valley
Oss 510 _ 17 floor born during the autumn
Oss T 19 f Modern ewe transhumant born in March

35 30 25 20 15 10 5 0

Distance from erj (mm)

Fig. 2. Location of the highest and lowest 5'30 values in the M3 crown of the modern ewe from the valley floor (‘Oss 10°) and the transhumant ewes born in autumn (‘Oss T 14’, ‘Oss
T 17, ‘0Oss T 24’, ‘Oss T 36’) and in March (‘Oss T 19’). Each sample is located in the tooth crown relative to its distance from the enamel root junction (ER]) in mm.

Please cite this article in press as: Knockaert, J., et al., Mountain adaptation of caprine herding in the eastern Pyrenees during the Bronze Age: A
stable oxygen and carbon isotope analysis of teeth, Quaternary International (2017), http://dx.doi.org/10.1016/j.quaint.2017.05.029




J. Knockaert et al. / Quaternary International xxx (2017) 1-15 7
a 4
14
04
2
3
R
©
5 -3
L
w0
4
5 |
-6
-7 B
8
m| © o o »v o v o |k PO ©® N © x o *
23 =T gElE R e B 25 T o RY Y Y glooo gy ooy
F - - F |81, 0 g g 9 5 9 o 6|2 9 9 » 2 3%::z
o @ @ o o 5 e o 3 o I £ £ £ 2122 2 0 g oo g
o 0w 0 v wlo|la J & o I 3 218 8 8 8| a & @ ® ™ ®
O O O O O || o o R | - X o K ©
n Q9 8 2 ¥ O 5 o ©
w| o N 2 5 > = = =
o | 3 a 2 = o
(o] F A o F a2 0 o ¢
O E F © > 2 2 a
o o o © o 8
8 §
>
K
Modern transhumant E Archaeological mountain level Archaeological Archaeological coastal
c hinterland
I}
°
o
=
5.6
OssT19
5.2 0Oss TAT Modern transhumant
u .OssT24
487 jm OssT14
= LloO9
&\g' 4.4+ °
0
]
2 - - -
© T ==
> 4.0 = - = Llo C 250
o LoO5 oz
- -
0
Lo -
S 3.6 -7
-
[ -
T ~“PVWO3 CTD Y 4 Ovis M2
2 Llo 015 -7 CTD Z 6 Ovis M2
3 32 L] -7
§ -
- .
La Citadelle
2.8 Portal-Vielh CTD W 99 Ovis M2 Ovis MCR 3B M2
LloO 11
PWO 2 Collet-Redon
2.4+ M Modern transhumant Capra MCR US 186 M2
PW O 6 v vy
B Modern valley floor ¥ Ovis MCR 3D M2
@ Lo CTDW 13 Ovis M2 Ovis MCR 3C M2 Ve
2.0 A Portal-Vielh
La Citadelle
V¥ Collet-Redon
1.6 T T T T T T T T T T
-4.8 -4.2 -3.6 -3.0 -2.4 -1.8 -1.2 -0.6 0.0 0.6 1.2

5'%0 calculated mid-point (%)

Fig. 3. a. Lowest and highest 3'®0 values and mid-point value ((min + max)/2) of the annual cycle for individuals from Llo (Llo), Portal-Vielh (PVV) and the modern transhumant
and sedentary ewes (Oss), compared to data from the late Neolithic sites of La Citadelle (CTD) and Martigues-Collet Redon (MCR) (* Blaise, 2010; Blaise and Balasse, 2011). The grey
zone corresponds to overlapping values of modern transhumant and archaeological coastal. 3. b. Amplitude of intra-tooth variation in 5'80 values and mid-point values of the
annual cycle in the modern and archaeological assemblages. Data for Collet-Redon and La Citadelle are from Blaise (2010), Blaise and Balasse (2011).

individuals from Portal-Vielh delivered a range of 3'30 values (—3.3
to 0.3%o) closer to the coastal and highlands specimens (Fig. 3a&b).

Llo O 161, Llo O 159, Llo O 9 and Llo C pyr. 156, yielded similar
380 mid-point values ranging from —4.7 and —4%o and intra-tooth
380 amplitude of variation varying from 4.4 to 4.1%o (Fig. 3b). No
significant difference appears between the range of 3'30 values of
all individuals except between Llo O 5 and Llo O 58 (Tukey's pair-
wise test: p = 0.03). The goat Llo C 250 is significantly different from

all other specimens from Llo (Tukey's pairwise test p < 0.05), except
from Llo O 5 (Tukey's pairwise test: p = 0.3). Llo C 250 yielded the
highest mid-point 3'30 value (—0.7%o).

When excluding Llo C 250, the range of 3'%0 values measured at
Llo is not significantly different (Kruskal-Wallis test: p = 0.1) from
those measured in the modern transhumant ewes from Lescun,
located on the same isovalue contour line (Fig. 1A). Both datasets
differ significantly from the archaeological specimens from the
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hinterland (La Citadelle; Kruskal-Wallis test: p < 0.0001) and from
the coastal sites (Collet-Redon; Kruskal-Wallis test: p < 0.0001 and
Portal-Vielh; Kruskal-Wallis test: p < 0.0001) located on lower-
isovalue contour lines (Fig. 1A). Globally, the lowest intra-tooth
amplitudes of variations are observed on the coastal and hinter-
land sites while the highest are measured in the modern trans-
humant ewes and Llo specimens (Fig. 3b), although both groups
overlap on his criterion. The inter-individual variability in the
amplitude of variation of 5'80 values is higher at Llo (1.7%0) than in
the hinterland and coastal sites (Citadelle = 1.1%., Portal-
Vielh = 1.1%o, and Collet-Redon = 0.4%o).

In summary, despite the cooler climate during the 1550-
1150 cal. BC and 800-400 cal. BC pejoration phases at the time of
occupation of Llo and Portal-Vielh respectively—which could have
interfered in a comparison involving sites from different time
periods—the caprines from both sites delivered 3'80 values setting
them clearly in distinct systems, the first being fully settled in the
mountain while the second fully adapted to coastal/lowlands,
although a larger variability of patterns may be observed in the
former.

5.2. Range and amplitude of stable carbon isotope values

The 8'3C values vary from —12.7 to —9.8% at Llo and from —13.4
to —10.1%o at Portal-Vielh, compared to 12.9 to —9.6%o at la Cita-
delle and —13.3 to —10.8%o at Collet Redon (Fig. 4 a&b). Using the
313C mid-point values, no distinction can be made between cap-
rines herded in lowland and highland sites (Fig. 4 a&b). The cap-
rines from Llo delivered the lowest amplitude of intra-tooth
variation of 3'3C values (0.6—2%o), while those from Portal-Vielh
delivered the highest (2.2—2.8%o, Fig. 4 a&b). Statistical analysis
of the range of 5'3C values distinguishes caprines from Llo from
those from the coastal sites (Portal-Vielh vs Llo: Kruskall-Wallis
test, p < 0.001; Collet-Redon vs Llo: Kruskal-Wallis test,
p < 0.001), but no significant difference appears between datasets
from Llo and La Citadelle (La Citadelle vs Llo; Kruskall-Wallis test,
p =0.1).

Considering the threshold value of —31.5%0 for understory
vegetation in modern times (Kohn, 2010), a 1.5%o correction for the
fossil-fuel effect (Freyer and Belacy, 1983; Leavitt and Long, 1982)
and an enamel-diet 14.1%o0 enrichment factor (¢*) (Cerling and
Harris, 1999), all 3'3C values (>—12.4%0) indicate the consump-
tion of C3 plants from open areas and no significant contribution of
resources gathered in a closed forest environment on a seasonal
scale (Fig. 4a).

5.3. Sequential 6’80 and 6'3C series

At Llo and Portal Viehl, the sequences of 3'80 values vary along
tooth crown following a sinusoidal pattern, reflecting the seasonal
cycle (Fig. 5). At Portal-Vielh, 3'80 and 3'3C values co-vary with a
positive correlation (Fig. 6 and Table 3). In contrast, the sequential
isotope profiles from Llo present a variety of patterns with shifted
to opposite 3'%0 and 3'3C sequences (Figs. 5b and 6). Significant
positive correlations between 3'3C and 3'80 values are only
observed in the Iberian ibex (Llo C pyr. 156) and in sheep Llo O 58
(Table 3 and Supplementary Material 7).

6. Discussion
6.1. The transhumance 6'80 signature in modern ewes

On this limited dataset of modern transhumant and sedentary
ewes, the pattern of variation of 3'80 values on a seasonal scale
does not seem to conform to the expected model. First, mobility up
to 1500—2000 m in four ewes did not lead to lower summer 580
values compared to those measured in the ewe moving to 1300 m.
This could be explained by differences in the types of water sources
available for drinking (river vs seasonal ponds). This would suggest
that, on a local scale, the pattern of decreasing 580 values with
increasing altitude described in meteoric water is not always
directly reflected in the 3'80 values of surface water and conse-
quently does not always lead to a straightforward signature in tooth
enamel. Furthermore, a transhumant pattern did not lead to
reduction of the annual amplitude of variation, although the
sedentary ewe used for comparison was raised in another valley,
located further north. Further research involving more specimens
from both transhumant and sedentary herds are needed to refine
these points.

6.2. Interpretation of the archaeological datasets

The archaeological dataset from Llo is globally characterized by
the following:

(1) a lower range of 880 values compared to the lowlands
dataset and great similarity regarding this criterion with the
values measured in the modern mountain ewes located
further west;

(2) similar 3'C mid-point values compared to those measured
at the lowlands sites but globally lower intra-tooth variation
compared to the coastal sites;

(3) dissimilar patterns of co-variation between 3'0 and 3'3C
sequences to those observed in the lowlands areas, some-
times leading to opposed variations of the two signals;

(4) a higher inter-individual variability in the patterns of varia-
tions at the seasonal scale, possibly referring to higher inter-
annual instability in environmental/climatic constraints.

(1) Lower 580 values set the sheep herds from Llo in the
mountain zone. From this criterion alone, a sedentary
pattern at the site elevation may not be distinguished from
vertical mobility within the mountain zone, for example,
towards higher elevation pastures in the summer and/or
lower elevations to escape the snow cover in winter.

(2) The inter-sites comparison shows overlapping 3'>C mid-
point values with no gradient between coastal and high
elevation sites. This suggests no significant altitude effect on
plants 3'3C values in the study area, casting doubt on the
usefulness of 3'3C values per se to highlight vertical mobility
in this particular area. However, herding strategies could
mask this effect. The significantly reduced amplitude of
intra-tooth variation at Llo compared to the coastal sites may
reflect adaptation to a high elevation zone and could be due
to local vegetation dynamics, herding practices including
mobility, or foddering (see below). Furthermore, the high
inter-individual variability in this last criterion could suggest
a great diversity of dietary patterns.

Fig. 4. a. Lowest and highest 5'>C values and mid-point values ((min -+ max)/2) of the annual cycle from individuals from Llo (Llo) and Portal-Vielh (PVV), compared to data from the
late Neolithic sites of La Citadelle (CTD) and Martigues-Collet Redon (MCR) (* Blaise et al., 2006; 2010). The horizontal line represents the average expected §'>C value for con-
sumption of C3 plants from open areas (Kohn, 2010). 4. b. Amplitude of intra-tooth variation in 3'*C values and mid-point values of the annual cycle in the archaeological as-

semblages. Data for Collet-Redon and La Citadelle from Blaise et al. (2006, 2010).
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Fig. 6. Relationship between 3'®0 and 5'3C values within intra-tooth sequential series a. Positive correlations are observed at Portal-Vielh: example for ‘Pvv O 3' (Ms). b. Negative
correlations may be observed at Llo: example for ‘Llo O 161’ (Ms). Plots for all individuals are shown in supplementary data (Supp. Data 7).

Table 3
Statistical data of the 3'3C and 3'®0 cycle: correlation coefficient (Pearson's r), degree
of freedom (df), significance level (p). The significant results are in bold.

Sample Pearson's r df p

Pvv O 2 0.91 15 <0.001
Pvv O3 0.93 13 <0.001
Pvw 06 0.79 17 <0.001
Pvw C1 0.77 11 <0.01
Llo C pyr. 156 0.83 16 <0.001
Llo O 161 -0.75 19 <0.001
Llo O 58 0.56 18 <0.01
Llo 05 -0.47 16 <0.05
LloO 11 -0.54 11 >0.05
Llo O 159 —0.44 16 >0.05
Llo O 15 -0.12 17 >0.05
Llo0O9 0.08 16 >0.05
Llo C 250 0.22 13 >0.05

(3) A positive correlation in the variations of 3'®0 and §!3C
values on a seasonal scale is ordinarily observed in sequential
datasets from caprines raised in middle latitude lowland
areas of Europe (e.g., Balasse, et al., 2012, 2013, in press) and
under Mediterranean climates in particular (e.g., Kasteel-
berg: Balasse et al.,, 2002; Collet-Redon and La Citadelle:
Blaise et al., 2006, 2010; Blaise and Balasse, 2011; and Portal-
Vielh, this study). This is explained by the natural trends of
seasonal variation in C3 plants 3'>C values, with higher values
occurring during summer and lower values during winter
(Smedley et al., 1991; Hartman and Danin, 2010). In mixed
C3/C4 grassland, this seasonal trend may sometimes com-
pound with a higher relative proportion of C4 plants in
summer. In some cases, the sequence of 3'3C values may be
slightly shifted to reach maximum values later than 380
values. Foddering practices have been suggested as the cause
when the co-variation of 880 and 5'3C values do not follow
this global trend (Balasse et al., 2013).

At Llo, the 3'3C and 580 sequences are not positively correlated,
showing from a significant shift (Llo O 5; Llo O 15; Fig. 5) to op-
position of the sequences in some individuals (Llo O 11, Llo O 161;
Figs. 4 and 6). This could refer either to different growth dynamics
for vegetation in the highlands compared to the lowlands, or it
could result from interference due to herd management, possibly
including altitudinal mobility or a seasonal contribution of fodder.

Opposite patterns of variation of 3'80 and 8'3C values have been
observed in wild sheep (Ovis orientalis gmelini) remains from the
Epigravetian site of Kalavan 1 in Armenia (Tornero et al., 2016).
Those were interpreted as reflecting vertical mobility towards high
elevation alpine meadows in the summer and midlands to low-
lands in the winter. The reason for this opposition could not be

ascertained, and two hypotheses were considered: (i) a higher
relative proportion of C4 plants in the lowlands would have created
higher 8'3C values in winter, or (ii) a contribution of low 530 ice-
melt water in high elevation sites would have lowered the 3'%0
values in summer. The first explanation may not apply to this study,
given the insignificant occurrence of C4 plants in the area (as re-
flected in the 8'3C values measured even at the coastal sites). A
reversal of the 880 cycle, ie., with lowest values occurring in
summer and the highest in the winter, was also described in his-
toric mountain sheep (Ovis canadensis) from central Utah (Fisher
and Valentine, 2013). Although this hypothesis deserves careful
consideration, it does not seem to apply to our study area. Indeed,
the modern transhumant ewes born in late autumn do not show a
reversed 380 cycle when compared to the sedentary ewe from the
valley floor, born in the same season (Fig. 2).

Interestingly, the archaeological Iberian ibex Llo C pyr. 156
exhibited a positive correlation between the §%0 and §!3C se-
quences (Pearson's r: 0.83, p < 0.001; Table 3 and Supplementary
Material 7). Currently, this wild species is known to move season-
ally over a large altitudinal range, between high altitudinal zones in
summer and lower mountain range in winter due both to the snow
cover and human pressure (Couturier, 1962). This would suggest
that a pattern of vertical mobility in this area is not necessarily
reflected in opposite variation of 880 and 3'>C values, although
using one annual trajectory of one individual precludes formulating
definite conclusions. The closest pattern observed in the domestic
caprines from Llo is the one measured the sheep Llo O 58, with
positive correlation between the 3'80 and §'3C sequences (Pear-
son's r: 0.58, p < 0.01; Table 3 and Supplementary Material 7) but
significantly lower 5'3C values compared to the wild ibex (Llo O 58
vs Llo C pyr. 156 Tukey's pairwise test: p < 0.0001). Although the
wild caprines are only represented by one individual in this sample,
none of the domestic caprines from Llo delivered stable isotope
patterns resembling this specimen, suggesting that seasonal
pathways followed by the domestic herds may have been to some
extent different from the wild ones. It is difficult to make any
conclusions about the altitudinal mobility of the livestock at Llo.

Considering the possibility that the inhabitants lived in the
settlement all year, feeding the livestock over the winter would
probably have required specific efforts on diet management. Forest
grazing and tree leaf foddering are both reported in recent history
from Norway to the Mediterranean area (Brockmann-Jerosch, 1936;
Hédin, 1967; Salvi, 1982; Austad, 1988; Magnier, 1991). Archae-
obotanical analysis (phytoliths, pollen, charcoal and vegetal macro-
remains) in rock shelters from the circum alpine, alpine and Med-
iterranean areas highlighted leafy foddering from the middle
Neolithic (Rasmussen, 1989, 1993; Haas and Rasmussen, 1993;
Brochier and Claustre, 1994; Halstead and Tierney, 1998;
Thiébault, 2005; Delhon et al., 2008; Martin et al., 2011). At Llo,
the use of tree leaves or understory plants (less exposed to the
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snow cover) to feed the small stock in winter/springtime could have
been an alternative to grazing at this elevation where snowfall may
currently occur over six months. However, the 83C values do not
indicate any significant consumption of plants from closed forests.
The degree of opening of the forest cover in the surroundings of the
site during Bronze Age (Bal, 2006) could also make it more difficult
to evidence this practice from 3'3C values.

Alternatively, the constitution of hay preserves during summer
could also have facilitated winter foddering. Fodder could have
been harvested in summer from the terraces adjoining the settle-
ment (Ruas and Bouby, 2009) or even from slopes—terraced or
not—at higher altitudes in the neighbouring mountain (Rendu,
2003; Bal, 2006). Furthermore, hay crops located in the valley
may also have provided fodder reserves during Bronze Age (Bal,
2006). If livestock were supplied with this fodder in late autumn
and throughout winter, it would create a rupture in the expected
seasonal trend in the 3'3C sequential series. This scenario might
explain the pattern observed in Llo O 9 and Llo O 58, where 3'3C
values have moderate annual amplitudes of variation.

At Llo, the diversity of the profiles could reflect high adaptability
of husbandry strategies in a mountainous context characterized by
important inter-annual variation in climate with direct conse-
quences for the availability of pastures on a seasonal scale. Different
strategies could have been adopted to cope with this instability at
the inter-annual scale, including changes in mobility patterns.
Some archaeological artefacts from the Middle Bronze Age occu-
pation of Llo reflect exogenous influence, notably from the italic
sphere (thumb handles), suggesting that the settlement was inte-
grated in a large Mediterranean cultural dynamic (Campmajo and
et Cabrol, 1990; 1991; Carozza et al., 2005; Galop et al., 2007).
Moreover, the cultivated plant remains and pottery findings sug-
gest some affinity with cultural aspects of the Catalan hinterlands
(Segre and Cinca valleys) (Campmajo, 1983; Gasco et al., 1996;
Alonso i Martinez, 1999; 2008; Ruas and Bouby, 2009). Livestock
exchanges between those communities could have occurred,
driven by social and economic causes including strategies aiming at
diversifying and/or renewing the livestock. Despite this, none of the
specimens analysed at Llo had profiles resembling those measured
in lowlands plains, characterized by higher 880 values and a
positively correlated variation in 3’80 and 8'3C sequences. The goat
Llo C 250 yielded significantly higher 3'80 values compared to all
other individuals (Fig. 3a&b). A priori, no physiological reason could
explain such differences between sheep and goat; for example, the
3180 values of sheep and goats from Le Collet-Redon are very
similar to each other (Blaise et al., 2006; 2010; Blaise and Balasse,
2011). Goats are also known to be much more mobile than sheep
because of their rustic and adaptable nature (Ferndndez et al.,
2006). However, the absence of a positive correlation between
3180 and §'3C sequences (Fig. 5) precludes a firm identification of a
lowland origin for this goat.

At Portal-Vielh, the range of variation of 880 values and a
positive correlation between 3'30 and 3'3C sequences similar to
those previously observed at Collet-Redon and La Citadelle (Blaise
et al., 2006; 2010; Blaise and Balasse, 2011 and Fig. 3a) set this
site in the lowland group with no incursion in the mountain zone.
This supports the hypothesis that herding strategies did not include
vertical mobility at Portal-Vielh. Still, the semi-sedentary model
proposed by Py (1990, 1993) cannot be totally ruled out. Stable
oxygen isotope values measured in the caprines from La Citadelle,
located at 50 km from the sea, further east in the hinterland of
Marseille, do not significantly differ from those measured at Portal-
Vielh. At the moment, no 8'0 data is available to characterize the
hinterland Languedoc. Therefore, the livestock may have moved
seasonally, even to a long distance but would not have gone higher
up in the mountain area.

7. Conclusion

The results from this study clearly set the caprines from Llo
apart from the lowlands archaeological caprines herds based on the
3180 and 5'3C signatures, while a great similarity is observed with
modern ewes raised in the mountain. Adaptation to mountain
zones was reflected in lower enamel bioapatite 520 values
compared to lowlands locations, confirming an expected pattern. It
did not induce higher 3'3C values, suggesting that the global
pattern of increasing 8'3C values in Cs plants with increasing alti-
tude does not apply significantly in this area of the French Eastern
Pyrenees or is not directly reflected in caprines' tooth profiles due
to animal behaviour and human intervention in feeding practices.

On the infra-annual scale, the intra-tooth 3'3C sequences reveal
very informative when combined with 880 sequences. At Llo,
where the positive correlation between 8'3C and 380 sequences
measured in all instances at low elevation sites was not the leading
pattern, shifts to opposite 3'>C and 3'80 sequences could be
observed instead. This opposition could not be explained by a
reversal of the 8'80 cycle due to vertical mobility towards higher
elevation in summertime: indeed, transhumant ewes did not show
reversed 3'30 cycles compared to a sedentary ewe born in the same
season. If the 3'80 cycle varied seasonally with similar trends to
those in lowland locations, then the observed reversal might have
rather occurred in the pattern of variation of 3'3C values. Ruptures
or differences in the expected natural seasonal variation in plants
313C could be caused by different vegetation growth dynamics in
higher elevation zones, vertical mobility and/or bad season fod-
dering with plants collected at the growing season. Human inter-
vention in the feeding strategies was also evoked to explain the
significantly reduced amplitude of intra-tooth variation in 3'3C
values observed at Llo compared to lowlands sites. In this regard,
the Llo dataset was also characterized by a high inter-individual
variability in the co-variation of 3'3C and 8'®0 profiles, potentially
reflecting greater plasticity of the husbandry practices in mountain
zones. Mountainous zones are traditionally considered marginal
and risky; this study helps to define human adaptability to these
constraining environments. A key element to this adaptability
could be a great plasticity in herding practices involving different
feeding and mobility strategies on the inter-annual scale.

This study addresses the broader issue of the occupation of
territories by Bronze Age communities in the western Mediterra-
nean area (France-Spain) (Carozza et al., 2005). No exogenous
origin for domestic caprines could be clearly revealed at Llo, as far
as the Mediterranean lowlands are concerned. While caprine
herding at Llo seems fully settled in the mountain whereas Portal-
Vielh delivered a fully lowland signal, the apparent disjunction
between the coastal and mountain settlements, as far as herds'
trajectories are concerned, must be reaffirmed by further in-
vestigations in a larger number of sites.

At Llo, full adaptation to a mountain environment seems clear,
but the question of the vertical mobility of the livestock cannot be
resolved at the moment. In particular, the opposed variation of 3'3C
and 3'80 profiles still needs to be investigated to understand more
precisely whether it specifically indicates herding practices
including vertical mobility per se or a specificity of the mountain
environment signal. It is striking to note that the only representa-
tive of wild caprines at Llo did not deliver this pattern of opposition
of 33C and 3'80 signals. Further research is needed, including
studies of a larger number of wild herbivores with known vertical
trajectories and sedentary caprines in mountain environments,
focusing both on the amplitude of variation of 3'80 and 8'3C values
and their co-variation.

Please cite this article in press as: Knockaert, J., et al., Mountain adaptation of caprine herding in the eastern Pyrenees during the Bronze Age: A
stable oxygen and carbon isotope analysis of teeth, Quaternary International (2017), http://dx.doi.org/10.1016/j.quaint.2017.05.029




J. Knockaert et al. / Quaternary International xxx (2017) 1-15 13

Acknowledgements

Our first thanks go to Michel Miro, the GAEC Les Iris, the GAEC
Pourterre and the Ossau slaughterhouse team and in particular to
Pascale Chevanne and Christian Carrere for providing the modern
ewe mandibles and information about their husbandry. We thank
Sandrine Costamagno and UMR TRACES (CNRS/Université de
Toulouse-Jean Jaures) for providing access to their facilities for the
preparation of the fresh mandibles. The isotopic analyses were
performed at the SSMIM Paris under the technical supervision of D.
Fiorillo and with financial support from the SERCAB project (MNHN
ATM ‘Interactions Minéral — Vivant’). AMS dating was performed
by Beta Analytic Inc. (Miami, USA) and the Poznan Radiocarbon
Laboratory. Some of the collagen extracts were obtained at the
MNHN Mineralogy chemistry laboratory with the technical assis-
tance of O. Tombret and under the supervision of A. Zazzo and with
financial support from the SERCCS project (MNHN ATM ‘Dynami-
que des Socio-Ecosystemes’). We are grateful to the two Quaternary
International reviewers who brought constructive criticism to a first
version of this article. Juliette Knockaert has a doctoral fellowship
from the French Ministere de I'Enseignement Supérieur et de la
Recherche. This collaborative project is part of the ‘La transition age
du Bronze — age du Fer en Cerdagne. Origines des influences’ PCR.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.quaint.2017.05.029.

References

Alonso i Martinez, N., 1999. De la llavor a la farina. Els processos agricoles proto-
historics a la Catalunya occidental (From the seed to the flour: the proto-
historical agricultural processes in Western Catalonia). Monographies
d’archéologie méditerranéenne 4. CNRS, Lattes, France.

Alonso i Martinez, N., 2008. Crops and agriculture during the Iron Age and Late
antiquity in Cerdanyola del Valles (Catalonia, Spain). Veg. Hist. Archaeobotany
17, 75—-84.

Austad, 1., 1988. Tree Pollarding in Western Norway. In: Birks, H.H., Birks, H.J.B.,
Kaland, PE., Moe, D. (Eds.), The Cultural Landscape: Past, Present and Future.
Cambridge University Press, Cambridge, England, pp. 11-29.

Bal, M.-C., 2006. Construction et dynamiques des espaces et des terrasses agro-
pastoraux en zone intermédiaire des Pyrénées du Néolithique a nos jours
(Cerdagne, Pays Basque et Pays de Sault), Approche archéoenvironnementale
par la pédoanthracologie. PhD. Thesis. Université Toulouse II-Le Mirail, GEODE,
France.

Bal, M.-C,, Rendu, C., Ruas, M.-P., Campmajo, P., 2010. Paleosol charcoal: recon-
structing vegetation history in relation to agro—pastoral activities since the
Neolithic. A case study in the Eastern French Pyrenees. ]J. Archaeol. Sci. 37,
1785-1797.

Balasse, M., Ambrose, S.H., 2005. Distinguishing sheep and goats using dental
morphology and stable isotopes C* grassland environments. J. Archaeol. Sci. 32,
691-702.

Balasse, M., Obein, G., Ughetto-Monfrin, J., Mainland, I., 2012. Investigating sea-
sonality and season of birth in past herds: a reference set of sheep enamel
stable oxygen isotope ratios. Archaeometry 54, 349—368.

Balasse, M., Balasescu, A., Janzen, A., Ughetto-Monfrin, ]., Mirea, P., Andreescu, R.,
2013. Early herding at Magura-Boldul lui Mos Ivanus (early sixth millennium bc,
Romania): environments and seasonality from stable isotope analysis. Eur. ].
Archaeol. 16 (2), 221-246.

Bentley, R.A., Knipper, C., 2005. Transhumance at the early neolithic settlement at
vaihingen, Germany. Antiquity 79 (306).

Berlic, P., 1995a. La faune du site de Llo : Bronze moyen et final. Master Thesis. Ecole
des Hautes Etudes en Sciences Sociales, Toulouse, France.

Berlic, P.,, 1995b. L'activité cynégétique sur le site de Llo (Pyrénées-Orientales) au
Bronze moyen et au Bronze final, Cultures i Medi, de la Prehistoria a I'Edat
Mitjana. Xe Colloqui Internacional d’Arqueologia de Puigcerda (1994). Institut
d’Estudis Ceretans, Puigcerda and Osseja, pp. 131—136.

Bhatia, M.P,, Das, S.B., Kujawinski, E.B., Henderson, P., Burke, A., Charette, M.A., 2011.
Seasonal evolution of water contributions to discharge from a Greenland outlet
glacier: insight from a new isotope-mixing model. ]. Glaciol. 57, 929—-941.

Blaise, E., 2010. Economie animale et gestion des troupeaux au Néolithique final en
Provence: approche archéozoologique et contribution des analyses isotopiques
de I'émail dentaire. British Archaeological Reports. International series 2080
(Oxford. England).

Blaise, E., Balasse, M., 2011. Seasonality and season of birth of modern and late
Neolithic sheep from south-eastern France using tooth enamel 3'80 analysis.
J. Archaeol. Sci. 38, 3085—-3093.

Blaise, E., Balasse, M., Ughetto, ]., 2006. Analyses isotopiques d'émail dentaire de
caprinés domestiques du site néolithique final du Collet-Redon (Martigues, 13)
(Analyses Report, Aix-en-Provence, France).

Bouby, L., Leroy, F.,, Carozza, L., 1999. Food plants from late Bronze Age lagoon sites
in Languedoc, southern France: reconstruction of farming economy and envi-
ronment. Veg. Hist. Archaeobotany 8, 53—69.

Bréhard, S., Campmajo, P.,, 2005. Exploitation des animaux domestiques et struc-
turation de I'espace montagnard a I'’Age du Bronze : Llo (Cerdagne, Pyrénées-
Orientales). Anthropozoologica 40 (1), 217—233.

Brochier, J.E., Claustre, F,, 1994. Le parcage des bovins et le probleme des litiéres du
Néolithique Final a 1 'Age du Bronze dans la Grotte de Bélesta. Congres
Préhistorique de France, Habitat et économies et sociétés du Nord-Ouest
méditerranéen, Carcassone, France, pp. 27—36.

Brockmann-Jerosch, H., 1936. Futterlaubbaiime und Speiselaubbaume. Berichte
Schweiz. Bot. Ges. 46, 594—613.

Bryant, ].D., Froelich, P.N., Showers, W,J., Genna, BJ., 1996a. A Tale of Two Quarries:
biologic and taphonomic signatures in the oxygen isotope composition of tooth
enamel phosphate from modern and Miocene equids. Palaios 11, 397—408.

Bryant, ].D., Froelich, P.N., Showers, W.J., Genna, B.J., 1996b. Biologic and climatic
signals in the oxygen isotopic composition of Eocene-Oligocene equid enamel
phosphate. Palaeogeogr. Palaeoclimatol. Palaeoecol. 126, 75—89.

Campmajo, P, 1983. Le site protohistorique de Llo (Pyrénées-Orientales). Centre
d’études préhistoriques catalanes, Université de Perpignan, Perpignan, France.

Campmajo, P,, 1991. El poblamnet de la Cerdanya des dels origens fins a I'ocupacio
romana. Ceretania 1, 21—38.

Campmajo, P, et Cabrol, D., 1990. Le Néolithique et les débuts de I'age du Bronze en
Cerdagne. Trav. Préhistoire catalane 6, 81—101.

Campmajo, P, Bousquet, D., Cabrol, D., Rancoule, D., 2014. Etude des poteries de Llo
1 (fouilles récentes). Premiers résultats des campagnes de fouilles 2011 — 2013
sur le site archéologique de Llo 1 de la fin du Bronze moyen au 2e Age du Fer et
de I'Antiquité au Moyen Age. Les cahiers de '’Ane Rouge. Revue d’Archéologie.
Histoire. Ethnologie et Sciences Naturelles de Cerdagne — Capcir — Pyrénées
catalanes, France.

Carozza, L., Burens, A., 2000. Les habitats du Bronze final de Portal-Vielh a Vendres
(Hérault). Bull. Soc. Préhist. frangaise 97 (4), 573—581.

Carozza, L., Galop, D., 2008. Le dynamisme des marges, peuplement et exploitation
des espaces de montagne durant I'age du Bronze. In: Guilaine, J. (Ed.), Villes,
villages, campagnes de I'Age du Bronze. Editions Errance, France, pp. 226—255.

Carozza, L., Galop, D., Marembert, F., Monna, F, 2005. Quel statut pour les espaces
de montagne durant I'age du Bronze ? Regards croisés sur les approches
société-environnement dans les Pyrénées occidentales. Doc. d’Archéologie
méridionale 28, 7—23.

Carozza, L., Marcigny, C., Talon, M., 2007. Ordres et désordres de I'économie des
sociétés durant I'age du Bronze en France. <halshs-00345298>.

Cerling, T.E., Harris, J.M., 1999. Carbon isotope fractionation between diet and
bioapatite in ungulate mammals and implications for ecological and paleo-
ecological studies. Oecologia 120, 347—363.

Cerling, T.E., Harris, ].M., Passey, B., 2003. Diets of east african bovidae based on
stable isotope analysis. ]. Mammal. 84 (2), 456—470.

Couturier, M., 1962. Le Bouquetin des Alpes Capra aegagrus ibex ibex L. Partie 1.
Histoire naturelle. France, Grenoble.

Crégut-Bonnoure, E., 1992. Pleistocene tahrs, ibexes and chamois of France. In:
Spitz, F, Janeau, G., Gonzales, G., Aulagnier, S. (Eds.), Ongulés/ungulates 91,
Proceddings of the International Symposium (Sept 1991, Toulouse). Paris-
Toulouse, France, pp. 49—56.

D'Angela, D., Longinelli, A., 1991. Oxygen isotopes in living mammal's bone phos-
phate: further results. Chem. Geol. 86, 75—82.

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16, 436—468.

Davasse, D., Galop, D., Rendu, Ch., 1997. Paysages du Néolithique a nos jours dans les
Pyrénées de l'est d’apres I'écologie historique et I'archéologie pastorale. La
dynamique des paysages protohistoriques, antiques, médiévaux et modernes.
In: XXIleme rencontres internationales d'archéologie et d'histoire d'Antibes,
Sophia Antipolis, Nice, France, pp. 577—599.

Delhon, C., Martin, L., Argant, ]., Thiébault, S., 2008. Shepherds and plants in the
Alps: multi-proxy archaeobotanical analysis of neolithic dung from “La grande
rivoire” (isere, France). J. Archaeol. Sci. 35, 2937—2952.

Diefendorf, A.F,, Mueller, K.E., Wing, S.L., Koch, P.L., Freeman, H., 2010. Global pat-
terns in leaf '>C discrimination and implications for studies of past and future
climate. Proc. Natl. Acad. Sci. 107 (13), 5738—5743.

Drucker, D.G., Bridault, A., Hobson, K.A., Szuma, E., Boscherens, H., 2008. Can
carbon-13 in large herbivores reflect the canopy effect in temperate and boreal
ecosystems? Evidence from modern and ancient ungulates. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 266, 69—82.

Dupias, G., Molinier, R., Corre, ].J., Trabaud, L., 1968. Carte de la végétation de la
France, Montpellier 73. CNRS, France.

Dupias G., La végétation des Pyrénées : une synthese cartographique: G. Dupias.
Végétation des Pyrénées. Carte de la Végétation de la France au 200 000e. Notice
détaillée de la partie pyrénéenne des feuilles 69 Bayonne, 70 Tarbes, 71 Tou-
louse, 72 Carcassonne, 76 Luz, 77 Foix, 78 Perpignan. Ed. CNRS. 1985, 209.

Ejarque, A., Miras, Y., Riera, S., Palet Josep, M., Orengo, H., 2010. Testing micro-
regional variability in the Holocene shaping of high mountain cultural land-
scapes: apalaeoenvironmental case-study in the eastern Pyrenees. . Archaeol.

Please cite this article in press as: Knockaert, J., et al., Mountain adaptation of caprine herding in the eastern Pyrenees during the Bronze Age: A
stable oxygen and carbon isotope analysis of teeth, Quaternary International (2017), http://dx.doi.org/10.1016/j.quaint.2017.05.029



http://dx.doi.org/10.1016/j.quaint.2017.05.029
http://dx.doi.org/10.1016/j.quaint.2017.05.029
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref1
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref1
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref1
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref1
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref1
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref1
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref1
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref1
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref2
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref2
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref2
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref2
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref2
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref3
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref3
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref3
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref3
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref4
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref5
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref5
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref5
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref5
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref5
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref5
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref6
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref6
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref6
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref6
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref6
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref7
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref7
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref7
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref7
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref126
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref126
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref126
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref126
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref126
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref126
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref126
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref126
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref126
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref126
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref126
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref8
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref8
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref9
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref9
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref10
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref12
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref12
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref12
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref12
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref13
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref13
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref13
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref13
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref13
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref13
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref13
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref14
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref14
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref14
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref14
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref14
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref15
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref15
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref15
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref15
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref15
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref15
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref17
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref17
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref17
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref17
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref19
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref19
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref19
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref19
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref19
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref19
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref19
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref19
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref19
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref20
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref21
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref21
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref21
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref21
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref22
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref22
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref22
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref22
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref23
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref23
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref23
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref23
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref24
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref24
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref24
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref24
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref24
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref24
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref24
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref25
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref25
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref25
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref26
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref26
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref26
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref26
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref26
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref26
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref26
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref27
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref28
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref28
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref28
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref28
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref28
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref28
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref29
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref29
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref29
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref29
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref29
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref29
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref30
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref31
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref31
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref31
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref31
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref31
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref31
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref31
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref33
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref33
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref33
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref33
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref34
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref34
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref34
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref35
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref35
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref36
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref36
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref36
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref36
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref36
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref36
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref36
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref37
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref37
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref37
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref38
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref38
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref39
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref40
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref40
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref40
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref40
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref40
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref40
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref41
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref41
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref41
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref41
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref41
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref42
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref42
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref42
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref42
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref42
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref43
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref43
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref43
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref43
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref44
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref44
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref44

14 J. Knockaert et al. / Quaternary International xxx (2017) 1—15

Sci. 37, 1468—1479.

Fernandez, H., Hughes, S., Vigne, ].-D., Helmer, D., Hodgins, G., Miquel, C., Hanni, C.,
Luikart, G., Taberlet, P., 2006. Divergent mtDNA lineages of goat in an Early
Neolithic site, far from the initial domestication areas. Proc. Natl. Acad. Sci. U. S.
A. 103 (42), 15375—15379.

Fisher, J., Valentine, B., 2013. Resource depression, climate change, and mountain
sheep in the eastern Great Basin of Western North America. Archaeol.
Anthropol. Sci. 5 (2), 145—157.

Freyer, H.D., Belacy, N., 1983. 1>C/'2C records in northern hemisphere trees during
the past 500 Years. Anthropogenic impact and climatic superposition.
]. Geophys. Res. 88, 6844—6852.

Fricke, H.C., O'Neil, J.R., 1996. Inter- and intra-tooth variation in the oxygen isotope
composition of mammalian tooth enamel phosphate: implications for palae-
oclimatological and palaeobiological research. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 126, 91-99.

Friend, A.D., Woodward, El., Switsur, V.R., 1989. Field-measurements of photosyn-
thesis, stomatal conductance, leaf nitrogen and d13C along altitudinal gradients
in Scotland. Funct. Ecol. 3, 117—122.

Galop, D., 1998. La forét, 'homme et le troupeau dans les Pyrénées. 6000 ans
d’histoire de I'environnement entre Garonne et Méditerranée. PhD Thesis.
GEODE. Laboratoire d'écologie terrestre et FRAMESPA, Toulouse, France.

Galop, D., 2000. Propagation des activités agro-pastorales sur le versant nord-
pyrénéen entre le IVe et le Ille millénaire av. J.-C. : I'apport de la palynologie.
Rencontre méridionales de Préhistoire récente. Troisieme session, 1998, Tou-
louse, Editions Archives d’Ecologie Préhistoriques France, pp. 101—108.

Galop, D., Mazier, F, Lopez-Saez, ].A., Vanniere, B., 2003. Palynologie et histoire des
activités humaines en milieu montagnard. Bilan provisoire des recherches et
nouvelles orientations méthodologiques sur le versant nord des Pyrénées.
Archéologie du Midi Médiéval, pp. 159—170.

Galop, D., Carozza, L., Marembert, E, Bal, M.C., 2007. Activités agro-pastorales et
climat durant 1'Age du Bronze dans les Pyrénées : I'état de la question a la
lumiere des données environnementales et archéologiques. Eclipse 2 “emprises
et déprises agricoles, expansion et régression des sociétés entre 3500 et 2500
BP)". 2004, Besancon, France, CTHS, 21 (documents préhistoriques),
pp. 107—119.

Gascd, J., Carozza, L., Fry, D., Fry, S., Vigne, ].-D., Wainwright, ., 1996. Le Laouret et la
Montagne d’Alaric a la fin de 'Age du Bronze, un hameau abandonné entre
Floure et Mouze (Aude). CNRS, Toulouse, France.

Gat, J.R,, 1980. The isotopes of hydrogen and oxygen in precipitation. In: Fritz, P.,
Fontes, J.-C. (Eds.), Handbook of Environmental Isotope Geochemistry, The
Terrestrial Environment, vol. 1, pp. 21-42.

Gillis, R., Chaix, L., Vigne, J.-D., 2011. An assessment of morphological criteria for
discriminating sheep and goat mandibles on a large prehistoric archaeological
assemblage (Kerma, Sudan). J. Archaeol. Sci. 38, 2324—2339.

Goepfert, N., Dufour, E., Gutiérrez, B., Chauchat, C., 2013. Origen geografico de
camélidos en la época mochica (100-800 AD) y analisis isotépico secuencial de
les malte dentario : enfoque metodoldgico y aportes preliminares. Bull. I'Institut
Frangais Etudes Andin. 42, 25—48.

Guérin, C., Patou-Mathis, M., 1996. Les Grands Mammiferes Plio-pléistocenes
D’Europe. Masson, Paris.

Guiter, F, Andrieu-Ponel, V., Digerfeldt, G., Reille, M., De Beaulieu, J.-L., Ponel, P,
2005. Vegetation history and lake-level changes from the Younger Dryas to the
present in eastern Pyrénées (France): pollen, plant macrofossils and lithos-
tratigraphy from Lake Racou (2000 m a.s.l.). Veg. Hist. Archaeobotany 14,
99-118.

Haas, J.N., Rasmussen, P.,, 1993. Zur Geschichte der Schneitel - und Laubfutter-
wirtschaft in der Schweiz - eine alte Landwirtschaftspraxis kurz vor dem
Aussterben. In: Brombacher, C., Jacomet, S., Haas, ].N. (Eds.), Festschrift Zoller.
Dissertationes Botanicae, vol. 196, pp. 469—489.

Halstead, P, Tierney, J., 1998. Leafy hay: an ethnoarchaeological study in NW Greece.
Environ. Archaeol. 1, 71-80.

Halstead, P., Collins, P, Isaakidou, V., 2002. Sorting the sheep from the goats:
morphological distinctions between the mandibles and mandibular teeth of
adult Ovis and Capra. J. Archaeol. Sci. 40, 4039—4055.

Hammer, @., Harper, D.A.T,, Ryan, P.D., 2001. PAST: paleontological statistics soft-
ware package for education and data analysis. Palaeontol. Electron. 4.

Harfouche, R., Poupet, P., 2013. Approche pédoarchéologique des espaces de pro-
duction agricole a I'age du Bronze dans les montagnes méditerranéennes
(exemples des Pyrénées-Orientales et de la Haute-Corse, France). Préhistoires
Méditerranéennes 4.

Hartman, G., Danin, A., 2010. Isotopic values of plants in relation to water avail-
ability in the Eastern Mediterranean region. Oecologia 162, 837—852.

Hédin, L., 1967. Essai d’'une histoire de I'affouragement et des cultures fourrageres
en Haute Normandie. J. d’agriculture Trop. de botanique appliquée 14, 562—581.

Helmer, D., 2000. Discrimination des genres Ovis et Capra a I'aide des prémolaires
inférieures 3 et 4 et interprétation des ages d’abattage : I'exemple de Tikili Tash
(Grece). Anthropozoologica 31, 29—38.

IAEA/WMO, 2016. Global Network of Isotopes in Precipitation, the GNIP Database
available on. http://www.iaea.org/water.

Joly, D., Brossard, T., Cardot, H., Cavailhe, S.J., Hilal, M., Wavreky, P., 2010. Les types
de climats en France, une construction spatiale, Cybergeo. Eur. ]. Geogr. http://
dx.doi.org/10.4000/cybergeo.23155. http://cybergeo.revues.org/23155.

Kern, Z., Kohan, B., Leuenberger, M., 2014. Precipitation isoscape of high reliefs:
interpolation scheme designed and tested for monthly resolved precipitation
oxygen isotope records of an Alpine domain. Atmos. Chem. Phys. 14, 1987—1907.

Knockaert, J., 2012. Adaptation des troupeaux au contexte d'altitude a l'age du
Bronze : Le cas de Llo (Pyrénées-Orientales). Master Thesis. Muséum national
d’Histoire naturelle, Paris, France.

Koch, P.L., Tuross, N., Fogel, M.L, 1997. The effects of sample treatment and
diagenesis on the isotopic integrity of carbonate in biogenic hydroxylapatite.
J. Archaeol. Sci. 24, 417—429.

Kohn, M., 2010. Carbon isotope compositions of terrestrial C3 plants as indicators of
(paleo) ecology and (paleo) climate. Proc. Natl. Acad. Sci. U. S. A. 107,
19691-19695.

Korner, Ch., Farquhar, G.D., Roksandic, Z., 1988. A global survey of carbon isotope
discrimination in plants from high altitude. Oecologia 74, 623—632.

Korner, Ch, Farquhar, G.D., Wong, S.C., 1991. Carbon isotope discrimination by plants
follows latitudinal and altitudinal trends. Oecologia 88, 30—40.

Land, LS., Lundelius, E.L., Valastro, S., 1980. Isotopic ecology of deer bones. Paleo-
geogr. Palaeoclimatol. Paleoecol. 32, 143—151.

Leavitt, S.W., Long, A., 1982. Evidence for '>C/'?C fractionation between tree leaves
and wood. Nature 298, 742—743.

Lee-Thorp, J.A., van der Merwe, N.J., 1987. Carbon isotope analysis of fossil bone
apatite. South Afr. J. Sci. 83, 71-74.

Longinelli, A., Selmo, E., 2003. Isotopic composition of precipitation in Italy: a first
overall map. J. Hydrol. 270, 75—88.

Luz, B., Kolodny, Y., 1989. Oxygen isotope variation in phosphate of biogenic apa-
tites, IV. Mammal teethand bones. Earth Planet. Sci. Lett. 75, 29—36.

Magnier, L., 1991. Utilisation des sous-produits de la vigne dans I'alimentation
animale. In: Tisserand, J.-L., Alibés, X. (Eds.), Fourrages et sous-produits
meéditerranéens. Zaragoza, Spain, pp. 89—99.

Magny, M., Billaud, Y., Bossuet, G., Gauthier, E., Marguet, A., Mouthon, J., Richard, H.,
Vanniere, B., 2007. Variations du climat pendant I'age du Bronze au centre ouest
de I'Europe : vers I'établissement d'une chronologie a haute résolution. In:
Richard, H., Magny, M., Mordant, C. (Eds.), Environnements et cultures a I'age du
Bronze en Erurope occidentale. CTHS Editions, pp. 13—28.

Magny, M., Peyron, O., Gauthier, E., Roueche, H., Bordon, A., Billaud, Y., Chapron, E.,
Marguet, A., Pétrequin, P, Vanniere, B., 2009a. Quantitative reconstruction of
climatic variations during the Bronze and early Iron ages based on pollen and
lake-level datat in the NWAIps, France. Quat. Int. 200, 102—110.

Magny, M., Galop, D., Bellintani, P., Desmet, M., Didier, J., Haas, J.N., Martinelli, N.,
Pedrotti, A., Scandolari, R., Stock, A., Vanniere, B., 2009b. Late-Holocene climatic
variability south on the Alps as recorded by lake-level fluctuation at Lake Ledro,
Trentino, Italy. Holocene 19 (4), 575—589.

Martin, L, Delhon, C., Argant, J., Thiebaut, S., 2011. Un apercu de I'élevage au
Néolithique par I'archéobotanique. L'exemple d'une bergerie dans le nord du
Vercors. ethnozootechnie 91, 37—46.

Millot, R., Petelet Giraud, E., Guerrot, C., Négrel, Ph, 2010. Multi-isotopic Composi-
tion (Delta Li-7-delta B-11-delta D-delta O-18) of Rainwaters in France: Origin
and Spatio-temporal Characterization. Applied Geochemistry. Elsevier,
pp. 1510—1524 vol. 25(10).

Miras, Y., Ejarque, A., Riera, S., Palet, .M., Orengo, H., Euba, I, 2007. Dynamique
holocene de la végétation et occupation des Pyrénées andorranes depuis le
Néolithique ancien, d'apres I'analyse pollinique de la tourbiere de Bosc dels
Estanyons (2180m Vall de Madriu, Andorre). Comptes Rendus Palevol 6,
291-300.

Morecroft, M.D., Woodward, EI., 1990. Experimental investigations on the envi-
ronmental determination of 3'3C at different altitudes. ]. Exp. Bot. 41,
1303—1308.

Orengo Romeu, H., 2010. Arqueologia de un paisaje cultural pirenaico de alta
montana.Dindmicas de ocupacién del valle del madriu-perafita-claror
(Andorra). Ph.D. Thesis. Institut Catala d’Arqueologia Classica, Tarragona, Spain.

Palet Martinez, J.P, Orengo Romeu, H., 2009. L'exploitation des ressources des
vallées andorranes du Madriu-Perafita-Claror et de la chaine du Cadi (Pyrénées-
Orientales) depuis le Néolithique a partir des données archéologiques et
paléoécologiques : mobilité des pratiques et dynamique des paysages culturels.
La construction des territoires montagnards : exploitation des ressources et
mobilité des pratiques. In: 2e International Workshop on archaeology of Eu-
ropean mountain landscape. Université Toulouse, 2, 8—11 octobre 2009.

Payne, S., 1985. Morphological distinction between the mandibular teeth of young
sheep, Ovis and goats, Capra. J. Archaeol. Sci. 12, 139—147.

Plata-Bedmar, A., 1994. Composicion isotopica de las precipitaciones y aguas sub-
terraneas de la Peninsula Iberica. Centro des Estudios de tecnicas Aplicadas,
Madrid (Spain), p. 139.

Prat, F,, 1966. Les capridés. In: Lavocat, R. (Ed.), Faunes et Flores préhistoriques de
I'Europe occidentale. Atlas de Préhistoire, Tome 3. Edition Boubée, Paris,
pp. 279—-322.

Py, M., 1990. Culture, économie et sociétés protohistoriques dans la région Nimoise,
Collection de I'Ecole Frangaise de Rome 131. Edition de Boccard, Paris, France.

Py, M., 1993. Les Gaulois du Midi. Coll. La mémoire du Temps. Edition Hachette,
Paris, France.

Pyankov, V.1, Ziegler, H., Akhani, H., Deigele, C., Liittge, U., 2010. European plants
with C* photosynthesis: geographical and taxonomic distribution and relations
to climate parameters. Botanical J. Linn. Soc. 163, 283—304.

Rameau, J.C,, Mansion, D., Dumé, G., Timbal, J., Lecointe, A., Dupont, P., Keller, R.,
1989. Flore forestiere francaise, guide écologique illustré. 1. Plaines et collines.
Institut pour le développement forestier, Paris, France.

Rasmussen, P., 1989. Leaf foddering in the earliest Neolithic agriculture: evidence
from Switzerland and Denmark. Acta Archaeol. 60, 71—86.

Rasmussen, P., 1993. Analysis of goat/sheep faeces from Egolzwil 3, Switzerland:

Please cite this article in press as: Knockaert, ]., et al., Mountain adaptation of caprine herding in the eastern Pyrenees during the Bronze Age: A
stable oxygen and carbon isotope analysis of teeth, Quaternary International (2017), http://dx.doi.org/10.1016/j.quaint.2017.05.029



http://refhub.elsevier.com/S1040-6182(16)30660-7/sref44
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref44
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref45
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref45
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref45
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref45
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref45
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref45
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref46
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref46
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref46
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref46
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref47
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref47
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref47
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref47
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref47
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref47
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref48
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref48
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref48
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref48
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref48
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref50
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref50
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref50
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref50
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref51
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref51
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref51
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref51
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref51
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref51
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref51
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref51
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref51
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref52
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref53
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref54
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref55
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref55
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref55
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref55
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref55
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref55
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref56
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref56
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref56
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref56
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref57
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref57
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref57
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref57
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref58
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref58
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref58
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref58
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref58
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref58
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref58
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref58
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref58
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref58
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref58
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref58
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref59
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref59
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref59
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref59
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref59
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref59
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref60
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref60
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref60
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref60
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref60
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref60
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref60
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref60
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref61
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref61
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref61
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref61
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref61
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref62
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref62
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref62
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref63
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref63
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref63
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref63
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref64
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref64
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref64
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref65
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref66
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref66
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref66
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref67
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref67
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref67
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref67
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref67
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref67
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref68
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref68
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref68
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref68
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref68
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref68
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref68
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref68
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref68
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref68
http://www.iaea.org/water
http://dx.doi.org/10.4000/cybergeo.23155
http://dx.doi.org/10.4000/cybergeo.23155
http://cybergeo.revues.org/23155
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref71
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref71
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref71
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref71
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref71
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref72
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref72
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref72
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref72
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref72
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref72
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref72
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref72
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref73
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref73
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref73
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref73
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref74
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref74
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref74
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref74
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref75
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref75
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref75
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref75
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref76
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref76
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref76
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref76
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref77
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref77
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref77
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref78
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref78
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref78
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref78
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref78
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref79
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref79
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref79
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref80
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref80
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref80
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref81
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref81
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref81
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref82
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref82
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref82
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref82
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref82
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref82
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref82
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref83
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref84
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref84
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref84
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref84
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref84
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref84
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref84
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref84
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref85
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref85
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref85
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref85
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref85
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref86
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref86
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref86
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref86
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref86
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref86
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref86
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref88
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref88
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref88
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref88
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref88
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref88
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref89
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref90
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref90
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref90
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref90
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref90
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref91
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref91
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref91
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref91
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref91
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref91
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref91
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref92
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref93
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref93
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref93
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref95
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref95
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref95
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref96
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref96
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref96
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref96
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref96
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref96
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref96
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref96
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref97
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref97
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref97
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref97
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref97
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref97
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref98
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref98
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref98
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref99
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref99
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref99
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref99
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref99
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref100
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref100
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref100
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref100
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref100
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref100
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref100
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref100
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref101
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref101
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref101
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref102

ARTICLE IN PRESS

J. Knockaert et al. / Quaternary International xxx (2017) 1-15 15

evidence for branch and twig foddering of livestock in the Neolithic. J. Archaeol.
Sci. 20, 479—-502.

Reille, M., 1990. Recherches pollen analytiques dans I'extrémité orientale des
Pyrénées : données nouvelles de la fin du glaciaire a I'actuel. Ecol. Medi-
terrannea 16, 317—357.

Rendu, Ch, 2003. La Montagne d'Enveig, une estive pyrénéenne dans la longue
durée. Ed Trabucaire, Canet, France.

Rendu, Ch., Campmajo, P.,, Davasse, B., Galop, D., Crabol, D., 1996. Premiéres traces
d’occupation pastorale sur la montagne d’Enveig. Travaux de Préhistoire Cata-
lane, vol. 8. Université de Perpignan, pp. 35—43.

Rendu, Ch., Campmajo, P., Crabol, D., 2012. Etagement, saisonnalité et exploitation
des ressources agro-pastorales en montagne a I'Age du Bronze. Une possible “
ferme d'altitude " a Enveig (Pyrénées-Orientales). Bulletin de I'Association pour
la Recherche sur I'Age du Bronze, pp. 58—61.

Rius, D., Vanniere, B., Galop, D., 2012. Holocene history of fire, vegetation and land
use from the central Pyrenees (France). Quat. Int. 77, 54—64.

Rozanski, K., Araguas-Araguas, L., Gonfiantini, R., 1993. Isotopic patterns in modern
global precipitations. In: Swart, PK., Lohman, K.C., McKenzie, J., Savin, S. (Eds.),
Climate Change in Continental Isotopic Records. American Geophysical Union,
Washington, Unity States, pp. 1-36.

Ruas, M.-P,, Bouby, L., 2009. Agriculture en montagne cerdane au Bronze final : les
données carpologiquesdeLlo-Lo-Lladre (Pyrénées-Orientales). In: Ortega
Martinez, P. (Ed.), De Méditerranée et d'ailleurs...Mélanges offerts a Jean Gui-
laine. Archives d'Ecologie Préhistorique, Toulouse, France, pp. 639—660.

Salvi, G., 1982. La scalvatura della cerreta nell" alta valle del Trebbia. Note dalle fonti
orali. In: Moreno, D., Piussi, P, Rackham, O. (Eds.), Boschi: Storia e Archeologia.
Quaderni Storici 49, pp. 148—156.

Siegenthaler, U., Oeschger, H., 1980. Correlation of 180 in precipitation with tem-
perature and altitude. Nature 285, 314—317.

Smedley, M.P,, Tood, E.D., Comstock, ]J.P., Donovan, L.A., Sherril, D.E., Cook, C.S.,
Ehleringer, J.R., 1991. Seasonal carbon isotope discrimination in a grassland
community. Oecologia 85, 314—320.

Thiébault, S., 2005. L'apport du fourrage d'arbre dans I'élevage depuis le
Néolithique. Anthropozoologica 40, 195—108.

Tornero, C., Balasse, M., Balasescu, A., Chataignier, C., Gasparyan, B., Montoya, C.,
2016. The altitudinal mobility of wild sheep at the Epigravettian site of Kalavan
1 (Lesser Caucasus, Armenia): evidence from a sequential isotopic analysis in
tooth enamel. J. Hum. Evol. 97, 27—36.

Valenzuela-Lamas, S., Jiménez-Manchon, S., Evans, ], Lopez, D., Jornet, R,
Abarella, U., 2015. Analysis of seasonal mobility of sheep in Iron Age Catalonia
(north-eastern Spain) based on strontium and oxygen isotope analysis from
tooth enamel: first results. ]. Archaeol. Sci. Rep. 9.

Van der Merwe, N.J., Medina, E., 1991. The canopy effect, carbon isotope ratios and
food webs in Amazonia. J. Archaeol. Sci. 18, 249—259.

van Geel, B., Buurman, J., Waterbolk, H.T., 1996. Archaeological and palaeoecological
indications of an abrupt climate change in The Netherlands, and evidence for
climatological teleconnections around 2650 BP. J. Quat. Sci. 11, 451—460.

Vanniere, B., Galop, D., Rendu, C., Davasse, B., 2001. Feu et pratiques agro-pastorales
dans les Pyrénées-Orientales : le cas de la montagne d'Enveitg (Cerdagne,
Pyrénées-Orientales, France). Revue Géogr. des Pyrénées du Sud-Ouest 11,
29-42. <halshs-00131090>.

Vigne, J.D., 1983. Quelques données sur les ossements de I'oppidum protohistorique
de Llo. In: Campmajo, P. (Ed.), Le site protohistorique de Llo (Pyrénées-Ori-
entales). Centre d’Etudes Préhistoriques Catalanes. Université de Perpignan,
Perpignan, France, pp. 130—152.

Viner, S., Evans, ]., Albarella, U., Parker, Pearson, M., 2010. Cattle mobility in pre-
historic Britain: strontium isotope analysis of cattle teeth from Durrington
Walls (Wiltshire, Britain). ]. Archaeol. Sci. 37, 2812—2820.



http://refhub.elsevier.com/S1040-6182(16)30660-7/sref102
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref102
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref102
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref103
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref103
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref103
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref103
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref103
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref103
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref103
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref103
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref103
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref103
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref104
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref104
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref104
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref104
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref104
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref105
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref105
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref105
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref105
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref105
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref105
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref105
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref106
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref106
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref106
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref106
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref106
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref106
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref106
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref106
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref106
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref106
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref106
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref106
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref108
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref108
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref108
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref108
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref109
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref109
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref109
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref109
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref109
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref110
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref111
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref111
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref111
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref111
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref112
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref112
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref112
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref113
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref113
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref113
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref113
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref115
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref115
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref115
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref115
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref115
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref115
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref116
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref116
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref116
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref116
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref116
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref118
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref118
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref118
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref118
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref118
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref118
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref118
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref119
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref119
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref119
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref120
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref120
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref120
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref120
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref121
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref122
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref122
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref122
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref122
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref122
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref122
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref122
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref122
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref122
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref122
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref122
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref123
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref123
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref123
http://refhub.elsevier.com/S1040-6182(16)30660-7/sref123

	Mountain adaptation of caprine herding in the eastern Pyrenees during the Bronze Age: A stable oxygen and carbon isotope an ...
	1. Introduction
	2. Stable oxygen and carbon isotopes, altitudinal mobility and diet
	2.1. Stable oxygen isotopes
	2.2. Stable carbon isotopes

	3. Material
	3.1. Archaeological and environmental contexts
	3.2. Modern reference set
	3.2.1. The transhumant ewes
	3.2.2. The sedentary ewe


	4. Methods
	4.1. Sequential sampling and chemical pre-treatment
	4.2. Data treatment and statistical methods

	5. Results
	5.1. Oxygen stable isotope values
	5.1.1. The modern dataset
	5.1.2. Comparison of modern and archaeological δ18O datasets

	5.2. Range and amplitude of stable carbon isotope values
	5.3. Sequential δ18O and δ13C series

	6. Discussion
	6.1. The transhumance δ18O signature in modern ewes
	6.2. Interpretation of the archaeological datasets

	7. Conclusion
	Acknowledgements
	Appendix A. Supplementary data
	References


