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Pre-Hispanic pastoralist mobility has been a major topic in Andean archaeology
and it is considered a key component of modern pastoral systems in the
Andean highlands. Of particular interest here has been the exploration of
changes in camelid breeding and herding between pre-Hispanic and modern
pastoralist contexts. This paper examines variation in diet and territoriality of
domestic camelids using intra-tooth enamel carbon and oxygen stable isotope
measurements from modern and archaeological llama specimens from the Dry
Puna of Argentina. We explore whether dietary and territoriality changes linked
to seasonal mobility of modern llama herds are reflected in intra-tooth isotopic
variation, and thus establish a modern frame of reference to study Late Holocene
pastoralist mobility in the Puna highlands. Our preliminary results show the
existence of moderate intra-tooth isotopic variation for enamel §13Cy_ppg and
8180y _ppg values. Seasonal changes in plants and water consumed throughout
the year dictated by the alternation of different pasture areas do not translate
into significant isotopic variation for the modern camelid specimens analyzed.
Moreover, intra-tooth series of archaeological camelid specimens show a similar
patterning. This exposes the limitations of using carbon and oxygen stable
isotope compositions measured in sequentially sampled camelid teeth to identify
pastoralist mobility patterns in the tropical highlands of the Andes. Nonetheless,
the consistency of our results shows continuities between pre-Hispanic and
modern pastoralist practices in the Dry Puna of Argentina.

KEYWORDS

stable carbon isotope analysis, stable oxygen isotope analysis, sequential sampling,
llama herding, seasonal mobility

1 Introduction

South American camelids were domesticated in the Andes ca. 7,000 cal. years
BP, a process that led to the appearance of two new domestic species: the llama
(Lama glama) and the alpaca (Vicugna pacos) (Yacobaccio and Vild, 2016). Indigenous
herding practices—mostly aimed at obtaining meat and fiber—developed in different
ecozones of the Andean region (Moore, 2016). Moreover, South American camelid
domestication fostered the development of extended exchange networks among different
Andean areas based on the use of llama caravans (Nielsen, 2006). The scale and
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characteristics of the mobility patterns of domestic South American
camelids remain a pressing topic in archaeology, whether they
comprise short-or-medium-distance mobility among vegetation
patches as part of pastoralist practices or long-distance mobility
within caravan exchange (Berenguer, 2004; Capriles, 2014; Mader
et al, 2022; among others). Previous research carried out
by archaeologists, ethnohistorians, and anthropologists mainly
focused on studying the dynamics of llama caravan mobility and
long-distance exchange in the Andes, overlooking the study of
seasonal mobility and its relevance within the pastoral system, with
only a few noteworthy exceptions in the South-Central Andes (Gil
Montero, 1997; Gobel, 2001; Yacobaccio, 2007).

Stable isotope analyses of animal tissues can be used to
investigate how herders managed domestic animals in the past
and address issues such as mobility and foddering, which usually
escape the scope and reach of traditional zooarchaeology (Balasse
et al., 2002; Britton et al., 2008; Gillis et al., 2021; Lightfoot
et al., 20205 Stevens et al., 2013, among others). Modern animal
isotopic data can serve as a frame of reference to explore variation
in isotopic values of archaeofaunal remains as well as provide
important baseline isotope ecology information (Janzen et al,
2020; Makarewicz and Tuross, 2006; Thornton et al., 2011; among
others). During the last two decades, stable isotope analyses
have been increasingly applied to study the exploitation and
management of South American camelids in the Andes (Ferkens
et al., 2024; Finucane et al., 2006; Izeta et al., 2009; Knudson
et al,, 2012; Lépez-Mendoza et al., 2022; Mengoni Gonalons, 2007;
Mondini et al, 2019; Szpak et al, 2016; among many others).
Nonetheless, most of these analyses have been performed on bulk
samples —mostly bone collagen—, neglecting the information
that could be obtained by performing sequential analyses on
incremental tissues with fixed formation timelines, such as teeth
or hair, with some exceptions (Alaica et al., 2022; Dufour et al,
2014; Santana-Sagredo et al., 2020; Szpak et al.,, 2014; Takigami
et al., 2020). Isotopic analyses of sequentially sampled tissues have
developed as a useful method to address the management of
animal populations, especially when it comes to discussing seasonal
mobility and dietary changes of domestic populations (Balasse
et al., 2002; Makarewicz, 2017). Transhumant vertical mobility of
domestic animals has been studied by tooth enamel sequential
analyses of carbon and oxygen stable isotopes in several places
around the globe, such as the Rift Valley (Balasse and Ambrose,
2005; Janzen et al., 2020), Anatolia (Henton et al., 2010; Makarewicz
et al, 2017), the Lesser Caucasus (Chazin et al., 2019; Hirose
etal, 2021; Tornero et al., 2016) and the eastern Iberian Peninsula
(Alcantara Fors et al., 2025; Messana et al., 2023; Valenzuela-Lamas
etal., 2016).

Previous studies have addressed altitudinal mobility and
grazing locations of South American camelids in the Andes
exploring intra-tooth isotopic variation (Alaica et al, 2022;
Dufour et al., 2014; Goepfert et al., 2013; Takigami et al., 2020).
Nevertheless, such research is still quite rare and has thus far
been mostly carried out in the Central Andes, with only one
example for Argentina to date (Samec and Harrod, 2022). In this
article, we present stable carbon and oxygen isotope measurements
(813Cy_ppg and 880y _ppg values) of llama tooth enamel to study
dietary and territoriality changes linked to seasonal pastoralist
mobility in the Dry Puna of Argentina. While intra-tooth isotopic
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variation in mammal teeth can track changes in dietary behavior
and mobility patterns linked to human intervention on a seasonal
scale (Lazzerini et al., 2021; Makarewicz et al., 2017; Tornero et al.,
2018), the relationship between pastoralist mobility and seasonality
in the Andean highlands, and their putative manifestation in intra-
tooth isotopic variation in South American camelids, remains
poorly understood. In many areas of the Andes, seasonal pastoralist
mobility has been stressed as an important strategy that involves
moving llama herds among different vegetation patches along
an altitudinal gradient (Browman, 1974; Westreicher et al., 2007;
Yacobaccio et al., 1998), potentially leading to seasonal changes
in dietary and water resources used throughout the annual cycle
(Dufour et al., 2014; Szpak et al., 2014).

Here, we analyse stable isotope compositions of modern
and archaeological llama teeth following a sequential sampling
procedure perpendicular to the growth axes of molars and
premolars to understand how diet and territoriality of domestic
South American camelids varied in a diachronic perspective. The
information obtained through the analysis of teeth of modern
llama specimens with known life-histories is used as a comparative
dataset for the interpretation of the stable isotope compositions
of llama tooth specimens recovered in Chayal Cave, a pastoralist
archaeological site dated to the Late Holocene (Yacobaccio et al.,
1997-1998). This site is an interesting case study due to its
chronology, which places the human occupation of the cave at the
cusp of colonial domination arriving in the region (Sica, 2016).
We explore the temporal depth of current pastoralist practices
when comparing a pre-Hispanic context with a modern one, the
latter being largely affected by ongoing processes such as space
delimitation by centralized authorities, household participation
in a market economy, and young workers migration to large
cities, just to name a few (Gobel, 2001; Tomasi, 2013). Previous
investigations carried out in the Dry Puna of Argentina have
studied domestic camelid management for the last 2,500 years
using both zooarchaeology and bulk stable isotope analyses, leaving
questions about the extent of the past pastoralist mobility ranges
largely unanswered (Samec et al., 2020; Samec and Yacobaccio,
2021; Yacobaccio et al., 2011). This present study addresses these
questions and discusses dietary and territoriality variations in llama
herding for the past 1,000 years in the Dry Puna of Argentina,
exploring continuities and discontinuities between pre-Hispanic
and modern pastoralist systems and examining the plasticity of
pastoralism when facing climate and social changes (Arzamendia
et al.,, 2021; Gobel, 2001; Yacobaccio, 2014).

2 The study area

The Puna of Argentina is located between 22° and 27° S and
between 3,000 and 5,000 masl. The region is a highland desert
that contains several NE-SW oriented mountain ranges (Figure 1).
It is characterized by high solar radiation and low atmospheric
pressure due to altitude. The only sources of freshwater are a few
rivers and springs scattered throughout the landscape. The climate
in this area is complex, mainly driven by atmospheric circulation
and topography. Precipitation is governed by the South American
monsoon system and occurs mainly during the austral summer, i.e.,
between December and February (Zhou and Lau, 1998; Vuille and
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Keimig, 2004). Precipitation also exhibits a latitudinal gradient that
delimits two sub-regions within the Puna of Argentina: the Dry
Puna, located north of 24°S, with a mean annual precipitation of
300 mm/year; and the Salt Puna, located south of 24°S, with a mean
annual precipitation below 100 mm/year (Bianchi et al., 2005).

The key plant communities identified in the dry Puna show
an altitudinal arrangement (Braun Wilke et al, 1999; Cabrera,
1976; Ruthsatz and Movia, 1975). The shrub steppe is located
between 3,500 and 3,900 masl. It is dominated by shrubs such as
Parastrephia lepidophylla and Fabiana densa and exhibits a low
relative proportion of herbs and grasses. It includes C3 shrubs and
C; grasses, as well as some Cy grasses. The mixed steppe is located
between 3,900 and 4,100 masl. It represents an ecotonal landscape
and is composed of both Cj grasses and Cj shrubs, with only a few
Cy4 grass species. Finally, the grass steppe is located between 4,100
and 4,700 masl. It is dominated by Festuca spp. and other grasses,
like Stipa spp. and Poa spp. which are mostly C3 species. Aside
from this altitudinal arrangement, wetlands —locally called vegas—
are scattered across the landscape between 3,500 and 4,700 masl.
These are restricted patches with abundant plant cover throughout
the year, composed mainly of hygrophilous C3 and C4 grasses such
as Deyeuxia spp. and Muhlenbergia spp., and with a clear overall
predominance of C3 species (Samec et al., 2017b).
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3 Pastoralism in the Puna highlands
from a diachronic perspective

South American camelids are the only large herd mammals that
were domesticated in the Americas and have been an important
asset for both ancient and modern Andean societies (Moore,
20165 Nielsen, 2024; Vila and Arzamendia, 2022; among others).
Investigations carried out in different areas located to the South
of the Central Andes have provided substantial evidence that
supports the occurrence of a local llama domestication process in
the Puna of Atacama (Yacobaccio and Vila, 2016). Archaeological
sites located in the Puna highlands of Chile and Argentina show
the appearance of llama-size individuals as early as 7,000 cal. years
BP (Samec et al., 2014b; Yacobaccio et al., 2013), the presence of
bone pathologies linked to captivity around 4,800-3,100 cal. years
BP (Cartajena et al., 2007; Yacobaccio et al., 2018), and the existence
of corrals and pens dated as early as 4,500 cal. years BP (Aschero
and Yacobaccio, 1998-1999; Cartajena et al., 2007) (for details on
the camelid domestication process see Yacobaccio, 2001, 2021). In
the Dry Puna of Argentina, llama herding practices are attested
as early as 2,700 cal. years BP by the large quantity of llama-size
bones recovered at the sites of Huirunpure and Quispe Cave, as
well as the presence of artifacts made from llama fiber within the
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burial of Morro del Ciénego Chico (Yacobaccio et al., 1997-1998,
2011). Around 1,000 cal. years BP, herding became the predominant
subsistence strategy in the area, as inferred from the materials
recovered at the archaeological sites of Chayal Cave and Hornillos
3 (Yacobaccio et al., 2011). From this point on, pastoralist practices
enabled a diversified use of llama herds to obtain both primary and
secondary products, as well as the development of long-distance
exchange networks using large size llamas as pack-animals within
the practice known as “caravaneo” (Capriles and Tripcevich, 2016).

Today, traditional llama breeding in the Dry Puna of Argentina
is mostly oriented toward the production of fiber and meat
(Yacobaccio, 2007). The herds are fed on natural pastures and
mobility is practiced to avoid overgrazing the pasturelands
managed by each household (Gobel, 2001). Within our study
area, near the modern town of Susques, ethnoarchaeological
studies show that the diet of the herds is determined by a
complex and alternate use of different plant communities located
at different altitudinal ranges within the territory of each household
(Yacobaccio, 2007). Shrub steppes and vegas located below ~3,900
masl are used as summer pastures while mixed steppes and grass
steppes located above ~3,900 masl are used as winter pastures
(Yacobaccio et al., 1998). This use of the pasturelands during the
annual cycle determines the access to shrub, grass, and herbaceous
vegetation to be included in the diet of the herds. Given this
mobility strategy, the settlement pattern is dispersed over the
landscape, comprising sites that are used differentially throughout
the year (Yacobaccio et al., 1998). Two types of settlements can
be distinguished: residential bases and temporary sites. Residential
bases are usually located near permanent water sources, such as
rivers or vegas, and constitute complex structures with several
rooms for different purposes (Yacobaccio et al., 1998). In the
Susques area, the herders and their animals stay at the residential
base for about eight months a year, making use of the pastures
that grow in the vicinity of the settlement. In contrast, a part of
the family group and their animals occupy temporary sites for
two to three months during the winter, herding their llamas at
the different plant communities located near these sites. These
temporary sites are smaller, usually composed of a single room and
a corral made of stone or shrub walls (Yacobaccio et al., 1998).
Overall, the herd’s seasonal mobility pattern is a vital component of
the system, designed to avoid overgrazing productive patches and
granting access to different resources for the llamas all year round.

4 Pastoralism in the Puna highlands
from an isotopic perspective

Stable carbon isotope measurements of tooth enamel and other
animal tissues can be employed to estimate the proportions of
different types of plants in herbivore diets (Balasse, 2002; Cerling
and Harris, 1999; Murphy et al., 2007). C3 plants (trees, shrubs,
herbs, and temperate grasses), C4 plants (tropical grasses), and
CAM plants (cacti and tropical epiphytes) exhibit different carbon
fixation pathways leading to distinct 813Cy_ppp values (Ehleringer
and Cerling, 2002; O'Leary, 1988; Vogel, 1993). Environmental
conditions, such as temperature, water availability, irradiance, and
atmospheric pressure, can influence the distribution of C3, C4, and
CAM plants and their mean 8'3Cy_ppp values (Codron et al., 2005;
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Heaton, 1999; Tieszen, 1991). Research performed in the Andes
has found that the distribution of C3 and C4 plants is influenced
by altitudinal variation, according to its effects on temperature,
precipitation, and irradiance (Cavagnaro, 1988; Panarello and
Fernandez, 2002; Szpak et al., 2013). Within our study area, Cs
species are largely predominant, although a previous study revealed
that C4 plants are present at lower elevations due to increased
temperature and water stress and practically disappear above a
certain threshold (~3,900-4,000 masl) where these conditions are
no longer found (Samec et al., 2017b).

South American camelids are generalist herbivores with a
strong selectivity toward grasses, although they may also feed on
shrubs and other resources (Barri et al., 2014; Castellaro et al., 2004
Mosca Torres and Puig, 2010). This remains true for Lama glama,
even though the diet of this domesticated species is influenced
by human intervention through pastoralist practices. Previous
studies showed that the variation in the local distribution of Cj
and C4 plants shapes the variation identified in the 813Cv_ppB
values measured on bulk bone collagen of modern domestic South
American camelids from the Dry Puna, which show a negative
correlation with altitude (Ferndndez and Panarello, 1999-2001;
Samec et al, 2018; Yacobaccio et al., 2009). Current alternation
of feeding areas within herding practices would be expected to
constrain access to different plant communities located at different
altitudes (Yacobaccio et al., 1998), although bulk bone collagen
813Cy_ppp values measured on modern llama herds have failed to
capture this variability thus far (Samec et al., 2018; Yacobaccio et al.,
2009). A previous study analyzed intra-tooth dentine 6§'*Cy_ppg
values on modern llamas from the Puna highlands and found
relatively low ranges of variation, which could be related to the
fact that dentine collagen only reflects the protein component of
the diet (Samec and Harrod, 2022). In turn, 8'3Cy_ppp values
measured on herbivore tooth enamel carbonates reflect the carbon
isotopic composition of the whole diet during a fixed time-span and
may capture seasonal dietary variation when sampled sequentially
(Balasse, 2002; Makarewicz and Pederzani, 2017). Based on this
information we expect tooth enamel 813Cy_ppp values measured
from modern herded animals in the Dry Puna to show some
variation linked to the alternation of vegetation patches located
below 3,900 masl —with a certain amount of C4 grasses— and
vegetation patches located above 3,900 masl —with a negligible
presence of C4 grasses— used during the summer and winter
months, respectively (Yacobaccio et al., 1998). If this isotopic
pattern indeed exists, intra-tooth enamel 813Cy_ppg values would
be a useful tool to identify diachronic variations in the proportion
of C4 grasses in the diets of domestic South American camelids.
This can also provide some clues to interpret sequentially sampled
enamel 8'3Cy_ppg values measured on llama specimens recovered
in pastoralist archaeological sites, such as Chayal Cave, to attest
seasonal mobility among different grazing patches in the past —
although the altitudinal arrangement of plant communities may
have shifted due to climate change (Lupo et al., 2018).

Stable oxygen isotope measurements of herbivore tooth enamel
reflect the isotopic composition of body water, which largely
depends on the isotopic composition of water ingested directly by
drinking and indirectly through feeding (Bryant and Froelich, 1995;
Kohn et al., 1996; Sponheimer and Lee-Thorp, 1999). Ingested
water 8'80v_svow values are usually linked to the §'¥Ov_svow
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values measured on local meteoric waters, which are expected to
exhibit a negative correlation with altitude linked to temperature
variations, as well as seasonal variation based on mean temperature
and rainfall amount (Bowen and Wilkinson, 2002; Dansgaard,
1964; Rozanski et al, 1993). In the Andean tropics, seasonal
rainfall variation is expected to cause lower §'30y_gpow values in
meteoric water during summer as opposed to higher §'80v_smow
values during winter based on the amount effect (Gonfiantini et al,
20015 Rozanski and Araguds Araguds, 1995), although how this is
registered in our study area remains to be established. Precipitation
data obtained in previous studies carried out in nearby areas show
lower 88 0Oy_symow values for rainfall occurring during summer
(Jan-Feb-Mar) as opposed to the higher values registered in isolated
rainfall events occurring during autumn or spring (Ferndndez and
Panarello, 1989-1990; Rohrmann et al., 2014). In turn, Fernandez
and Panarello (1989-1990) measured rain samples and identified
lower §'80y_spow values in high-altitude areas in the North of
the Province of Jujuy within the Dry Puna in Argentina. Rohrmann
et al. (2014) found a negative correlation between elevation and
8"80v_smow values measured on stream water samples collected
between 22° and 24° S in our study area. Nonetheless, the authors
warn against simplistic models that link temperature-dependent
isotope fractionation directly to surface elevation, especially in
areas like the South-Central Andes (Rohrmann et al., 2014).

Our research has shown great variability in 8'Oy_smow
values measured in surface waters (vegas, creeks, and shallow
pools) collected during just one season (autumn 2014) in the
Dry Puna of Argentina (Samec et al., 2017a). In this sense, it is
important to mention that §'8Ov_gyvow values of surface waters
in the Puna highlands do not depend exclusively on rainfall
isotopic composition but are also affected by processes such
as groundwater input, elevated evaporation, and the influence
of climatic phenomena such as El Nino Southern Oscillation
(ENSO), whose effects are not yet fully understood (Gat, 1996;
Knudson, 2009; Squeo et al., 2006). Overall, the mean 88Oy _svow
values of surface water bodies and plant leaves locally available
for camelid consumption can be significantly impacted by the
effects of evaporation and transpiration. In arid and semi-arid
environments, still water bodies and plant leaves usually exhibit
higher 8'0y_spow values than those measured on rainfall
(Cernusak et al,, 20165 Jasechko et al., 2013). As shown by previous
studies, elevated evapotranspiration is closely linked to higher
leaf water §'®Oy_gymow values, and Cy grasses usually show
higher §'80v_gsmow values when compared to Cs grasses while
growing in low humidity conditions (Barbour, 2007; Helliker and
Ehleringer, 2000). These are important aspects to consider when
studying non-obligate drinking herbivores, such as llamas, since
they obtain large amounts of water from plant leaves and usually
exhibit higher §!'80v_ppp values than sympatric obligate drinking
mammals (Levin et al., 2006; Sponheimer and Lee-Thorp, 1999).

Previous studies have identified a negative correlation between
altitude and 8'8Ov _ppg values measured on tooth enamel and bone
hydroxyapatite of South American camelids in the Central Andes
(Dufour et al., 2014; Goepfert et al., 2013). For the Puna highlands
of Argentina, Ferndndez and Panarello (1989-1990) found a
correlation between 8'30v_svow values measured on meteoric
waters and §'80v_gsyvow values measured on blood extracted
from domestic and wild camelids. Based on this information, we
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expect considerable variation for intra-tooth enamel 8180v_ppB
values measured on modern Lama glama specimens. This variation
should mainly respond to the seasonal alternation of vegetation
patches and water resources located below 3,900 masl—with 180
enriched signals— and above 3,900 masl —with 80 depleted
signals. Seasonal variation in rainfall amount will, in turn, affect
mean §'8Ov_gmow values of the water sources available as well as
mean plant leaf §'80y_gpow values in the study area, probably
leading to higher §'30y_spow values during the dry season
and further complicating the interpretation of intra-tooth isotopic
variation (Blumenthal et al., 2017). Overall, we expect tooth enamel
5180y _ppp values measured in modern llamas to provide some
clues on the effects of altitude alternation and seasonal rainfall
regime in isotopic compositions. These results can provide a frame
of reference to study pre-Hispanic pastoralist mobility through
sequential stable isotope analyses of archaeological specimens
recovered in pastoralist sites, such as Chayal Cave in the Dry
Puna of Argentina. Nonetheless, it is important to consider that
precipitation has been extremely variable during the last 3,000
years —especially during the last 1,000 years—, an aspect that has
been linked to the increasing occurrence of ENSO (Kanner et al,
2013). Therefore, we must consider that periods of extremely low
precipitation can affect the availability of grasses—both C3 and Cy4
species— used as pastures, as well as contribute to further alteration
of mean §'¥ Oy _gpow values of water sources and plant leaves.

5 The archaeological site of Chayal
Cave

Chayal Cave is located in the Chayal ravine at an altitude
of 3,700 masl in the Department of Susques, Province of Jujuy,
Argentina (Figure 1). The ravine is protected from the wind due
to its sharp topography, primarily shaped by a small creek. The
cave itself has a total surface area of 20 m? of which 4.5 m?
have been excavated, revealing five natural layers bearing three
occupational levels (layers 2, 3, 4). Two of these occupational levels
were radiocarbon dated and their chronology spans from 1,180 to
320 cal. years BP (770-1630 cal. CE) (Yacobaccio et al., 1997-1998)
(Table 1). This places the occupation of the cave on the verge of the
arrival of colonial institutions linked to the Spanish Crown to the
area (Figure 2). The excavations carried out at the site recovered
well-preserved bone remains, lithic tools, and undecorated ceramic
sherds—some linked to the Yavi style.

The bone assemblage recovered in layer 3 is very well-preserved
and only 4% of the remains present weathering stages above 2 in the
scale of Behrensmeyer (1978). Among the animal species present in
this layer, viscachas (Lagidium sp.) predominate followed closely
by South American camelids, which represent 38% of the total
number of identified specimens (Table 2). There is no evidence of
density-mediated attrition for the camelid remains since frequency
and structural density of the anatomical parts recovered are not
correlated (rs = 0.12 p < 0.05), according to the bone density
global values published for South American camelids (Elkin, 1995).
At the same time, the bones recovered in layer 3 show a low
incidence of carnivore and rodent activity, given that only 7.6%
of the remains have markings that can be attributed to carnivores
and 4.5% to rodents. We estimated individual age-at-deaths for
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TABLE 1 Radiocarbon dates for Chayal Cave.

10.3389/fearc.2025.1557715

Lab code Sample type Radiocarbon age Calibrated radiocarbon Calibrated age
(uncal years BP) age (20) (cal years BP) (20) (cal years
CE)
Layer 4 LP375 Charcoal 1,080 + 80 1,177-766 774-1,184
Layer 3 LP325 Charcoal 680 + 50 669-546 1,281-1,405
Layer 3 LP398 Charcoal 410 + 50 503-318 1,448-1,632

Calibration was carried out with OxCal.v.4.4.4 (Bronk Ramsey, 2021) using the revised calibration curve for the Southern Hemisphere (Hogg et al., 2020).

OxCal v4.4.4 Bronk Ramsey (2021); from Hogg et al (2020)

R_Date Layer

(e

ALP375_ .  andlbesm.

_—

FIGURE 2

curve for the Southern Hemisphere (Hogg et al., 2020).
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Plot of Chayal Cave's calibrated radiocarbon dates. Calibration was carried out with OxCal.v.4.4.4 (Bronk Ramsey, 2021) using the revised calibration

TABLE 2 Taxonomic abundances for layer 3 at the archaeological site of
Chayal Cave.

Taxa NISP %NISP MNI
Camelidae 175 38 12
Artiodactyla 49 10

Lagidium sp. 230 50 11
Small rodents 5 1

Total 459

the specimens identified as camelids based on bone fusion stages
as well as dental eruption and wear patterns (Yacobaccio et al,
1998). The age profile shows an overall abundance of immature
specimens, since 45% of the camelid bones correspond to adult
individuals, 33% to newborns, and 21% to juveniles. This age
structure is somewhat different from the one registered in modern
local pastoralist contexts, which point toward the importance of
hunting—as well as herding— during the occupation of the site.
Nevertheless, the osteometric analysis performed on the small
number of complete and measurable camelid bones present at the
site assigned them to the domestic species Lama glama (Yacobaccio
et al., 1997-1998). Finally, the skeletal profile for South American
camelids shows that the appendicular skeleton is well represented,
especially limb parts with high contents of bone marrow (radio-
ulnas, metatarsals, metacarpals, phalanges). This points toward the
use of the site as a residential base (Yacobaccio et al., 1997-1998).
Previous studies measured bulk bone collagen 813 Cy_ppp and
81Nar values and bulk bone hydroxyapatite 83Cy_ppp and
880y_ppg values on both domestic and wild South American
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camelids recovered in Chayal Cave (Samec et al, 2020; Samec
and Yacobaccio, 2021). These studies concluded that camelid diets
showed a high proportion of C3 plants for both wild and domestic
species based on low bone collagen and hydroxyapatite 813 Cy_ppp
values, as well as highly variable bone collagen §!*Njr values and
bone hydroxyapatite 8180y_ppg values. This investigation aims to
explore camelid diets at the site in greater detail by addressing
intra-annual variation in diet and territoriality of the domestic
camelids herded by the inhabitants of the site using 8 13Cy_ppg and
5180y _ppp values measured on sequentially sampled tooth enamel
from llama specimens.

6 Materials and methods

Our study includes two datasets: a modern one and an
archaeological one. The modern dataset was collected as part of
a previous ethnoarchaeological study (Yacobaccio et al., 1998). It
is comprised of Lama glama mandible specimens that belonged
to the same herd but were obtained from two different pastoralist
sites with different functions: Lapao, a residential base located
at 3,660 masl, and Punta de la Pista, a temporary site located
at 3,850 masl (Samec et al., 2018). The archaeological dataset is
comprised of Lama glama mandible specimens that were recovered
from layer 3 within the stratigraphy of Chayal Cave, and their
chronology is based on associated dates (Table 1) (Yacobaccio et al,
1997-1998). Overall, this study comprises four modern mandible
specimens and three archaeological ones (Table 3) with a total
number of 42 sequential intra-tooth enamel samples measured
(Supplementary Table 1).
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TABLE 3 Details of the modern and archaeological mandible specimens analyzed.

Specimen Site Elevation (masl) Chronology Species Estimated age Selected tooth
PPP1192 Punta de la Pista 3,850 Modern L. glama Young adult M; Yes
PD5 Lapao 3,660 Modern L. glama Senile M, Yes
PDEM1 Lapao 3,660 Modern L. glama Adult M; No
PDEM2 Lapao 3,660 Modern L. glama Adult M; No
CCH144D Chayal Cave 3,700 669-318 cal years BP | L. glama Juvenile Pd, No
CCH114D Chayal Cave 3,700 669-318 cal years BP | L. glama Young adult M, No
CC16LD Chayal Cave 3,700 669-318 cal years BP | L. glama Adult M, Yes
Incisor, —
" Incisor, | —
3 I eruption
3 Incisor, —— L wear
3 ]
@
©| Premolar; ——  —
| Premolar, < E—
[ Incisor1 . I
Incisor, | —_—
Incisors . —
- Canine1 I ——
c
o
g . ——
g Premolar;*
A
o
o Premolar, | L |
Molar, — -
Molar, — —
Molar, —+ |
I I I I I I I I I N
birth 12 24 36 48 60 72 84 96
months
FIGURE 3
Unified timeline of mandibular teeth eruption and wear for South American camelids (modified from Samec et al.,, 2014a, based on the information
published by Ferndndez-Baca, 1962; Oporto et al.,, 1979 and Wheeler, 1982). *According to Wheeler (1982), Pdz is present in ~ 90% of mandible
specimens and Pz in ~10%, whereas deciduous canines are only present in ~5% of male camelids and therefore were not included in the graph.

Mandible specimens were selected based on their overall
availability and state of preservation and weathering—below or
equal to 3 on the scale established by Behrensmeyer (1978).
The tooth specimens analyzed here were still in place, strongly
attached to the selected mandibles, posing some difficulties for
sampling. Overall, the availability of suitable molars and premolars
largely affected our sample size, also conditioned by the stage
of eruption and wear in each case. The age-at-death of all
specimens was established according to dental eruption and wear
patterns for llamas and associated camelid species recognized
in the literature (Ferndndez-Baca, 1962; Oporto et al, 1979
Wheeler, 1982). According to the categorization established by
Yacobaccio et al. (1998), the specimens analyzed here belong to
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the following age classes: juvenile (12-24 months), young adult
(24-36 months), adult (36-96 months), and senile (more than 96
months old) (Table 3). While the sequence of tooth eruption and
wear is well-established for South American camelids, there is no
available calendar for tooth formation. Figure 3 shows the timeline
of eruption and wear for mandibular teeth of camelids based
on previous studies (Ferndndez-Baca, 1962; Oporto et al., 1979;
Wheeler, 1982). The time-spans represented here are considered
as the minimum-maximum age range of eruption of each tooth
crown, just before the wear process can commence. Tooth enamel
is metabolically inert, which means that once formed, it is not
remodeled and thus records the animal’s life history over a
particular time-span (Balasse, 2002). Therefore, the isotopic values
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presented here correspond to a time-span prior to the full eruption
of the tooth in all cases. According to the literature, a molar crown
can form over the course of a year depending on its length, and
intra-tooth enamel samples are thought to represent intervals of
weeks to months according to enamel maturation rates established
for mammalian herbivore species (Green et al., 2018; Hoppe et al.,
2004; Trayler and Kohn, 2017).

Ontogenetic processes will affect the isotopic signals recorded
according to the time of tooth formation. This is particularly
important for deciduous teeth—which mainly form before
birth—and first molars—which will be affected by the effects
of suckling (Balasse et al, 2001). According to ethnographic
information, the weaning of newborn llamas occurs between six
to eight months of age, largely determined by the availability
of good pastures in that particular year. For this reason, we
consider that the isotopic values measured on premolars and
first molars might reflect some of these processes, whereas
second molars will probably record diet after weaning almost
completely, and third molars will have a purely post-weaning
signal (Figure 3).

Intra-tooth sequential enamel samples were obtained by
drilling horizontal grooves perpendicular to the tooth growth axis,
maintaining ~2mm between each groove and taking great care
to avoid the underlying dentine (Balasse, 2002). The number of
samples per tooth ranged between four and eight, according to
the height of each crown (Table 3). The position of each sampling
groove was measured in relation to the crown-root junction,
with the closest sample to this point being the latest to form.
Powdered enamel samples were pre-treated and measured at the
laboratories of the Max Planck Institute of Geoanthropology (Jena,
Germany). Each sample was treated with 1.5% sodium hypochlorite
for 60 min and 0.1 M acetic acid for 10 min to remove any organics
and secondary carbonates, respectively (Lee-Thorp et al.,, 2012).
Measurements of §*Cy_ppg and 8¥Oy_ppp values for each
sample were carried out on a Thermo Gas Bench 2 connected
to a Thermo Delta V Advantage continuous-flow isotope ratio
mass spectrometer using both internal (MERCK: §"*Cy_ppp =
—41.3 %o, 8'80y_ppg = —14.4 %o) and international (IAEA-
603: 513CV—PDB = 2.5 %o, 8§"80y_ppg = —2.4 %o; IAEA-CO-
8: 513CV—PDB = —5.8 %o, 5180\1_1)1)]3 = —22.7 %o; USGS44:
813Cy_ppp = —42.2 %o) standards calibrated against V-PDB
reference values (Coplen et al., 1992; Craig, 1957). Replicates of
internal standards showed analytical errors (SD) to be in the order
of 0.2 %o for both 13Cy_ppg and 8180y _ppp values.

We consider diagenesis to be a minor concern when conducting
isotopic analyses on tooth enamel since this material is highly
resistant to chemical alteration over time due to its crystallographic
structure (Roche et al., 2010; Sponheimer and Lee-Thorp, 1999).
This is particularly the case here, given that the archaeological
samples studied come from a Late Holocene context. All
modern §'3Cy_ppg values were corrected by +1.5 %o (including
those displayed in Table 4) to account for the fossil fuel effect
(Marino and McElroy, 1991). Modern tooth §'3Cy_ppp values
shown in Figure 4 are uncorrected, whereas the rest of the
83 Cy_ppp values mentioned throughout the text and shown in
the rest of the tables and figures are corrected to account for
this effect.
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TABLE 4 Summary of the results.
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Modern tooth enamel 8'*Cy_ppp values (those measured on specimens PPP1192, PD5, PDEM2, and PDEM2) are corrected by +1.5 %o to counteract the fossil fuel effect. Raw data can be found in Supplementary Table 1.
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7 Results

We present 42 pairs of §'3Cy_ppp and §'80y_ppp values
measured on sequentially sampled tooth enamel of modern and
archaeological Lama glama specimens (Supplementary Table 1).
All §'3Cy_ppp values range between —10.4 and —6.4 %o, with a
mean amplitude of intra-tooth variation of 1.8 %o ranging from 0.4
to 3.9 %o. 8180y _ppp values range between —6.1 and 4.1 %o, with
a mean amplitude of intra-tooth variation of 2.5 %o ranging from
1.3 to 3.9 %o. Modern corrected 813Cy_ppg values range between
—10.4 and —6.4 %o, with a mean value of —8.3 %o, and modern
8180y _ppp values range between —6.1 and 3.5 %o, with a mean
value of —2.0 %o. On the other hand, archaeological §'3Cy_ppp
values range between —9.8 and —7.6 %o, with a mean value of —8.6
%o, while archaeological & 180y _ppg values range between —3.4 and
4.1 %o, with a mean value of —1.0 %o. Table 4 shows some basic
univariate statistics for the §13Cy_ppg and 830y _ppg values series
of both modern and archaeological specimens.

As shown in Figures4, 5, intra-tooth §'3Cy_ppp and
8180y _ppp values series exhibit moderate variation and our
results show consistent patterns when comparing modern and
archaeological specimens. These results are in agreement with

10.3389/fearc.2025.1557715

those obtained for domestic South American camelids in other
areas of the Andes, which show similar ranges for intra-tooth
enamel 813Cy_ppg and 88Oy _ppg values measured on molars of
modern and archaeological camelids (Dufour et al., 2014; Goepfert
et al, 2013). In addition, the intra-tooth enamel §'*Cy_ppg
range of variation resembles the intra-tooth dentine 813Cv_ppB
variation identified in a previous study that comprised some of
the same modern specimens analyzed here (Samec and Harrod,
2022). Overall, the relatively low 8B Cy_ppp values presented
here point toward the importance of Cs plants in the diets
of both modern and archaeological specimens. Nonetheless, the
813Cy_ppp values series also show some variable contribution
of C4 plants through time. Modern specimens show similar
81BCy_ppp values when the individual series are juxtaposed,
which conforms to our expectations since they belong to the
same herd. On the other hand, §'80vy_ppp values show greater
variability, both on an intra-tooth and inter-tooth basis, for
both the modern and the archaeological contexts. In addition,
8'80y_ppp values appear to be relatively high when compared
to the enamel §'®Ovy_ppp values measured on domestic camelids
from the highlands in the Central Andes (Dufour et
2014).
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FIGURE 4
Intra-tooth enamel §'3Cy_ppg (uncorrected) and §*8Oy_ppg values measured on modern Lama glama specimens.
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FIGURE 5
Intra-tooth enamel §'3Cy_ppg and §'80y_ppg values measured on archaeological Lama glama specimens.

Neither §3Cy_ppp nor 8'8Ov_ppg values series show a
marked sinusoidal pattern for both modern and archaeological
specimens, with 8'3Cy_ppp values exhibiting less intra-tooth
variation than their 8'8Ov_ppp counterparts. The absence of
a clear cyclical pattern challenges our expectations based on
pastoralist mobility and seasonal alternation of pasturelands
observed in ethnoarchaeological studies, at least for the modern
series (Yacobaccio, 2007). This is particularly remarkable for
the 880y _ppp values, as they do not reflect a clear variation
linked to the prevailing summer rain regime identified in
the study area. Some of the 83180y _ppp values series show a
certain degree of variation (PDEM2 or CCH114D), although it
hardly approaches a clear sinusoidal pattern as seen in other
mammal herbivorous species (Feranec et al., 2009; Makarewicz
and Pederzani, 2017). Both PPP1192 (modern) and CCH144D
(archaeological) specimens show higher §180y_ppp values and
relatively high intra-tooth variation compared with the rest of the
teeth analyzed here, something that could be explained by the fact
that both teeth (M, and Pdy4) formed before weaning and represent
different stages of development, thus likely capturing complex
ontogenetic changes (Figures 4, 5).
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8 Discussion

Tooth enamel §*Cy_ppg values measured on Lama glama
specimens point toward the intra-annual importance of C; plants
in the diets of both modern and archaeological herds, as expected
according to previous studies carried out in the Dry Puna of
Argentina (Samec et al., 2018, 2020; Samec and Yacobaccio, 2021).
The proportion of C3 and C4 (and CAM) plants consumed
by the llamas analyzed here can be estimated using a two-end
mixing model —as the one mentioned in Panarello et al. (2021)—
considering the modern local plants §'3Cy_ppp values already
published (Samec et al, 2017b) (Table 5). To estimate dietary
813Cy_ppp values for the tooth enamel series and establish the
proportions of the different photosynthetic types throughout the
annual cycle, a discrimination factor of 12.9 %o can be used,
following the information published by Cerling and Harris (1999)
for Lama guanicoe —a wild South American camelid species closely
related to the domestic Lama glama. The resulting estimated
proportion of Cs plants in the diets of the llamas analyzed here
ranges between 0.60 and 0.95 for both modern and archaeological
specimens (Supplementary Table 1). These results are in line with
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TABLE 5 Local baseline for stable carbon isotope values based on modern plant §13Cy_ppg values obtained in the study area (Samec et al., 2017b).

IET! 513CV—PDB

Min §13Cy_ppg (%o)

Max §13Cv_ppg

Mean 513CV—PDB

(%o) (%o) corrected (%o)
C; plants —25.4 —31.7 —21.0 —23.9
C, plants —14.2 —15.7 —122 —12.7
CAM plants —13.8 —14.7 —12.8 —12.3
C,4 and CAM plants combined —14.1 —12.6
Mean 8'*Cy_ppp values are corrected by 41.5 %o to counteract the fossil fuel effect.
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FIGURE 6
Estimated dietary §'3Cy_ppg values for modern (A) and archaeological (B) Lama glama specimens and local theoretical thresholds for diets with 95%
and 80% of Cz plants.

the availability of C3 and C4 (and CAM) species in the plant
communities identified in the study area. Plant communities found
below 3,900 masl show an abundance of ~80% of Cs plants,
whereas C3 species account for ~95% of the specimens surveyed in
the communities located above that threshold (Samec et al., 2017b).
We acknowledge that the availability of certain vegetation in the
area does not equal herbivore consumption, but considering that
South American camelids prefer palatable grasses (both C3 and Cy4
species) over other kinds of plants when available, we believe this to
be a good approximation to their diets (Castellaro et al., 2004).
Figure 6 shows the 813 Cy_ppg values series for estimated diets
of modern and archaeological specimens as well as two theoretical
thresholds for diets with 95% and 80% of C3 plants to evaluate
the alternation of plant communities located below and above
3,900 masl. This figure shows a good fit between the estimated
dietary 813Cy_ppp values for both archaeological and modern
herds and the theoretical threshold for diets with 80% of Cs plants
as expected for the plant communities located below 3900 masl,
partly matching our expectations based on ethnoarchaeological
studies performed in the area (Yacobaccio, 2007). In this sense,
tooth enamel 8'3Cy_ppp values clearly reflect herding behavior
and assign a fundamental role to those plant communities placed
below the 3,900 masl threshold —where both C3 and C4 plant
species can be found— and that are predominantly used during
the wet season (Yacobaccio et al, 1998). Figure 6 also shows a
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slight variation in some of the specimens analyzed here —e.g. PD5
and CCH114D— that could be interpreted as dietary variations
dictated by the use of different vegetational patches throughout
the year, although most of the values accommodate nicely to the
80% Cs dietary threshold. Moreover, the modern 813 Cy_ppg values
individual series exhibit a good overlap for a fraction of its length,
especially for specimens PD5, PDEM1, and PDEM2, an aspect that
can be explained by the fact that these specimens belonged to
the same herd and moved in tandem among vegetation patches.
This pattern can be extended to the archaeological 81B3Cv_ppB
values series, where CCH144D and CCH114D also show certain
dietary overlap, although it is impossible to assess if these llamas
belonged to the same herd even though they were both recovered
from the same context (layer 3) at the archaeological site of
Chayal Cave.

Intra-tooth variation in 8'8Ov_ppp values does not show a
clear seasonal pattern, as opposed to the expectations based on
pastoralist mobility among different altitudes and the prevailing
summer rain regime registered in the study area. To explore this
further, we used the equation published by Amiot et al. (2004) to
estimate '8 Ov_gymow values of ingested water for the intra-tooth
enamel 880y _ppp values series. This required us to first convert
the values to the V-SMOW scale and calculate the equivalent
phosphate §'80y_syow values for our carbonate enamel values
using the equations established in the literature (Coplen et al,
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surface, stream, and rain water.

Estimated ingested water §'8Oy_swow values for modern (A) and archaeological (B) Lama glama specimens and local mean §8Oy_smow values for

TABLE 6 Local baseline for stable oxygen isotope values based on
modern water §*8Oy_smow values obtained in the study area (Bowen,
2017; Rohrmann et al., 2014; Samec et al., 2017a).

% Mean % Min " Max
5°Oy_smow 90 °Ovy_smow 4 °Oy_smow

(%o0) (%o0) (%o0)

Rain ~116 —141 —63

Stream —11.1 —12.0 —10.1

Surface —6.6 —12.1 53

Local rain water §'80v_gyow values are estimated using the OIPC. Local stream water

8180y _smow values are the ones presented by Rohrmann et al. (2014) collected between
23°45'S—23°40'S and 66°50'W—66°25"W. Local surface §'8Oy_gyow values comprehend
shallow water bodies measured by Samec et al. (2017a).

1983; Lécuyer et al., 2010). The results of these calculations for
both modern and archaeological 8180v_gmow values series are
presented in (Figure 7; Supplementary Table 1). In turn, this figure
shows the mean annual §'80v_syow value for local meteoric
waters estimated using the OIPC (Online Isotopes in Precipitation
Calculator) (Bowen, 2017), as well as the mean 8¥Ov_smow
value for local stream water based on a recent survey (Rohrmann
et al,, 2014) and the mean value for local surface water bodies as
established by our own survey (Samec et al., 2017a) (Table 6).
Figure 7 shows that the estimated 3180y_smow values for
camelid ingested water are higher than the values of local
precipitation and running streams. This suggests the use of
highly evaporated water bodies as drinking sources and/or the
consumption of plants with 80 enriched leaf water (Hoppe et al.,
2004; Levin et al., 2006; Sealy et al., 2020). Surface waters —and
particularly still water bodies such as natural shallow pools— show
great variability in their stable isotope compositions, exhibiting
relatively high 8180y _smow values in dry environments (Lachniet
and Patterson, 2006; Bowen et al, 2018). In turn, leaf water is
highly sensitive to enrichment in 80 due to elevated evaporation,
which can have major effects on herbivore enamel §'%0v_ppp
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values (Sponheimer and Lee-Thorp, 1999). These effects are more
pronounced in animals that do not drink water every day, such as
drought-tolerant mammals in water-limited habitats (Levin et al.,
2006). This should be considered when studying tooth enamel
8180y _ppp values measured on modern llamas in drought-prone
areas such as the Dry Puna of Argentina. Moreover, if we consider
the local paleoenvironmental information available for the time-
span when Chayal Cave was occupied, this pattern can be extended
to the last 1,000 years. Lupo et al. (2007) propose the occurrence of
an arid pulse between 1,310 and 1,540 cal. years CE based on the
analysis of different proxies from Lake Pululos —located North of
our study area— which could have led to increased 8180v_smow
values for both surface and leaf waters due to drier environmental
conditions.

Finally, our results suggest the existence of significant
differences when comparing enamel 8180y _ppp values of pre-
weaned and post-weaned formed teeth (Figures 4, 5). This pattern
could respond to the influence of ontogenetic changes in the
oxygen isotopic composition of pre-weaned formed specimens,
i.e, PPP1192 (M;) and CCH144D (Pdy), as they might affect the
oxygen isotopic composition of body water. However, this pattern
is not reflected in the 81*Cy_ppp values measured on PPP1192
and CCH144D, which remain similar to the 83 Cy_ppp values
measured on post-weaned formed teeth. Unfortunately, there is not
enough research on mammal enamel isotopic values of pre-weaned
formed teeth to understand the causes of this patterning, which
should be addressed in future studies that systematically compare
isotopic values measured on different tooth tissues with different
formation timelines (Samec et al., 2014a).

Overall, our results show moderate intra-tooth isotopic
variability for both modern and archaeological camelids, reflecting
dampened variations in diet and water intake through time.
The absence of a clear seasonal pattern for both 813Cy_ppp and
5180y _ppp values goes against what might be expected based
on the seasonal alternation of pasture areas documented among
modern herders (Yacobaccio, 2007). For carbon stable isotope
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values, the seasonal alternation among pasture patches located
below and above 3900 masl identified by ethnoarchaeological
studies evidently does not translate into considerable differences
in terms of dietary proportions of C4 plants, matching the
results found in intra-tooth dentine §'3Cy_ppg values (Samec
and Harrod, 2022). Nonetheless, some variation can be seen
in certain individuals, probably corresponding to a decreased
relative input of Cy4 plants during winter while herds are feeding
at elevations above 3,900 masl. Likewise, the amplitude of
most of the §'80v_ppg values series does not reflect clear
seasonal fluctuations and opposes the pattern expected based on
seasonal pastoralist mobility and summer precipitation regime.
In this case, the pattern that should result from the alternation
of different plant communities located at different altitudes
may be obscured by the combination of altitudinal mobility
patterns coupled with seasonal changes in mean precipitation
8"80y_smow values resulting from the amount effect and the
effects of changes in temperature and humidity on mean leaf
water §'80v_smow values, as well as the differential impacts of
this on C3 and C4 plants (Janzen et al., 2020). Overall, the high
880y_ppp values identified in the camelid specimens analyzed
here reveal their status as non-obligate drinkers heavily relying on
pastures with 80 enriched leaf water due to evapotranspiration,
thus capturing local environmental conditions (Levin et al,
2006). Moderate intra-tooth variation in both carbon and
oxygen stable isotope compositions is also recorded on the
archaeological llama specimens recovered in Chayal Cave, an
aspect that complicates the use of sequentially sampled tooth
enamel to identify seasonal dietary and mobility changes within
the study area in the past. In this sense, we believe that some
mobility among vegetational patches existed in the past as it
does today, but intra-tooth enamel 8B Cy_ppp and §80v_ppp
values series can only capture it as long as this mobility implies
switching between patches with significant and consistent baseline
variability. A previous study analyzed bulk bone samples from
Chayal Cave and suggested that the pastoralist inhabitants of
the cave employed a small-scale mobility strategy (Samec and
Yacobaccio, 2021), a finding that seems further sustained by the
trends presented here. In this sense, modern domestic camelids
provide the best analogy for reconstructing the diet and mobility
of archaeological domestic camelids, and our results show
consistencies among modern and archaeological datasets. Overall,
the results discussed here show that llama herders and their animals
can thrive in high-altitude environments by practicing a small-
scale mobility strategy that allows them to counteract seasonal
aridity impacts and avoid overgrazing preferred vegetational
patches, fostering a sustainable pastoralist system in the
long run.

9 Final remarks

Zooarchaeological evidence recovered from the pastoralist
site of Chayal Cave, located in the Dry Puna of Argentina,
highlights the importance of llama herding in this region for
at least the last 1,000 years. Previous investigations carried
out at the site discussed the characteristics of the pastoralist

Frontiersin Environmental Archaeology

13

10.3389/fearc.2025.1557715

strategies employed by the inhabitants of the cave, although
the extent of the mobility ranges remained in the realm of
working hypothesis. This study tackled this question by using
a novel technique previously unapplied in the study area,
fostering the development of a frame of reference based on
modern data.

We presented 8B Cy_ppp and 8180y _ppp values measured on
sequentially sampled tooth enamel of modern and archaeological
domestic South American camelids from the Dry Puna of
Argentina. Overall, the 8B Cy_ppp values discussed here show
a clear intra-annual preponderance of Cs plants in the diets of
both modern and archaeological herds and the signal exhibited
by the tooth series is consistent with the current availability of
C; and C4 plants in the study area. Nonetheless, intra-tooth
813Cy_ppp variation does not exhibit a clear seasonal pattern as
might be expected based on the use of different plant communities
throughout the year, as attested by ethnoarchaeological studies
performed in the area. 8180y_ppp values also show the absence
of a clear sinusoidal pattern for both modern and archaeological
tooth series. In turn, estimated 8'8Ov_syvow values for ingested
water resulted higher than the mean §'80v_gyow values for local
rainfall and stream waters, only partly matching the §'8Ov_svow
values measured on surface shallow water bodies. This suggests that
the animals sampled here relied on evaporated water resources,
probably indirectly consumed as pastures with high mean leaf
8"80vy_smow values, given the non-obligate drinking character of
the Lama glama species. At the same time, our study identified
differences between pre-weaned and post-weaned formed teeth —
particularly for oxygen stable isotope values—, highlighting the
importance of considering ontogenetic processes when measuring
isotopic compositions in animal tissues.

These results allowed us to explore the scope and limitations
of using carbon and oxygen stable isotope measurements on
sequentially sampled camelid teeth to identify seasonal mobility
patterns within pastoralist strategies developed in the tropical
highlands of the Andes. In this case, the results presented do
not show a clear seasonal pattern that points toward significant
changes in browse and water consumed throughout the year
for the modern and archaeological camelid specimens analyzed.
This may reflect the intrinsically small scale of the local herding
strategies as well as the combination of environmental and
cultural processes counteracting each other. Overall, modern
pastoralist strategies evidence how the mobility of the herds —
and herders— can offset commonly assumed altitudinal isotopic
variations in vegetation and water resources and ultimately manage
to avoid overexploiting productive patches. These results show
how both pre-Hispanic and modern pastoralist practices seem
perfectly catered to the challenges posed by the Andean highlands,
stressing their importance as an enduring subsistence strategy in a
changing environment.
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