N
N

N

HAL

open science

Can first phalanx multivariate morphometrics help
document past taxonomic diversity in South American
camelids?

Manon Le Neiin, Elise Dufour, Nicolas Goepfert, Dimitri Neaux, Jane

Wheeler, Hugo Yacobaccio, Guillermo Luis Mengoni Gonalons, Dolores Elkin,

Alejandra Gasco, Thomas Cucchi

» To cite this version:

Manon Le Neiin, Elise Dufour, Nicolas Goepfert, Dimitri Neaux, Jane Wheeler, et al..

first phalanx multivariate morphometrics help document past taxonomic diversity in South
American camelids?. Journal of Archaeological Science: Reports, 2023, 47, pp.103708.
10.1016/j.jasrep.2022.103708 . hal-03867122

HAL Id: hal-03867122
https://hal.science/hal-03867122
Submitted on 25 Jan 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03867122
https://hal.archives-ouvertes.fr

coO~N OO U1 A WN PR

Can first phalanx multivariate morphometrics help document past taxonomic diversity in
South American camelids?

Manon Le Neiin'*, Elise Dufour!, Nicolas Goepfert?, Dimitri Neaux', Jane C. Wheeler’,
Hugo Yacobaccio®, Guillermo Luis Mengoni Gofialons®, Dolores Elkin®, Alejandra Gasco’,

Thomas Cucchi'*,

a AASPE - Arch’eozoologie, arch”eobotanique: soci’et’es, pratiques et environnements
UMR7209: Mus” eum national d’Histoire naturelle, Centre National de la Recherche
Scientifique, Paris, France

b ARCHAM - Arch’eologie des Am’eriques UMR 8096: Centre National de la Recherche
Scientifique (CNRS), Universit e Paris 1 Panth’eon-Sorbonne, Paris, France

¢ CONORPA - Instituto de Investigaci’on y Desarrollo de Cam”elidos Sudamericanos, Av.
Reusche M4, Pachacamac, Lima, Peru

d CONICET - Instituto de Arqueologia, Universidad de Buenos Aires, Buenos Aires,
Argentina

e Instituto de Arqueologia, Facultad de Filosofia y Letras, Universidad de Buenos Aires,
Buenos Aires, Argentina

f CONICET - Instituto Nacional de Antropologia y Pensamiento Latinoamericano (INAPL),
Buenos Aires, Argentina

g CONICET - Laboratorio de Paleoecologia Humana, Instituto Interdisciplinario de Ciencias
B asicas (ICB), Facultad de Ciencias Exactas y Naturales, Universidad Nacional de Cuyo,
Mendoza, Argentina

Keywords: South American camelids, taxonomy, size, morphometrics

* corresponding authors

Abstract:

South American Camelids (SAC) were of great economic and cultural importance for pre-
Hispanic societies in the Andes and still are important for rural Andean communities. However,
understanding their specific role and function over time is hampered by the lack of reliable
taxonomic identification of their archaeological remains. Although this problem has been
acknowledged since the 1970s, the identification of SAC from archaeological contexts still
mostly relies on the first phalanx multivariate morphometrics developed by Kent in 1982. The
goal of this study is to further explore the taxonomic potential of this method using a machine
learning approach including new measurements of phalanges from modern Peruvian, Bolivian
and Argentine SAC with additional measurements taken from the literature. Results have shown
that fore phalanges reliably distinguish the wild guanaco and vicuia, but the distinction between

the domestic forms and their wild relatives still remains tentative despite the new statistics. This
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is largely due to limited domestic SAC comparative material, especially for the alpaca, but also
underlines the presence of an intermediate size morphogroup among the domestic SAC.
Morphometric variations recorded for the pre-Hispanic SAC are greater than those of current
SAC, preventing reliable identification of the archaeological specimens. These results
emphasize the need to improve the current SAC measurments data base and develop new
multiproxy approaches in the study of pre-Hispanic camelid diversity directly from the

archaeological material.

Introduction
South American Camelids (SAC) were of great economic and cultural importance for pre-
Hispanic societies in the Andes, providing everyday commodities (meat, fiber, leather, raw
materials for tool making, dung for fuel etc.) and playing an important role in the religion
(Bonavia, 2008; Flores Ochoa et al., 1994). SAC domestication eventually led to the appearance
of pack animals, permitting the emergence of complex pre-Hispanic American societies
(Bonavia, 2008; Capriles and Tripcevich, 2016). Extant SAC include two domestic species, the
alpaca (Vicugna pacos Linnaeus, 1758) and the Illama (Lama glama Linnaeus, 1758),
respectively descended from the two wild species, vicuiia (Vicugna vicugna Molina, 1782) and
guanaco (Lama guanicoe Miller, 1776) (Kadwell et al., 2001; Fan et al., 2020). According to
genetic studies, the wild SAC presently include two subspecies of guanaco, Lama guanicoe
cacsilensis in the north (8°-20°S) and Lama guanicoe guanicoe in the south (21°- 55°50°S)
(Gonzalez et al., 2006; Marin et al., 2006; Wheeler, 2012), and two of vicufia, Vicugna vicugna
mensalis in the north (9°30°-18°S) and Vicugna vicugna vicugna in the south (18-29°S)
(Kadwell et al., 2001; Marin et al., 2006; Wheeler, 2012).

According to archaeozoological data, the current consensus considers several
independent domestication events for llama and alpaca. One in the Central Peruvian highlands
around 6000 and 5500 BP (Wheeler, 1985) and two others one in the South-Central Andes
including the Salar de Atacama and Argentine Puna and a second in the vicinity of Lake
Titicaca at 4400-2000 BP (Mengoni Goiialons and Yacobaccio, 2006; Moore, 2016).

A recent genetic study analyzed samples from the entire geographic range of both wild
species, and samples of Chilean llamas and alpacas (Fan et al., 2020), concluded that llama and
alpaca are domesticated from the Northern subspecies of guanaco (L. g. cacsilensis) and vicufia
(V. v. mensalis) respectively, and have undergone extensive hybridization since the European

conquest. In 2021, paleogenetics and classic morphometry of current and archaeological SAC
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from Northern Chile (Diaz-Maroto et al., 2021) point to llama domestication from an extinct
ancient guanaco population confirming both the existence of multiple centers of domestication
and, together with evidence of extensive hybridization between the domestic forms (Fan et al.
2020), raises serious questions concerning the reliability of using morphometrics from living
animals to identify SAC species from archaeological deposits.

Both descriptive and quantitative approaches have been used for taxonomic
identification of SAC from South American archaeological sites. Descriptive studies relied on
discrete dental (Altamirano, 1987; Wheeler, 1982) and appendicular bone characters (Adaro
and Benavente, 1990). Quantitative studies have been performed on the skull (Balcarcel et al.,
2021; Otte and Venero, 1979; Puig, 1988) and on fibers (Reigadas, 2001; Wheeler et al., 1995;
Wheeler, 1996). In 1972, the first comparative morphometric study of the SAC in which she
concluded that guanacos and llamas grouped together as large camelids, in contrast to a second
group containing the small vicufia and alpaca (Wing, 1972). Since these two groups included
both the wild ancestor and its domestic form, it was clearly impossible to distinguish which
species was represented. Subsequently, because species identification was not possible, Andean
archaeozoologists followed the large/small classification (Miller, 1979; Miller and Burger,
1995; Moore, 1989). In 1982, Kent showed that phalanges provided the greatest resolution for
identifying the four species of camelids using a multivariate morphometric approach with
predictive statitics (Kent, 1982). First phalange morphometrics were then applied throughout
the Andes, mainly in regions where all four species may not have been present (Cartajena et al.,
2007; Costa and Izeta, 2016; Elkin, 1996; Gasco et al., 2014; Gasco and Marsh, 2015; Grant,
2010; Hesse, 1982; Izeta, 2004; Izeta et al., 2009; Kaufmann and L’Heureux, 2009; L’Heureux,
2010, 2007, 2008; Lopez 2003; Menegaz et al., 1988; Mondini and Mufioz, 2017; Yacobaccio
et al., 1998; Yacobaccio, 2010).

Since the 1980's, a new statistical theory of shape was developed (Adams et al., 2004)
also named geometric morphometrics (Bookstein, 1978), which is now routinely applied in
zooarchaeology (Cucchi ef al., 2015) and has proven highly reliable for distinguishing the
diversity of wild and domestic forms of suines (Cucchi et al., 2011, 2016; Evin et al., 2015)
equines (Cucchi et al., 2017), bovines (Cucchi et al., 2019) and caprines (Jeanjean et al., 2022).
Geometric morphometrics have been applied to SAC first and second phalanges as well as
scapulae (L'Heureux and Herndndez, 2017; 2019; Hernandez et al., 2021) but only to
distinguish llama from guanaco. Subsequently, other studies have explored the impact of
domestication on the skulls of the four-modern species (Balcarcel ef al., 2021; Wilson et al.,

2021) but these results have not yet been applied in archaeozoological studies. To date, no
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studies have been conducted which attempt to identify archaeological remains from contexts
where all four SAC species may have been present.

Here we explore whether the multivariate morphometric approach to first phalange
measurements proposed by Kent can be accurate enough to document SAC taxonomic diversity
in archaeological contexts where all wild and domestic forms may be present. This approach
has the advantage of (1) being accessible to all zooarchaeologists, including those who do not
have expertise in Geometric morphometrics, and (2) relies on a large dataset of samples
recorded beginning in the 1970’s. For this study we have collated published measurements with
data that we have collected from different institutions. Since first phalanges are often found
isolated in archaeological deposits, we first assessed the accuracy of these measurements in
discriminating hind and fore first phalanges. We then tested the interspecific taxonomic
resolution of first phalanges, taking into account their anatomical position (hind or fore).
Finally, we compared current and pre-Hispanic archaeological phalanges from Peru, Bolivia
and Argentina to assess the reliability of contemporary SAC comparative materials for
identifying SAC species in the pre-Hispanic period. Unfortunately Chilean populations are not
represented in our samples, as analysis using the five Kent measurements have not been

published for sites in this area. Hopefully this information will be available for future analyses.

Material and methods

Modern samples

The modern dataset includes measurements we collected and measurements taken at the
comparative anatomy collection of the Muséum national d’Histoire naturelle (MNHN), France,
the Museo de Historia Natural de San Rafael, Argentina, the collections of the Catedra de
Anatomia Comparada, Universidad Nacional de Salta, Argentina (Mengoni Gonalons and Elkin
2021) and the Instituto de Arqueologia, Universidad de Buenos Aires, Argentina
(supplementary data 1). We measured first fore and hind phalanges from 19 modern adult
camelids of all four species from the Central and Southern-Central Andes as well as the MNHN
zoological garden (captive specimens) France (tab. 1). We also measured 2 fore and 2 hind first
phalanges from one Lama guanicoe cacsilensis specimen; one fore phalange from one captive
alpaca specimen and 35 fore and hind phalanges of 32 Lama glama from 4 different herds
(Cieneguillas, Angela, Rio Salado and Demetria) in the Argentine puna (supplementary data
1). The “Cieneguillas 17 and “Cieneguillas 3" llamas were used for transporting goods and
fiber production, respectively, while, “Cieneguillas 2” was used for both purposes.

Additionally, 72 fore and 64 hind phalange measurements from 38 individuals, including all
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four species from the Central and South-Central Andes, have been taken from the literature

(Izeta et al. 2009; Gasco and Marsh, 2015, Mondini and Mufioz, 2017; Costa and Barri, 2018)

(tab. 1). Finally, because the skeletal collection is no longer available for study, we used the

mean of first phalange measurements of modern Peruvian domestic SAC published by Kent

(1982) which included 8 Lama glama and 26 Vicugna pacos. Additional modern Peruvian

skeleton specimens are very rare or non-existent. The raw data and details are available in

supplementary data 1 and 2.

Origen
Argentina| Bolivia | Patagonia Peru unknown
Guanaco (Lama guanicoe)

Fore 5 - 3 1 5
northern form (L.g. cacsilensis) 2 - - 1
southern form (L.g. guanicoe) 11 - 3 - -
subspecies unknown 2 - - - 5

Hind 5 - 3 1 6

northern form (L.g.

cacsilensis) 2 - - 1 -
southern form (L.g. guanicoe) 1 - 3 - -
subspecies unknown 2 - - - 6

Fore or Hind - - - 1 -
northern form (L.g. cacsilensis) - - - 1 -

Llama (Lama glama)

Fore 17 6 - - 3

Hind 17 4 - - 5

Fore or Hind 7 - - - -

Vicufa (Vicugna vicugna)

Fore 3 1 - 5 2
northern form (V.v. mensalis) 1 1 - 5 -
southern form (V.v. vicugna) 1 - - - -
subspecies unknown 1 - - - 2

Hind 2 1 - 4 2
northern form (V.v. mensalis) - 1 - 4 -
southern form (V.v. vicugna) 1 - - - -
subspecies unknown 1 - - - 2

Alpaca (Vicugna pacos)
Fore 2 - - - 4
Hind 2 - - - 3

tab. 1: Modern samples by origin and anatomical element. Individuals from Kent (1982) (n=8

Lama glama and n= 26 Vicugna pacos) are not included in this table because the raw

measurements for each phalanx are no longer available.

Selection and origin of archeological specimens
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In this study, we took phalanx measurements and also collated published data from eight
archaeological sites located across regions where different domestication events occurred
(fig.1). For Peruvian archaeological contexts, the measurements come from one cave site
located in the puna of Junin at 4250 masl, three Moche culture sites (AD 100-800) and one
Lambayeque-Sican culture site (AD 800-1350) located on the northern coast (fig.1). Four
phalanges from the high elevation cave site of Pachamachay date to phase 5 (1500 BC) (Kent,
1982), while phalanges from the Moche culture come from domestic and funerary contexts at
the Huacas de Moche complex (n = 37; Vasquez and Tham, 2009; Vasquez et al., 2020), Cerro
Chepén (n = 22; Vasquez and Tham 2009) and EI Brujo complex graves (n = 6 fore; Goepfert,
2011). The Lambayeque-Sican culture phalanges come from the Huaca Amarilla (n = 5 fore)
in the Sechura Desert (Goepfert et al., 2018). The Bolivian archaeological camelids come from
domestic contexts dated AD 300 to 450 at Khonkho Wankane (n = 3), a ceremonial center
located on southern shore of Lake Titicaca at 3835 masl (Gasco and Marsh, 2015). Other
samples (n = 2) come from phase 4 of the Formative Period Chiripa complex also located on
the southern shore of Lake Titicaca (Browman 1980) and dated to 100 BC (Kent, 1982). Finally,
the Argentinian camelids come from at Alero Deodoro Roca (n = 23), a rockshelter located
1000 masl in the mountainous region of the Sierras Pampeanas Australes of the Gran Chaco
dated between 4500-1900 BP (Costa and Izeta, 2016). The raw data and archaeological details
are available in supplementary data 1 and 2.
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Figure 1. Localization of archaeological sites associated with the number of phalange
measurements used in the present study. One phalange equal to one individual (map modified

from Dufour and Goepfert 2020).

Linear measurements

Five linear measurements (Variables 1 to 5) on both fore and hind first phalanges (fig.2; see
supplementary data 2 for measurement details and Gasco et al., 2014) were taken following
Duerst (1926), Kent (1982) and Von den Driesch (1976). Measurements were collected to the
nearest 0.01 mm with a Mitutoyo Absolute (IP 67) digital caliper. Each linear measurement was
taken three times on three different days to obtain a mean value reducing measurement error.

In case of a complete skeleton or limbs, an average value was calculated for the four fore or
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hind phalanges. To make comparison possible, we considered published data obtained in similar

conditions (or reproduced them when all the raw data were available).

Figure 2: Illustration of the five linear measurements from both fore and hind first phalanges of

a Lama glama.

Statistical analysis

Kent (1982) used size and discrete criteria to separate fore from hind phalanges in
archaeological collections. Here, we used the five variables measured on the modern specimens
to test differences between hind and fore phalanges, while taking into account the differences
among the four taxa of SAC using a factorial Multivariate Analysis of Variance (MANOVA).
We then assessed the accuracy of the anatomic and taxonomic classifications of phalanges using
the five variables using a machine learning approach based on the k-Nearest Neighbors
algorithm (k-NN; Ripley, 1996). This approach allowed us to classify an individual within a
group based on its similarity to the group using k nearest data points. We used k = 1 for the
anatomical position and k = 3 for the taxonomic status because of the exploration of four
different species. For 11 archaeological specimens, the anatomical position was known because
the skeletons were found articulated during excavation and their anatomical position was tested
(See supplementary data 2). Afterwards, depending on the classification rate results, the k-NN
method was applied to archaeological phalanges in order to predict their anatomic and
taxonomic status.

The univariate size of the phalange was computed as the geometric mean of the five
variables per specimen following L’Heureux (2008) and L’Heureux and Fernandez (2015). The

size variation among modern and archaeological samples was displayed with a box plot and
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their differences assessed with an analysis of variance (ANOVA). The sample size of the Huacas
de Moche and Alero Deodoro Roca sites (n>10 individuals) allowed a clustering approach using
finite Gaussian mixture models to explore the structure of phalange size variation and to identify
the occurrence of several size groups within the archaeological samples.

To visualize and synthetize the patterns of differentiation among the modern and
archaeological samples we used a Principal component analysis (PCA) and a dendrogram
computed with the neighbor-joining algorithm performed on euclidean distances. Both PCA
and the neighbor joining tree were performed on a mean of the 5 variables for each modern and
archaeological sample.

All analyses were performed with R software version 1.2.5033 (R Core Team (2019))
and the statistical packages R Core Team (2019), class (Venables and Ripley, 2002) , MASS
(Venables and Ripley, 2002), mclust (Scrucca et al., 2016) and ape (Paradis and Schliep, 2019)
with the graphical display ggplot2 (Wickham, 2016) .

Results

1. Anatomic and taxonomic resolution in first phalange morphometrics

We found significant differences between modern fore and hind phalanges (p < 0.0001) and
SAC taxa (p < 0.0001), but no interaction between anatomic (hind and fore) and taxonomic
groups (species) in the data set (p = 0.17), suggesting that anatomical differentiation between
hind and fore is shared among the four species of SAC and does not interfere with their
taxonomic differentiation. The k-NN results on modern fore and hind phalanges find a correct
anatomical attribution with 59,64 % accuracy (Fig. 3 and see supplementary data 2 for
anatomical test predictions on the 11 archaeological phalanges).

When both fore and hind phalanges are analyzed together using the k-NN algorithm, correct
species classification of the four taxa is 60.52%, when using just the hind phalanges it is 58.92%
and when using the fore phalanges, it is 60.34% (Fig. 3). These results suggest that fore
phalanges yield better taxonomic resolution. When fore phalanges are used we obtain more
robust percentages of correct classification and especially for the classification when only both
wild taxa are analyzed (96.15%) (Fig. 3). Nonetheless, the taxonomic signal for accurate
identification of isolated SAC phalanges is weak and could lead to a high probability of

misidentification when the four species are analyzed together.
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Figure 3: Percentage of correct k-NN classifications assessing the discrimination accuracy of
modern SAC first phalanges between fore and hind first phalanges and between different
taxonomic units: (1) all four taxa, (2) wild taxa only, (3) Lama genus only, (4) Vicugna genus

only and (5) domestic taxa only.

2. Morphometric variation in modern and archaeological SAC fore phalanges

We found non-overlapping size differences in wild taxa, i.e. between the small vicuna
and the large guanaco, but a size continuum for the domestic taxa (Fig. 4). This continuum can
be divided into: a small size group comprised of alpacas of unknown origin, an intermediate
sized group which includes alpacas from Argentina and llamas from Bolivia and Argentina and

a large size group which includes llamas from Argentina (Fig.4).
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Figure 4: Box plot displaying size variation in modern (color gradient (see Fig.2) and
archaeological (grey gradient) fore phalanges of South American camelids using the geometric

mean of five linear measurements.

Eigenvector output from PCA performed on the five measurements shows that, on PC1
representing 96.00% of the total variance, the great length of the first phalanx (V1) explains
half of the variation (50.57%), while the four other measurements contribute between 15.34%
and 10.23%. When looking at the pattern of similarity and dissimilarity in modern SAC with
the NJ algorithm (Fig. 5) the guanaco and vicufia are at two extremes of the variation range
while the domestic taxa vary along these two extremes and split in three morphogroups: (1) the
vicuiia/alpaca group which includes the alpacas from Peru and the MNHN zoological garden,

(2) the intermediate group which includes both llamas from Bolivia and Argentina and a single
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alpaca from Argentina, and (3) the guanaco/llama group which includes llamas from Argentina
and Peru.

A north-south cline of size can be observed among the wild SAC (Fig. 4 and 5) with the
largest subspecies (Lama guanicoe guanicoe and Vicugna vicugna vicugna) in the South and
the smallest (L. guanicoe cacsilencis and V. vicugna mensalis) in the North. Fore phalanges of
archaeological SAC spread across this gradient in three morphogroups: a small, an intermediate
and a large (Fig. 4 and 5). The finite Gaussian mixture model identifies only the large
guanaco/llama size group at Alero Deodoro Roca (Fig.4) but identifies two groups at Huaca de
Moche even if all three size groups are present, including small vicufia/alpaca size, intermediate
alpaca and llama size and large guanaco/llama size animals (Fig.4). At Cerro Chépen and
Pachamachay the fore phalanges fall within the small vicufia/alpaca morphogroupe, except for
one from Cerro Chépen which falls within the intermediate size morphogroup. The El Brujo,
Huaca Amarilla and Chiripa fore phalanges fall within the intermediate llama/alpaca size group,
while the Khonkho and Alero Deodoro Roca specimens are within the large guanaco/llama
group (Fig. 4).

We find significant size differences among modern and archaeological SAC fore
phalanges (ANOVA: mean square = 36.90, F' = 10.4, p = 2e-16; Fig.4). When looking at the
similarity and dissimilarity relationships among modern and archaeological means (Fig 5), we
observe that the Huaca de Moche small size group, Cerro Chépen and Pachamachay fore
phalanges are distantly related to the Northern form of vicuina. Among the more intermediate
archaeological fore phalanx morphotypes, those from Huaca Amarilla are more closely related
to the Alpaca/Vicufia morphogroup while the Huacas de Moche large group, Chiripa and El
Brujo are closer to the Argentinian alpaca and small llama morphogroup. Finally, Khonkho and
Alero Deodoro Roca are more closely related to the large Southern guanaco and Argentinian
and Peruvian llama morphogroup with Alero Deodoro Roca being closer to large llama and

captive guanaco while Khonkho is more closely related to the large Southern Guanaco.
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Discussion

Current SAC diversity

k-NN classifications found greater taxonomic resolution in fore phalanges indicating that
when possible, fore phalanges should be preferred for the investigation of past SAC diversity
(Izeta et al., 2009). The approach supports significant differences between wild SAC already
observed by Wing (1972) and as well as previous obsrevations of a north-south cline size
gradient between subspecies of the same genus (Wheeler, 1995; Yacobaccio, 2006; Izeta et al.,
2009 Yacobaccio et al., 1998; Mengoni Gofialons and Yacobaccio, 2006; Izeta, 2004; Mengoni
Gofialons, 2008; Gasco, 2014). This geographical size range can be linked to Bergmann’s rule
(Bergmann, 1848) as currently suggested for modern guanacos, where individuals from colder
environments in the South are larger (Gonzélez et al., 2006; L’Heureux, 2008). Nevertheless,
we have to be cautious since only one specimen of each wild taxon from the northwestern
Argentine is found in our samples. Moreover, regarding domestic taxa, we observed a great size
variation between llama populations which overlap with the intermediate and large size groups.
We observed that non-native specimens in Argentina are taller than other Argentinian Ilama
populations from Cieneguillas and Demetria, and those from Bolivia. It is the same for alpaca
populations where Argentinian alpacas are taller than captive specimens. We also found large
intra-population variation among the captive guanaco, vicufia and alpaca populations. These
results support the importance of developing standard osteometric approaches at the regional
scale for taxonomic discrimination (Mengoni Gofialons and Elkin, 2021) and raise the question
of the interaction between the native origin and size for wild and domestic captive specimens

as well.

Besides the straightforward discrimination of wild SAC, our study confirms that the
distinction between wild and domestic forms of the same genus and between alpacas and llamas
is far more challenging for archaeological sites and time periods where the four taxa may be
present. Despite improved data sets and new statistical approaches it still not possible to reliably
separate phalanges of the four SAC species. One of the main reasons is the limited sample size,
especially for alpacas and L.g. cacsilensis, preventing full documentation of their morphometric
variation (Kent, 1982). Combining Kent and the present dataset would greatly improve the
overall description of modern SAC diversity in general and the representation of llamas and

alpacas from Peru in particular. However, only mean measurement data produced by Kent
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(1982) are available while the raw data are lost for future osteological studies. But regardless
of the size of the modern dataset, SAC diversity has drastically decreased since the Spanish
conquest, as evidenced by the present study and by pre-conquest alpaca and llama varieties at
the site of El Yaral (Wheeler et al., 1995). This loss of diversity has been driven by a genetic
bottleneck (Fan et al., 2020) produced by the massive extermination of domestic herds during
the Spanish conquest, estimated to be as much as 90% (Wheeler et al., 1995; Flores Ochoa,
1982).

Comparison of modern and archaeological SAC diversity

Pre-Hispanic events might have also contributed to the loss of diversity in SAC. A study
conducted on the mitochondrial genomes of the four modern SAC and archaeological camelids
from Northern Chile (sites of Tulan 54 and 58, 3500-2400 BP) reveals reduced vicufia genetic
variation during the Early Formative Period and suggests a domestication model based on an
ancient guanaco population which is currently extinct (Diaz-Maroto et al., 2020). Moreover,
cross-species hybridization and its consequences before and after the Spanish conquest add
complexity to the species identification. The existence of hybrid specimens between the
domestic species and possibly between wild and domestic SAC could explain the occurrence
of the intermediate morphogroup of llama/alpaca size. Crossbreeding between domestic and
wild species produces fertile offspring and recently captive rearing of "pacovicufia”, a hybrid
between the vicufia and the alpaca has been undertaken, supposedly to improve alpaca fiber
quality (Wheeler, 2012). Crossbreeding between wild and domestic species are also mentioned
in written sources from 1555 (see Murra 1978), describing the annual release and return to the
wild of llamas as offerings to the gods. Such crossbreeding occurring in the wild happened more
recently. In 1940, a population of guanacos and llama hybrids is described as living in the wild
in the Province of Cordoba in Argentina (Wheeler, 2012). Mitochondrial and nuclear DNA
reveal extensive post Spanish conquest hybridization for 40% of current llamas and for 80% of
current alpacas (Kadwell et al., 2001) and may exceed 90% in alpacas, threatening the
conservation the original alpaca genome (Wheeler, 2012). More recent phylogenomic studies
have found admixture in 36% in alpacas and 5% for llamas (Fan et al., 2020).

The loss of diversity and the homogenization of phenotypes due to hybridization since
the conquest that induced the phenotypic gap between modern and archaeological SAC strongly

suggest that distinguishing the later using current SAC collections is probably vain.
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However, a range of morphological diversity in pre-Hispanic SAC has been observed here,
including smaller Northern archaeological specimens (Peru) compared to larger Southern ones
(Argentina) or the occurrence of vicufia-sized camelids on the Peruvian coast (1). Domestic
SAC have been reported from the Early Horizon on at sites on the north coast of Peru (Szpak
et al. 2016), but are now totally absent from the region, suggesting that current geographic
distribution cannot be used directly to predict their presence or absence in Andean ecozones
during the past. Consequently, we can consider that the vicufia size morphogroup is either now
extinct or has not been covered by our modern comparative material, as reported in several
studies from different periods and locations in the Andes (Wheeler et al., 1995; Casey et al.,
2018; Fan et al., 2020; Diaz-Maroto et al., 2021). Nevertheless, the presence of vicufias on the
Northern Peruvian coast is questionable since their habitat is currently restricted to the higher
altitudes of the Andes (Franklin, 1983) and it is virtually impossible that it could find suitable
habitats on the coast. It is also unlikely that large numbers of complete hunted vicufia corpses
were brought to the lowlands. If vicufia meat was consumed, charqui (dry meat) might have
been the preferred way to bring it from the highlands. The only previous evidence of a vicufia-
like species at lower altitude corresponds to the extinct Lama vicugna gracilis found in late
Pleistocene and early Holocene deposits in the Patagonia and Eastern Pampean region of
Argentina and Uruguay, Argentine and Chilean Patagonia and even on the Northern coast of
Chile in Calama (Cajal et al., 2010). The latest genetic studies with aDNA (Mitochondrial
DNA) assign this species to vicufia (Vicuna vicuna) (Weinstock et al. 2009), but another aDNA
study (Metcalf et al. 2016) assigned it to a species distinct from the vicufia. While these two
studies used older archaeological material and correspond to different geographical areas, they
also highlight the loss of a vicufia like taxon living at lower latitudes. The two size groups
identified at Huacas de Moche suggest that both llamas and alpacas were present. This is
congruent with isotopic studies indicating that some of the individuals for which phalanges
have been measured were raised in the lowlands (Vasquez et al., 2020)., as was previously
suggested by (Dufour et al., 2014) and at El Brujo (Santana-Sagredo, 2020), although the SAC
remains were not assigned to a specific species. The permanent domestic herds in the lowlands,
therefore, were likely composed of both domestic species, despite previous reluctance to accept
the presence of alpacas outside the highlands (Topic et al., 1987). The most likely hypothesis
would be the presence of a vicufia size domestic taxon. The specific functions of each domestic
species need to be further explored taking into account the diversity of political, domestic,
ceremonial and funeral contexts that could have driven the choices of the Mochica and the

Lambayeque-Sican.
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Furthermore, the occurrence of intermediate sized SAC (2) in Huacas de Moche, El Brujo,
Huaca Amarilla, Chiripa, Khonhko and Alero Deodoro de Roca falling in the range of
intermediate modern llama/alpaca size could suggest the occurrence of hybrids. Evidence of
crossbreeding practices predating the Spanish conquest have recently been reported for three
Early Formative specimens from Tulén, Chile (3400-2300 BP) (Diaz-Maroto et al., 2021). The
occurrence of intermediate size animals is very important especially for the north coast of Peru
where no local comparative anatomical material is available because no SAC are found in the
area today. The identification of Mochica SAC from the Huacas de Moche site specimens is
very challenging. Alpaca and llama phalanges were identified in previous reports (Vasquez and
Tham, 2009; Vésquez et al., 2020). But according to our results it is impossible to determine
the taxa of the Huacas de Moche intermediate group to species level, because it totally overlaps
the two modern domestic species morphometrics. Consequently, as previously stated, the
question of hybridization should be investigated as a possible cause for the intermediate size
archaeological specimens from various origins and predating the Spanish conquest.

Finally, the large guanaco/llama group (3) includes both guanacos and llamas from
Argentina and llamas from Peru, as well as llamas from the archaeological sites of Khonkho in
Bolivia and Alero Deodoro de Roca in Argentina. The largest phalanges in our sample came
from llamas at the sites of Khonkho and Alero Deodoro de Roca, surpassing the large Argentine
guanacos from Cordoba in size. The phalanges from Khonkho were previously identified as
castrated male 1lamas (Gasco and Marsh, 2015). Early castration produces exceptionally large
animals, and these taller, stronger and more docile camelids are often selected for caravan use
above individuals breed for meat or wool (Browman, 1990; Tomka 1992; Nielsen, 2000; Gasco
and Marsh, 2015). In our sample, the larger modern llama from Cieneguillas, (Cieneguillas 1)
was used for the transport of goods. The presence of camelids from Huacas de Moche and El
Brujo in the large guanaco/llama group should be further investigated because they are larger
than the mean values of modern Peruvian llamas included in our sample. Previous analysis of
the Alero Deodora Roca materials showed the presence of three different size groups of
guanacos (Costa and Izeta ,2016), while our results show that the Alero Deodora Roca samples
overlap in size with the large Southern guanaco subspecies (including the Cérdoba guanacos)
and the large Argentine llamas, but we detected the presence of only one taxa with the finite
Gaussian mixture model. These results raise the possibility that llamas may also have been
present with the introduction of llamas in the region during the late Holocene (3000-3600 BP).
Although llamas are not found in the region today (Diaz et al., 1987; Rosacher, 1992, 2004;

Geisa, 2012) ethnohistorical descriptions, rock art and pottery representations (Costa and Izeta
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2016) support their previous existence. The possible presence of castrated males requires
further research, especially for Argentine archaeological sites because of the very large size of
the wild modern guanaco population of Coérdoba (Costa and Barri, 2018). The effect of

castration on body size of camelids should also be further analyzed in the future.

Conclusion

The analysis of first phalanx linear measurements using machine learning algorithm
provides very accurate identification of wild SAC taxa, but has proven inefficient for accurately
separating wild from domestic forms. For this reason, it may therefore be prudent to keep
species specific distinction at the level of large versus small forms (Lama vs. Vicugna) when all
four SAC species are potentially present in an archaeological deposit. Nonetheless, the
approach does provide taxa specific identification for samples from sites or levels dated prior
to the beginning of domestication and from sites or levels dated after domestication where only
one wild ancestor was present. Moreover, in comparison to the classical gradients previously
defined by Kent (1982) and Gasco and Marsh (2015), our approach includes an additional taxa
gradient classification. Here we have defined three morphogroups of SAC size (small,
intermediate and large) using modern and archaeological SAC data from across their present
and past distributions. At this scale, we think that a general gradient definition is more
appropriate to identify SAC archaeological remains.

Although our study remains a work in progress requiring the addition of new data from
contemporary SAC reference collections, it remains an inexpensive method available to all
zooarchaeologists for documenting past SAC diversity. It is important to continue to improve
this kind of classical zooarchaeology analysis, conducting studies with available open access
data and reference tools for determination of present and past SAC diversities.

Nevertheless, it should be noted that our comparative approach has limitations since we
could not always obtain data on the native origin and life history of the modern specimens.
There is an urgent need to improve SAC reference collections to include specimens of known
origin and with life history data from across their entire range. This would be particularly
important to permit the study of camelid diversity in regions such, as those in Chile, which are
particularly lacking in this study. Since we have shown that only the identification of the wild
taxa is reliable, we also recommend using 3D geometric morphometrics to the highest
organismal resolution possible, in association with paleogenomic and isotopic proxies, to
examine the domestication process across the several millennia of intensification between SAC

and human societies (Vigne et al., 2005).



476
477
478
479
480
481
482
483
484
485
486
487

488
489
490

491
492
493
494
495

Acknowledgements:
We want to thank Joséphine Lesur (UMR 7209, MNHN, France) for access to the comparative
anatomy collection of South American Camelids from the Muséum National d’Histoire
naturelle (MNHN, France). We appreciate the suggestions and recommendations of Jonathan
Kent (DSABS, MSUD, USA) and Erik Marsh (ICB, CONICET, Argentina) which were so
helpful for this paper. This research was supported by ANR CAMELANDES (ANR-15-CE27-
0002-01). Finally, we would like to thank the two anonymous reviewers for their thorough

reading and helpful remarks, and Dr. Hunt for editorial advice.

Declaration of Competing Interest

The authors declare no financial or conflict of interests.

Appendix A Supplementary material

Supplementary Component 1. Modern and archaeological camelids raw measurements.
Supplementary Component 2. Modern and archaeological camelids complementary

information.



496

497
498

499
500

501
502
503

504
505
506

507

508
509

510
511
512

513
514
515
516

517
518
519

520

521

522
523

524
525
526
527

528
529
530

References

Adams, D.C., Rohlf, F.J., Slice, D.E., 2004. Geometric morphometrics: Ten years of progress
following the ‘revolution.’ Ital. J. Zool. 71, 5-16. https://doi.org/10.1080/11250000409356545

Adaro, L., and Benavente, A., 1990. « Identificacion de patrones o6seos de camélidos
sudamericanos. » Avances en Ciencias Veterinarias 5 (2).

Altamirano, E., 1987. « Desarrollo dentario de los camélidos sudamericanos ». (Ene 1987) no.
49 p. 9-16.
44

Balcarcel, A. M., Sanchez-Villagra, M. R., Segura, V., et Evin, A., 2021. « Singular patterns of
skull shape and brain size change in the domestication of South American camelids ». Journal
of Mammalogy 102 (1): 220-35.https://doi.org/10.1093/jmammal/gyaal35.

Bergmann, C., 1848. Uber die Verhiltnisse der Warmedkonomie der Thiere zu ihrer Grosse.

Bonavia, D., 2008. The South American Camelids. Traduit par Javier Flores Espinoza.
Expanded, Corrected ed. edition. Los Angeles: The Cotsen Institute of Archaeology Press.

Bookstein, F.L., 1978. The Measurement of Biological Shape and Shape Change, Lecture Notes
in Biomathematics. Springer-Verlag, Berlin Heidelberg. https://doi.org/10.1007/978-3-642-
93093-5

Browman, D.L., 1980. «Tiwanaku Expansion and Altiplano Economic Pat-terns. Estudios
Arqueologicos 5: 107- 120. 1 984 Tiwanaku: Development of Interzonal Trade and Economic
Expansion in the Altiplano ». Social and Economic Organization in the Prehispanic Andes,
edited by David L. Browman, Richard L. Burger, and Mario A. Rivera, 117-42.

. 1990. Nomads in a Changing World. Naples: Istituto Universitario Orientale.
Cajal, J., Tonni, E.P., and V., Tartarini. 2010. « The extinction of some South American
camelids: the case of Lama

(Vicugna) gracilis ». Mastozoologia Neotropical 17 (1): 129-34.
Capriles, J. M., Tripcevich, N., 2016. The Archaeology of Andean Pastoralism. UNM Press.

Cartajena, I., Nufez, L., Grosjean, M., 2007. « Camelid domestication on the western slope of
the Puna de Atacama, Northern Chile ». anthropozoologica 42 (2): 155-173.

Casey, C. S., Orozco-terWengel, P., Yaya, K., Kadwell, M., Fernandez, M., Marin, J. C.,
Rosadio, R., et al. 2018. « Comparing Genetic Diversity and Demographic History in Co-
Distributed Wild South American Camelids ». Heredity 121 (4): 387-400.
https://doi.org/10.1038/s41437-018-0120-z.

Costa, T., and Barri, F., 2018. Lama guanicoe remains from the Chaco ecoregion (Cordoba,
Argentina): An osteological approach to the characterization of a relict wild population. PLOS
ONE 13, e0194727. https://doi.org/10.1371/journal.pone.0194727



531
532
533
534
535

536
537
538
539
540
541
542
543
544

545
546
547
548

549
550
551

552
553
554

555
556
557
558

559
560
561
562

563
564

565
566
567

568
569
570
571

Costa, T., and lzeta, A., 2016. « Morphometric Analysis of Camelid Remains from the Alero
Deodoro Roca (ADR) Site (Cordoba, Argentina). An Attempt to Characterise Body-Size
Variability in Sierras Pampeanas Australes Region: Morphometric Analysis of Camelid
Remains from the Alero Deodoro Roca». International Journal of Osteoarchaeology 27
(octobre). https://doi.org/10.1002/0a.2570.

Cucchi, T., Hulme-Beaman, A., Yuan, J., Dobney, K., 2011. Early Neolithic pig domestication
at Jiahu, Henan Province, China: clues from molar shape analyses using geometric
morphometric approaches. J. Archaeol. Sci. 38, 11-
22.https://doi.org/10.1016/j.jas.2010.07.024

Cucchi, T., Baylac, M., Evin, A., Bignon-Lau, O., Vigne, J.-D., 2015. Morphométrie
géométrique et archéozoologie: Concepts, méthodes et applications, in: Balasse, M., Brugal, J.-
P., Dauphin, Y., Geigh, E.-M., Oberlin, C., Reiche, I. (Eds.), Messages d’os. Archéométrie Du
Squelette Animal et Humain. Editions des archives contemporaines, pp. 197-216.

Cucchi, T., Dai, L., Balasse, M., Zhao, C., Gao, J., Hu, Y., Yuan, J., Vigne, J.-D., 2016. Social
Complexification and Pig (Sus scrofa) Husbandry in Ancient China: A Combined Geometric
Morphometric and Isotopic Approach. PLOS ONE 11, e0158523.
https://doi.org/10.1371/journal.pone.0158523

Cucchi, T., Mohaseb, A., Peigné, S., Debue, K., Orlando, L., Mashkour, M., 2017. Detecting
taxonomic and phylogenetic signals in equid cheek teeth: towards new palaeontological and
archaeological proxies. R. Soc. Open Sci. 4, 160997.

Cucchi, T., Stopp, B., Schafberg, R., Lesur, J., Hassanin, A., Schibler, J., 2019. Taxonomic and
phylogenetic signals in bovini cheek teeth: Towards new biosystematic markers to explore the
history of wild and domestic cattle. J. Archaeol. Sci. 109, 104993.

Diaz S., Bonnin, M., Laguens, A.G., Prieto, M.R., 1987. Estrategias de explotacion de los
recursos naturales y procesos de cambio de la vegetacion en la cuenca del rio Copacabana
(Dpto. Ischilin, Pcia. Cordoba, Argentina). Publicaciones del Instituto de Antropologia, XLV
(1). Nueva Epoca, 1987(1985):67-131, Cordoba, Argentina.

Diaz-Maroto, P.F., Rey-Iglesia, A., Cartajena, I., Nufiez, L., Westbury, M., Varas, V., Moraga,
M., et al. 2021. « Ancient DNA Reveals the Lost Domestication History of South American
Camelids in Northern Chile and Across the Andes ». BioRxiv, octobre, 2020.10.16.337428.
https://doi.org/10.1101/2020.10.16.337428.

Duerst, J.U., 1926. « Vergleichende Untersuchungsmethoden am Skelett bei Saugern. »
Handbuch der biologischen Arbeitsmethoden, 125-530.

Dufour, E., and Goepfert, N., 2020. « Past Andean Pastoralism: A Reconsidered Diversity.
Introduction to the Special Issue ». Environmental Archaeology 25 (3): 257-61.
https://doi.org/10.1080/14614103.2019.1619981.

Dufour, E., Goepfert, N., Belkys, G.L., Chauchat, C., Jordan, R.F., et Vasquez, S.S., 2014. «
Pastoralism in Northern Peru during Pre-Hispanic Times: Insights from the Mochica Period
(100-800 AD) Based on Stable Isotopic Analysis of Domestic Camelids ». PLOS ONE 9 (1):
e87559. https://doi.org/10.1371/journal.pone.0087559.



572
573
574

575
576
577
578

579
580
581
582
583

584
585

586
587

588
589

590
591

592
593
594
595

596
597

598
599

600
601
602
603

604
605
606
607

608
609
610

Elkin, D., 1996. «Arqueozoologia de Quebrada Seca 3: indicadores de subsistencia temprana,
en la Puna meridional argentina». Unpublished doctoral tesis, Facultad de Filosofia y Letras,
Universidad de Buenos Aires.

Evin, A., Dobney, K., Schafberg, R., Owen, J., Vidarsdottir, U.S., Larson, G., Cucchi, T., 2015.
Phenotype and animal domestication: A study of dental variation between domestic, wild,
captive, hybrid and insular Sus scrofa. BMC Evol. Biol. 15, 1-16.
https://doi.org/10.1186/s12862-014-0269-x

Fan, R., Gu, Z., Guang, X., Marin, J.C., Varas, V., Gonzalez, B.A., Wheeler, J.C., Hu, Y., Li,
E., Sun, X,, Yang, X., Zhang, C., Gao, W., He, J., Munch, K., Corbett-Detig, R., Barbato, M.,
Pan, S., Zhan, X., Bruford, M.W., Dong, C., 2020. « Genomic Analysis of the Domestication
and Post-Spanish Conquest Evolution of the Llama and Alpaca ». Genome Biology 21 (1): 159.
https://doi.org/10.1186/s13059-020-02080-6.

Flores Ochoa, J.A., 1982. « Causas que originaron la actual distribucion espacial de las alpacas
y llamas in EI Hombre y su Ambiente en los Andes Centrales. (Causes a I’origine de la

distribution spatiale actuelle des alpagas et des lamas) ». Senri Ethnological Studies Osaka, n0
10: 63-92.

Flores Ochoa, J.A., MacQuarrie, K., Pérez, J. P., 1994. Oro de los Andes: Las llamas, alpacas,
vicurias y guanacos de Sudameérica. Barcelona: Jordi Blassi.

Franklin, W.L., 1983. « Contrasting socioecologies of South America’s wild camelids: the
vicunia and the guanaco ». Advances in the study of mammalian behavior 7: 573-629.

Gasco, A.V., Marsh, E.J., 2015. « Hunting, Herding, and Caravanning: Osteometric
Identifications of Camelid Morphotypes at Khonkho Wankane, Bolivia: Hunting, Herding, and
Caravanning ». International Journal of Osteoarchaeology 25 (5): 676-809.
https://doi.org/10.1002/0a.2331.

Gasco, A.V., 2014. « Familia Camelidae: variabilidad métrica actual y gradiente de tamano
corporal ». Arqueologia de Ambiente de Altura de Mendoza y San Juan (Argentina), 109-161.

Gasco, A.V., Marsh, E.J., Kent, J., 2014. « Clarificando variables osteométricas para la primera
falange de camélidos sudamericanos ». Intersecciones en antropologsa 15 (1): 131-138.

Geisa, M., 2012. « Determinacion de la dieta de guanaco (Lama guanicoe) en estacion seca y
humeda de la zona centro del Corredor Biogeografico del Chaco Arido, Cordoba ». Universidad
Nacional de Cordoba, Facultad de Ciencias exactas, fisicas y naturales, Cordoba, Argentina.
Tesis de licenciatura no publicada 2012.

Goepfert, N., 2011. Frayer La Route d 'un Monde Inversé:Sacrifice et Offrandes Animales Dans
La Culture Mochica(100-800 Apr. J.C.), Cate Nord Du Pérou. British Archaeological Reports
International Series 2278. Paris Monographs in American Archaeology 28. Oxford: British
Archaeological Reports.

Goepfert, N., Belkys, G.L., Vasquez, S.V., 2018. La presencia Lambayeque/Sican en el desierto
de Sechura (extremo norte del Perux): primeros resultados de las excavaciones en Huaca
Amarilla.



611
612
613

614
615
616

617
618
619

620
621

622
623
624
625

626
627

628
629
630
631
632

633
634
635
636

637
638
639

640
641
642

643
644
645

646
647
648

Gonzalez, B.A., Palma, R.E., Zapata, B., and Marin, J.C., 2006. « Taxonomic and
Biogeographical Status of Guanaco Lama Guanicoe (Artiodactyla, Camelidae) ». Mammal
Review 36 (2): 157-78. https://doi.org/10.1111/j.1365- 2907.2006.00084.x.

Grant, J.,, 2010. « Aportes de distintas técnicas osteométricas para la identificacion
interespecifica de camélidos sudamericanos ». Zooarqueologia a Principios del siglo XXI:
Aportes, metodologias y casos de estudio, 17-28.

Hernandez, A., L’Heureux, G.L., Leoni, J.B., 2021. Guanaco hunting and Llama herding in the
South- Central Andes (3000-900 BP): An osteomorphometrical approach. J. Archaeol. Sci.
Rep. 37, 102952. https://doi.org/10.1016/j.jasrep.2021.102952

Hesse, B., 1982. « Archaeological evidence for camelid exploitation in the Chilean Andes ».
Sdugetierkundliche Mitteilungen 30 (3): 201-211.

Izeta, A., Otaola, C., Gasco, A.V., 2009. « Osteometria de falanges proximales de camélidos
sudamericanos modernos. Variabilidad, estandares métricos y su importancia como conjunto
comparativo para la interpretacion de restos hallados en contextos arqueologicos ». Revista del
Museo de Antropologia 2 (1): 169-180.

Izeta, A., 2004. « Zooarqueologia del Sur de los Valles Calchaquies: Estudio de conjuntos
faunisticos del Periodo Formativo ». PhD Thesis, Universidad Nacional de La Plata.

Jeanjean, M., Haruda, A., Salvagno, L., Schafberg, R., Valenzuela-Lamas, S., Nieto-Espinet,
A., Forest, V., Blaise, E., Vuillien, M., Mureau, C., 2022. Sorting the flock: Quantitative
identification of sheep and goat from isolated third lower molars and mandibles through
geometric morphometrics. J. Archaeol. Sci. 141, 105580.
https://doi.org/10.1016/j.jas.2022.105580

Kadwell, M., Fernandez, M., Stanley, H. F., Baldi, R., Wheeler, J. C., Rosadio, R., Bruford, M.
W., 2001. « Genetic analysis reveals the wild ancestors of the llama and the alpaca. »
Proceedings of the Royal Society B: Biological Sciences 268 (1485): 2575-84.
https://doi.org/10.1098/rspb.2001.1774.

Kaufmann, C.A., L’Heureux, G.L., 2009. « El dimorfismo sexual en guanacos (Lama
guanicoe). Una evaluacion osteométrica de elementos poscraneales ». Revista del Museo de
Antropolog/a 2 (1): 181-198.

Kent, J., 1982. The domestication and exploitation of the South American camelids: methods of
analysis and their application to circum-lacustrine archaeological sites in Bolivia and Peru.
Washington University.

L’Heureux, G.L., 2007. « Morfometria de muestras 6seas de Lama guanicoe procedentes de
Patagonia. Un estudio arqueologico desde muestras paleontologicas ». Proyecto de Ingreso a
Carrera de Investigador. Buenos Aires: CONICET.

. 2008. El estudio arqueolsgico del proceso coevolutivo entre las poblaciones humanas
y las poblaciones de guanaco en patagonia meridional y norte de tierra del fuego [The
archaeological study of the coevolutionary process between human and guanaco population in



649
650

651
652
653

654
655

656
657
658

659
660

661
662

663
664
665

666
667
668

669
670
671
672

673
674
675

676
677
678

679
680
681
682

683
684
685
686

meridional Patagonia and nothern of Tierra del Fuego]. Brit Archaeol Rep Int, Series 1751.
Oxford: Universidad Nacional de La Plata.

. 2010. « Morfometria de camélidos sudamericanos modernos. La variabilidad
morfologica y la diversidad taxonémica ». Zooarqueologza a principios del siglo XXI. Aportes
teoricos, metodologicos y casos de estudio, 39-49.

L’Heureux, G.L., Fernandez, J.C., 2015. Lama Guanicoe (Muller, 1776) body size in
continental Patagonia and Tierra del Fuego. Geobios 48, 239-248.

L’Heureux, G.L., Hernandez, A., 2019. Geometric morphometrics of large South American
camelids and their potential for the taxonomical identification in archaeological sites of the
northern Argentina. Hist. Biol. 1-14. https://doi.org/10.1080/08912963.2019.1663841

L’Heureux, G.L., Hernandez, A., 2017. Estudio morfogeométrico de las primeras falanges
delanteras de los grandes camélidos sudamericanos. Cienc. Morfolégicas 18.

Lopez, G.E.J., 2003. « Pastoreo y caza de camélidos en el Temprano de la Puna de Salta: Datos
osteométricos del sitio Matancillas 2 ». Intersecciones en Antropologia, n© 4: 17-27.

Marin, J.C., Spotorno, A.E., and Wheeler, J.C., 2006. « Sistematica molecular y filogeografia
de camélidos sudamericanos: Implicancias para su conservacion y manejo ». Investigacion,
conservacion y manejo de vicurias, 85-100.

Menegaz, A., Salemme, M., and Ortiz J.E., 1988. « Una propuesta de sistematizacion de los
caracteres morfométricos de los metapodios y las falanges de camelidae ». De procesos,
contextos y otros huesos, 53-64.

Mengoni Goiialons, G.L., 2008. « Camelids in ancient Andean societies: A review of the
zooarchaeological evidence ». Quaternary International, Contributions to Latin American
Zooarchaeology in Honour of Oscar J. Polaco, Fryxell Award recipient for Interdisciplinary
Research, 185 (1): 59-68. https://doi.org/10.1016/j.quaint.2007.05.022.

Mengoni Gonalons, G.L., and Elkin, D.C., 2021. « Guanaco (Lama Guanicoe) Osteometric
Data from an Individual from Northwest Argentina ». Dataset. Open Context. Open Context.
http://opencontext.org/projects/01860ee9-6fb6-4e71-8958-113fb852¢850.

Mengoni Gonalons, G.L., and Yacobaccio, H.D., 2006. « The domestication of South American
camelids ». In Documenting Domestication—New Genetic and Archaeological Paradigms, 228
244. University of California Press Berkeley-Los Angeles-London.

Metcalf, J.L, Turney, C., Barnett, T., Martin, F., Bray, S.C., Vilstrup, J.T., Orlando, L., Salas-
Gismondi, R., Loponte, D., Medina, M., De Nigris, M., Civalero, T., Fernandez, P.M., Gasco,
A., Duran, V., Seymour, K.L., Otaola, C., Gil, A., Paunero, R., Prevosti, F.J., Bradshaw, C.J.A.,
Wheeler, J.C., Borrero, L., Austin, J.J., and Cooper, A., 2016.

Mondini, M., Mufioz, S., 2017. Osteometrics of South-Central Andean Wild Camelids: New
Standards, in: Mondini M, Mufioz AS, Fernadndez PM, Editors. Zooarchaeology in the
Neotropics: Environmental Diversityand Human-Animal Interactions. pp. 177-188.
https://doi.org/10.1007/978-3-319-57328-1_11



687
688
689

690
691

692
693

694
695

696
697
698

699
700

701
702

703

704
705

706
707
708

709
710
711

712
713

714
715
716

717
718

719

720
721

Synergistic roles of climate warming and human occupation in Patagonian megafaunal
extinctions  during the Last Deglaciation.  Science  Advances 2  (6).
https://doi.org/10.1126/sciadv.1501682.

Miller, G., 1979. « An Introduction to the Ethnoarchaeology of the Andean Camelids (published
dissertation) ». Department of Anthropology, Berkeley: University of California.

Miller, G., Burger, R.L., 1995. « Our father the cayman, our dinner the llama: Animal utilization
at Chavin de Huantar, Peru ». American Antiquity, 421-458.

Mondini, M., and Mufoz, S., 2017. « Osteometrics of South-Central Andean Wild Camelids:
New Standards ». In

Mondini M, Musioz AS, Ferndndez PM, editors. Zooarchaeology in the neotropics:
environmental diversityand human-animal interactions, Cham: Springer, 177-88.
https://doi.org/10.1007/978-3-319- 57328-1_11.

Moore, K. M., 1989. « Hunting and the origins of herding in Peru ». PhD Thesis, University of
Michigan.

. 2016. « Early domesticated camelids in the Andes ». The archaeology of Andean
pastoralism, 17-38.

Murra, J.V., 1978. La organizacion econémica del Estado Inca. Siglo xxi. 11.

Nielsen, A. E., 2000. «<Andean Caravans: An Ethnoarchaeology». The University of Arizona.
https://repository.arizona.edu/handle/10150/289098.

Otte, K. C., Venero, J. L., 1979. « Analisis de la craneometria diferencial entre la vicuna
(Vicugna vicugna) y la alpaca (Lama guanicoe pacos) ». Studies on neotropical fauna and
environment 14 (2-3): 125-152.

Paradis, E., and Schliep, K., 2019. « ape 5.0: an environment for modern phylogenetics and
evolutionary analyses in R ». Bioinformatics 35 (3): 526-28.
https://doi.org/10.1093/bioinformatics/bty633.

Puig, S., 1988. « Craneologia y craneometria de camélidos: diferenciacion interespecifica y
determinacion de la edad ». Xama 1: 43-56.

« R Core Team (2019). » s. d. Methodology Reference. European Environment Agency.
Consulté¢ le 25 mars 2020. https://www.eea.europa.eu/data-and-maps/indicators/oxygen-
consuming-substances-in-rivers/r- development-core-team-2006.

Reigadas, M.D.C., 2001. « Variabilidad y cambio cultural en el NOA desde los comienzos de
la domesticacion animal hasta la consolidadcion de las adaptaciones pastoriles ».

Ripley, B.D., 1996. Pattern Recognition and Neural Networks. Cambridge university press.

Rosacher, C.J., 1992. Planificacion Preliminar del Refugio de Vida Silvestre Monte de Las
Barrancas. (Salinas Grandes). Informe a la Secretaria de Medio Ambiente de



722
723

724
725

726
727

728
729
730
731
732

733
734
735

736
737
738

739
740
741
742

743
744
745

746
747
748

749
750
751

752

753
754
755

756
757

758
759

Cordoba.http://www.secretariadeambiente.cba.gov.ar/PDF/Salinas%20Grandes%20de%20C
%F3rdo ba.pdf

Rosacher, C.J., 2004. Aspectos ambientales de las Salinas Grandes. Informe para Areas
Naturales Protegidas, Provincia de Cordoba.

Rostworowski de Diez Canseco, M., 1981. « Recursos naturales renovables y pesca, siglos XVI
y XVII ». Instituto de Estudios Peruanos, Lima.

Santana-Sagredo, F., Dufour, E., Goepfert, N., Zazzo, A., Franco Jordan, R., Vasquez, S.S.,
2020. « New Bioarchaeological Evidence and Radiocarbon Dates from the Lambayeque/Sican
Culture Camelids from the El Brujo Complex (Northern Coast of Peru): Implications for
Funerary and Herd Management Practices ». Environmental Archaeology 25 (3): 333-352.
https://doi.org/10.1080/14614103.2018.1556960.

Scrucca, L., Fop, M., Murphy, T.B., and Raftery, A.E., 2016. « Mclust 5: Clustering,
Classification and Density Estimation Using Gaussian Finite Mixture Models ». The R Journal
8 (1): 289-317.

Stanley, H.F., Kadwell, M., Wheeler, J.C., 1994. « Molecular Evolution of the Family
Camelidae: A Mitochondrial DNA Study ». Proc. R. Soc. Lond. B 256 (1345): 1-6.
https://doi.org/10.1098/rspb.1994.0041.

Szpak, P., Chicoine, D., Millaire, J.F., White, C.D., Parry, R., Longstaffe, F.J., 2016. « Early
Horizon camelid management practices in the Nepena Valley, north-central coast of Peru ».
Environmental Archaeology 21 (3): 230-45.
https://doi.org/10.1179/1749631415Y.0000000002.

Tomka, S. A., 1992. « Vicunas and Llamas: Parallels in Behavioral Ecology and Implications
for the Domestication of Andean Camelids ». Human Ecology 20 (4): 407-33.
https://doi.org/10.1007/BF00890428.

Topic, T.L., McGreevy, T.H., Topic, J.R., 1987. « A Comment on the Breeding and Herding of
Llamas and Alpacas on the North Coast of Peru ». American Antiquity 52 (4): 832-35.
https://doi.org/10.2307/281392.

Vasquez, S.V.F., and Rosales Tham, T., 2009. « Osteometria y genética de los camélidos
mochica, costa norte del Peru ». Revista del Museo de Antropologia, décembre, 141-50.
https://doi.org/10.31048/1852.4826.v2.n1.5414.

Vasquez, S.V.F., Redondo, R., Rosales Tham, T., Dorado, G., Peir6, V., 2020. « Osteometric

and Isotopic (A13C and A15N) Evidence of Pre-Hispanic Camelid-Herd Breeding in Moche
Site of “Huaca de La Luna” (North Coast of Peru) ». Journal of Archaeological Science:
Reports 29 (février): 102083. https://doi.org/10.1016/j.jasrep.2019.102083.

Venables, W. N., and Ripley, B. D., 2002. Modern Applied Statistics with S. 4€ éd. Statistics
and Computing. New York: Springer-Verlag. https://doi.org/10.1007/978-0-387-21706-2.

Vigne, J.-D., Helmer, D., Peters, J., 2005. New archaeological approaches to trace the first steps
of animal domestication: general presentation, reflections and proposals, The first steps of



760
761
762

763
764
765

766
767
768
769
770

771

772
773
774

775
776

777
778
779
780

781
782
783

784
785
786

787
788
789

790
791
792
793

794
795
796

animal domestication: new archaeozoological approaches. Proceedings of the 9th Conference
of the International Council of Archaeozoology, Durham, August 2002 (J.-D. Vigne, J. Peters,
and D. Helmer, eds.). ed. Oxbow Books, Oxford, United Kingdom.

Von den Driesch, A., 1976. A guide to the measurement of animal bones from archaeological
sites: as developed by the Institut fir Palaeoanatomie, Domestikationsforschung und
Geschichte der Tiermedizin of the University of Munich. Vol. 1. Peabody Museum Press.

Weinstock, J., Shapiro, B., Prieto, A., Marin, J.C., Gonzalez, B.A., Thomas, M., Gilbert, P.,
and Willerslev, E., 2009. « The Late Pleistocene Distribution of Vicuiias (Vicugna Vicugna)
and the “Extinction” of the Gracile Llama (“Lama Gracilis”): New Molecular Data ».
Quaternary Science Reviews 28 (15-16): 1369-73.
https://doi.org/10.1016/j.quascirev.2009.03.008

Wheeler, J.C. 1982. « Aging Ilamas and alpacas by their teeth ». Llama World 1 (2): 12-17.

. 1985. « De la chasse a I’elevage ». Telarmachay. Chasseurs et pasteurs préhistoriques
des Andes I. CNRS, Paris, pp61-79.

. 1995. Evolution and present situation of the South American Camelidae. Biol. J. Linn.
Soc. 54, 271-295. https://doi.org/10.1016/0024-4066(95)90021-7

. 1996. « El estudio de restos momificados de alpacas y llamas precolombinas ».
Zooarqueologia decamélidos. Perspectivas Tedricas y Metodologicas 2: 91-10 . 2012.
«South American camelids-past, present and future. J. Camelid Sci. 5, 1-24.

Wheeler, J.C., Russel, A. J. F., Redden, H., 1995. « Llamas and alpacas: pre-conquest breeds
and post-conquest hybrids ». Journal of Archaeological Science 22 (6): 833-840.

Wickham, H., 2016. Ggplot2: Elegant Graphics for Data Analysis. 2€ éd. Use R! Springer
International Publishing. https://doi.org/10.1007/978-3-319-24277-4.

Wilson, L.A.B., Balcarcel, A., Geiger, M., Heck, L., Sanchez-Villagra, M.R., 2021. Modularity
patterns in mammalian domestication: Assessing developmental hypotheses for diversification.
Evol. Lett. 5, 385— 396. https://doi.org/10.1002/evl3.231

Wing, E.S., 1972. « Utilization of Animal Resources in the Peruvian Andes ». In Andes 4:
Excavations at Kotosh, Peru, 1963 and 1966, | Seiichi et K Terada, Eds., 327-52. Tokyo:
University of Tokyo Press.

. 1975. « Informe preliminar acerca de los restos de fauna de la cueva de Pachamachay
en Junin, Pert »., Revista del Museo Nacional 41: 79-80.


https://doi.org/10.1016/0024-4066(95)90021-7

797
798
799
800

801
802
803

Yacobaccio, H.D., 2006. « Variables morfométricas de vicudias (Vicugna vicugna vicugna) en
Cieneguillas, Jujuy ». Investigacion, conservacion y manejo de vicuzas, 101-112.
. 2010. « Osteometria de llamas (Lama glama L.) y sus consecuencias arqueologicas ».
Zooarqueologia a principios del siglo XXI, 65-75.

Yacobaccio, H.D., Madero, CM., Malmierca, M.P., Reigadas, M.D.C., 1998. « Caza,
domesticacion y pastoreo de camélidos en la Puna argentina ». Relaciones de la Sociedad
Argentina de Antropologia tomo 22-23. http://sedici.unlp.edu.ar/handle/10915/25596.



