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Prehistoric Human Remains from Southern
Mendoza, Argentina

The Role of CAM Species Consumption

Carina Llano and Andrew Ugan

CONICET–Laboratorio de Paleoecologı́a Humana, Facultad
de Ciencias Exactas y Naturales, Universidad Nacional de
Cuyo, Padre Jorge Contreras 1300, Parque General San
Martı́n, 5500 Mendoza, Argentina/Far Western ARG, 2727
Del Rio Place, Davis, California 95618, U.S.A. (andrew
.ugan@gmail.com). 10 III 14 This paper was submitted 10 I
14, accepted 10 III 14, and electronically published 6 XI 14.

During the last several years, information from stable isotopes
has been used to discuss the role of maize agriculture in
prehistoric economies of southern Mendoza. Because maize
is one of several sources of 13C enriched carbon, a full eval-
uation of prehistoric diets requires data on a range of potential
C3 and C4 plant resources. In this paper, we present stable
isotope data (N p 89) for a suite of five previously unstudied
edible cacti possessing a Crassulacean acid metabolism (CAM)
photosynthetic pathway. Our results show that these plants
have δ13C values overlapping C4 photosynthesizers such as
maize. In order to understand their potential economic im-
portance, we present additional procurement, processing, and
nutritional data from actualistic experiments and the pub-
lished literature. Using these data, we show why low levels of
CAM plant consumption should be expected and how doing
so may mimic a pattern of isotopically mixed diets often
attributed to maize use.

The nature of late Holocene subsistence and economy, es-
pecially the role of wild resources versus domesticated corn,
has been a pivotal focus of research in central-western Ar-
gentina over the last decade (Gil, Neme, and Tykot 2010, 2011
and references therein; Gil et al. 2006 and references therein).
The region, centered in the southern and central province of
Mendoza (fig. 1), represents an agricultural frontier. To the
south, farming never took place, while to the north, domes-
ticates such as corn played a major economic role, particularly
in areas dominated by complex Andean civilizations of the
last 2,000–3,000 years.

Two lines of evidence have been central to debates over the
role of corn on this frontier. One is the presence of corn
kernel and cob fragments from 17 archaeological sites dating

� 2014 by The Wenner-Gren Foundation for Anthropological Research.
All rights reserved. 0011-3204/2014/5506-0009$10.00. DOI: 10.1086/
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to within the last 3,000 years and concentrated along the
Diamante River and the northern flanks of Cerro Nevado (fig.
1; Llano 2011 and references therein). The other is a growing
set of human remains from throughout southern Mendoza
exhibiting δ13C values consistent with moderate to high con-
sumption of C4 photosynthesizing plants such as corn. Neither
line of evidence has provided a clear-cut indication of the
economic importance of maize.

While the macrofossils provide unambiguous proof that
maize was known in southern Mendoza, the size of the sam-
ples recovered is small (131 kernels, 4 cob fragments) and in
at least one instance occurs in a burial context. None of the
finds are associated with evidence for storage, and sites with
substantial investment in domestic architecture are rare to
absent in the region. El Indigeno, a notable exception that
also contains corn macrofossils, is located at over 3,000 m
elevation and unlikely to have served as a residential farming
base. Given abundant evidence for corn farming farther north
in San Juan province and, to a lesser extent, the northern
reaches of the province of Mendoza itself, a smattering of
maize throughout the south of the province might be expected
and simply indicate trade and interaction with more estab-
lished agricultural groups elsewhere.

This inference has to be weighed against evidence for pos-
sible maize consumption seen in the bone isotope values of
locally occurring human remains. In humans and other an-
imals, bone isotope values reflect the isotopic composition of
longer-term diet mediated by the metabolic pathways by
which various isotopes are fixed into the tissues (Hobson and
Schwarcz 1986; Kelly 2000; Koch 1998). In terrestrial settings,
those dietary values are fundamentally driven by variation in
plant photosynthetic pathway, which covaries with discrim-
ination against 13CO2 (Farquhar, Ehleringer, and Hubick
1989). Cool-season grasses and more than 98% of the dicots
(virtually all trees and most shrubs and herbaceous plants)
use C3 photosynthesis. This pathway discriminates heavily
against 13C, and C3 plants exhibit an average δ13C value of
�26.7 � 2.7‰ (Cerling, Ehleringer, and Harris 1998). The
C4 photosynthetic pathway is characteristic of maize and a
small array of grasses, forbs, and shrubs where daytime grow-
ing-season temperature exceeds 22ºC and precipitation ex-
ceeds 25 mm (Ehleringer et al. 1997). C4 photosynthesis dis-
criminates less against 13C, produces average δ13C values of
�12.5 � 1.1‰ (Cerling et al. 1998), and does not overlap
the range of δ13C values for C3 plants. Modern averages are
≈2‰ more negative than plants grown before fossil fuel de-
pletion of atmospheric CO2 (Bada et al. 1990; Francey et al.
1999; Keeling et al. 2010).

Humans subsisting purely on C3 plants or herbivores that
feed on such plants should have bone collagen δ13C values
around �21.5‰, those feeding entirely on C4 plants and C4

herbivores values around �7.5‰, and those on mixed diets
values somewhere in between (assuming diet-collagen dis-
crimination of �5‰; Tykot et al. 2009). Because maize is by
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Figure 1. Map of the province of Mendoza, Argentina. A color version of this figure is available online.

far the most economically important C4 plant in the New
World, highly elevated δ13C values in humans have been taken
to indicate high levels of corn use and are regularly used to
track the spread of maize agriculture (e.g., Schwarcz 2006;
Schwarcz and Schoeninger 1991). In a sample of 86 prehistoric
bone collagen samples from Mendoza (Gil, Neme, and Tykot
2011, table 1), human δ13C values varied from �20.9 to
�10.8‰, and the authors make exactly this inference: a hand-
ful of individuals with the most elevated δ13C values were
likely heavily reliant on maize, while in the majority of cases
maize may have contributed to the diet but was never a staple
(Gil, Neme, and Tykot 2011:1338).

This interpretation depends heavily on the role of wild,
13C-enriched resources in the diet, however. There are a num-
ber of plants and animals in central-western Argentina that
either have or may have intermediate to positive δ13C values,
and their incorporation in even moderate amounts would
provide a fully consistent explanation for many of the “mixed

diet” signals seen in the human isotope data. Some of these
are edible plants, including South American saltbush (Atriplex
lampa) and an array of edible cacti. Others include a range
of aquatic animals and small to medium sized herbivores able
to feed on wild C4 grasses common to lower elevation settings
(Cavagnaro 1988). If any of these were used to complement
domesticates, they could easily relegate maize contributions
for all but the most positive sets of human remains from
“staple” to simply “significant.”

For this reason, it is important to evaluate the full range
of potential resources in terms of their possible contributions.
Here we focus on one set of such resources, the cacti. In the
sections that follow, we identify a suite of five edible cacti
common to central-western Argentina, three with edible fruit
(Cereus aethiops, Maihuenia poeppigii, and Opuntia sulphurea)
and two with edible geophytes (Maihueniopsis darwinii var.
hickenii, and Pterocactus tuberosus). We review data on their
biology and distribution, present data on procurement and
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Table 1. Stable isotope values for five edible cacti species from western Argentina

ID Genus Species δ13C δ15N Weight %C Weight %N

ASIP 259 Cereus aethiops �13.5 �.7 51.3 2.6
ASIP 260 Cereus aethiops �13.4 1.6 48.6 2.4
ASIP 261 Cereus aethiops �13.7 2.0 46.6 2.7
ASIP 262 Cereus aethiops �13.2 5.6 43.8 2.5
ASIP 263 Cereus aethiops �13.1 8.7 43.0 3.2
ASIP 264 Cereus aethiops �12.4 7.0 45.8 2.1
ASIP 264 Cereus aethiops �12.3 10.3 46.4 2.1
ASIP 265 Cereus aethiops �13.5 5.1 47.8 2.6
ASIP 311 Cereus aethiops �13.1 1.7 51.5 3.2
ASIP 312 Cereus aethiops �13.2 2.5 52.0 2.5

Mean �13.1 4.4
SD .5 3.5

ASIP 293 Maihuenia poeppigii �22.9 .1 30.7 .8
ASIP 294 Maihuenia poeppigii �22.9 �.5 39.7 .9
ASIP 295 Maihuenia poeppigii �24.1 1.8 38.4 1.6
ASIP 296 Maihuenia poeppigii �19.6 2.1 41.2 1.8
ASIP 297 Maihuenia poeppigii �19.9 .7 37.9 .9
ASIP 298 Maihuenia poeppigii �20.1 2.2 43.8 1.8
ASIP 299 Maihuenia poeppigii �22.6 �.2 39.6 1.0
ASIP 300 Maihuenia poeppigii �21.8 .6 42.2 2.2

Mean �21.7 .9
SD 1.7 1.1

ASIP 24 Maihueniopsis darwinii �11.5 1.9 31.6 .6
ASIP 25 Maihueniopsis darwinii �12.2 �.5 36.5 .3
ASIP 29 Maihueniopsis darwinii �11.5 �1.7 28.9 .3
ASIP 30 Maihueniopsis darwinii �11.3 �1.6 31.8 .4
ASIP 31 Maihueniopsis darwinii �10.9 �.7 27.2 .4
ASIP 32 Maihueniopsis darwinii �10.7 �.6 31.7 .2
ASIP 33 Maihueniopsis darwinii �11.7 �3.5 32.9 .2
ASIP 34 Maihueniopsis darwinii �11.8 2.2 34.2 .2
ASIP 106 Maihueniopsis darwinii �11.7 .6 35.5 .7
ASIP 106 Maihueniopsis darwinii �11.9 �.1 36.5 .8
ASIP 107 Maihueniopsis darwinii �11.5 �.3 39.8 .5
ASIP 108 Maihueniopsis darwinii �12.2 �.7 37.3 .6
ASIP 109 Maihueniopsis darwinii �11.9 1.6 38.7 .7
ASIP 110 Maihueniopsis darwinii �11.7 �2.0 38.6 1.4
ASIP 123 Maihueniopsis darwinii �12.5 2.4 34.9 1.1
ASIP 124 Maihueniopsis darwinii �11.4 7.5 36.9 .9
ASIP 128 Maihueniopsis darwinii �11.5 �.5 30.8 .3
ASIP 138 Maihueniopsis darwinii �11.9 .4 36.9 .5
ASIP 139 Maihueniopsis darwinii �12.0 .7 35.6 .2
ASIP 140 Maihueniopsis darwinii �11.6 �1.2 35.1 .2
ASIP 141 Maihueniopsis darwinii �12.6 1.3 30.3 .3
ASIP 142 Maihueniopsis darwinii �12.0 1.5 39.1 .3
ASIP 144 Maihueniopsis darwinii �11.7 �.5 41.4 .5
ASIP 145 Maihueniopsis darwinii �12.1 �.8 39.3 .3
ASIP 146 Maihueniopsis darwinii �11.3 �1.0 41.2 .3
ASIP 287 Maihueniopsis darwinii �12.8 �.8 38.6 .5
ASIP 288 Maihueniopsis darwinii �13.3 �1.0 33.8 .5

Mean �11.8 .1
SD .6 2.0

ASIP 217 Opuntia sulphurea �14.4 4.0 36.8 .5
ASIP 218 Opuntia sulphurea �13.6 4.8 53.6 2.1
ASIP 219 Opuntia sulphurea �13.0 .5 36.9 .6
ASIP 220 Opuntia sulphurea �12.2 1.6 38.0 .6
ASIP 221 Opuntia sulphurea �12.0 2.0 35.6 .4
ASIP 233 Opuntia sulphurea �13.3 3.6 36.7 .6
ASIP 234 Opuntia sulphurea �14.2 7.8 35.5 .8
ASIP 235 Opuntia sulphurea �16.0 5.4 42.3 1.3
ASIP 236 Opuntia sulphurea �13.6 4.0 37.6 .8
ASIP 254 Opuntia sulphurea �13.5 1.9 39.3 .4
ASIP 255 Opuntia sulphurea �24.3 11.1 40.6 2.4
ASIP 255 Opuntia sulphurea �12.8 8.7 39.5 .5
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Table 1 (Continued)

ID Genus Species δ13C δ15N Weight %C Weight %N

ASIP 257 Opuntia sulphurea �12.8 5.2 43.9 .4
ASIP 258 Opuntia sulphurea �12.9 4.2 37.4 .5
ASIP 266 Opuntia sulphurea �13.4 4.5 40.1 .6
ASIP 267 Opuntia sulphurea �13.2 7.0 37.7 .5
ASIP 268 Opuntia sulphurea �12.9 4.7 40.4 .7
ASIP 269 Opuntia sulphurea �14.2 1.7 37.6 .5
ASIP 270 Opuntia sulphurea �13.8 10.4 27.6 .8
ASIP 306 Opuntia sulphurea �15.6 �.8 39.0 1.4
ASIP 307 Opuntia sulphurea �14.8 �.1 39.0 .8
ASIP 308 Opuntia sulphurea �13.0 6.0 40.2 .6
ASIP 309 Opuntia sulphurea �13.0 �4.8 41.6 .6
ASIP 310 Opuntia sulphurea �13.0 9.0 40.7 .8

Mean �14.0 4.3
SD 2.4 3.7

ASIP 1 Pterocactus tuberosus �12.9 2.6 39.5 1.3
ASIP 2 Pterocactus tuberosus �12.6 3.9 36.9 1.3
ASIP 3 Pterocactus tuberosus �13.9 4.5 36.3 1.0
ASIP 3 Pterocactus tuberosus �13.6 4.7 34.3 .9
ASIP 4 Pterocactus tuberosus �12.0 �2.7 39.7 .3
ASIP 6 Pterocactus tuberosus �11.1 �1.8 39.5 .7
ASIP 7 Pterocactus tuberosus �11.9 �1.3 39.4 .6
ASIP 8 Pterocactus tuberosus �12.8 .7 37.9 1.2
ASIP 9 Pterocactus tuberosus �13.3 2.0 40.0 1.3
ASIP 10 Pterocactus tuberosus �13.3 �1.6 37.9 1.0
ASIP 11 Pterocactus tuberosus �11.5 .1 40.3 .7
ASIP 12 Pterocactus tuberosus �12.7 .0 35.2 1.0
ASIP 13 Pterocactus tuberosus �12.4 �1.7 34.3 .7
ASIP 35 Pterocactus tuberosus �12.5 �2.2 34.6 .9
ASIP 125 Pterocactus tuberosus �11.3 �1.2 41.3 .5
ASIP 126 Pterocactus tuberosus �12.2 �.3 44.3 .4
ASIP 127 Pterocactus tuberosus �10.5 �.9 34.2 1.1
ASIP 191 Pterocactus tuberosus �13.4 2.6 40.8 .8
ASIP 192 Pterocactus tuberosus �12.8 2.7 39.4 .6
ASIP 193 Pterocactus tuberosus �12.7 3.5 40.0 1.1

Mean �12.5 .7
SD .9 2.4

Note. Stable isotope values reported relative to VPDB (carbon) and AIR (nitrogen).

processing experiments relevant to assessing their potential
economic importance, and provide data on their isotopic val-
ues. We show that all taxa provide moderate to high energetic
returns that would have made them attractive resources when
available and that they have moderate to highly positive δ13C
values. We conclude by discussing the potential contributions
of these plants to human isotope signals from central-western
Argentina and highlight areas for future research in the region
and elsewhere.

Material and Methods

Cacti Characteristics and Use

The Cactaceae are a diversified group of New World plants
most noted for their water-conserving morphology and pho-
tosynthetic system. The family is both interesting and chal-
lenging because of its varied morphology, adaptations to the
environment, and reproductive systems (Kiesling 1984). In
western Argentina, cacti occur throughout the Monte desert,
with particularly cold and wind resistant taxa occurring in

the foothills and Andes to an elevation of over 4,000 m. Five
specific taxa are of interest here (fig. 2; descriptions sum-
marized from Kiesling and Ferrari 2005; Trevisson and De-
maio 2006; Zuloaga, Morrone, and Belgrano 2008):

Cereus aethiops Haw. Plants that, when mature, form stately
clumps of tall slender blue-green stems studded with black
spines. Once the stem is 3–4 feet tall it blooms several times
in the summer, producing funnel-shaped white flowers. The
fruit is ovoid, dehiscent, and edible. Blooms between Decem-
ber and January, fruits between February and March.

Maiheunia poeppigii (Otto ex Pfeiff.) K. Schum. This plant
forms dense cushions consisting of hundreds of individual
segments and growing up to more than a meter in size. The
species is cold-hardy and moisture resistant. Mats consist of
cylindrical stems with small, succulent leaves and white spines.
The flowers are large, soft, satiny, and lemon-yellow; the fruits
are edible. Blooms between November and December, fruits
between February and March.

Maiheuniposis darwinii (Hensl.) F. Ritter var. hickenii
(Britton & Rose) R. Kiesling. Plant forms mats up to 80 cm
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Figure 2. Five edible cacti from Mendoza, Argentina. Left to right, from top: Cereus aethiops, Maihuenia poeppigii, Maihueniopsis
darwinii, Opuntia sulphurea, and Pterocactus tuberosus. A color version of this figure is available online.
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in diameter. The stems may be very tight or loose depending
on clones and form olive-green, ovoidal cladodes. Roots are
enlarged and tuberous. Flowers are dirty yellow-orange, 5–6
cm in diameter. The fruits are fleshy and 4 # 2.5 cm in size,
becoming yellow-orange at maturity. Both roots and fruits
are edible. Blooms between November and December, fruits
between February and March.

Opuntia sulphurea Gillies ex Salm-Dyck. Low-standing cac-
tus, up to 30 cm tall. Pads more or less discoid, 10–20 cm
diameter and 3 cm thick. Flowers are yellow, rarely pink, 6
cm long, and 5 cm in diameter. Fruits are ovoid-truncate, 3.5
cm diameter and yellow inside and out. Fruits are edible (pads
likely so, though their use is not recorded). Blooms between
October and February, fruits between April and January.

Pterocactus tuberosus (Pfeiff.) Britton & Rose. A geophytic
cactus with large, tuberous roots and thin, fragile, light blue
to brownish-purple stems. Stems break easily, but regenerate
from the root. Flowers are a pale to deep yellow, and the
stigma can go from almost white to pink or to deep red. The
flowers are produced from the apex of new growth. Roots are
edible. Blooms between November and December, fruits be-
tween December and January.

Ethnobotanical and archaeobotanical studies document the
use of these xeric species since ancestral times in Argentina,
including the use of both fruits and plants with underground
organs (tubers, rhizomes, bulbs, and roots; e.g, Kiesling 1968;
Ladio 2001; Ladio and Lozada 2009; Ladio et al. 2007; Mar-
tı́nez-Crovetto 1982, 1963; Musters 1964; Nacuzzi and Pérez
de Micou 1985; Ruiz Leal 1972). Fruits are eaten raw or dried
for later use. Roots were eaten raw, cooked (boiled, roasted
among hot coals, cooked in animal fat), or ground and then
processed into flour for making bread. Fermentation of tubers
and roots was also a common practice. Acquisition involved
little more than a knife or digging stick.

Isotope Data

Unlike the majority of plants, members of the Cactaceae rely
on Crassulacean acid metabolism (CAM) photosynthesis (Os-
mond et al. 1973). Since plants using CAM photosynthesis
can take on a range of δ13C values overlapping those of both
C3 and C4 photosynthesizers, having isotopic data on each
taxon is important. For each species, we collected and dried
several grams of edible tissue, either fruit or root. The material
was dried in a drying oven at 65ºC, then ground to a fine
powder using a BioSpec Mini-Beadbeater-1 homogenizer. In-
dividual samples were then measured into tin cups and sent
to the Stable Isotope Ratio facility for Environmental Research
(SIRFER) at the University of Utah for combined C and N
analysis.

Sample δ13C and δ15N were determined by flash combus-
tion to produce CO2 and N2 gas and measured on a Finnigan
Delta Plus mass spectrometer coupled to a Carlo Erba EA118
CHN elemental analyzer at SIRFER. Both stable isotope mea-
surements and sample weight percent carbon and nitrogen
were obtained from a single sample combustion. Standard

deviations for laboratory reference standards were 0.1‰ for
carbon (measured relative to V-PDB) and 0.2‰ for nitrogen
(measured relative to AIR).

These results are summarized in table 1. Mean δ13C values
for all taxa vary between �11.8‰ and �14.0‰, with the
exception of Maihuenia poeppigii (�21.7‰). Although there
is substantial variation in CAM photosynthesis and CAM cy-
cling across the many species that use it (Luttge 2004), all
cacti are obligate CAM photosynthesizers. They do not cycle
in and out of CAM versus C3 photosynthesis as seen in some
plants, and the degree of carbon isotope discrimination is
strongly correlated with the proportion of CO2 fixed during
the day or night (Cernusak et al. 2013; Winter and Holtum
2002). The greater 13C discrimination seen in M. poeppigii
thus likely reflects increased daytime CO2 fixation, perhaps
facilitated by its distribution in cooler, higher-elevation areas
of the Andes and surrounding piedmont.

Nutritional Data

In addition to isotopic data, we analyzed samples of three
taxa for basic nutritional composition. Several hundred grams
of Opuntia fruits and Pterocactus and Maihueniopsis root were
collected in the field, cleaned, and frozen prior to being sent
to the Center for Technological Studies, Faculty of Applied
and Industrial Sciences, at the University of Cuyo. There the
samples were analyzed for crude moisture, ash, dietary fiber,
protein, fat, carbohydrate, and energetic content following the
methods proposed by the Association of Analytical Com-
munities (AOAC 2005). Both fruits and geophytes are car-
bohydrate rich, roughly 50%–75% water, and provide be-
tween 65 and 115 kcal/100 g (table 2).

Table 2 also includes published nutritional data for fruits
from four related Opuntia taxa (nine samples total) and three
fruiting columnar cacti in the same subfamily as Cereus ae-
thiops (Cactoideae). The compositions of the cactus fruits are
broadly similar, with digestible sugars contributing the ma-
jority of food energy. Total energetic values are also broadly
similar, roughly 60 kcal/100 g (range 34–75 kcal/100 g), with
variation in the estimates being tightly tied to the percent of
carbohydrates and, by extension, water content of the samples.
The Opuntia sulphurea samples stand out from all other
Opuntia fruits due to their low water content, high digestible
fiber (at 2.5 kcal/g; AOAC 2005), and correspondingly high
caloric value. Given how similar the other cactus fruit data
are even across subfamilies, we suggest that a mean energetic
value of 60 kcal/100 g and a range of 35–115 kcal/100 g can
be used to characterize unknown taxa and assign this value
to our Maihuenia poeppigii fruit as well.

Experimental Return Rates

Estimated energetic return rates (in kcal/hr) for each cactus
taxa are provided by combining the nutritional and energetic
data with experimental work on collection times. Data for
Opuntia sulphurea and Pterocactus tuberosus come from Llano
and Ugan (2010). In each case, two to four individuals col-
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Table 2. Nutritional data per 100 g edible portion of cactus fruits and geophytes from western Argentina

Taxon Moisture Ash Fiber Protein Fat Carbs kcal Source

Maihueniopsis darwinii 75.9 7 2.4 .5 14.2 65 This paper
Opuntia sulphurea 56.7 3.3 32.1 1.7 .7 5.5 115 Llano and Ugan (2010)
Pterocactus tuberosus 73.4 5.3 2.6 .5 18.2 81 Llano and Ugan (2010)
Stenocereus griseus a 84.1 1.1 2.7 1.1 .2 10.9 50 Bravo-Hollis and Sán-

chez-Mejorada (1991)
Stenocereus stellatus a 86.3 .5 .3 1 .3 11.7 53 Bravo-Hollis and Sán-

chez-Mejorada (1991)
Hylocereus undatus 84.4 .7 1.6 .6 12.7 63 FAO/Latinfoods (2002)
Opuntia spp.b 85.3 .5 .8 .1 13.3 57 FAO/Latinfoods (2002)
Maihuenia poeppegii c 60 Estimated

a Cited in González (2006).
b Average of nine samples from five Latin American countries.
c Estimated energetic value given the data from Opuntioideae and Cactoideae fruits.

lected roots or fruits in a series of 30-minute foraging bouts.
Opuntia fruits were collected by hand and Pterocactus roots
using a simple, traditional digging stick. No gloves or other
special gear were used. Roots and fruits collected during each
experiment were bagged in the field and weighed upon re-
turning to the laboratory. Return rates in kcal/hr are presented
in table 3.

We also estimate returns for Cereus aethiops and Maihuenia
poeppigii. These estimates use the reported or estimated en-
ergetic values from table 2 and assume yields (kg/hr) similar
to the Opuntia experiments. Because Maihuenia fruits often
occur in patches, collection can occur in a sustained fashion
similar to the prickly pears, and we expect these estimates to
be reasonably close. Cereus cacti, in contrast, typically oc-
curred as isolated or sparsely distributed individuals rather
than in large patches. Fruits were also quickly and easily re-
moved. As a consequence, actual return rates may be some-
what higher than reported here, though total yields (kg) would
be small.

Finally, table 3 provides new data for Maihueniopsis roots.
As with Cereus, Maihueniopsis encounters tend to occur with
isolated or sparsely distributed individuals. Eight individual
cacti were collected for various analyses. The whole plant was
removed in each case, and the samples weighed in the lab the
same day. In four cases, we also recorded the time required
to extract the plant (approximately 5 minutes per plant using
simple digging sticks). Average yields are based on the weights
of all eight cacti, and collection times extrapolated from the
four timed experiments. Overall yields in kcal/hr are high, as
one would expect given the ease of extracting the roots and
their large size (750 � 200 g/root). While sustained digging
in larger patches would reduce these returns somewhat, we
would expect them to remain high, competitive, and on par
with returns for other large geophytes reported in the liter-
ature (e.g., Kelly 1995 and references therein).

Discussion and Conclusion

Of the five edible cacti species considered here, four have
stable isotope values that clearly overlap the range of C4 plants

such as maize: Cereus aethiops (δ13C p �13.1), Maihueniopsis
darwinii (δ13Cp �11.8), Opuntia sulphurea (δ13C p �14.0),
and Pterocactus tuberosus (δ13C p �12.5). These are also
modern values, and affected by the large amounts of 13C-
depleted CO2 introduced into the atmosphere since the in-
dustrial revolution. Accounting for this difference implies pre-
historic δ13C values about 2‰ more positive than modern,
so between �12.0‰ and �9.8‰. With an average prehistoric
C3 dietary δ13C value of �24.5‰, a CAM δ13C value of
�13‰, and a diet-collagen offset of �5‰, expected human
collagen δ13C would be between �18.9‰ and �17.2‰ if
cacti contributed as little as 5%–20% of dietary carbon. This
assumes that the cacti are the only source of enriched carbon,
and if so they would account for the dietary signature of
almost a third of the individuals reported for west-central
Argentina (Gil, Neme, and Tykot 2011; table 1).

The preferential routing of proteins to bone collagen for-
mation (Ambrose and Norr 1993; Fogel and Tuross 2003;
Froehle, Kellner, and Schoeninger 2010; Howland et al. 2003;
Jim et al. 2006; Schwarcz 2000; Tieszen and Fagre 1993) and
the low protein content of the edible fraction of these cacti
might bias these estimates. However, using bone apatite δ13C
values, which reflect whole diet (Ambrose and Norr 1993;
Kellner and Schoeninger 2007; Schwarcz 2000), and assuming
a 10.1‰ apatite-diet spacing (Fernandes, Nadeau, and
Grootes 2012), produces similar results. Expected human ap-
atite values would be between �13.8‰ and �12.1‰, ac-
counting for between 14% and 39% of the individuals. Similar
isotope values have been attributed to similar patterns of re-
source use among archaic hunters and gatherers of the Amer-
ican Southwest (Chisholm and Matson 1994). While these
values are very general and will vary to some degree given
specifics such as protein routing, collagen versus apatite sig-
nals, exact discrimination values, and so on, the potential
contribution of cacti clearly remains important.

Assessing just how large a contribution cactus may have
made is more difficult. Botanical studies in the region have
focused on issues of taxonomy and distribution (Kiesling
1968, 1971, 1975, 1984, 2003; Kiesling and Ferrari 2005).
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Table 3. Experimental return rates for five edible cacti taxa from western Argentina

Taxon kg/hr kcal/kg kcal/hr Notes

Cereus aethiops 1.8 600 1,080 Estimated returns
Maihuenia poeppigii 1.8 600 1,080 Estimated returns
Maihueniopsis darwinii a 9 650 5,850 Average of 4 time trials,

8 sample weights
Opuntia sulphurea a 1.8 1,150 2,070 Average of 4 trials
Pterocactus tuberosus a 1.05 810 850 Average of 6 trials

a Data from Llano and Ugan (2010).

There are no quantified data on the natural density or pro-
ductivity of these taxa, little in the way of descriptive com-
mentary, and there are also the potential impacts of domestic
cattle and goats to consider in some parts of the region. These
problems are most severe for Maihuenia fruits and especially
Maihueniopsis roots.

While we lack quantitative information on Pterocactus tub-
erosus, our own experience is that they occur in sparse to
moderately dense (5–10 plants/100 m2) patches. Kiesling
(1968) describes encountering dense patches of these cacti as
well, and notes that under favorable precipitation regimes they
can reproduce twice per year (R. Kiesling, pers. comm.).
While the edible roots of these cacti are smaller than those
of Maihueniopsi, their total yields and dietary contribution
may well be higher.

Finally, there are Cereus aethiops and Opuntia sulphurea.
Again, few data are available on these taxa specifically. How-
ever, there is an abundance of data on their near relatives,
many of which were extremely important to Native Americans
in the past and remain actively cultivated today (Nobel 2002).
All prickly pear (Opuntia sp.) fruits and pads are edible. Plants
typically yield between 20 and 40, 200 g pads per plant, with
several fruits per pad (Myers 1998). Commercial O. ficus-
indica in San Juan, Argentina, produce 60 fruits on mature
plants (Caloggero and Parera 2004), and commercial yields
can be in the range of five tons per hectare (Inglese, Basile,
and Schirra 2002). O. sulphurea is found throughout the
Monte desert of southern Mendoza, often in large stands, and
while macrobotanical remains of fruits are rare, we expect it
to have been an important and widely utilized resource. While
Cereus and other columnar cacti are found throughout the
region today, they do not occur at the densities of confamiliars
exploited by the Seri Indians and other indigenous peoples
of northern Mexico and the American Southwest (e.g., Felger
and Moser 1977). Lacking evidence to the contrary, we assume
that these cacti were similarly scarce in the past and that their
fruits represented welcome but intermittent additions to the
diet.

Given data from actualistic experiments on return rates, all
of the cacti analyzed should have been exploited when avail-
able. Four would have enriched human collagen δ13C values,
mimicking the effects of maize and confounding efforts to
determine contributions of this important domesticate to pre-
historic diets. Exactly how much of a contribution the cacti

might have made to the diet remains unknown due to the
lack of clear data on either modern or prehistoric abundances.
We looked at the effects of a hypothetical contribution of 5%–
20% of diet to human isotopic signatures and would suggest
that those values serve as a fair starting point. Based on the
limited published information on these cacti and their rela-
tives, as well as our experience searching for and extracting
them, a long-term contribution in the 5%–10% range would
seem a reasonable, conservative estimate, with most of that
contribution coming from the more productive O. sulphurea
and P. tuberosus. Doing so would elevate human δ13C sig-
natures and reduce or eliminate the amount of maize (or
other C4 plant) consumption implied. As a consequence, the
amount of maize implied by these positive values may well
be less than once believed, particularly where the archaeo-
logical record indicates only a moderate reliance on domes-
ticates. This has implications for how human isotope data are
interpreted both in central-western Argentina and in analo-
gous circumstances in arid environments elsewhere.
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