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a b s t r a c t

The extraordinary record of prehistoric rock art depicting tens of thousands of animal images in the Coso
Range of eastern California provides an opportunity to study the relationship between aboriginal
hunting, forager ecology, bighorn prey population levels, and the production of rock art. We review
archaeofaunal evidence that the Coso desert bighorn sheep population was strongly depleted during the
Newberry era after 1500 B.C. We discuss the dating of the rock art and show a correlation between
bighorn depletion and increased rock art production. These data are consistent with the arrival of Numic
foragers ca. A.D. 600 who competed with the Coso Pre-Numics and eventually terminated the Coso rock
art tradition. An ecological predator-prey computer simulation of the human populations (Numic and
Pre-Numics), the sheep population, and the rock art ‘‘population’’, demonstrates these proposed inter-
connections and gives a reasonable fit to the observed rock art production rate.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The Coso Range of eastern California has been occupied by
humans since the Paleoindian period. The early inhabitants of the
area left pecked rock images in very large numbers. Beginning
roughly 2000/1500 B.C. and ending about A.D. 1300, aboriginal
people left an elaborate record of hunting scenes with bighorn
sheep (Ovis canadensis) as their prey. Over time the images become
more naturalistic or realistic, larger in size and the image count
increases remarkably during its peak period of production and then
inexplicably at its peak after about A.D. 1300 the art ceased being
produced. There are at least 100,000 individual rock art images
represented in the Coso petroglyph record and it is estimated that
about half are depictions of bighorn sheep. The Coso Rock Art
Complex is one of the largest concentrations of rock drawings in all
of North America.
Garfinkel), young5@llnl.gov
. Yohe II).

All rights reserved.
Such a striking array of naturalistic or realistic images is very
unusual for the Desert West and this startling record begs explica-
tion. Early researchers posited that the tremendous numbers of
bighorn representations were indicative of vast herds of bighorn
sheep that occupied the area in the distant past. Prehistorians
implied that periods of peak sheep hunting correlated with the
greatest abundance of bighorn rock art images. Prehistoric animal
images were part of a bighorn sheep cult. These images figured in
increase rites designed to ensure the return of game animals,
human, plant, and animal fecundity, and the health and well-being
of the Coso people and their way of life (Garfinkel, 2006; Grant et al.,
1968; Hildebrandt and McGuire, 2002; Heizer and Baumhoff, 1962).

This paper provides a population estimate for the meta-
population (a group of spatially separated or isolated animals that
occupy a fragmented habitat, have limited exchange of individuals,
and consist of a number of animal groups that interact in
a restricted geographic area) of Coso bighorn and simulates the
population dynamic of the local herds in light of human predation.
It evaluates the proposition of whether it is possible that bighorn
were overharvested and depleted. Archaeofaunal data are adduced
to provide a timeline, trajectory, and independent evaluation of the
plausibility for bighorn resource depression. It also posits that the
Coso inhabitants were seeing population pressure and conflicting
land use issues from the neighboring Numic groups to the north
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moving into their territory from the Owens Valley. Standard
ecological competition and predator-prey models are applied to
simulate human and sheep populations. The simulation models
sheep hunting across time and also models rock art production. We
develop a model of the competing Numic and pre-Numic exploi-
tation and land use strategies and close by providing a partial
explanation of why the Coso Range was such an extraordinary focus
of rock art expression.

2. Aboriginal ecology and resource depression

There is a continuing debate about the capacity of foraging
societies to manage their prey species and avoid resource deple-
tion. Some writers assert that Native American population numbers
were too low or their technology too simple to have a significant
impact (Hunn, 1982; Lyman and Cannon, 2004; Yochim and
Michael 2001). Others argue that indigenous Americans were too
knowledgeable about prey population dynamics to overexploit
them or they managed resources based on a conservation ethic
(Bettinger,1976; Bodley, 1990:3; Booth and Jacobs, 1990:31; Nelson,
1983; Repetto and Holmes, 1983:612; Stoffle, 2005).

It is often asserted that Native religious beliefs prevented them
from over-exploiting their resources (e.g., Nelson, 1983; Stoffle,
2005). Native peoples do tend to view animals as part of their
Fig. 1. Location map of Cos
extended spiritual family. Propitiation ceremonies, post-mortem
animal funerals, and ritual atonement for the killing of animals
(Harrod, 2000; Hultkrantz, 1981, 1987) often ensured hunting
success. Yet many groups had inaccurate ideas about the causes of
resource depletion and consequences of their continued procure-
ment (Lee and Daly, 1999; Raven, 1990). If game were scarce, it was
not due to overexploitation but a consequence of the displeasure of
deities. Events in the natural world such as declining resources or
unsuccessful hunts arose from offenses to supernatural animal
masters and ritual violations (Garfinkel, 2006, 2007; Harrod,
2000:122).

In addition, there is increasing evidence that aboriginal foraging
populations could and did overexploit game (Broughton, 1994,
2002; Grayson, 2001; Hames, 2007; Jones et al., 2008; Kay, 1994;
Kay and Simmons, 2002). A rather exhaustive review of anthro-
pological and historical case studies concluded that aboriginal
people ‘‘made no systematic efforts to conserve game species and
historically decimated many of those upon which they depended’’
(Hames, 2007; sensu Krech, 1999, 2005).

Byers and Broughton (2004), commenting on prehistoric
hunting practices in the Great Basin and their effect on the distri-
bution and abundance of large game, assert that,

‘‘Despite generally favorable environmental conditions for
artiodactyls [during the late prehistoric]. in certain contexts,
o Region in California.



Fig. 2. Coso Representational rock art, Coso Style sheep, bowmen, and more ancient,
patinated abstract and geometric petroglyph elements.
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human hunting pressure appears to have ultimately overtaken
them, causing substantial population declines (italics and copy
within brackets added)’’.

Artiodactyl numbers apparently declined substantially due to
prehistoric aboriginal predation in the eastern Great Basin during
the period from A.D. 450 to 1050 (Janetski, 1997). In California
populations of certain high-ranked prey taxa were depressed
during the prehistoric era (cf. Broughton, 1994, 2002; Hildebrandt
and Jones, 2002). In this paper we accept the depletion hypothesis
and develop a model with a strong relationship between bighorn
depletion and the production of rock art in the Coso Range.

3. Coso rock art

The Coso Rock Art Complex is located largely within the Coso
Range of eastern California and is mostly found within the Naval Air
Weapons Station, China Lake (Fig. 1). Impressive numbers of
petroglyphs occur on basalt flows, canyon walls, and isolated
boulders. The petroglyphs are associated with various archaeo-
logical sites: rockshelters, hunting blinds, dummy hunters (stacked
stone representations of human hunters), rock rings, milling
features, open-air middens, obsidian quarries, and flake scatters.
The Naval facility provides restricted access, and petroglyphs are
well preserved and largely protected.

Most drawings are in a 90 square-mile area where at least
35,000 elements have been identified. Region-wide surveys
provide a conservative estimate of greater than 100,000 images for
all periods combined (Hildebrandt and McGuire, 2002; Keyser and
Whitley, 2006). The Coso Complex is apparently one of the largest
rock art concentrations in the United States and Canada (Grant
et al., 1968). One of their more remarkable characteristics is their
realism or naturalism (Figs. 2 and 3). Representations of game
animals (chiefly bighorn), hunters, weaponry (atlatls, bows, and
arrows) and ritual associations (dancers, costumes, bullroarers,
etc.) form a significant component of these images. Researchers
have labeled this tradition as the Coso Representational Style
(Schaafsma, 1986:218). Bighorn drawings are known throughout
western North America, and Coso sheep exceed the total for all
other regions combined (Grant et al., 1968:34).

3.1. Coso prehistory and rock art dating

The Coso Region has seen decades of intensive study (Garfinkel,
2007; Gilreath and Hildebrandt, 1997, 2008; Grant et al., 1968;
Lanning, 1963; and sources within). Coso prehistory has been
divided into the Mojave (10,000 B.C.–6500 B.C.), Little Lake (6500
B.C.–1500 B.C.), Newberry (1500 B.C.–A.D. 300), Haiwee
(A.D. 300–A.D. 1300), and Marana (A.D. 1300–historic) periods.

In brief, Newberry Period activities emphasized intensive
obsidian quarrying and toolstone reduction, ungulate hunting, and
rock art production. Several subsistence–settlement shifts,
1 Evidence has been presented elsewhere to support the notion that a population
replacement may have occurred in the Coso Region ca. A.D. 1000–1300 that would
have been associated with a series of radical shifts in adaptive strategies, exchange
patterns, and ideological systems (Garfinkel 2006, 2007). Alternately, no such
ethnolinguistic discontinuity may exist, and changes in subsistence-settlement,
socio-political, and ceremonial organization may have been a function of indige-
nous, autochthonous culture change and loss (cf. Steward 1968). The relationships
of rock art abundance, population size, and bighorn sheep ubiquity are not
necessarily tied to such a population replacement. The changes identified are more
pivotally synchronous with changes in technology (i.e. the introduction of the bow
and arrow), the continued over-harvesting of bighorn, and the associated peak
production and elaboration of Coso rock art. In short, it is clear that significant
cultural changes occurred in this region during this period; whether or not this is
the result of population in-migration remains to be more clearly demonstrated.
beginning ca. A.D. 600, are coincident with a cultural disjunction in
the following Haiwee Period. These changes include a decline in
large game hunting, an initial and growing emphasis on dryland
hard seeds, the beginning of intensive green-cone pinyon nut use,
and the mass harvest of easily procured and abundant small game
(Garfinkel, 2007; Gilreath and Hildebrandt, 1997, 2008). The
abundance and distribution of obsidian hydration measurements
have been used as proxy indicators of the timing and intensity of
these shifting patterns (Garfinkel, 2003;1 Gilreath and Hildebrandt
2008). The changes manifest in the Haiwee era, appear to reflect
Numic in-migration and distinctively different adaptations (Bet-
tinger and Baumhoff, 1982; Garfinkel, 2007).2

The initiation of the Haiwee era is coterminous with the
introduction of the bow and arrow. The inception of bow and arrow
use has been well established based on dozens of radiocarbon
determinations. These age determinations are associated with
chronostratigraphic correlations testifying to the advent of small
Rose Spring Series arrow points (Yohe, 1992, 1997).

Although proximity is no proof of association, repeated
correlations of single-component archaeological sites in direct
association with distinctive rock art styles have led to the estab-
lishment of plausible and reasonably sound chronological infer-
ences (Robins and Hays-Gilpin, 2000:234). Fortunately, Coso
petroglyphs have been the focus of large scale chronometric studies
based on decades of intensive scientific research (Gilreath, 1999;
Gilreath and Hildebrandt, 1997, 2008; Grant et al., 1968; Hilde-
brandt and Ruby, 2006; Rogers, in press). These efforts support rock
art associations with distinctive time diagnostics (arrow and dart
points dating to restricted time spans). They also provide persua-
sive evidence that petroglyph sites are directly associated with
2 The relationship and affinity of particular archaeological assemblages with
either a Numic or non-Numic (aka pre-Numic) population is subject to considerable
controversy (cf. Madsen and Rhode, 1994). Admittedly, it is very difficult to clearly
associate archaeological materials with particular ethnolinguistic entities. Some
researchers are persuaded and feel that the weight of present evidence supports
a distinctive discontinuity and population replacement in the Coso Range most
likely signaled by the in-migration of the Numa during the late prehistoric era. Such
a cultural manifestation would appear to be marked by Desert Side-notched and
Cottonwood points, ‘‘Numic Scratched’’ rock art, and distinctively different adaptive
strategies (cf. Bettinger and Baumhoff 1982; Hildebrandt and McGuire 2002; Gil-
reath 2007; Gilreath and Hildebrandt 2008). Other prehistorians are not so
convinced, see continuity in the Coso archaeological record, and insist on the
plausibility of an in place, autochthonous cultural devolution perhaps precipitated
by cultural instabilities (Pearson 2002; Yohe and Sutton 1999, 2000; Whitley 1998).
Nevertheless, an increase in Coso religious display is undoubtedly correlated with
a dramatic decline in artiodactyl exploitation.



Fig. 4. Numic Scratched and Coso Style bighorn at the mouth of Nine Mile Canyon.

Fig. 3. Coso Representational rock art, life-sized (7 ft in length from nose to tail)
bighorn sheep in Big Petroglyph Canyon.
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discrete, single-component prehistoric loci dated by substantial
samples of temporally restricted, Coso obsidian hydration
measurements, correlated with similarly aged time diagnostic
point types and associated with distinctively different depictions of
rock art subjects and styles (cf. Gilreath and Hildebrandt, 2008;
Grant et al., 1968; Hildebrandt and Ruby, 2006; Rogers, in press).

Additionally Coso rock art has been evaluated with a host of
rigorous temporal controls based on their subject matter (depic-
tions of darts and atlatls versus bows are arrows), style seriations
(bighorn form depictions, atlatl styles, and general subject matter –
dogs, atlatls and their forms, bow and arrow hunters, medicine
bags, Coso style bighorn, patterned body anthropomorphs),
superimposition (abstract pecked – the oldest, representational
pecked – intermediate, and scratched – recent and late dating),
relative revarnishing, and experimental X-ray fluorescence dating.
The most recent dating refinements rely on a large scale inventory
of 87 sites and an analysis of 19,202 petroglyph elements (Gilreath,
1999; Gilreath and Hildebrandt, 2008).

Based on these studies most prehistorians, now familiar with
Coso rock art diachronic production patterning, agree that Coso
petroglyphs were sporadically produced during the Mojave and
Little Lake periods. More intensive, regular activity and peak
production occurs in the Newberry (1500 B.C.–A.D. 300) and early
Haiwee eras (A.D. 300–1000). Of the nearly 100 obsidian hydration
measurements associated with Coso rock art, more than half are
late Newberry and Haiwee period determinations (1000 B.C.–A.D.
1300; 50 hydration measurements with a sample of 96 readings;
typically associated with time diagnostic Elko, Humboldt, and Rose
Spring point styles). An abrupt cessation of rock art production
occurs no later than A.D. 1300 (94% of 505 hydration measurements
fall into earlier time periods).

This abrupt cessation of Coso rock art manufacture is signaled by
replacement with a simple scratched style believed to be indicative
of a disruption by an exotic population (Bettinger and Baumhoff,
1982; Garfinkel, 2007; Gilreath and Hildebrandt, 2008; Hildebrandt
and Ruby, 2003; Hildebrandt and McGuire, 2002:245).

We see the Numic in-migration into the Cosos as a distinct
expansion emanating from the neighboring Owens Valley. This
trajectory is fueled by indigenous population pressure from the
adjacent, more well-watered, resource-rich territory bordering the
eastern Sierra. Population incursions and in-migration of exotic
colonizers into traditional Coso territory naturally spawned con-
flicting land use patterns, increased tension, and intense competi-
tion for limited available subsistence resources. This pattern is an
important agent helping to explain the extraordinary fluorescence
of rock art production dating to the Haiwee Period (A.D. 300–1300).
Scratched rock art (Fig. 4) is exclusively late and only charac-
teristic of the Marana Period co-occurring with Desert Side-
notched and Cottonwood points. Scratched elements have little to
no revarnishing and overlie Coso Representational and abstract
pecked designs. Older Coso Representation and Great Basin
Abstract pecked petroglyph elements never superimpose scratched
(Gilreath and Hildebrandt 2008). Scratched rock art elements are
presumed to be a cultural marker representing the in-migration of
the Numic and are a means of legitimizing their use of an otherwise
unfamiliar landscape (Quinlan and Woody 2003; Gilreath and
Hildebrandt 2008).

In summary, a wide variety of chronometric analyses confirms
that Coso petroglyphs were not made during the last 700 years
(contra Keyser and Whitley, 2006:18; Whitley, 2005) and were
exclusively a pre-Marana Period expression with a distinctive late
Newberry and early Haiwee emphasis. Single-component obsidian
dates support this chronology and suggest that rock art production
began in the Mojave Period by ca. 8000 B.C. (sensu Garfinkel, 2007;
Gilreath, 1999; Gilreath and Hildebrandt, 2008).

For the purpose of comparison with our simulation model, we
need data on the number of rock art images produced over time.
From the various sources dating the images, we obtain an estimate
of 25% before 1500 B.C., 10% between 1500 B.C. and A.D. 1, 20%
between A.D. 1 and A.D. 600, and 45% between A.D. 600 and A.D.
1300. These estimates are based on several criteria: the relative
frequency of temporally diagnostic images of atlatls versus bows
and arrows, the relative frequency of single-component Coso
petroglyphs sites and their associated obsidian hydration
measurements (sites, n¼ 12; hydration measurements, n¼ 131),
and experimental X-ray fluorescence (XRF) dates of Coso petro-
glyph elements (n¼ 28). The ages obtained through XRF exhibit
a relative distribution that are closely correlated with the dates of
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obsidian hydration (Gilreath and Hildebrandt, 2008: Figs. 11 and
12; Lytle, 2008; Lytle et al., 2006; Rogers, in press).

3.2. Hunting magic, hunting technology, increase rites, and the Coso
petroglyphs

The prehistoric rock art of the Coso Range provides a valuable
record of the Prenumic foraging people who preceded the Numic
foragers. By counting and approximately dating the rock images,
we can gain a quantitative measure of human activity in the period
1500 B.C.–A.D. 1300. The ubiquity of bighorn images has stimulated
the hypothesis that the Prenumic rock image makers were per-
forming ‘‘hunting magic’’ (increase rites) characteristic of forager
hunting rituals to increase the sheep that they targeted for food
(Garfinkel, 2006, 2007; Garfinkel et al., 2007; Gilreath and Hilde-
brandt, 2008; Grant et al. 1968; Guenther, 1988:194; Heizer and
Baumhoff, 1962; Hildebrandt and McGuire, 2002; McGuire and
Hildebrandt, 2005).

Notwithstanding the central importance of hunting magic and
increase rites models for explaining Coso rock art, it is acknowledged
that sheep imagery became an overarching symbol certainly
bordering on an obsession for Coso artisans. This symbology and
hallmark animal ceremonialism must have served multiple func-
tions and had a number of meanings. As it developed and morphed
through the many centuries and millennia of its exposition, the
bighorn came to be associated with other concepts than simply that
of a prey species. During its final period of rendition it does appear
that the bighorn had significantly more to do with associations of
fecundity for plants and smaller game animals, also likely rain, and
the general well-being of the Coso world. These changes in the native
use of this imagery were correlated with subsistence shifts away
from upland large game hunting to a greater (though not exclusive)
emphasis on small game and hard seeds (Garfinkel et al., 2009).

It is clear that the atlatl was the primary hunting weapon during
the Newberry Period. The bow and arrow made their appearance at
the onset of the Haiwee, about A.D. 200/300 (Yohe, 1992, 1994,
1999, 2000). This change may have had dramatic consequences for
the depletion of the local bighorn (see Madsen, 1986). The bow and
arrow offers longer-range killing power and a number of physical
and mechanical advantages over the dart and atlatl. This new
technology rapidly replaced the earlier weaponry over nearly all of
North America during a period of just a few centuries (Justice,
2002:57; Yohe, 1992).

A more effective hunting technology and a lack of awareness of
the optimal harvest rate could have led to a rapid depletion of the
sheep. We believe that the introduction of the bow, sheep deple-
tion, and the increased rate of rock art production are closely linked
(cf. Grant et al., 1968; Yohe and Sutton, 1999, 2000).

4. Coso Region archaeofauna

A synthesis of regional archaeofaunal data for southeastern
California has been formally reported in several publications
(Garfinkel, 2006; Gilreath and Hildebrandt, 2008; Hildebrandt and
McGuire, 2002; McGuire et al., 2007). These data derive from over
75 prehistoric sites in the general Coso region. Review of these data,
comprising nearly 20,000 identifiable faunal elements, indicate
a ten-fold higher frequency of artiodactyl exploitation during the
Newberry and Haiwee periods than the Marana interval.
Artiodactyls by element frequency are estimated at 70% for the
Newberry and 53% for the following Haiwee with a minor repre-
sentation of 5% in the recent Marana (Fig. 5). This is all the more
remarkable because of the 50–1 ratio of bighorn to deer that has
been identified for Newberry Period components (Gilreath and
Hildebrandt, 2008:17, Table 3).
At the perimeter of the Coso Range, faunal data from Portuguese
Bench (CA-Iny-2284), further testifies to the importance of sheep
during the Late Newberry (A.D. 1–300) and Early Haiwee (A.D. 300–
1000) periods (Gilreath 2000). Within the central Coso Range, CA-
Iny-2847 and Ray Cave show a similar pattern (Panlaqui 1974;
Gilreath 2000).
4.1. Rose spring

Locus 1 of the Rose Spring site, on the western margin of the
Coso Range, shows a dramatic decline in vertebrate use at the time
of the introduction of the bow and arrow (Yohe, 1992:140, Table 5;
Yohe and Sutton, 1999, 2000). Ungulate bones (bighorn or ante-
lope) predominate (in number and weight) in excavation levels
dating to the middle and late Newberry Period (500 B.C.–A.D. 300).

The total metric volume of animal bone peaks at just under 60 g
and the number of individual artiodactyl identifications is highest
(n¼ 39) in the most fauna-rich late Newberry excavation levels.
The faunal remains volume drops to between 8 and 28 g and
remains at these greatly reduced levels throughout the Haiwee era.
Large mammal remains (as a percentage of bone weight) peaks at
60 percent of total bone weight in the Newberry and sees
a dramatic reduction to between 5 and 25 percent of the total
faunal inventory during the Haiwee. The number of artiodactyl
bones in the most heavily represented excavation contexts also
drops to less than 25% of the former values (n¼ less than or equal
to 9 specimens). Large mammal exploitation, in general, also drops
to the lowest levels during the Haiwee Period (A.D. 300–1300) and
Marana (A.D. 1300 – Historic) intervals.

As a percentage of the total faunal assemblage, hare (Lepus
californicus) and small mammal contribute significantly larger
portions to the faunal record after A.D. 1000 than at any time
before. Thus over-harvesting of artiodactyls likely occurred during
the Newberry and Haiwee periods such that the number of large
game animals was significantly reduced and perhaps depleted.
Such a shift occurred over time and indicates a reorientation from
artiodactyl exploitation to an emphasis on small game.
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4.2. White Mountains

Twelve village sites and hunting camps were discovered at high
elevations (3150–3850 m) in the alpine tundra east of the Owens
Valley and north of the Coso Region (Bettinger, 1991). Grayson
(1991, 2001) posited that overexploitation of bighorn in the White
Mountains during the Newberry and Haiwee periods caused their
numbers to drop precipitously. Radiocarbon dates (n¼ 33) and
projectile points (n¼ 2,339) provided the chronology and allowed
reconstruction of changing land use. It is apparent that early
components were principally hunting camps and later seasonal
villages. Occupation began ca. 1500 B.C. and continued into the
historic. The earliest sites were the foci of hunting parties and after
A.D. 600 seasonal camps were established. Throughout two
mammals were the predominant game – bighorn and marmots
(Marmota flaviventris). The relative dietary contributions of these
animals varied. The earliest sites had significant contributions of
bighorn. By the very late prehistoric, dietary fauna were almost
exclusively marmots.

Grayson (2001:15, Fig. 6) indicates that almost 25 percent of the
faunal assemblage during the Newberry Period were artiodactyls.
That contribution drops to 20 percent during the early Haiwee era
(A.D. 250–600). The large mammal contribution is drastically
reduced after that time to less than 10 percent, concurrent with
a shift to seasonal villages in the late Haiwee Period (A.D. 600–1250).
By Marana little more than one percent of the fauna is large mammal
and the remainder is almost exclusively marmot.

Grayson argues and provides strong support for a pattern of
sporadic hunting over several thousand years leading to
a substantial reduction of bighorn beginning with the first hunts
and culminating in the last millennium. Although such shifts are
sometimes correlated with changes in climate, in the White
Mountains case, there were no such unilinear changes in pale-
oclimate. However, the archaeofaunal record exhibits a remark-
ably unilinear and systematic decline in large game abundance
over time and exhibits no relationship to any reconstructed
course of climatic variability thus providing largely irrefutable
evidence of excessive aboriginal predation (sensu Grayson 1991,
2001).
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5. Quantitative models in archaeology

Quantitative models of cultural phenomena are useful when
observational data are available for direct comparison with the
model. Inexpensive desktop computers and software have made
computer simulation accessible to archaeologists who wish to
explore the quantitative aspects of their field. Quantitative
modeling in archaeology has added useful depth to our under-
standing of prehistoric human behavior (Gilbert and Doran, 1994;
Kohler and Gumerman, 2000; Renfrew and Cooke, 1979; Sabloff,
1981; Winterhalder et al., 1988)

Models of human population dynamics are typically borrowed
from mathematical ecology. Different populations can interact by
such processes as competition, predation, and symbiosis (Murray,
1989; Ricklefs, 1973). Human foragers may compete by collecting
the same food, and humans will obtain food by predation. Dynamic
models may include the related elements of space and time or
apply only time as an independent variable.

Quantitative simulation begins with an idea that several
archaeologically significant variables are causally linked. The
modeler proceeds to estimate the nature of the relations and to
write these in mathematical form. If time is a variable of interest,
the mathematics typically takes the form of differential equations.
If both space and time are variables, then partial differential
equations are used.

Constant parameters in the equations must be estimated based
on reasoned arguments. Then a computer program is written to
solve the equations and graphically represent the solutions. An
iterative process of changing parameters, running the program, and
comparing with observed data is then carried out. When agree-
ment is obtained without too many adjustable parameters, we can
say that the simulation was successful. The results should yield new
insights into the relationship between the variables of interest.
Quantitative simulations add precision to debates and frequently
reveal unanticipated variable interconnections. This paper presents
a simple example of this process.

6. The simulation model

In order to explore the relationship of aboriginal populations,
bighorn hunting, and rock art production we have developed
a simulation model that quantitatively monitors changes in the size
of these populations over time. Young and Bettinger (1992) previ-
ously published a population model for the spread of the Numic
across the Great Basin. This model was based on the Lotka–Volterra
differential equations used in theoretical ecology (Ricklefs, 1973)
describing competing biological populations. By adding a spatial
diffusion term to the equations, they created a simulation of the
Numic spread which demonstrated how the Numic population, by
more intensively exploiting the environment, could spread at the
expense of the Prenumic population, and eventually drive them to
extinction.

We propose to apply this population model to the prehistoric
human ecology of the Coso Range. Here it is assumed that the
Numic replaced the Prenumic and that bighorn were depleted
during the Haiwee Period. We wanted to build a model of Prenumic
– Numic – bighorn sheep populations in a fairly small geographic
area around the Coso Range. The Prenumic and Numic occupations
must have overlapped in time and both preyed upon the sheep, and
the two populations competed for resources. In addition, we want
to couple this population model to a model of rock art production
that generates a prediction of the quantity of rock art in the Coso
Range.

Our model consists of four differential equations for the Numic,
Prenumic, bighorn sheep, and rock art populations in the Coso



3 A recent in-depth study of California desert bighorn sheep population dynamics
evaluated their current status (local extinction versus extant) and found a strong
correlation of elevation and precipitation with population persistence into the
twentieth century (Epps et al. 2004). These researchers learned that extinction of
desert bighorn herds (metapopulations) were most likely in areas with <1500-m
elevation and <200-mm annual precipitation. Most of the Coso Range is in that
lower minimum elevation and the majority of the Coso rock drawings are located in
areas below that elevation. Additionally, the Coso Range has an annual precipitation
of 100–140 mm – one of the driest areas in the region. Taller mountain ranges have
more and better forage than lower elevation ranges and often better ‘‘escape
terrain’’ – the latter a critical factor for bighorn survival. Arid regions with lesser
moisture content and increased evapotranspiration drastically affect bighorn diet
quality and demography. Precipitation is a factor even more limiting than
temperature. Lower and drier mountain habitats, like the Coso Range, provide the
highest risks of bighorn extinction.
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Range area. Because the area is small (less than 100 square miles),
we omit the spatial dimension and focus only on the time-depen-
dence of the populations. By adjusting parameters in the equations,
we can make predictions of the rock art production that can be
compared with and fitted to the observed data.

For the Numic population P1:

dP1

dt
¼ b1P1 � d1P1 � g1P2

1 � c12P1P2 (1)

For the Prenumic population P2:

dP2

dt
¼ b2P2 � d2P2 � g2P2

2 � c21P2P1 (2)

For the bighorn sheep population P3:

dP3

dt
¼ b3P3 � d3P3 � g3P2

3 � c31P3P1 � c32P3P2 (3)

For the rock art ‘‘population’’ P4:

dP4

dt
¼ b4P2

�
P2

P3

�
(4)

Equation (1) expresses the population growth rate for the Numic
population. The parameters are set to b1¼0.02, d1¼0.01,
g1¼3.333�10�5, and c12¼ 3.333�10�5. These parameters are all
annual rates, in units of population change per year. These numbers
are the birth rate, the death rate due to natural causes, the logistic
death rate due to resource limitation, and the competition death
rate due to the presence of the Prenumic population. The first three
terms are set to give an equilibrium Numic population of 300 in the
Coso area consistent with ethnohistoric estimates by Steward
(1938) of Coso Range aboriginal demographics.

The last term in Eq. (1) acts on the Numic growth rate only as long
as the Prenumic population P2 coexists with the Numic. The Numic
population is set to zero until A.D. 600, at that time 7 Numic people
are introduced into the area. The date of A.D. 600 was selected since
much evidence has been mustered indicating a cultural and adaptive
discontinuity occurring at this time that appears to be synchronous
with the in-migration of a Numic population into the Cosos at about
this date (Bettinger 1976; Garfinkel 2007).

Equation (2) expresses the population growth rate for the
Prenumic population. The parameters are set to b2¼ 0.02,
d2¼ 0.01, g2¼1.000�10�4, and c21¼1.000�10�4. These numbers
are the birth rate, the death rate due to natural causes, the logistic
death rate due to resource limitation, and the competition death
rate due to the presence of the Numic population. The first three
terms are set to give an equilibrium Prenumic population of 100 in
the Coso area. Ten Prenumic individuals are introduced into the
area at 1500 B.C. and the Prenumic population begins to grow
until it reaches 100.

The parameters for the prehistoric human populations are of
course unknown, but reasonable assumptions for the b, d, and g
numbers can be estimated from ethnographic data and general
observations about forager populations (cf. Alroy, 2001:1893).

The competition parameter c represents a hypothesis about how
two human populations might interact by analogy with competing
animal populations. The competition is nonviolent and reflects
different efficiencies for gathering the same food. It is likely that the
Prenumic depended on the sheep much more than the Numic did
(Bettinger and Baumhoff, 1982).

The Numic populations specialized in pinyon nut and other seed
collecting and could thereby extract more food calories from the
environment than the Prenumic (Gilreath and Hildebrandt,
2008:12–14). The Numic would have included all the resources of
the Prenumic, including bighorn sheep, and hence their impact on
the bighorn population would have been additive (Bettinger and
Baumhoff, 1982:488). This broader spectrum resource use allowed
the Numic to attain a larger population density, and even though
the Numic may have been less efficient in sheep predation, their
larger numbers would have further depleted the sheep enough to
put the Prenumic at a severe disadvantage. This in turn could have
led to higher Prenumic death rates and their eventual disappear-
ance (cf. Garfinkel, 2007; Young and Bettinger, 1992).

Equation (3) expresses the population growth rate for the big-
horn sheep population. The sheep population parameters are not
easy to determine, but extensive observation of wild herds by game
specialists have been published and allow the estimates for b3, d3,
and g3 to be made (Epps et al., 2004; Wehausen, 1983, 1999).3 The
first four parameters are set to b3¼ 0.25, d3¼ 0.15,
g3¼ 6.667�10�4, and c31¼5.934�10�4. These numbers are the
birth rate, the death rate from natural causes, the logistic death rate
from food limitation and carnivore predation, and the predation
rate from Numic hunters. In order to fit the sharp increase in rock
art production after A.D. 1, we postulate a corresponding sharp
decrease in the sheep population due to Prenumic predation. It is
possible that the introduction of the bow and arrow and the use of
hunting dogs at this time greatly increased the predation rate and
reduced the sheep population accordingly. Evidence for the intro-
duction of hunting dogs during this time and their association with
the introduction of the bow and arrow is found in frequent depic-
tions and associations in the Coso Representational rock art panels.
Rock drawings of hunting dogs with bow and arrow hunters are an
exclusively late prehistoric, Haiwee era, manifestation and are
amply documented in over 200 instances in Coso iconography
(Grant et al. 1968:24, 120).

To model this, we set c32¼1.467�10�4 before A.D. 200 and
c32¼ 9.234�10�4 after A.D. 200. The first three terms in Equation
(3) are set to give an equilibrium sheep population in the Coso area
of 150, which is assumed to be the situation at 1500 B.C., when the
Prenumic population responsible for the greatest number of sheep
images arrives.

Two bighorn per square mile is considered a generous upper
limit for an area such as the Cosos (Epps et al., 2003, 2004;
Wehausen, 1983, 1999; Wehausen et al., 1987). If such a density of
bighorn were correlated with the greatest concentration of rock art
then sheep herds occupied a small area of 90–100 square miles.
Therefore, based on current population estimates, and detailed
assessments of the Cosos, we would project that only about
150–200 bighorn ever populated the area. This is all the more
remarkable when one considers that there are no less than 50,000
individual drawings of bighorn in the Coso rock art complex!

Equation (4) expresses the growth in number of rock art images
created by the Prenumic population. We assume that the images
are attempts to use supernatural power to replenish the sheep
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population, which is an important part of the Prenumic diet. The
parameter b4, the ‘‘birth’’ rate of petroglyph images, is multiplied by
P2, which is proportional to the number of Prenumic artists, and by
the intensity of rock art production, given by the ratio of the Pre-
numic population to the sheep population. We assume that the
Prenumic noticed the decline in sheep numbers and actively
generate rock art at a rate inversely proportional to the per capita
availability of the sheep (P3/P2). Hence the total rate is given by
b4P2(P2/P3). This model is merely one of many possible models
relating rock art production to the sheep population. The essential
element is the inverse relation between the two variables P3 and P4.
As sheep are depleted, by the bow and arrow after A.D. 200 and by
increasing human population after A.D. 600, the per capita avail-
ability of sheep decreases and the production of rock art increases.

There is only minimal depletion of the rock art images because
most of these rock art elements endure almost indefinitely. Argu-
ably, through a variety of taphonomic considerations, some rock art
images would be impossible to discern due to repatination of their
desert varnish. Other rock art elements would have been destroyed
or are not discernible due to natural environmental processes that
have buried them in alluvium or eroded and spalled them off the
rock faces upon which they rest.

Nevertheless we believe that given the remarkable ubiquity of
Coso rock art imagery and the unusual security measures associ-
ated with the China Lake Naval Weapons facility, this study area
provides a surprisingly intact rock art record where most rock art
images are preserved and only a very small percent of the glyphs
have been destroyed or are occluded through natural geological
and geomorphic processes.

We would estimate that less than 10% of all rock art images
would be so disturbed as to be difficult to impossible to view.
Therefore we do not include a ‘‘death’’ rate term for the rock art.
The parameter b4 is set to 0.10. The number of images begins at
25,000 (from earlier Paleoindian and Archaic sources) at 1500 B.C.
and grows to an estimated 100,000 by A.D. 1300 as the rock art
production rate increases. The Coso rock art production ceases as
the Prenumic population dies out.

Having formulated these equations, we then employed
a computer to solve them using a simple finite difference method.
The time is measured in steps of Dt¼ 0.1 year, and the totals for
each population are computed as the values at the last time step
plus the computed rate of change dP/dt times the time step Dt:

Pðt þ DtÞyPðtÞ þ dPðtÞ
dt

Dt (5)

A large number of simulations were done in order to obtain an
optimum parameter set. The results are shown in Figs. 6 and 7.
7. Results and analysis

Fig. 6 overlays the simulated Numic, Prenumic, and sheep
populations. The sheep start with a population of 150 at 1500 B.C.
An initial Prenumic population of 10 is introduced at 1500 B.C. and
the sheep population declines slightly under predation. At A.D. 200
the bow and arrow is introduced. It is generally accepted by most
prehistorian that the use of the bow and arrow may have facilitated
a much higher predation rate. Such overharvests would result in
a sheep population that drops precipitously and then stabilizes at
a low value. The discontinuity introduced by the bow and arrow
appears as a sharp drop in the sheep population and a corre-
sponding sharp rise in the rock art production. The Numic are
introduced as a population of 7 at A.D. 600. The Numic population
grows and competes with the Prenumic. They also hunt sheep,
although less efficiently than the Prenumic. The sheep largely
disappear by A.D. 1200, the Prenumic population disappears by A.D.
1300, and the Numic population approaches its equilibrium value
of 300 by A.D. 1600.

Fig. 7 compares the prediction of Equation (4) with the
approximate data on the dates of the rock art. The estimated
cumulative rock art counts are shown as points in Fig. 7. The model
parameters c31 and c32 are adjusted to optimize the fit of the pre-
dicted curve to the points. The model correctly shows a steep
increase in rock art production following the decrease in the sheep
population. The agreement is imperfect, but it is satisfactory, given
the imprecision of the estimates and the extreme simplicity of the
model.

Even though more efficient weapons were able to achieve
a higher kill rate of bighorn sheep, the resulting smaller size of the
sheep population leads to a smaller overall catch than that repre-
sented in the preceding Newberry Period. The sheep do not reach
a new equilibrium in the Haiwee era because the intrusive Numic
population also prey on the sheep and appear to eventually drive
both the sheep and the pre-Numics into local extinction. The
archaeofaunal record represented in the Marana Period supports
this conclusion, and suggests that the simulation has captured
realistically an important aspect of Coso cultural evolution.

It is possible that although sheep were depleted by A.D. 1300
they were not driven to local extinction. By adjusting the birth rate
from 0.25 to 0.20 and increasing the rock art production rate, we
can generate a simulation that allows the sheep to survive (Fig. 8).
We have adjusted the parameters in this simulation to also obtain
an approximate fit to the rock art numbers.

We emphasize that this model is a highly simplified picture of
human behavior. Our purpose is not to ‘‘retrodict’’ prehistoric
events but to offer a possible framework for explaining archaeo-
logical data from the Coso Range. Quantitative data allow the
refinement of interpretation and modeling that mere verbal theo-
rizing cannot provide. Further improvements in dating rock art
would be useful in developing quantitative models of the type
described here. We believe that the dating of the rock art will be an
excellent diagnostic tool for deciphering the human population
dynamics and cultural evolution in prehistoric eastern California.
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8. Summary and conclusions

In this paper we have examined the archaeological evidence for
the dating of Coso rock art, the dating of Coso archaeofaunal
remains, and the evidence for an intrusive population that brought
the Coso culture to an end. The computer simulation ties these
elements together and demonstrates that the explosion of rock art
can be explained by assuming that the Coso Prenumic artists
increased their activities as the sheep population decreased from
overharvesting.

What might have been the motivation for such a counterpro-
ductive behavior pattern? Prestige given to the successful hunter of
scarce game might be the answer. As large game hunting increased
in importance the depictions altered; bighorn images became more
frequent and larger in size. When the bighorn became less plentiful
and more difficult to kill a successful hunter would have been
provided with greater prestige. Hildebrandt and McGuire
(2002:250) point out that the taking and sharing of large game
conferred individual fitness benefits for males signaling their
authority and achievement. This intensification pattern was
a distinctive ‘‘currency’’ correlating with a spike in animal cere-
monialism, ritual activity, and the production of symbolic behavior
associated with a social system driven by high prestige hunting.
McGuire et al. (2007:363–364) emphasize the important role that
prestige hunting plays in local extirpations. They recognize that
non-optimal foraging behavior in overkill situations are fueled by
the escalating importance of prestige as key prey animals diminish
and their consequent rarity heightens the leadership roles of
successful hunters and provides greater power and influence
mitigating any tendency to prey switch.

Significantly, we see this pattern in the rock art record as Coso
hunters are frequently adorned with horned headdresses (n¼ 200).
Hence Coso rock art, in its period of peak production, is not so much
a proxy measure of economic abundance and success of bighorn
hunts but was, quite the contrary, a manifestation of ritual inten-
sification designed to affect supernatural agents to increase
animals, plants, and the availability of water (Garfinkel et al., 2009).
The culmination of this tradition is manifested in the life-size
depiction of bighorn sheep – a labor intensive effort driven by the
desire to appease the deities and revitalize a culture in chaos.
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