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Abstract

Beginning with Darwin, some have argued that predation on other vertebrates dates to the earliest
stages of hominid evolution, and can explain many uniquely human anatomical and behavioral
characters. Other recent workers have focused instead on scavenging, or particular plant foods.
Foraging theory suggests that inclusion of any food is influenced by its profitability and
distribution within the consumer’s habitat. The morphology and likely cognitive abilities of
Ardipithecus, Australopithecus, and early Homo suggest that while hunting and scavenging
occurred, their profitability generally would have been considerably lower than in extant primates
and/or modern human hunter-gatherers. On the other hand, early hominid diet modelers should not
focus solely on plant foods, as this overlooks standard functional interpretations of the early
hominid dentition, their remarkable demographic success, and the wide range of available food
types within their likely day ranges. Any dietary model focusing too narrowly on any one food
type or foraging strategy must be viewed with caution. We argue that early hominid diet can best
be elucidated by consideration of their entire habitat-specific resource base, and by quantifying the
potential profitability and abundance of likely available foods.
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Introduction

The Evolution of Human Diet

Anthropologists rarely agree on anything, although some may take issue with this statement.
Moreover, even in a field so ripe with contentiousness, many of the most enduring
controversies, particularly in biological anthropology and archeology, have involved the
evolution of human diet. This is illustrated by the vast range of hypotheses relating to the
ecological lifeways that could have characterized our early hominid ancestors. These include
stem hominids such as Ardipithecus, gracile and robust Australopithecus, and early Homo
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up through the initial appearance of H. erectus. A common theme, becoming more and more
apparent as time goes on, is that arguments often gravitate toward proposing the one “key”
foraging strategy and/or food type that provided the impetus for important aspects of
hominization, such as the evolution or refinement of bipedal locomation (e.g., Jolly 1970;
Hunt 1994; Bramble and Lieberman 2004), marked changes in social structure or life history
(e.g., Wrangham et al. 1999; Kaplan et al. 2000), and cerebral expansion or reorganization
(e.g., Crawford et al. 1999; Bunn 2007). Another trend is that relatively specialized and
unique diets are increasingly being described for the above hominid groups or even putative
hominid species (Ungar and Sponheimer 2011; Henry et al. 2012). These efforts contrast
somewhat with more traditional, “classic” accounts of early hominid foraging, possibly
excepting robust australopithecines, as being strongly omnivorous and exceedingly flexible
(Bartholomew and Birdsell 1953; gracile australopithecines, Robinson 1968).

Some “prime-mover” models have characterized early hominid diet as largely meat-based—
or at least have emphasized the importance of this resource category—with spoils garnered
from hunting (e.g., Hill 1982; Stanford 1999; Pickering and Dominguez-Rodrigo 2010),
scavenging (e.g., Blumenschine 1987), or both (e.g., Bramble and Lieberman 2004). Related
treatments feature invertebrates (McGrew 2014) or animal products such as honey
(Crittenden 2011). Other accounts stress plant or other nonanimal foods, or particular gross
categories of these, including whole fruits (Hunt 1994), seeds (Jolly 1970), fungi (McKenna
1992), and underground storage organs (Wrangham et al. 1999). The focus on plant foods
has accelerated in recent years, partly due to the increasing popularity of techniques, such as
phytolith and microwear analysis, that are applied exclusively or primarily to document the
use of such foods. This is particularly evident in descriptions of hominid diet that mainly
limit themselves to postulating only about broad physical categories of plant resources, such
as those that are “hard” or “tough” (Teaford and Ungar 2000; Ungar and Sponheimer 2011).

Even given the anthropological penchant for healthy debate, this lack of consensus is
somewhat surprising, given that workers should be examining essentially the same evidence,
and that there now exists an incredible range of analytical techniques (study of carbon
enamel isotopes, phytoliths, microwear, and finite elements, among others) that inform on
the foods that our ancestors did eat, or at least could have eaten. The refinement of these
techniques, however, has proved to be something of a curse as well as an inarguable
blessing. Indeed, recent work (e.g., Ungar and Sponheimer 2011; Sponheimer 2013) often
portrays the “reconstruction of hominid diet” as primarily or exclusively a technology-
driven enterprise, being moved forward only by more sensitive instruments for detecting
chemicals, more powerful microscopes, or more efficient sampling methods (and, of course,
more hominid specimens on which to apply these advances). This review, while not ignoring
the value (and limitations) of such technologies, takes a very different tack. We argue that
dietary reconstruction—or, more properly, the reconstruction of foraging strategies—should
strive to be holistic, and should not be limited to any one, or even several, analytical
technologies. It should instead be rooted first and foremost in evolutionary ecology.

The holistic, ecological approach (e.g., Sept 1984, 2007; Peters 2007; Griffith et al. 2010)
views an individual hominid as an agent striving to maximize its returns in a unique habitat.
Ideally, it should take into consideration all of the potential food resources available,
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whether plant, animal, or otherwise. It should also take into account the likely abundance
and profitability of these available food types to particular hominids at differing
spatiotemporal points. The documentation of the former (abundance) requires
paleoecological data and modern analogue habitats. The reconstruction of the latter
(profitability of potential food types, e.g., energy/handling time, see below) ideally would
include considerations of the hominid’s masticatory apparatus, digestive physiology,
locomotor capabilities, and cognitive capacity, as well as the chemical contents of foods.
Although estimating such variables is by no means an easy task, pioneering work using the
ecological approach suggests that by incorporating them into realistic evolutionary models
(tested with the behavior of living organisms) we can glean important insights into how our
ancestors actually behaved (e.g., Griffith et al. 2010).

The purpose of this review is to take a holistic view of the foraging strategy of our hominid
ancestors. By way of example, we will examine the potential role of hunting and other forms
of meat-procurement in their lifeways, and in comparison to the potential role of various
nonanimal foods. The emergence (Ardipithecus) and refinement (Australopithecus, early
Homo) of bipedality, which represents the first major adaptive shift in hominid evolution,
will be used as the temporal framework.

We argue that earliest human feeding strategies must be evaluated in light of those central
elements paramount in the diets among extant taxa. After a historical overview of the
literature on the hunting hypothesis juxtaposed against more recent scavenging and plant-
based models, we introduce foraging theory, referencing a simple model that has been
applied successfully to many organisms. We then utilize elements of this model, along with
knowledge from the paleontological and archeological records, to examine the likely dietary
strategies of early hominids. Today there exist strong theoretical tools (not just technological
ones) and a large, relevant fossil record with which to examine postulated behaviors of our
earliest ancestors. Although our essay does not intend to provide all of the answers
concerning early hominid foraging strategies, it does, instead, intend to encourage more
holistic treatments of their behavior.

The Hunting Hypothesis Versus Scavenging and Plant-Based Scenarios

If issues pertaining to the evolution of the human diet are controversial, then ideas about
hunting being a primary determinant in hominid divergence are unusually so. This is striking
because topics such as “hunting” and “scavenging” are, for primates and other omnivores,
generally minor issues within the larger and more general questions of overall foraging
strategy. Yet debates concerning this and other dichotomies (e.g., meat versus underground
storage organs) make up a sizable portion of the literature on human dietary origins.

One reason for such controversy is the historical longevity of the “hunting hypothesis.” Its
origins date to the famous sketch of human evolution given by Darwin ([1874] 1998). He
suggested that erect posture freed the hands and arms for tool carriage related to personal
defense, killing of prey, and/or other forms of food gathering. The ability to carry weapons
resulted in the reduction of canine size through disuse, which Darwin paralleled with the
reduction of the anterior teeth in horned ungulates. The large relative size of the human
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brain was understandably linked to increased mental powers, which in turn were loosely
linked with the use of weapons and other tools, as well as to complex social interactions.
Virtually no fossil or archeological evidence was available to 19th-century theorists, so
Darwin’s assertions were contingent entirely on comparisons to living vertebrates. Although
much of his output focused on demonstrating continuity between humans and other animals,
he was hesitant to describe early human behaviors, including hunting, from the perspective
of any particular nonhuman model (Latimer et al. 1981). Indeed, his ideas on ancestral
human behaviors were heavily influenced by observations of non-European peoples (see
Schrire 1980).

Raymond Dart followed Darwin with the first truly detailed hunting model, and concluded
that Austral opithecus africanus was an efficient predator that used minimally modified
bones, teeth, and horns as tools for hunting and butchering (Dart 1953, 1957). His views
were later popularized in Ardrey’s “killer ape” scenario (1961, 1976), and it is therefore
somewhat ironic that the eventual systematic examination of Dart’s putative
“osteodontokeratic culture” was directly responsible for the emergence of modern
taphonomy (Brain 1970, 1981; Wolberg 1970; Shipman and Phillips-Conroy 1977; Wolpoff
1999), as its earliest practitioners successfully challenged the main components of Dart’s
scenario (although bone tools may have been used for digging, see Brain and Shipman 1993;
Backwell and d’Errico 2001).

Dart also used the behavior of nonhuman primates in the development of his hunting
hypothesis, although, intriguingly, in a more complex (albeit more sensationalistic; Dart
1953) fashion than some subsequent researchers (e.g., Washburn and Lancaster 1968;
Stanford 1999; Pruetz and Bertolani 2007), who have tended to equate chimpanzee behavior
with that of early hominids. Conversely, Dart did not rely on a single nonhuman model for
possible australopithecine hunting, but rather drew from many fields, including
paleoanthropology, archeology, and evolutionary theory, in addition to primatology.
Contrary to assertions that 1960s chimpanzee studies forced a redefinition of humankind
(Leakey 1972), Dart had already accepted, based on published evidence from both nature
and captivity, that certain nonhuman primates used and sometimes fashioned tools, hunted
vertebrate prey, and could even understand rudimentary symbols (Dart 1953, 1957). He
argued that his hypothetical osteodontokeratic industry was a specialized intensification of
behaviors already found in living primates, merely requiring greater cognitive
sophistication. Dart opined that hunting in wild baboons showed “that predatory behavior in
a large terrestrial primate other than man was natural and...consistent with the insectivorous
origin and diet of Primates...” (Dart 1963:49). Due largely to their savanna-dwelling and
hunting inclinations, baboons were to become an important model for early human evolution
(Washburn and DeVore 1961; Strum and Mitchell 1987), as were social carnivores (Schaller
and Lowther 1969; Thompson 1975).

Among anthropologists, the hunting hypothesis reached its zenith with publication of Man
the Hunter (Lee and DeVore 1968). This title now seems notably ironic for at least two
reasons: first, it is remembered largely for documenting the importance of plant foods to
modern hunter-gatherers (Hill 1982; Waguespack 2005) and, second, despite containing
several chapters on human evolution, Dart received not a single citation. Perhaps as cosmic
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retribution for this slight, but more probably due to its claims, the “hunting hypothesis” (writ
large) has fallen somewhat from the lofty perch it once enjoyed. Initially formulated as the
“prime mover” of earliest human emergence, predation was viewed as explaining the most
fundamental aspects of our earliest evolution (e.g., bipedality in Australopithecus and brain
expansion thereafter; Dart 1953). Although this view still persists, some more recent
scholars have taken a cue from now classic studies (e.g., Washburn 1957; Brain 1981) and
have highlighted the potentially important role of predation upon, rather than hunting by,
early hominids (e.g., Hart and Sussman 2005). With increasing frequency, researchers have
restricted the role of hunting to later human evolutionary periods that are accompanied by a
relevant lithic record, e.g., earliest Homo and/or Homo erectus (Shipman and Walker 1989),
but often, again, with causal linkages to brain expansion (e.g., Krantz 1968; Bunn 2007).

Although “Man the Hunter” has lost popularity, interest in possible predatory behavior by
earliest hominids has not been fully abated—indeed it remains the lynchpin of many
accounts of human origins. The many differing (nonmutually exclusive) arguments that
consider hunting as a significant factor in early human evolution can be summarized as
follows:

1. Chimpanzee hunting represents a reasonable model for the behavior of the last
common ancestor (LCA) of Pan and Homo and/or of early hominids before Homo.
This underlies almost all research concerning chimpanzee (Pan troglodytes)
hunting (Stanford 1999, 2001, 2003; Pruetz and Bertolani 2007; Hohmann 2009;
Pickering and Dominguez-Rodrigo 2010).

2. Early hominids (Ardipithecus, Australopithecus, early Homo) engaged in vertebrate
predation either more commonly or more efficiently than do extant nonhuman
primates (Stanford 2001, 2003). Evaluating this hypothesis requires examining: its
profitability in nonhuman primates compared to its likelihood of success in early
hominids and any actual evidence for early hominid meat-eating.

3. Hunting was a major guiding force in hominization. In some cases, hunting is
argued to be a “prime mover,” and that it “elegantly and economically explain(s) a
large number of the unusual aspects of hominid evolution” (Tooby and DeVore
1987:223). Predatory behavior is argued to account for anatomical changes
(bipedality, brain expansion) as well as male parental investment, reciprocal
exchange, home bases, and a sexual division of labor (Washburn and Lancaster
1968; Tooby and DeVore 1987). More common today are hypotheses that link
hunting (and frequently scavenging) to the evolution of only one of these unique
human features, such as bipedality (Ardipithecus, Australopithecus; Stanford 2003)
or its supposed sequential refinement (early Homo; Bramble and Lieberman 2004;
Lieberman et al. 2009).

Others have alternatively emphasized the possible role of scavenging. Although meat often
assumes the same exalted role as in “Man the Hunter,” these workers emphasize anatomical
and cognitive (including technological) constraints on early hominid behavior that may have
limited hunting ability, and instead point to a “scavenging niche” for early hominids (e.g.,
Blumenschine 1987). This hypothesis first gained widespread attention with taphonomic
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studies suggesting that hominids generally had access to carcasses following other
consumers (e.g., Shipman and Philips-Conroy 1977; Shipman 1986), although these
arguments created a verbal windstorm, and a monumental, oftentimes frustrating, literature
has been generated by debates about whether certain archeological assemblages are best
explained by hunting or by scavenging (e.g., FLK 22 Zinjanthropus; Bunn and Kroll 1986;
Binford 1988; Dominguez-Rodrigo 2002; Dominguez-Rodrigo and Barba 2006;
Blumenschine et al. 2012; Pante et al. 2012; Dominguez-Rodrigo et al. 2014). As reliable
evidence of modified stone tools does not appear until 2.6 mya (Semaw et al. 2003; claims
from earlier dates are considered below), these taphonomic studies generally have little to
say about Ardipithecus (sensu lato, Orrorin and Sahelanthropus are here considered likely
congeners of Ardipithecus) or its likely (but uncertain) descendant, Australopithecus.

Although the above discussion highlights ideas concerning the role of meat in human
evolution, much focus in recent decades has been placed on plant foods, particularly with
regard to Australopithecus and earlier hominids. For early Homo, the predominate focus
today remains squarely on vertebrate meat, with “hunting versus scavenging” being the
unfortunate perennial debate but as noted below, the importance of underground storage
organs is currently being stressed by a vocal minority.

The timing of this shift in emphasis cannot be pinpointed exactly, but was heavily
influenced by the aforementioned Man the Hunter and its acknowledgment of plant foods,
as well as at least several theoretical models of human evolution. The first alternative
treatment of particular note was Jolly’s (1970) “seed-eater” model which utilized
Theropithecus gelada as an analogy to some aspects of Australopithecus adaptation. These
baboons feed heavily on grass parts and often assume an erect trunk during feeding or while
moving between food patches. In addition, Jolly noted or argued some anatomical (mainly
dental) convergences with early hominids, which were viewed as feeders on “small objects
such as grass seeds.

Another alternative to meat-based hypotheses was the “Woman the Gatherer” scenario
(Linton 1971). As hominid brain size slowly began to increase, and periods of infant
dependency slowly began to lengthen, females, according to this hypothesis, widened the
scope of gathering to facilitate care for their young. The earliest important manufactured
tools were containers to carry food and nets or slings to transport babies. In terms of actual
diet, the earliest incarnation of this model suggested that Plio-Pleistocene hominids likely
foraged for foods similar to those of modern hunter-gatherer females (plants and perhaps
small game). Later interpreters (e.g., Tanner 1987), working within the same theoretical
framework, emphasized potential similarities between early hominids and extant
chimpanzees, which feed largely on fruits, leaves, and pith.

A third plant-focused model (Wrangham et al. 1999; Conklin-Brittain et al. 2002) of note,
undoubtedly attracting the most attention in recent years, links the exploitation of plant
foods, and especially underground storage organs (USOs), with elements of hominid
anatomical and behavioral evolution, particularly during the transition from
Australopithecus to Homo. In relation to the dietary issues at hand, it is argued that the
addition of significant amounts of USOs to the menu, facilitated by digging implements,
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allowed australopithecines to colonize a wide variety of habitats, and that the cooking of
USOs and other plant foods facilitated the cranial expansion, stature increases, and
postcanine reduction observed in Homo erectus.

Various technological developments which are generally utilized to inform upon the plant
component of diets also worked to shift the emphasis for pre-Homo hominids from meat to
plant-based fare. These will be reviewed in greater detail below, in addition to some
components of the aforementioned plant-based theoretical models. It will suffice to state
here that some of these technology-driven studies have gone to the opposite extreme of the
“hunting or scavenging” focus by admitting or discussing only plant foods in relation to
Australopithecus diet (e.g., Teaford and Ungar 2000; Dominy et al. 2008; Cerling et al.
2011; Estebaranz et al 2012). Work in evolutionary ecology over the last half century,
however, suggests strongly that the focus on very general food types (hard versus tough
plants, meat, fruit, and underground storage organs, among others) likely underestimates the
plasticity or complexity of diets in generalized forms such as most or all early hominids, and
that all available potential foods must be considered in predicting their likely foraging
strategy.

Foraging Theory

Foraging theory is a branch of evolutionary ecology concerned with animal decision-making
during feeding (Stephens and Krebs 1986). It involves general mathematical models aimed
at (and generally succeeding in) predicting behavior using several simple variables.
Although foraging theory has been utilized in discussions of early hominid dietary evolution
(e.g., Gaulin 1979; Sept 1984; Kurland and Beckerman 1985; Peters 2007), and more
frequently in archeological treatments of later hominids or humans (e.g., Keene 1981;
Reidhead 1981; Yesner 1981; Mithen 1990; Broughton 1999; Gremillion 2002; Dusseldorp
2009), these laudable applications have been at best sporadic and have in recent years, as
noted above, been eclipsed by particular technology-driven methodologies. As will be
described, we argue that the latter represent a supplement to the former, and should ideally
not be utilized in absence of the former. By way of example, it will be most economical here
to consider the classical optimal diet or prey model (Schoener 1971; Charnov 1976). There
exist very good and more complex models incorporating the concepts involved (e.g., Sept
2007; Griffith et al. 2010) but we have chosen, for simplicity, to emphasize only those
fundamentals that are most important for predicting diet, whether the object of study is the
aardvark or Austral opithecus.

In practical terms, given a set of potential foods with known parameters, this model predicts
those foods that are most likely to play a critical dietary role. The “known parameters”
include mean energetic value, handling time (time required to capture and consume a food),
and abundance (how often, over time, the food type is encountered). The model is expressed
as:

E, Y e

T 1+ \ihy
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where E/T is net energy intake while foraging, A; is encounter rate with food type i, e; is
mean energy acquired when exploiting food type i, and h; is the mean time spent handling
food type i. Handling time includes both pursuit (e.g., chasing an antelope) and processing
(e.g., butchering, transporting, preparing, and consuming an antelope). Pursuit and
processing costs (including losses due to digestion or detoxification, see Whelan and
Schmidt 2007; Sayers et al. 2010) can be subtracted from item-specific energy yield, and
general search costs—the cost of travel between food encounters—can also be included
(e.g., Paulissen 1987). The latter is referred to as cost of locomotion (CoL, kcal/min) or cost
of transport (CoT, kcal/km), depending on whether it is measured by time or distance (e.g.,
Steudel-Numbers and Wall-Scheffler 2009).

When applying the classical prey model, food types are entered into the equation in stepwise
fashion in order of their profitability, which is defined as mean energy gained divided by
mean handling time (e/h). Note again that handling time includes pursuit and processing.
The “profitability” of a hunted animal, for example, that must be chased, killed, butchered,
and transported cannot be determined without taking all of these into consideration. In
addition, unsuccessful hunts will result in a negative gain (the energetic and time costs of
futile pursuits) and will reduce the mean profitability of a given prey animal. These factors
are rarely applicable to immobile foods such as plants and carcasses, although any foods
may have quantitative (e.g., fiber) or qualitative (e.g., toxins) factors that can also reduce
value.

As each food type is entered into the equation, a differing net intake rate (E,/T) results, and
the set of foods that yields the highest E,/T constitutes the optimal diet. This establishes a
simple behavioral rule: when an animal comes upon a potential food, it should exploit it if
its profitability is above the threshold E,/T (essentially the average return rate for the
habitat) but ignore it if its profitability is below it. The model yields other predictions. For
example, the inclusion of food is independent of its own abundance, but dependent instead
on the abundance of more profitable foods. As the environment or animal changes, so will
the predicted optimal diet. All else being equal, “positive changes,” such as an increase in
the abundance of valuable foods, or a reduction in their handling times or search costs (e.g.,
CoT), should result in a narrower diet. Conversely, “negative changes” result in diet
expansion. Likely the most often-supported prediction here is that when profitable items are
abundant, a forager should not waste time with those of lesser value. When profitable foods
are scarce, however, those same items (often referred to as “fallback” foods) may become a
dietary mainstay.

Hypotheses concerning potential fallback resources for assorted early hominids have
become common in recent years (e.g., underground storage organs in Austral opithecus;
Laden and Wrangham 2005; Dominy et al. 2008), although few such efforts deal extensively
with the potential energetic (or other nutritional) values, handling times, and encounter rates
of the proposed fallbacks when compared with other available delicacies. Note from the
above discussion that it is difficult to identify fallback foods unless the profitability and
seasonal abundance of all available resources are considered. It is important to note that few
environments are static (including those of early hominids; see Potts 2012) and also that
geographically widespread taxa frequently inhabit markedly differing habitats. This leaves
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open the very real possibility, indeed suggests the likelihood, that assorted fallback
resources characterized particular hominids, and that these differed temporally and/or
spatially, as they do for extant generalist primates (e.g., Semnopithecus entellus, Sayers and
Norconk 2008; Sayers 2014; Papio spp., Hill and Dunbar 2002; Macaca fuscata, Suzuki
1965). The most constructive way to identify components of early hominid foraging
strategy, including fallback foods, involves the reconstruction of particular ancient habitats
and the application of foraging theory.

One practical limitation of applying the classical prey or similar models to such questions is,
however, the apparent difficulty of quantifying the profitability and encounter rates of foods
available to these ancient forms. Such challenges are, however, more manageable than they
would at first appear. The answer partially lies in the reconstruction, at whatever level
possible, of the habitats and resources available to hominids at particular sites and times, and
the identification of modern environs and associated food resources that are similar (Sept
1984). This can give data about the likely abundance (encounter rates) with particular
resources, nutritional characters can likewise be estimated from modern analogue foods, and
likely pursuit and processing times (as well as other information) can be estimated by
drawing from fossil anatomy and regressions or other statistical models based on the
behavior of living forms.

For example, Griffith and colleagues (2010) utilized data from two modern analogue
habitats in Kenya (Turkana and Voi) and agent-based simulations incorporating variables
from the classical prey model, to predict the optimal foraging strategy of Austral opithecus
boisal. In the simulations, it was found that adding tubers to the diet (in their model, via the
use of digging sticks) increased the probability of virtual robust australopithecines meeting
energy requirements in Turkana and Voi-like habitats, particularly during the dry season.
Note that disagreements may exist concerning the selection of analogue habitats, or how
some important variables are estimated, but the overall goal should be to draw from eclectic
data sets (e.qg., fossils, archeological traces, extant organisms) to develop the most robust,
realistic, and inclusive models possible.

The classical prey model is not the final word on foraging, of course, and factors such as
nutritional requirements and purposeful encounters with patches (i.e., memory, planning,
and other aspects of cognition) can result in deviations from predictions (Westoby 1978;
Krebs and McCleery 1984; Sayers et al. 2010). Energy, handling time, and encounter rates
are crucial, and should be considered in every detailed treatment of hominid foraging, but
can and should be supplemented with the inclusion of other variables deemed important. A
major component of determining what “other variables” are “deemed important” requires
detailed consideration of the foraging behavior of living forms, particularly primates and
nonprimate omnivores, and the explicit examination of the variables deemed crucial via tests
of foraging theory.

The variables of the classical prey model, however, represent an appropriate starting point.
Although relatively simple, they still retain substantial predictive power. The model is
robust and often withstands violations of its assumptions (Sih and Christensen 2001).
Variations from predictions are generally slight, and despite the complexity of foraging, it
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has been useful in analyzing the diets of many nonprimates (Sih and Christensen 2001),
modern human hunter-gatherers (e.g., Winterhalder and Smith 1981; Hawkes et al. 1982;
Kaplan and Hill 1992), and monkeys (Sayers et al. 2010), as well as predicting the order in
which hidden foods are recovered by chimpanzees (i.e., memory for food value and
processing difficulty; Sayers and Menzel 2012). In addition, related models address certain
behaviors considered particularly important in hominid evolution, such as central place
provisioning (Orians and Pearson 1979; Lovejoy 1981). Surprisingly, foraging theory is not
now, nor ever has been, the predominate paradigm for examining the potential diets of
human ancestors, even though it is likely the single most powerful analytical tool available
for predicting the diets of extinct (as well as extant) taxa. If the ecological lifeways of early
hominids are ever to be reconstructed, foraging theory, with its emphasis on crucial
variables and all potential food resources, will need to be an integral part of the process.

The Chimpanzee Referential Model for Diet in the Last Common Ancestor

and Earliest Hominids

Although predominantly ripe fruit eaters (Conklin-Brittain et al. 2001), chimpanzees
supplement their diet with leaves, pith, insects, and small-to-medium-sized vertebrates
(particularly red colobus monkeys) acquired mainly via predation rather than scavenging
(Teleki 1973; Stanford 1999). A commonly made assumption is that the Pan-Homo LCA
had a diet similar to extant chimpanzees (e.g., Hohmann 2009) or that isolated foraging
behaviors, such as hunting strategies, were likewise similar. These comparisons have
frequently been extended to models of subsistence in early hominids, including Ardipithecus
and Austral opithecus.

This brings us to a major philosophical question: upon what grounds should it be assumed
that earliest hominids were similar to a particular extant ape? The first (Pickering and
Dominguez-Rodrigo 2010) is simple homology; chimpanzees and bonobos are genomically
closest to our ancient forebears (Wrangham and Pilbeam 2002). The relatedness argument,
however, if taken to its logical conclusion, undermines its own persuasiveness. Even
chimpanzees and bonobos—far more closely related to one another than to the LCA or early
hominids—differ significantly between themselves in ecology, social structure, and diet. In
addition, if Pan were now extinct, Gorilla would then be “uniquely suited” to be the most
appropriate genomic model, even though they in turn also differ substantially from
chimpanzees and bonobos. Gorillas, for example, do not engage in vertebrate predation, and
bonobos and chimpanzees differ in this activity as well (Hohmann and Fruth 2008).
Pertinent to the current discussion, some early hominid anatomical features that do resemble
those of apes are more similar to Gorilla than to Pan (Haile-Selassie et al. 2010; see also
Duda and Zrzavy 2013), but the main point is that genetic relationships, at least in
hominoids, tell us surprisingly little about broad ecological or behavioral characters.

The popularity of the chimpanzee model, in relation to homology, is therefore the stochastic
result of what might be termed the “Miocene hominoid sweepstakes.” Chimpanzees are
“available” and thereby selected as the most appropriate model only because they have
survived (see Andrews 1981), while other late Miocene forms much closer anatomically to
the earliest hominids did not (Lovejoy 2009).
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The second argument for chimpanzee models of the LCA and/or early hominid foraging is
analogy. If these forms share certain characteristics with chimpanzees they might act in the
same way, at least under a given socioecological context. Pickering and Dominguez-Rodrigo
(2010) have made a useful distinction between “trivial” and “nontrivial” analogies. The
former and more common are essentially “if-then” statements; e.g., if chimpanzees do “x,”
then Australopithecus also did “x.” A more useful and contrasting approach involves
“linked, non-trivial chimpanzee analogies... that [are] testable using paleoanthropological
data” (Pickering and Dominguez-Rodrigo 2010:109). For example, these authors suggest
that studying the determinants of chimpanzee hunting, such as nutritional factors, might
yield clues as to whether early hominids consumed meat or engaged in predatory behavior.

Although this is a reasonable viewpoint, a chimpanzee model can only be taken as far as
these animals actually resemble their extinct referents. Not only do chimpanzees differ
profoundly from early hominids in locomotor behavior, but also in dentition as well (see
below) and the structure of both greatly affects the pursuit and processing required for
assimilation of food. Such analogies are therefore likely to be anything but robust. It is more
useful to determine those variables important to foraging in a wider range of taxa, including
but not limited to chimpanzees. Once determined, these can be investigated specifically in
early hominids, with full consideration of their unique anatomy and habitats as known from
the fossil record. How such principles can be applied to putative hominid hunting,
scavenging, and consumption of plant foods is a critical next step.

Vertebrate Hunting, Nutrition, and Profitability in Primates

At least small amounts of animal prey are included in the diets of most primates (Harding
1981). Tarsiers are faunivorous, with some species supplementing their predominantly
arthropod diet with small reptiles, birds, and mammals (Niemitz 1979; Gursky 2007).
Vertebrates are hunted not only by tarsiers, baboons, and chimpanzees, but by, among
others, capuchins (Perry et al. 2003), marmosets and tamarins (Porter 2007), blue monkeys
(Butynski 1982), macaques (Estrada and Estrada 1977), mandrills (Kudo and Mitani 1985),
orangutans (Hardus et al. 2012), and bonobos (Badrian and Malenky 1984; Hohmann and
Fruth 2008). Save tarsiers, plant foods still make up the overwhelming dietary bulk in most
of these primates, although “bulk,” as noted above, does not necessarily equate with
profitability. Some very valuable foods, if encountered sufficiently rarely, may make up
only a small percentage of an organism’s diet.

Both ecological and social factors can potentially be involved in any primate’s “decision to
hunt” (Stanford 1998; Mitani and Watts 2001). Our concern here is with the former,
explicitly referencing optimal foraging theory. We will focus on chimpanzees and baboons,
for which there are the greatest amount of comparative data. Observations about food
energy, handling time, or encounter rates for these primates are, however, unlikely to
accurately reflect these variables in early hominids (cf. Pickering and Dominguez-Rodrigo
2010) since they differed in anatomy, habitat, and almost certainly social structure as well. A
useful and well-known corollary of the optimal diet model can help illustrate this point. This
is the all-or-nothing rule, which holds that a food type, at some given level of resource
abundance, should either always be taken or never be taken when encountered while
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foraging (Krebs and McCleery 1984). Animals commonly show deviation from this rule, but
on the whole and over a wide range of taxa, highly profitable foods (high e/h) are rarely
skipped and very poor items (low e/h, the aforementioned “fallback foods™) are eaten
predominantly during periods of resource scarcity (Sih and Christensen 2001).

Estimated rates of chimpanzee predation per encounter with red colobus are especially
relevant. Assuming that auditory contact can be regarded as an “encounter,” red colobus
vocalizations result in surprisingly low hunting rates among Tai and Gombe chimpanzees
(hunting by at least one observed individual, Tai hunting season 32%, Tai honhunting
season 7%, Gombe over all seasons 7%; Boesch 1994). At Gombe, limiting encounters to
situations where notebook data recorded chimpanzees within 50 meters of red colobus gives
higher, but still low, hunting rate estimates (party level 69%, maximum for any one
individual 46%; Gilby et al. 2006), even though such data may overestimate these
frequencies (i.e., red colobus may be more likely to be noted as present when they are
pursued by chimpanzees). For Kibale, the criterion of suspected visual detection of red
colobus by these apes yields intermediately low hunting rates (hunting by at least one
observed individual, 37%; Mitani and Watts 2001). In addition, at all sites with adequate
data, vertebrate hunting appears to be somewhat seasonal (Stanford 1996; Mitani and Watts
2001).

These results suggest that red colobus predation enters and leaves a chimpanzee’s foraging
strategy depending on the availability of more profitable food types. This might seem
surprising, but perhaps it should not be. In addition to the uncertain outcome of hunting
(Gilby and Wrangham 2007) and time/energetic costs of the chase, muscle, unlike guts and
brains, requires considerable chewing time (Wrangham 2009). Conversely, various nut
types, some of which are relatively common, actually provide chimpanzees with more
energy or fat per gram than do red colobus (Stanford 1998) and, even discounting pursuit
times, vertebrate hunting appears less profitable for chimpanzees than harvesting of their
preferred fruits (Sept 1984). In addition, vertebrate carcasses are sometimes shared, which
further reduces an individual hunter’s “cut” of any proceedings (Teleki 1975). Pursuit costs
for such highly mobile adult prey may be curtailed somewhat by focusing instead on easier-
to-acquire immature individuals, but encounters with such prey are likely to be sporadic and
total energy costs would still be appreciably greater, perhaps by orders of magnitude, than
are those of immobile foods.

The data from baboons present interesting comparisons and contrasts to those from
chimpanzees. Baboons at many locales inhabit large home ranges with a comparatively poor
flora in relation to most chimpanzee sites. Although baboon diet is still dominated by plant
foods, the intake of animal matter is generally greater, but also more variable, than that of
chimpanzees (Hill and Dunbar 2002). There are also some situations where certain animal
foods appear to be of greater profitability than co-occurring fruits, grass seeds, flowers, or
underground plant parts, although data for energy, handling time, and/or encounter rates for
some or all of these resource categories are generally lacking. Chacma baboons (Papio
ursinus), for example, specialize on certain insects, to the near exclusion of plant foods,
when outbreaks occur (Hamilton et al. 1978). Also, olive baboons (Papio anubis) in areas
with reduced populations of carnivore competitors show high vertebrate hunting rates,
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indeed overlapping those of modern human foragers, with energetic return rates potentially
higher than those of most plant foods (Strum 1981; Hill 1982). These are situations where
ecological factors (low habitat quality, decreased pursuit times due to prey abundance,
decreased pursuit costs due to competitor absence) have increased the comparative
profitability of faunivory.

In addition to energetic concerns, it remains possible that vertebrate soft tissue provides
critical micronutrients for chimpanzees or baboons (Tennie et al. 2009), although these same
micronutrients can be found in easier-to-acquire plant foods or, as in the case of vitamin

B19, insects (Wakayama et al. 1984) and adverse physical effects resulting from nutrient
deficiencies may appear only after many months of absolute, controlled elimination from the
diet (Macaca mulatta and B, pathology signs after 33—-45 months; Kark et al. 1974;
National Research Council 2003). In addition, even incidental ingestion of insects found on
normal plant foods may be adequate to cover micronutrient requirements, including By, in
gorillas (Harcourt and Harcourt 1984).

The nonhuman primate data on hunting, therefore, illustrate several important points
relevant to reconstructions of early hominid behavior. The first is that vertebrate hunting
does not, on the whole, appear to be a particularly profitable activity for those nonhuman
primates in which it has been investigated. Although the default stance of most
considerations of human dietary evolution is that meat is a valuable resource regardless of
how acquired and whether or not it is cooked (e.g., Bunn 2007) this clearly need not be the
case. The second point is, however, that for strongly omnivorous anthropoids such as
baboons, this prognosis can change based on characteristics of the environment, as predicted
by foraging theory. Factors such as a change in the abundance or quality of profitable foods,
anatomical or cognitive (including cooperative or technological), means to reduce pursuit or
processing time for particular resources, and other factors could serve to dramatically shift
the diet of an organism. Any hypothesis postulating a major shift in hominid dietary focus,
at any stage in our evolution, needs to come to grips with these points. It is important to
reiterate that the likelihood of any particularly subsistence activity, whether hunting,
scavenging, fruit picking, or root digging, is dependent on the profitability and abundance of
all potential resources, and these variables are far from being spatially or temporally static.

Early Hominids: The Fossil and Chemical Evidence of General Diet

This review, as noted, encourages a holistic view of hominid subsistence based on
evolutionary ecology. Current studies generally involve investigating diet based on dental
anatomy, microwear on teeth, chemical signatures, or plant phytoliths (these are discussed in
more detail below). In our view, these techniques, while valuable, cannot be used in
exclusion to reconstruct foraging strategy. They can, however, be used to set up parameters
relative to food profitability (e.g., how does dental anatomy, in association with cranial and
postcranial anatomy, likely influence pursuit and processing?) or can be used to test models
of subsistence (e.g., do chemical signatures, phytoliths, and microwear agree with a
particular model?). We here explore what these lines of evidence suggest regarding the
feeding behavior of early hominids.
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Current opinions on the question of early hominid diets, as noted at the outset, vary and can
differ substantially. These include:

1. The diets of Ardipithecusand Australopithecus were sufficiently herbivorous that
faunal matter need not be discussed, even when looking at data (e.g., enamel
carbon isotopes, microwear) that cannot be used in isolation to discriminate animal
from plant foods (e.g., A. boisel, Cerling et al. 2011; A. anamensis, Estebaranz et al.
2012). A closely related viewpoint is that pre-Homo patterns of plant and meat-
eating (acquisition and consumption) were similar to those of living chimpanzees,
which are largely ripe fruit (and leaf and pith) consumers but also capable hunters
(see above), and are presumptively viewed as representing the primitive LCA state
(e.g., Stanford 1999, 2001, 2003; Pruetz and Bertolani 2007; Hohmann 2009). Such
arguments are rarely applied to early Homo (but see Wrangham et al. 1999).

2. All or most early hominids (robust australopithecines being a possible exception)
were characterized by diets more generalized than those of living apes, with greater
omnivory (presumably reflecting the potential for a greater contribution of animal
foods, e.g., Ardipithecus ramidus, Suwa et al. 2009; Australopithecus,
Bartholomew and Birdsell 1953; early Homo, Ungar et al. 2006).

3. The consumption of vertebrate flesh was very common in early hominids, was the
central component of their niche, and was indeed central to the process of
hominization (e.g., Blumenschine 1987; Mann 2000, 2007).

4. Early hominid diets differed significantly among multiple taxa or adaptive grades.
The robust australopithecines, for example, are classically viewed (e.g., Robinson
1968) as having evinced a largely vegetarian diet, as opposed to greater omnivory
in gracile australopithecines and early Homo. It is common today, however, for
authors to draw further distinctions between the diets of other individual hominid
taxa (or putative taxa). For example, Sponheimer (2013) reviews hypotheses that
postulate a more restricted, extant ape-like foraging strategy in Austral opithecus
afarensis when compared to the presumably more generalized Au. africanus, as
well as other potential differences in general foraging strategy or fallback foods
within the australopithecines.

Distinguishing between these possibilities requires a look at myriad forms of physical
evidence available and also, importantly, rigorous consideration of foraging theory. As with
any other aspect of early hominid ecology or behavior, bonobo and/or chimpanzee feeding
behavior should not be construed as a default proxy for those of the Pan-Homo LCA or
early hominids (Latimer et al. 1981; Cachel 2006; Sayers and Lovejoy 2008; Suwa et al.
2009; Duda and Zrzavy 2013). Hominid anatomy and physiology may impose considerably
different constraints on foraging strategy than those that limit these behaviors in
chimpanzees.

Anatomy reflects previous evolution and, thus, with relation to diet, the types of foods that
were selectively important in the past. It may or may not reveal the routine diet of
individuals that can be examined in the fossil record (Sponheimer 2013) given the speed at
which conditions can change (Van Valen 1973) and the potential importance of rarely
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consumed but potentially important fallback foods. Nonetheless, with both extinct forms and
extant primates, anatomy can go a long way in establishing the parameters of likely diet,
particularly in tandem with information on what potential foods were or are present.

The dentitions of both Ar. ramidus (4.4 mya, Afar Rift, Ethiopia) and Austral opithecus spp.
are characterized by generalized molar topography, with low, rounded (bunodont) cusps.
Along with moderately thick enamel and lack of shearing capacity, they are closer in
morphology to Dryopithecus (Suwa et al. 2009) than extant African apes. Chimpanzees,
bonobos, and especially gorillas exhibit greater occlusal relief and much thinner enamel
(Ungar 2004; Suwa et al. 2009), reflecting their known propensity for diet expansion beyond
preferred fruits to fibrous, leafy foods (e.g., chimpanzee diets average 16% leaves; Conklin-
Brittain et al. 2001).

In addition, Ar. ramidus is characterized by small incisors relative to those of Pan and
Pongo, which utilize their anterior dentition to process fruit pericarp (Suwa et al. 2009). Of
special note is the fact that the sectorial canine, the only hominoid tooth capable of readily
penetrating flesh even in its reduced state in females, nevertheless underwent systematic
restructuring so complete in early hominids as to entirely remove any such capacity, arguing
against adaptation specifically for carnivory. The postcanine teeth, in addition, are relatively
large in Ardipithecus, although not to the degree observed in Austral opithecus. Early Homo
essentially retains the signatures of a generalized, bunodont dentition with moderate to thick
enamel (Beynon and Wood 1986; Ungar et al. 2006). The anatomical evidence is clearly
congruent with a broad range of potential plant and animal foods for Ardipithecus, gracile
Australopithecus, and early Homo, and less congruent with strong directional selection for
the exploitation of any one broad category of resources (e.g., vertebrate meat or individual
plant type/part).

The status of robust australopithecines in this respect is less clear. Although variable and
including taxa and individuals of varying “robustness,” they are of course generally known
for their large postcanine teeth with thick enamel, robust mandibles, flaring cheekbones,
and/or sagittal crests, all part of an extensive masticatory package that has been variably
interpreted as either reflecting a specialized diet of challenging foods (Robinson 1968;
Beynon and Wood 1986; Cerling et al. 2011) or a potentially diverse one incorporating
these, at least in times of dearth (Wood and Strait 2004; Peters and VVogel 2005).

Another line of evidence involves microwear on teeth that correlates with the physical
properties of foods or extraneous particles (e.g., dust) that are or were consumed. Generally,
hard and/or brittle foods (e.g., certain seeds and bones) are expected to be associated with
pitting, while tough but pliable foods that require shearing (e.g., certain leaves and soft
animal tissues) are expected to be associated with parallel scratches (Ungar and Sponheimer
2011). Microwear studies, however, while worthy of attention, have several limitations that
help underscore why isolated analytical techniques must be considered supplementary to
evolutionary ecology in the reconstruction of foraging strategy, as opposed to wholesale
methods for determining diet.
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The most famous limitation is that microwear turnover occurs relatively quickly—the
celebrated “Last Supper Effect” (Grine 1986)—meaning that, in relation to fossil
individuals, microwear only gives evidence of the physical properties of certain items that
entered the mouth shortly before death. It goes without saying that this may or may not
reflect the routine diet of the species, and is also prone to miss rare but selectively important
foodstuffs (Sponheimer 2013). In addition, the microwear associated with feeding must be
differentiated from that caused by later deposition (Teaford 1988), wear differs based on
tooth areas sampled even at a micro level (Gordon 1982), and extraneous materials such as
dust, dirt, and other grit may in some cases wear teeth more greatly than the actual “intended
foods” being consumed. Questions concerning to what degree plant silica phytoliths or other
plant components are hard enough to abrade or even rub enamel, for example, are currently
under debate (Sanson et al. 2007; Lucas et al. 2013; Rabenold and Pearson 2014).

With these caveats in mind, molar wear in Ar. ramidus is minimal, and suggests
consumption of fewer abrasive, hard-object and/or gritty food types than in later
Australopithecus (Suwa et al. 2009), particularly the South African forms. Within
Australopithecus, East African Au. anamensig/afarensis and the robust Au. boisei generally
exhibit less complexity (pitting) and variability than Au. africanus and early Homo, although
all such values are overlapping and relatively lower than would be expected by wear caused
by hard, brittle objects (Ungar and Sponheimer 2011; Grine 2013). The clear outlier here is
South African Au. robustus, which exhibits wildly variable wear complexity (again,
overlapping with most of the aforementioned) but includes some specimens with extensive
pitting. Excepting this specific hominid, the conclusions generally drawn from these data are
essentially that if hard objects were important to early hominids, it is at least not signaled in
their microwear (Ungar and Sponheimer 2011). Taking into account the anatomical
evidence and the cautions raised above, however, none of these factors contradict the notion
that all of these hominids exhibited broad, generalist diets that could have included such
food types, especially during times of resource scarcity.

Together, the above data indicate that unlike extant African apes, early hominids, and likely
the Pan-Homo LCA as well, were not ripe fruit specialists or especially frequent consumers
of leafy or other stereotypically high-fiber resources. The latter is especially important, as
leaves and pith prove key to chimpanzees, bonobos, and gorillas when more preferred foods
are scarce (Laden and Wrangham 2005). This of course does not mean that these items were
not sometimes consumed by early hominids (see Henry et al. 2012), but virtually all of the
molar characters in early hominids (bunodonty, increasing enamel thickness, increasing
size), for example, do suggest a reduced profitability of leaves/pith, with an attendant
reduction in any impact on selection that their consumption would impose. Dentitions from
Ardipithecus to Homo instead suggest an extremely varied diet, with “compromise”
morphology. In what ways might early hominids have been dietary “generalists,” however?
What foods could have generated such a significant shift away from those consumed by
extant apes? Moreover, what foods are also consistent with the abundant evidence that Ar.
ramidus (and, of course, Austral opithecus and Homo) was so frequently terrestrial that it had
undergone substantial modifications of the foot, leg, thigh, and hip for habitual upright
walking (Lovejoy et al. 2009a,c,d)?
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Two possible classes of foods sometimes suggested to be central to early hominid diets, as
noted, are animal resources and low-fiber underground storage organs (Hatley and
Kappelman 1980; Milton 1987; Wrangham et al. 1999; Conklin-Brittain et al. 2002; Laden
and Wrangham 2005; Yeakel et al. 2007; Dominy et al. 2008). Arguing by analogy and
structural similarity to living species, both can be considered likely foods in Ardipithecus
(Suwa et al. 2009) and especially Australopithecus, whose postcanine teeth strongly
converge on those of bears and pigs, taxa which consume both of these gross food categories
and are well-known for their exceptionally generalist foraging strategy (Hatley and
Kappelman 1980 and see below). The changes that likely occurred in gut morphology/
physiology throughout human evolution, from at least as ancient a form as Austral opithecus,
are also consistent with, although not necessarily indicative of, exploitation of similar
resources (Milton 1987; Conklin-Brittain et al. 2002; Mann 2007; Haile-Selassie et al.
2010).

In relation to the specific question of meat-eating in early hominids (USOs will be
considered below), some workers have gone beyond general anatomy or microwear in
attempts to answer it more directly. One potentially useful technique is the diagnosis of
infectious disease linked with animal consumption. D’ Anastasio and colleagues (2009)
reevaluated a lumbar vertebra from an A. africanus partial skeleton (Stw 431) and provided
evidence that associated lesions were consistent with early stage brucellosis, a disease
contracted by contact with or consumption of contaminated animal tissues. Although the
authors clearly favor this as evidence of vertebrate meat consumption, they note that
brucellosis does not necessitate eating animals, and alternative diagnoses (including trauma,
as suggested by an earlier study) are possible.

Similarly, the parietal fragments comprising Olduvai Hominid 81—from a 1.5 mya hominid
child near weaning age and of uncertain taxonomic affinity—have been diagnosed with
porotic hyperostosis, a nonspecific erythroid marrow hyperplasia in the cranium often linked
with malnutrition or iron deficiency. One interpretation is that this reflects a “meat-
deficient” diet in the mother of OH 81, which influenced the nutrient content of her milk;
another is that it reflects developmental stress associated with a reduction in the availability
of maternal milk, and thus to the full complement of nutrients ultimately derived from meat
(Dominguez-Rodrigo et al. 2012:e46414). Although being another line of evidence
suggestive of significant meat consumption, porotic hyperostosis is widespread in some
hunter-gatherer skeletal populations, and is generally associated with the occurrence of
postcranial periostitis, itself reflective of chronic infection (Mensforth et al. 1978).
Moreover, trace minerals, including iron, are found in a wide assortment of plant and animal
foods (National Research Council 2003) and the link between maternal intake of specific
micronutrients and milk composition is, at the very least, more complex than a simple one-
to-one correlation (e.g., Vuori et al. 1980).

The ratio of strontium to calcium (Sr/Ca) can differ in the tissues of organisms based on the
trophic level they occupy, at least within regions with known soil chemistry (reviewed in
Sillen 1992). Such ratios are therefore another potential means of deducing potential early
hominid meat consumption. Animals preferentially assimilate dietary calcium relative to
strontium, resulting in lower Sr/Ca ratios in herbivores compared to the plants that sustain
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them. However, some plants and/or their parts (e.g., grasses, sedges, and rhizomes) have
higher Sr/Ca than do others (e.g., woody leaves, flowers, and fruit). Thus, grass grazers
average higher Sr/Ca ratios than tree browsers, and these consumer categories can often be
distinguished via analysis of bone or tooth enamel. Carnivores, again preferentially
assimilating calcium as opposed to strontium, are generally expected to exhibit relatively
low Sr/Ca ratios, but these will also reflect the consumption patterns of their prey. Indeed,
carnivore Sr/Ca ratios sometimes overlap the low values typical of browsers, and in other
cases overlap those of grazers (Sponheimer et al. 2005). Due to such discrepancies, Sr/Ca
ratios are often coupled with other evidence (e.g., additional chemical or morphological
analyses) when ancient dietary reconstructions are being attempted.

Although Sr/Ca signals can be lost from bone during fossilization, Sillen and colleagues
(Sillen 1992; Sillen et al. 1995) utilized a “solubility profile” technique that relies on
distinguishing diagenetic apatites (minerals formed during fossilization) from biological
ones. Using these methods, fossilized bone of A. robustus at Swartkrans revealed low Sr/Ca,
which was interpreted as possible evidence of animal, including vertebrate meat,
consumption (Sillen 1992). Contrary to classical interpretations of both “robust”
Australopithecus and early Homo feeding strategies (i.e., rigid herbivory versus omnivory;
Robinson 1968), the A. robustus Sr/Ca values were surprisingly lower than those from a
small sample of early Homo at the same site (Sillen et al. 1995).

This picture receives at least partial clarification from results obtained by Sponheimer and
colleagues (2005), who explored the Sr/Ca ratio in tooth enamel—which is less susceptible
to diagenesis than bone—in both modern animals at Kruger National Park and fossils from
Swartkrans and Sterkfontein. They found Sr/Ca ratios to be significantly higher in A.
africanusthan in A. robustus, and higher in both taxa than in papionins and browsers,
although A. robustus did not differ significantly from these other mammals. This led them to
conclude that “there is no reason to believe that... [A. robustus]... consumed greater
amounts of animal foods than contemporaneous baboons” (Sponheimer et al. 2005:153). As
noted previously, the modern baboon diet, while heavily biased toward plant foods, does in
some cases overlap modern human hunter-gatherers with respect to animal foods. Sr/Ca
ratios were, as noted, higher in A. africanus and possibly suggestive of greater grass
consumption. Another option that Sponheimer and colleagues examine, and likely attractive
to many students of human evolution (McGrew 2014), is insect consumption, as insectivores
tend to have higher Sr/Ca ratios than do carnivores.

Coupling these results with additional data for barium/calcium (Ba/Ca) ratios may likely
resolve this issue. The relatively rare combination of high Sr/Ca but low Ba/Ca (low Ba/Ca
is unlike grazers; insectivores are little known with respect to this measure) is a
characteristic “signature” of both warthogs (Phacochoerus africanus) and mole rats
(Cryptomys hottentotus), two entirely unrelated species that rely heavily on USOs. “Thus,
the consumption of underground resources seems to be a reasonable hypothesis to explain
the Sr/Ca of South African hominins in general, and the very high Sr/Ca of [gracile]
Australopithecus in particular” (Sponheimer et al. 2005:154 and see below). It is important
to note, however, that values for both gracile and robust australopithecines overlapped those
of at least some browsers, grazers, and carnivores in this study, and thus do not contradict
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the interpretation that one or both taxa exhibited a broad, omnivorous diet. On a related note,
the data deal with hominids over a limited spatial and (to a lesser degree) temporal range,
and the same taxa in different habitats might of course exhibit different chemical signatures
of diet. The Sillen (1992; Sillen et al. 1995) and Sponheimer et al. (2005) studies are
nevertheless important for their cautioning against broad generalizations about robust versus
gracile australopithecine diet, and highlighting the potential importance of underground
storage organs.

By the time one gets to roughly 2.6 million years ago, the assertions about meat-eating in
early hominids (likely Australopithecus garhi and/or early Homo) are no longer equivocal.
Here there is direct evidence of modified stone tools that were used to butcher large animals
and extract bone marrow (Bouri and Gona, Ethiopia; Heinzelin et al. 1999; Semaw et al.
2003). The questions at this point have traditionally shifted to whether these animals were
acquired by hunting or some form of scavenging, and what the importance of meat was
relative to another (e.g., USQOs) category of food. We will return to these questions shortly.

Another widely used technique to analyze habitat and diet takes advantage of differing
photosynthetic pathways in plants. Most plants, including almost all woody plants, utilize a
three-carbon pathway (Cz plants) while a smaller number use a four-carbon pathway (C4
plants and Crassulacean acid metabolism (CAM) plants). The four-carbon systems are
characteristic of plants in dry or seasonal environments, and are differentiated by whether
certain steps in the photosynthetic process are separated spatially in differing cell types (C4)
or temporally (CAM) (Keeley and Rundel 2003; Yeakal et al. 2007). Fortunately for
paleoanthropology, an exceptionally high percentage of African savanna grasses and sedges
are Cy, and these plants can be distinguished chemically from C3 plants by an elevated
concentration of the comparatively sparse isotope 13C in relation to 12C (Peters and Vogel
2005; Sponheimer et al. 2007). With some variation, the 13C/12 C ratios in CAM plants,
which include succulent desert forms and some tropical epiphytes, tend to overlap those of
C4 plants, but there are notable exceptions, such as aquatic CAM species (where
environmental factors influence carbon ratios, Keeley and Rundel 2003; Yeakal et al. 2007).
In short, the tissues of herbivores will vary in isotope composition based on the plants they
have consumed, and carnivores will vary based on what their prey have consumed. Strict
browsers or the predators that eat them (C3) can be distinguished from strict grazers or their
predators (Cy).

Carbon enamel isotopes, again, are not the final word on diet, and animals do not choose
plants to eat based on their photosynthetic pathway, but rather based on profitability criteria.
Importantly, this technique cannot be used alone to distinguish between plant and animal
consumption. Another complication is that USOs can be C3, C4, or CAM. Examples of C4
USOs are underground portions of Cyperaceae (sedges), which include the familiar papyrus
(Laden and Wrangham 2005; Peters and VVogel 2005).

The known Ar. ramidus immediate habitat (a subdivision of the larger regional environment
in the Middle Awash (Ethiopia) Pliocene; Cerling et al. 2010; White et al. 2010) has been
characterized as woodland (Louchart et al. 2009; WoldeGabriel et al. 2009) and differed
from those of extant apes and later hominids. Analysis of Ar. ramidus enamel carbon
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isotopes indicates a diet high in C3 plants and/or animals that consumed these (White et al.
2009). However, the C4 signal was higher in Ar. ramidus than in sampled chimpanzees,
which are close to being obligate C3 feeders. In turn, they are much lower than in most
sampled Australopithecus living after approximately 3.5 million years ago, both gracile and
robust, and early Homo, which on the whole appear to have utilized a somewhat even mix of
both C3 and C4 foods (Sponheimer et al. 2007, 2013; Ungar and Sponheimer 2011; Wynn et
al. 2013).

This shift toward more Cy4 resources likely reflects the steadily broadening dietary niche that
appears to be a hallmark of later hominid evolution (Lee-Thorp et al. 2010, 2012), partially
related to more “open country” habitation, with rough analogues in certain primates such as
baboons (Sponheimer et al. 2007) that are described as “eclectic omnivores” (Altmann
1998). Particularly interesting in the context of the aforementioned suid-like, bunodont,
brachydont dentition of early hominids (Hatley and Kappelman 1980), the mixed and highly
variable C3—C4 signals of Australopithecus are similar to those of the living African bush
pigs (Potamochoerus spp.)—true omnivores whose diet includes fruits, USOs, invertebrates,
small vertebrates, carrion, stems/leaves, and eggs (Jones 1984; Nowak 1991; Harris and
Cerling 2002; Sponheimer et al. 2007).

An extreme in the general C3—Cy pattern is Australopithecus sediba (a probable late
chronospecies of A. africanus) from Malapa, South Africa (2 mya; Henry et al. 2012). A
sampling of two teeth suggests a diet heavily reliant on C3 resources, even more so than in
Ar. ramidus. This study also included analyses of phytoliths, which are silica deposits that
form in plants and in some cases can be utilized to identify, with varying levels of precision,
the plant taxa or plant parts they came from (for a recent review of archeological
applications and limitations, see Shillito 2013). The identifiable plant phytoliths (n = 24)
recovered from the dental calculus (which forms over months or years; Henry 2012) of Au.
sediba include those from fruits, sedges, leaves, and wood/bark—all of which are consumed
by many extant catarrhines, and all of which have been considered possible foodstuffs for
hominids prior to the use of controlled fire (based on profitability characteristics and the
effects of seasonality; Peters 2007). As noted above, nothing in Austral opithecus dentitions
or postcrania is suggestive of adaptations or stabilized characters associated with folivory.
As with living bush pigs (Jones 1984), leaves and bark were likely a relatively minor
resource for these hominids; however, there exist considerable chemical and structural
variations within such gross food categories (see Sayers 2013).

These results, again, highlight the fact that Ardipithecus and especially Austral opithecus and
Homo had broad dietary niches, and their diets at any given site, at any given time, were
likely more closely linked to habitat characteristics than putative taxon-specific feeding
constraints (Luca et al. 2010). This is forcefully demonstrated by the observation that Ar.
ramidus and A. robustus are more closely aligned on the C3—C,4 spectrum than A. robustus is
to A. boisel (Sponheimer et al. 2007; van der Merwe et al. 2008; White et al. 2009; Lee-
Thorp et al. 2010; Cerling et al. 2011). In other words, there is no firm anatomical, chemical,
or microwear evidence demonstrating that any known early hominid (potentially even robust
australopithecines, see Peters and Vogel 2005) was particularly specialized (i.e., exhibited
narrow dietary niche breadth), and suggestions that this might be the case (e.g., those based
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largely on microwear) must be viewed with caution, as they sidestep several known tenants
of foraging theory. Given that gracile Australopithecus, for example, ranged at least from
Chad to South Africa (Brunet et al. 1995), it is probable that their diets at particular sites/
times differed at least as greatly as those in most other wide-ranging primates or nonprimate
omnivores, or most probably even more so, given their markedly generalized dentitions (see
also Wynn et al. 2013). Their remarkable demographic success (Lovejoy 1981) is not
compatible with narrow niche breadths—their most likely “specialization” was that they
were not specialized.

In this context, it is again particularly important to consider the limitations of using only a
small number of current technologies and techniques for reconstructing diet. It has been
suggested, for example, that A. boisai subsisted on copious amounts of “low-quality” foods,
as evidenced by high C4 signatures and some aspects of microwear (Cerling et al.
2011:9337). It has been noted (Sponheimer 2013) that the isotopic evidence here would
compare favorably with a Theropithecus-like diet as first proposed by Jolly (1970). Carbon
enamel isotopes, however, do not even distinguish between plant and animal foods, and
microwear analysis, even if accurate, reflects only the gross physical properties of certain
items that enter the mouth (intended foods or otherwise) shortly before death. Even in the
case of robust Australopithecus, alternative hypotheses involving marked omnivory, while
debated, are also able to readily explain available evidence (Peters and VVogel 2005).

In the literature, the importance of gross food types is often framed as a dichotomous choice:
e.g., for a particular phase of human evolution, was it the consumption of USOs or meat (or
insert other food categories) that provided the greatest selective advantage (e.g., Bunn
2007)? Similar “either/or” presentations are often applied to the “hunting or scavenging”
debates (e.g., Shipman 1986; Dominguez-Rodrigo and Barba 2006). Unless all early
hominid habitats were identical (certainly not the case) and the associated return rates and
patterns of seasonality for gross food types were equally identical (certainly not the case)—
or anatomy suggests selectively important reliance on certain food categories (generally not
the case, with gracile/robust differentiation being one possible exception)—these are
unnecessary dichotomies. Coupled with habitat selection—which is determined not only by
food presence, but also by factors such as competition (Rosenzweig 1981) and predation
danger (Gilliam and Fraser 1987)—a forager’s diet is determined by the specific resources
available, as well as the seasonal densities, associated handling times, and nutritional
characteristics of these elements. A particular type of potential food that is passed over in a
habitat of abundance, as noted previously, may be regularly eaten in poor habitats or during
lean seasons (Schoener 1971).

Craniodental and alimentary characteristics, and even postcranial and cognitive ones, place
constraints on diet by influencing how valuable a resource will be to a given animal.
Colobine monkeys, for example, with their extensive shearing crests and compound,
microbe-infested stomachs, are likely able to derive more energy from high-fiber leaves than
cercopithecines or hominoids (e.g., Kay and Davies 1994), and their anatomy presumably
reflects a long history of having done so. Leaves are therefore not necessarily “low-quality”
from the perspective of a colobine monkey (Sayers et al. 2010; Sayers 2013). So it goes with
our immediate ancestors: the habitat of emergent hominids, as with all other animals,
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determined their diet, as did the anatomical “equipment” they had to rely on to extract its
nutrients. It is true that certain aspects of ancient habitats or the anatomical equipment
involved (particularly, soft tissue characters and physiology) may be hidden from view, but
even here data exist to make reasonable assumptions about such variables (e.g., Conklin-
Brittain et al. 2002; Griffith et al. 2010). The potential role of meat-eating, USO
consumption, or the exploitation of any other gross food category must be examined within
a holistic context. Given the lack of evidence in Ar. ramidus and Australopithecus for the
evolutionarily significant folivory (i.e., folivory which is reflected in morphology) that plays
such an important role in the natural history of extant African apes, in addition to the
bear/pig analogy, the likelihood that animal foods or USOs would enter their optimal diet
must be considered comparatively high.

As noted, the evidence for animal consumption includes some archeological (insectivory;
Backwell and d’Errico 2001) and morphological evidence (vertebrate consumption; Mann
1981), and evidence for USO exploitation, although controversial (Bunn 2007), continues to
accumulate. In addition to traditional morphological arguments (Hatley and Kappelman
1980), the isotopic signature of modern mole rats and their fossil counterparts, which feed
heavily on USOs, compare favorably with A. africanusand A. robustus (Yeakel et al. 2007).
Modern humans, in addition, have approximately three times the number of functional
salivary amylase genes (AMY'1) than chimpanzees and bonobos do (Perry et al. 2007).
Salivary amylase is involved in one of six steps that result in the degradation of
“gelatinized” or “raw” starch to glucose in the small intestine, while other “resistant
starches,” aided by microbes, are used to produce short-chain fatty acids in the large
intestine. Cooking greatly aids the assimilation of some starches in the body (Ao et al.
2012:542) and although the degree to which uncooked starches are utilized is still little
understood in a quantitative sense, uncooked, high-starch foods are exploited by Old World
monkeys (e.g., Perry et al. 2007; Sayers et al. 2010) and some human hunter-gatherers (e.g.,
Schoeninger et al. 2001; Marlowe and Berbesque 2009).

In modern humans, AMY1 copy number positively correlates with salivary amylase protein
levels (which are also high in Old World monkeys; McGeachin and Akin 1982) and is
greater in populations with a high-starch diet, and “high-starch” characterizes many types of
USOs (Perry et al. 2007). It is unknown how far back into hominid evolutionary history such
adaptations date, but even into the Pliocene would not be surprising and would complement
certain anatomical data. Indeed, some workers have utilized morphology and the mechanical
properties of underground resources to link the divergence of gracile and robust
australopithecines to differing “fallback” USO types being exploited during periods of
resource scarcity (gracile: C4 corms and Cs tubers; robust: C4 bulbs; Dominy et al. 2008).
Such a hypothesis deserves to be explored further, ideally with habitat data and optimality
models, along with plausible alternative interpretations (e.g., Peters and VVogel 2005).

Some discussions concerning the diet of early hominids have noted that overall biological
productivity (biomass) decreases from tropical forests to woodlands to open habitats (e.g.,
Baccini et al. 2008). In the context of the classical optimal diet model, this decrease in
overall abundance of foods (lower E,/T of the habitat) would promote the adoption of an
increasingly generalist feeding strategy (Gaulin 1979). To this it can be added that an
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increasing commitment to terrestrial, bipedal locomotion would tend to have a similar effect
via the reduction of access to arboreal resources (Lovejoy 1981, 2009), again making
habitats more marginal per unit area, all else being equal. This is fully consistent with an
increase in the likelihood of exploitation of foods atypical of extant apes, of which USOs
and certain animal foods represent possibilities, in Ardipithecus. If it is assumed that
biological productivity was comparatively reduced in certain later hominid habitats, and/or
that the commitment to terrestrial bipedality was greater, it is also consistent with an even
wider gamut of potential foods (e.g., hard objects that require significant processing) in
Austral opithecus and/or early Homo.

The relative contribution of specific resources to the diet, again, would be wholly dependent
on their availability and variables related to profitability, such as nutritional value and
handling time. These are not static and, as noted above, will be influenced by myriad factors,
including habitat-specific features as well as the social and technological innovations of
these foragers (which, again, will change over time). The technologies and techniques
reviewed in this section give clues as to what early hominids ate, and in some cases even
direct evidence for certain foods, but this does not equate to reconstructing their foraging
strategy. Arguments concerning “gross food type A” (e.g., meat) versus “gross food type B”
(e.g., fruits, USOs, insects) being more important are of limited value. In the future,
whenever possible, increased attention should be given to reconstructing ancient habitats,
and the likely profitability of all resources available to the hominids that lived in them (see
for example, Sept 1984; White et al. 2009).

How Profitable Would Vertebrate Hunting and Scavenging Have Been For

Early Hominids?

Ar. ramidus lived in a habitat where potential analogs to chimpanzee prey species, such as
colobus monkeys, also existed, and chimpanzees have been argued to represent a potential
model for early hominid hunting behavior (e.g., Boesch and Boesch 1989; Stanford 1995;
Pickering and Dominguez-Rodrigo 2010). The potential value of vertebrate prey can be
assessed with the three variables utilized to calculate profitability: potential dietary energy,
pursuit time, and processing time. All foods with profitability above the habitat E,/T can be
expected to be exploited whenever encountered while foraging (Schoener 1971).

It is unlikely that the energy derived from vertebrate carcasses would be greater for most
pre-Homo hominids than for extant primates, or that there would be appreciably less
required processing time. The processing time associated with meat and bone marrow was
likely reduced by the utilization of stone tools in East African hominids living roughly two-
and-a-half million years ago. In addition, evidence of large mammal exploitation, as
opposed to the small vertebrates eaten by extant primates, is found at the Bouri, Ethiopia,
site that has yielded such early evidence (2.5 mya; Heinzelin et al. 1999), and also at nearby
Gona (2.6 mya; Semaw et al. 2003). This would increase energy available per carcass
considerably, although to what degree would depend on the state of the carcasses when
acquired, and whether or not they needed to be defended from competitors. Au. garhi is
currently the only hominid known from this time/area and may be the toolmaker (Heinzelin
et al. 1999), although this contention must be tested against future evidence (Klein 2000). At
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Hadar, Ethiopia, a mandible (A.L. 666-1) associated with modified stone tools provides
evidence for similar behavior in early Homo at 2.3 mya (Kimbel et al. 1996).

At present, however, there is no evidence for butchery by Ardipithecus and only limited
evidence for earliest Austral opithecus (see Panger et al. 2002 for discussion). The latter
includes one ungulate rib and one bovid femur that exhibit purported stone tool cut marks,
from Dikika, Ethiopia (McPherron et al. 2010). Similar markings, however, have been
experimentally produced by trampling (Dominguez-Rodrigo et al. 2010) and these
essentially isolated samples are surface recoveries. At present, therefore, arguments for
butchery in early australopithecines remain unsubstantiated. There is also essentially no
evidence of controlled use of fire or cooking in Australopithecus or earlier hominids, which
could potentially increase the amount of energy available to a forager by reducing
processing costs and/or time (particularly if including postconsumptive handling, Darwin
([1874] 1998; Engels ([1876] 1953); Oakley 1961; Leopold and Ardrey 1972; Clark and
Harris 1985; Wrangham et al. 1999; Whelan and Schmidt 2007). The lack of shearing
surfaces on Ardipithecus and Austral opithecus molars (Ungar 2004; Suwa et al. 2009)
actually would make the chewing of fresh vertebrate muscle, unmodified by cooking,
somewhat more challenging than for extant apes (Teaford and Ungar 2000). Their
dentitions, however, while not representative of pure carnivores (Gaulin 1979) are clearly a
compromise allowing many possible foodstuffs, including meat.

The foregoing discussion makes no distinction of whether vertebrate meat might have been
acquired by hunting or by scavenging. In all known pre-Homo hominids, hunting mobile
prey would likely be associated with longer expected pursuit times and lower success rates
than for extant chimpanzees. Any successful hunting of highly mobile and arboreal prey,
such as red colobus, can be almost entirely ruled out for Ar. ramidus, short of postulating
highly advanced social organization, which has not yet even been argued to have been
present in Au. afarensis. In such hunts, chimpanzees rely heavily upon their arboreal and
climbing skills, which are both highly honed and were, to the contrary, much more limited
in Ar. ramidus. Chimpanzees possess enhanced pedal-grasping abilities, heavily buttressed
lumbar columns, shortened hindlimbs, greatly lengthened forelimbs and metacarpals, and
fully reinforced central joint complexes in the wrists that greatly enhance their arboreal
agility, all of which Ar. ramidus lacked.

The preceding indicates that arboreal hunting of mobile prey such as monkeys, likely of only
borderline profitability even in chimpanzees, would be virtually profitless for Ar. ramidus.
Although possessing a grasping great toe, Ar. ramidus was a slow climber and far less-suited
to rapid arboreal movements than are extant or extinct cercopithecoids or apes (Lovejoy et
al. 2009a; Lovejoy et al. 2009b). Indeed, given the probable body mass of the species, and
its heavily modified pelvis and still primitive lumbar spine, the arboreal environment was
probably most important for nesting, protection of offspring from predators, and occasional
low canopy feeding. Terrestrial hunting variations exhibited by chimpanzees on small
mammals such as bushbucks and bushpigs would also be associated with longer pursuit
times, lower success rates, and lower profitability in Ar. ramidus, which exhibits sufficient
adaptations to upright walking to assure that its primary means of terrestrial travel was
bipedality. Its skeleton is therefore indicative of a form of cursorial locomotion that was far
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more restricted in speed and agility than that of Australopithecus, and certainly inferior to
the highly specialized knuckle-walking of living African apes (Lovejoy et al. 2009d).

Australopithecus lacked the arboreal adaptations of Ar. ramidus, and its postcranium
indicates a history of intense selective pressures favoring long-term habitual terrestrial
bipedal locomotion (Latimer 1991; Lovejoy et al. 2009d; Simpson 2010). For this reason,
arboreal hunting for these hominids would have been both unprofitable and dangerous, and
can essentially be removed from consideration (Sayers and Lovejoy 2008). This includes
virtually all variations of arboreal hunting reported in extant chimpanzees, whether tool-
assisted (Pruetz and Bertolani 2007) or otherwise (Stanford 1998). When on the ground,
Australopithecus, with an adducted great toe, arched and essentially rigid foot, valgus knee,
and greatly reduced hamstrings and adductors, would have been a considerably more agile
biped than its likely predecessor, and certainly capable of more sustained walking and
running than Ardipithecus (Lovejoy et al. 2009d). The capture of any running animal,
however, would have still been considerably difficult for Australopithecus from a
biomechanical perspective when compared to a more agile quadruped such as a chimpanzee
(Lovejoy 1982). Thus even terrestrial hunting of such prey would be associated with almost
debilitating pursuit time and costs compared to those in extant apes, and saving some as-yet-
undefined property, would be of lower profitability for them. This contrasts markedly with
assumptions made in the virtual entirety of the ape literature, and some of the paleodietary
literature as well, which presumes that chimpanzee hunting techniques or diet represent the
primitive LCA condition, retained through at least the time of Australopithecus (Stanford
1999, 2001, 2003; Pruetz and Bertolani 2007; Hohmann 2009).

These limitations point to the conclusion that neither Ardipithecus nor Austral opithecus
systematically engaged in almost any form of chimpanzee-like pattern of vertebrate
predation. This is not to say, however, that all modes of vertebrate hunting observed in
modern chimpanzees were unavailable to these hominids. In rare cases, for example, Gombe
chimpanzees will seize young mammals with only limited pursuit or essentially no chase at
all (Goodall 1986). It is certainly possible that this form of opportunistic ambush hunting
was within the capacities of emergent hominids. The most likely animal prey would have
included small reptiles and amphibians, the young or weak of larger vertebrates, eggs,
fledglings, helpless fish, invertebrates, and burrowing mammals, of course coupled with
other resources typical of forest floor/riparian omnivores, e.g., fruits, berries, nuts, USOs,
fungi, vegetative plant parts, shoots, honey (Bartholomew and Birdsell 1953; Mann 1981,
Lovejoy 1993).

Thus, although it is true that thoughtful studies of chimpanzees or other particular nonhuman
primates can yield information relevant to the question of early hominid meat consumption
or hunting (e.g., Pickering and Wallis 1997), it is nonetheless a dubious practice to posit the
chimpanzee or any other extant animal as a model for LCA or early hominid foraging
strategy, any more (and probably even less) than white-faced saki monkeys can be used as a
model for the behavior of bearded sakis (e.g., Norconk 1996) or chimpanzees can be used as
a model for bonobos (see Sayers et al. 2012). It also does not follow that potentially rare
predatory behaviors held any particular selective importance for early hominids, or that
chimpanzee hunting and faunivory, outside the context of overall diet, should be considered
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a separate and singularly relevant topic in chimpanzee behavioral ecology. In other words, in
extinct or extant primates, studies of foraging strategy should be the rule, and studies of
niche topics such as hunting, scavenging, or insectivory, even if tool-aided, the exception.

There are potential behavioral means for reducing the pursuit time or costs associated with
hunting larger or more mobile game, although few authors have granted exceptional abilities
of this nature to earliest hominids. Evidence that brain organization in Australopithecus
differed from extant apes, however, has been presented and associated with increased skills
related to communication, memory, problem solving, and dexterity (Dart 1925; Holloway et
al. 2004; Carlson et al. 2011), abilities that are already substantial in living nonhuman
primates (E. Menzel 1971, 1973, 1974; Putney 1985, 2007; C. Menzel 1999). Any such
advances, which are to date only vaguely articulated, could serve to improve the profitability
of certain types of hunting.

Nonetheless, it is unlikely from our perspective that any such advantages from this
modification, such as increasingly complex social foraging or throwing ability, would be
sufficiently advanced in Ardipithecus or Australopithecus to compensate substantially for
their almost laborious modes of locomotion (Lovejoy 1982; Lovejoy et al. 2009d). Again,
all available evidence suggests that hunting would be largely limited to easily acquired
forms. Omnivores with constrained mobility—although admittedly not as constrained as
early hominids—such as equatorial or temperate bears and pigs, provide a rough rubric for
the amount of animal foods that may have been consumed by Ardipithecus or
Australopithecus. For these taxa, animal prey (including insects, small vertebrates, and
carrion) make up from about 2 to 36% of the diet, with variation likely dependent on habitat
characteristics and seasonal encounter rates (Hatley and Kappelman 1980; Hill 1982; Jones
1984; Bull et al. 2001).

As noted above, for at least some hominids after 2.6 million years ago, large vertebrates
were unquestionably on the menu. Although frequently assumed to be a “high-quality” food
for early Homo, it is currently unclear how profitable even sizable carcasses would have
been when compared to other foods—this is entirely contingent on the likely pursuit and
processing time and costs. The question of pursuit raises the perennial debate concerning
whether these prey were predominately hunted or scavenged. Most archeological work has
focused on whether early hominids had early or late access to carcasses, gauged by the
location and juxtaposition of carnivore tooth marks versus stone tool cut marks (Shipman
and Phillips-Conroy 1977; Shipman 1986). Early access would suggest hunting or prompt
“confrontational (power) scavenging” (chasing predators from their kills; Bunn and Ezzo
1993) and late access would suggest some form of passive scavenging. Four decades of
concerted work at Olduvai Gorge (e.g., FLK Zinjanthropus, 1.8 mya) has scarcely helped
the problem, as the same evidence is viewed in diametrically opposed fashion by different
workers (early access emphasis reviewed in Dominguez-Rodrigo et al. 2014; late access
emphasis reviewed in Pante et al. 2012).

Without wishing to encourage more of this old debate, there is little evidence suggesting that
locomotor ability in early Homo would reduce the pursuit time or costs of rapid, mobile
hunting when compared with earlier hominids, as these forms largely retain the slow and
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injury-prone bipedality of their Australopithecus ancestors (a contrasting hunting model, the
persistence hunting or “endurance running” hypothesis, which emphasizes pursuit over very
long periods, is considered below). As a result, “early access” models that emphasize
hunting, beyond ambush of especially vulnerable prey, likely need to invoke substantial
cognitive mechanisms for reducing pursuit costs if this is to be considered to have been a
major component of foraging strategy.

The differences in the communication abilities of modern humans, for example, when
contrasted with early Homo are likely profound. Consider the characteristic of human
language termed “displacement” (Hockett 1960) that involves the referencing of objects or
events remote in time and/or space. This faculty is used by modern humans extensively,
including foraging groups deciding where to go to collect game (and plants) and discussing
past or anticipated future strategies (e.g., the Aché; Hill and Hawkes 1983). Along with
other aspects of modern cognition (see below) it is likely crucial to hunting success.
Nonhuman primates can pick up very subtle pieces of information from the behavior of
others (e.g., E. Menzel 1971, 1974; C. Menzel 1996) and can engage in quite complex
nonverbal communication when given the means to do so (e.g., lexigrams; Rumbaugh
1977). In naturalistic settings, the information picked up from the behavior of others, while
impressive, appears limited to events of the very recent past and anticipatory of actions to be
engaged in the immediate future (e.g., chimpanzees; Menzel 1971). Symbol-proficient
chimpanzees—again, probably because they have been given the means to do so—
demonstrate somewhat exaggerated displacement abilities and can “comment” on events
observed hours or days earlier (e.g., Menzel 1999). The vocal output of nonhuman primates,
in contrast, is generally quite constrained even by vertebrate standards (cf. birds and marine
mammals) and characterized by emotionally triggered cries that are produced from infancy
(Owren et al. 2011).

According to most students of language evolution, the displacement abilities present in early
Homo were only modestly more pronounced than those of nonhuman primates (see also
Kurland and Beckerman 1985), at least when juxtaposed against the supreme abilities of
modern humans in this regard. It is generally argued that comparatively advanced
communication abilities in the form of “protolanguage” (whether gestural or vocal) was not
evident until at least Homo erectus, based on factors such as brain size, range expansion, and
archeological indicators of potential cognitive ability. Most reconstructions of the
hypothetical protolanguage reveal increased powers of displacement but, again, quite
truncated from the modern human standpoint (reviewed in Fitch 2010). Especially when
considering the other uses or correlates of communication (e.g., teaching, cooperation, joint
attention) and general cognition (e.g., episodic memory, planning, associating prey with
their signs) this would put early Homo at a distinct disadvantage (high pursuit time or costs,
low success rates) when hunting large and/or mobile game, especially in a social context.
This is especially true if projectile weapons were not utilized by these forms, a question on
which the archeological record is silent. Passive or power scavenging scenarios are less
constrained by these limitations, but the locating or defense of carcasses would still be
conducted with comparatively reduced cognition (cf. modern human power scavenging;
Silberbauer 1981) and an almost certainly poor olfactory sense.
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As noted previously, in relation to processing, chewing, and digesting vertebrate muscle that
has not been cooked exacts definite difficulties, although such costs might be slightly
curtailed with certain types of tool use such as pounding. Some authors have used largely
morphological arguments (e.g., postcanine size reduction) to argue for the importance of
cooking from the initial appearance of Homo erectus (Wrangham et al. 1999), although the
archeological evidence of controlled use of fire before about 800,000 years ago (Goren-
Inbar et al. 2004) is much debated (see Clark and Harris 1985; comments in Wrangham et
al. 1999; Luca et al. 2010). Other tissue (such as brains, digestive organs, and bone marrow)
would be associated with lower costs; for example, estimates of the energetic yield of bone
marrow and the processing time required to extract it have led to suggestions that early
hominids should have exploited it whenever encountered, at least in the form of safe
carcasses (Blumenschine and Pobiner 2007), although it is unlikely to have been as valuable
to prefire hominids as to those coming after (Speth 1989). Thus, although the archeological
evidence suggests reductions in processing time and costs associated with foods (including
meat) due to advancements in technology, these reductions would have been constrained by
the factors outlined above.

Taken together, the most reasonable interpretation is that vertebrate meat, whether hunted or
scavenged, would have been of lower profitability to early Homo when compared to modern
humans in comparable habitats. This extends arguments first made cogently in the “Woman
the Gatherer” hypothesis (Linton 1971). A simplistic reading of the evidence would be to
assume that vertebrates made up less of the diet than in modern hunter-gathers. Ultimately,
however, this would be influenced by habitat-specific characteristics, including the seasonal
abundance and value of all potential foods. The progression of cognitive capacities in Homo,
including technological strides and extremely generalist niche, likely led to increasingly
divergent specializations in different habitats, and not always involving the same foods (e.g.,
fruit, seeds, underground storage organs, vertebrate meat, insects, and honey, among others).

Locomotor Efficiency, Foraging, and the Origins of Bipedality

Although general ecological models have only sporadically been applied to early hominid
foraging, considerable attention has been given to the narrow subject of search costs—only
one of many variables that impact feeding behavior. Indeed, most foraging theorists consider
search costs a sufficiently minor consideration that, perhaps too cavalierly, they are often
ignored when calculating predicted optimal diets (Stephens and Krebs 1986; Lifjeld and
Slagsvold 1988; Sih and Christensen 2001). Despite this, one of the broadest presumptions
in early hominid modeling is that search costs—specifically, the cost of transport (CoT;
Steudel-Numbers and Wall-Scheffler 2009) or locomotor “efficiency”—has been a primary
target of natural selection (Rodman and McHenry 1980), and/or that such economy emerged
from a need for tracking and hunting (Krantz 1968; Carrier 1984; Bramble and Lieberman
2004).

Despite its frequent tacit acceptance (see Leakey and Lewin 1992; Stanford 2003), the
hypothesis that CoT played a principal role in the evolution of bipedality is a presumption
for which, to our knowledge, no systematic justification has ever been provided. Travel
costs certainly can influence behavior and represent a possible selective pressure for many
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animals, including hominids. Yet this is only one factor in animal locomotion, and is
constantly being weighed against many competing evolutionary demands, including time
costs. This can be stated succinctly as follows: locomotor efficiency does not necessarily
equate to foraging efficiency, nor does it equate to efficiency in social behavior or predator
avoidance (e.g., Pontzer 2012).

In fact, “animals do not necessarily use their cheapest gaits when moving during their
predominant field activity. Rather,... the output of organismal locomotor decision
making...is driven more by what the animal needs to do (e.g., foraging, escape, social
interactions) and evolutionary constraints...than the need to optimize locomotor economy”
(Reilly et al. 2007:286). The most recent demonstration of this fact can be found in the
assessment of CoT in the gliding by colugos (Byrnes et al. 2011). Direct comparison of the
cost of gliding and traveling the same distance quadrupedally shows the latter to be more
economical, thereby rejecting the presumptive “dogma” that gliding in these animals
evolved to lower CoT. Instead, it appears to have been a means of increasing foraging
efficiency (e.g., time savings during between-patch travel) and avoiding predators, a lesson
that should strike home to any interested in the relationships among social behavior, diet,
and locomotion in early hominids.

Even in cases where CoT declines in a lineage over evolutionary time, the primary reason
for such a decline may be unrelated to an organism’s overall “energy budget.” Indeed, many
of the highly complex social interactions that play a central role in species fitness are
probably energy costly, but are not restrained by such costs lest the individual’s reproductive
success would otherwise suffer. The mammalian locomotor system exhibits a plethora of
self-protective mechanisms, each favored not only as a means of preventing catastrophic
musculoskeletal failure, but also to ameliorate progressive hard tissue degradation, as the
latter eventually accentuates the likelihood of the former. Because soft tissues are the
principal means by which locomotor systems can generate negative work—a task that
cannot be performed by cartilage, which has a favorable elastic modulus but too little
volume, and not by bone, which is too stiff—soft-tissue integrity is crucial, but nevertheless
is degraded and nullified by fatigue.

Simply demonstrating that one mode of locomotion is energetically advantageous compared
to another is therefore not a test of the central problem, which is whether energy
consumption has been minimized in order to lower the animal’s CoT or has instead been
generated by the likely more critical need to reduce soft tissue fatigue during high or
prolonged loading (Carrier et al. 2011). The connective tissue component of the longitudinal
pedal arch in hominid bipeds serves as an energy-storing spring and its capacity to do so will
thereby reduce the CoT, but the arch’s intrinsic musculature simultaneously generates
eccentric joint-protective work. Which was the target of selection? Almost certainly the
latter, although there are, at present, no direct data with which to answer this question.

We do have, however, observations of living primates that bear indirectly on the issue, at
least with respect to bipedality. A relatively simple answer to the question is provided by
CoT studies of living primates whose musculoskeletal systems were most similar to those of
the earliest hominids. The limb proportions and ample lumbar spines of Japanese macaques
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make them more suitable for comparison to early hominids than are chimpanzees (e.g.,
Sockol et al. 2007) because the latter’s extreme specializations include a stiffening of the
pelvis and thorax so substantial as to prevent systematic hindlimb extension during upright
walking. These specializations have never been present in hominids (Lovejoy and
McCollum 2010; McCollum et al. 2010; Sayers et al. 2012).

Bipedal CoT was found to be 120 to 130% that of “normal” quadrupedality in two specially
trained individuals (Nakatsukasa 2004). Although a small sample, these data nevertheless
provide no support for the hypothesis that early hominids adapted upright walking as a CoT
strategy, and inasmuch as they represent a direct test of hypothesis, they clearly supplant
those derived from broad, indirect, and highly presumptive calculations (e.g., Rodman and
McHenry 1980). These data highlight what appears to be the most reasonable view of early
hominid locomotion—that emergent bipedality would be less efficient than the more refined
locomotion of Australopithecus or Homo. As a corollary, it suggests that: the selective drive
for upright walking in early hominids was socioecological and not locomotor and that
selective advantage for bipedality was sufficient despite its likely elevation of CoT.

This brings into question the frequent argument that major modifications in the hominid
locomotor skeleton occurred for increasing locomotor efficiency during general foraging
(Rodman and McHenry 1980) or hunting (e.g., early Homo; Bramble and Lieberman 2004).
It also provides no evidence that either the adoption of bipedal locomotion, or its refinement,
was causally and specifically linked with scavenging efficiency (Shipman 1986; Bramble
and Lieberman 2004). As noted, emergent bipedality was unquestionably more awkward
and less efficient than in extant Homo sapiens (e.g., Lovejoy 2009d). This is one reason why
comparing locomotor efficiency in modern humans and chimpanzees will not yield answers
to questions on the origins of bipedality. Another is that chimpanzees likely differ
profoundly in anatomy from the LCA (Sayers and Lovejoy 2008; Lovejoy et al. 2009c;
Sayers et al. 2012). Most important, however, are the numerous striking disadvantages of
bipedality that must be countered in any reasonable explanation of its origin or evolution.
Even in its more advanced incarnations, bipedality reduces speed and agility, curtails access
to arboreal resources, and increases risks of injury (Lovejoy 1981, 1988; Latimer 1991,
2005). Any explanation where the benefits do not outweigh the substantial costs—whether it
involves questionable energetic savings (Rodman and McHenry 1980; Bramble and
Lieberman 2004), standing up for visual display (e.g., Dart and Craig 1959), fruit picking, or
wading, or increased throwing ability (reviewed in Niemitz 2010)—is unlikely to account
for bipedality’s defining features, whether they appeared in Ardipithecus, Australopithecus,
or early Homo.

The advanced adaptations to bipedality seen in Homo have been argued by some to have
been adaptations to “persistence hunting” (Krantz 1968), today repackaged as “endurance
running” (which may or may not include a scavenging component; Carrier 1984; Bramble
and Lieberman 2004). In persistence hunting, which is rare even in modern ethnographic
populations, a pursued animal is chased for long periods until it collapses. Such a practice is
a prime example of an activity characterized by excessive pursuit requirements (time and
energy spent on the chase) and processing costs (time and energy spent on defending,
butchering, and transporting a carcass, along with any other handling). How profitable
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would persistence hunting/endurance running be in comparison to other forms of food
acquisition, especially in the likely absence of later Homo’s profoundly hypertrophied social
and logistical planning?

The energetic value of the carcass itself is immaterial unless the pursuit and processing time
and energy costs are considered. It has been estimated that running for the average duration
of a modern persistence hunt would constitute 72—-84% of the daily energy expenditure for a
Homo erectus male (KNM-WT 15000; Steudel-Numbers and Wall-Scheffler 2009), and
elsewhere argued that thermoregulatory considerations would essentially limit such behavior
to hominids with the musculoskeletal, glandular, and hirsuteness profiles of modern humans
(Ruxton and Wilkinson 2011). In addition, unless potential game animals were kept in
constant perceptual (especially visual) contact, which is very unlikely, persistence hunting
via endurance running would require extensive tracking abilities. The following of animal
prey through signs is a sophisticated skill that was likely severely truncated, if not virtually
absent, in early Homo when compared to modern humans, and would have been performed
in less-than-optimal (for tracking) savanna-woodlands (Pickering and Bunn 2007; Bunn and
Pickering 2010). The extraordinarily high potential yields cited for persistence hunting/
endurance running (Lieberman et al. 2007) are likely exaggerated by orders of magnitude, as
they do not consider the highly negative returns that would have characterized unsuccessful
hunts. Even modern humans, with the advantages of unparalleled cognition and refillable
water bottles, show fairly low success rates in persistence hunting (Pickering and Bunn
2007). Moreover, to some extent such modern human hunting behavior is a “dietary luxury,”
in that its frequent failure does not seriously impact food supply that is largely maintained
by simple gathering. Indeed, modern human hunting is as much a social behavior as a
dietary one.

Scenarios such as the persistence hunting/endurance running hypothesis, which attempt to
explain major anatomical changes in human evolution with little regard for the fitness
consequences of the alterations, must therefore be considered largely fanciful from the point
of view of foraging theory.

It has also been suggested, as noted above, that endurance running could have been used in
the context of locating carcasses, such as moving toward the sight of circling vultures
(Bramble and Lieberman 2004; Lieberman et al. 2007). An analysis of the scavenging
opportunities for early hominids, based on conservative spatial models and the distribution
and behavior of extant animals, suggests that running would provide little advantages in the
context of vulnerable hominids (i.e., those that could not usurp or dominate carcasses), but
that running relatively short distances (those traversed in under 30 minutes) might provide a
selective advantage if hominids could defend themselves from large carnivore competitors
(Ruxton and Wilkinson 2013). This scenario differs considerably from earlier proposals
(e.g., Bramble and Lieberman 2004) and the costs of usurpation and defense would need to
be considered to evaluate the potential profitability of such an activity. The idea that meat
was a valuable resource for early hominids is an assumption that is often stated without
evidence, but clearly needs to be tempered with information concerning habitat-specific
factors, other available resources, and handling time and costs.
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Conclusion

The goal of paleoanthropologists should not be to opine hunting or scavenging behavior in
our ancestors, or to wax poetic about underground storage organs or honey, but ultimately to
reconstruct their overall foraging strategy. Fossil anatomy provides information as to the
foods that a given animal likely exploited, i.e., our greatest ally in reconstructing the past is
almost always natural selection and its effects on the skeleton (sensu lato). Fossil anatomy
also helps delineate, at least partially, the fundamental dietary niche (Hutchinson 1957; Sept
1984; Peters and Vogel 2005; Shipley et al. 2009), which is the total range of foods that an
organism can consume based on chemical, mechanical, or other considerations. The realized
dietary niche contains the foods that are actually eaten (Hutchinson 1965; Shipley et al.
2009), and can be addressed to some degree by examination of phytoliths, enamel element
and isotope data, and microwear. These methods have their limitations, and it is likely that
ancient “diet” cannot be reconstructed without invoking evolutionary ecology, or without
detailed consideration of the particular habitats in question. After all, you cannot eat what
you cannot find. In relation to human dietary evolution, a future goal should be to
reconstruct the fundamental and realized niches for individual hominids at particular sites at
the highest resolution possible (White et al. 2009). In the long run, it is far more informative
to establish any particular fossil’s habitat through exhaustive excavation and collection of
data, than to place its hominid contents within overarching and often vague taxonomic
hierarchical trees. Questions such as hunting and scavenging and underground storage
organs will not sort themselves out until such contextual data are more forthcoming than
current “standard” practices provide. Indeed, the answers to these questions, even at low
taxonomic levels, may differ based on the time and/or site being studied.

Even a cursory evaluation of the literature reveals that observed diets of primates vary
considerably even within species (human, Winterhalder and Smith 1981; nonhuman,
Campbell et al. 2007). At some locations, for example, stereotypically “folivorous” howler
and leaf monkeys are predominately fruit eaters. From a foraging theory perspective, diet is
expected to vary by location based on the availability of profitable foods, with
“profitability” based on both the chemical characteristics of the resources and the physical
characteristics of the animal. A holistic study of early hominid diet could be considered
analogous to reconstructing specific habitats, estimating pertinent variables (e.g., available
foods, their likely chemical characteristics, ease of procurement, physiology of digestion)
and actually calculating optimal resource use.

Is such an approach feasible? We maintain that the answer is yes and, indeed, a number of
workers have been moving profitably along these lines (see especially Sept 1984, 2007;
Stahl 1984; Peters 2007; Griffith et al. 2010). Studies related to ancient paleoenvironments
(Reed and Rector 2007; Dominy et al. 2008; Louchart et al. 2009; White et al. 2009) along
with modern analogue habitats can provide information concerning the rate at which
particular foods were likely encountered by hominids (Peters 2007; Sept 2007). Primate
nutritional ecology (Conklin-Brittain et al. 1998; Norconk and Conklin-Brittain 2004)
provides useful information about their relative value, although much work remains to be
done on the physiology of digestion in uncooked (and cooked) foods. Work regarding the
time costs of foraging (Nakagawa 2009) coupled with data on body mass and anatomy, can
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provide estimates of the pursuit or processing costs associated with individual resources
(Sullivan 1988; Sayers and Menzel 2012). Based on what is known from modern
evolutionary ecology (Sih and Christensen 2001), these are all the data one needs in order to
have a fairly sound grasp on an animal’s diet.

The assumption that vertebrate soft tissue or bone marrow represent high-quality resources,
for example, is common in early hominid paleoecology, and indeed remains a predominate
explanation for brain expansion in our family (e.g., Mann 2007). Although this idea has
elsewhere been challenged from a nutritional perspective (Speth 1989), more striking is that
a large proportion of this literature has virtually ignored 50 years of work in foraging theory,
and 80 years in Skinner boxes, which both demonstrate unequivocally that the time and
other costs spent acquiring and processing resources are absolutely central to determining
their value, and thus their utility, to an animal. Even modern Aché hunter-gatherers who
utilize guns and bows and arrows exploit large amounts of plant foods, and when time
factors are considered, this can be largely explained via the simple optimal diet model
outlined above (Hawkes et al. 1982; Kaplan and Hill 1992). Any early hominid “aware” of
the high energetic content of bone marrow can almost certainly have been expected to have
harvested any that it encountered and could easily bring to hand. There is no requirement,
however, that a highly valued food necessarily became a primary target of foraging
behavior (e.g., that it guided ranging patterns) and, in any event, such a proposition cannot
be made without knowing (or at least estimating) the profitability and abundance of other
potential foods. The fact that we can find archeological evidence of marrow consumption is
very likely to be a case of searching for lost keys under a streetlight at midnight.

Current evidence suggests that hunting ability in Ardipithecus and Austral opithecus, due
largely to constraints placed on them by postcranial anatomy, was limited to easily acquired
animal prey that could be collected with only very limited pursuit. For this set of resources,
the anatomical and ecological evidence reviewed above suggests that these, and/or
vertebrate carcasses, may have frequently entered the optimal diet. Both genera, however,
lacked the speed and agility of chimpanzees or baboons, and return rates for highly mobile
vertebrate prey would have been significantly lower than in their extant anthropoid relatives.
Even with the commonly accepted increases in cognitive abilities in early Homo, the
question of hunting remains a matter of debate and, as noted above, it is unlikely that
refinements in the hominid locomotor skeleton before or at this point reflect changes
specifically associated with tracking game or carcasses. Although increases in hominid brain
size and/or intellectual capacities have traditionally been associated with an increasingly
meat-based diet or activities such as hunting, the strong signals for wide niche breadth—
including dietary—actually lends more credence to more domain-general
neurophysiological processes and behaviors being at work (Genovesio et al. 2014).

Taken in the overall perspective of evolutionary time, neither the dental nor postcranial
character progression that occurs within the broad taxonomic milieu of Ardipithecus a
Australopithecus — Homo (sensu lato) implies any modification that would have increased
hunting efficiency—indeed most would have substantially reduced it—and these long-
ranging effects of selection provide compelling evidence against the hypothesis that hunting
was a central, singularly significant activity during the emergence of earliest hominids. If we
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are indeed “killer apes,” which is doubtful, we did not become so until social cooperation
and cohesion, along with at least major advancements in communication and tool-making
skills, became sufficient to overcome the inherent disadvantages of the early hominid
phenotype. But this criticism should not be limited to the hunting hypothesis. Models that
focus intensely on scavenging or gross plant categories are also missing key aspects of the
Plio-Pleistocene picture. Given the generalist leanings of most early hominids, any dietary
model that focuses too strongly on any single particular food type or foraging strategy
should be viewed with caution.

These issues, while pertinent to current anthropological debates, are nonetheless tangential
to the central point of this paper: the percentage of the diet that was composed of any
particular food in any early hominid depended on the rate at which sufficiently accessible
forms (considering pursuit and processing time and cost) were encountered, based soundly
on what is known from foraging theory. The importance of these cannot be determined
without considering the entire habitat at particular places and times, and all available foods,
both plant and animal. This requires a holistic, interdisciplinary approach that goes beyond
merely what we can observe chemically or through a microscope, and draws from ecology,
anatomy and physiology, cognitive science, and behavior. Just as early hominid foraging
strategies should not be pigeonholed, nor should the lines of evidence deemed appropriate to
reconstruct them.
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