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Abstract Multilevel societies are unique in their ability to facilitate the maintenance
of strong and consistent social bonds among some individuals while allowing
separation among others, which may be especially important when social and sexual
bonds carry significant and reliable benefits to individuals within social groups. Here
we examine the importance of social and sexual bonds in the multilevel society of
hamadryas baboons (Papio hamadryas) and apply these principles to social evolution
in Plio-Pleistocene hominins. The behavior, adaptations, and socioecology of
baboons (Papio spp.) have long been recognized as providing an important compar-
ative sample to elucidate the processes of human evolution, and the social system of
hamadryas baboons in particular shares even more similarities with humans than that
of other baboons. Here we draw parallels between processes during the evolution of
hamadryas social organization and those characterizing late Pliocene or early Pleis-
tocene hominins, most likely Homo erectus. The higher costs of reproduction faced
by female Homo erectus, exacerbated by an increased reliance on difficult to acquire,
nutrient-dense foods, are commonly thought to have been alleviated by a strength-
ening of male—female bonds (via male provisioning and the evolution of monog-
amy) or by the assistance of older, postreproductive females (via grandmothering).
We suggest that both of these social arrangements could have been present in Plio-
Pleistocene hominins if we assume the development of a multilevel society such as
that in hamadryas baboons. The evolution of a multilevel society thus underlies the
adaptive potential for the complexity that we see in modern human social
organization.
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Introduction

Multilevel societies, also known as hierarchical or modular societies, character-
ize a wide array of mammals, including some primates (Connor et al. 1998;
Dunbar and Dunbar 1975; Rubenstein 2010; Wittemyer et al. 2005; Zhang et al.
2006). Unlike societies with classic or “atomistic” fission—fusion dynamics
(cf. Grueter et al. 2012) —in which patterns of cleavage are variable and subunits
not hierarchical (Mitani et al. 2002; Smolker ef al. 1992; Strier 1992)— multilevel
societies are “molecular” in that they cleave in highly predictable ways according to
established membership in one or more subunits, often kin-based, within larger units
(Grueter et al. 2012).

Multilevel societies thus allow the possibility of varying sized social units that are
differentially expressed depending on ecological and social contingencies. Patterns of
cleavage and coalescence may depend on the cost-benefit ratio of food and mate
competition, which may favor smaller social groupings, versus social coordination to
defend resources or guard against predation, which usually favors larger groupings
(van Schaik 1983; Wrangham 1980). Such flexibility presumably benefits individuals
within these societies, and fitness benefits to both male (dolphins, Tursiops spp.:
Kriitzen et al. 2003) and female (elephants, Loxodonta africana: Archie et al. 2006)
members of multilevel societies have been identified and measured.

In primates, multilevel societies often occur in extreme or marginal habitats in
which resource availability drops sharply on a seasonal basis (Griiter and Zinner
2004). Snub-nosed monkeys (Rhinopithecus spp.), for example, occupy highly sea-
sonal montane regions of China (Ren et al. 2012 and Zhang et al. 2012), geladas
(Theropithecus gelada) the high altitude Simien plateau of Ethiopia (Dunbar and
Dunbar 1975), and hamadryas baboons (Papio hamadryas) the arid, semidesert
lowlands of the Horn of Africa and Arabia (Kummer 1968; Schreier and Swedell
2012a). A multilevel social system in such habitats allows groups to splinter for more
efficient foraging and coalesce for protection against predation or defense of resour-
ces according to changes in food distribution and predator pressure, which may vary
spatially and over both short, e.g., daily, and long, e.g., seasonally, time scales.
Whereas nonmodular societies with fission—fusion dynamics, e.g., chimpanzees
(Pan spp.) also allow flexibility, modular societies cleave along predictable lines
and thus facilitate consistent social bonds among some individuals while allowing
separation among others. This may be especially important when social and sexual
bonds carry significant and reliable benefits to individuals.

Here we examine the importance of social and sexual bonds in the multi-
level society of hamadryas baboons and apply these principles to social
evolution in a Plio-Pleistocene hominin, tentatively identified as Homo erectus
(sensu lato). Our aim is not to present a rigid reconstruction by analogy, but to point
out the potentially significant implications of a modular social structure in the context
of the discussion of pair bonding and food sharing in hominin evolution. As new
fossils are unearthed and paleoanthropological interpretations revised, our hypothe-
sized scenario may best apply to a taxon other than Homo erectus. Nevertheless, we
hope that the general principles and processes that we describe here will be useful in
improving our understanding of the evolution of sociality during the history of the
hominin lineage.
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A Baboon Multilevel Society as a Model for Human Evolution

Baboons are large-bodied, terrestrial, highly social, and behaviorally flexible primates
that occupy a wide array of habitats similar to those of early hominins —all features
that have made them one of the three most successful primate genera in the world
today and exceptionally useful as analogues for hominin behavioral and biological
evolution (Washburn and DeVore 1961a, b; DeVore and Washburn 1963; Elton 2006;
Harvati ef al. 2004; Jolly 1970, 2001; Rose 1976; Strum and Mitchell 1987; Swedell
2011; Codron et al. 2008; Zuckerman 1932). A key difference, however, between
humans and the well studied savanna-dwelling or “savanna” baboons (cf- Jolly 1993)
is that only humans live in groups that are “dependent on and affiliated with one
another in a semiopen system” with “subgroups based on kinship” (Washburn and
DeVore 1961a). One need only turn to the closest relative of savanna baboons, the
hamadryas or sacred baboon (Papio hamadryas), to find a better analogue for humans
in this respect.

Unlike other baboons, hamadryas display a combination of the male kin bonding
thought to have characterized early hominins (Foley 1989, 1996), the male—female
pair-bonding thought to have developed at some point during human evolution (Isaac
1978; Lovejoy 1981), and the female bonding underlying the grandmother hypothesis
for the evolution of female postreproductive longevity (Hawkes ef al. 2000). Like
modern humans, hamadryas baboons (and Guinea baboons, from data collected thus
far: Galat-Luong et al. 2006; Patzelt et al. 2011) are organized into hierarchical social
networks in which individuals are connected at multiple levels; this hierarchical
structure characterizes both Western industrialized societies and modern hunter-
gatherers (Chapais 2008; Foley and Gamble 2009; Hamilton et al. 2007; Layton
et al. 2012; Rodseth ef al. 1991). Jolly (1970) proposed an explicit link between early
hominin social organization and the multilevel society of geladas and hamadryas
baboons, and Alexander and Noonan (1979) suggested that if early humans did live
in “small harem groups” then they probably also formed multimale groupings for
cooperative predator defense. Rodseth ez al. (1991), in their expansion of Foley and
Lee’s (1989) framework, noted that in only humans and hamadryas baboons do males
remain with their kin and maintain exclusive sexual associations with females over
time. Chapais (2008) elaborated on this comparison, noting that the hamadryas social
system is unique among nonhuman primates in its combination of outbreeding, male
kin groups, and exclusive cross-sex mating bonds. Parker (2004) also drew indirect
parallels between humans and hamadryas baboons, using hamadryas as a point of
comparison with chimpanzees to elucidate the implications of socialization within
multiple levels of society for the development of human cognition. Most recently,
Foley and Gamble (2009, p. 3268) listed several key derived behavioral traits of
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humans —“a fission-fusion social system”; “much greater substructuring within
multimale, multifemale communities”; “strong and persistent male—female relation-
ships”; “higher levels of paternal investment”; and “larger group sizes— all of which
characterize hamadryas baboons.

Following Jolly (1970), one might posit that geladas (Theropithecus gelada) are an
equally valid analogue for a multilevel society during human evolution. We focus on
hamadryas here, for several reasons. First, hamadryas society includes the “clan”

layer of social structure, which is crucial to the retention of male kin bonding in our
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evolutionary scenario. In geladas, the structural equivalent to the hamadryas clan is
the “team,” but teams appear to be merely the outcome of a fission of one large one-
male unit (OMU; Kawai et al. 1983; Snyder-Mackler et al. 2012). Moreover, geladas
do not exhibit the strong social bonds among males nor the apparent male kin
network of hamadryas (Abegglen 1984; Schreier and Swedell 2009), even in gelada
bachelor groups (Beehner pers. comm.). Second, the composition of gelada bands is
variable, i.e., they may consist of different sets of OMUs over time (Snyder-Mackler
et al. 2012), and experimental evidence suggests that gelada individuals may not even
recognize one another within bands (Bergman 2010). Together this suggests that bands
are not as socially meaningful entities to geladas as they are for hamadryas. Third,
strong and persistent bonds between the sexes do not occur in geladas, which are
instead characterized by a more strictly female-bonded social organization (le Roux et al.
2011; Matsuda et al. 2012). Finally, modern geladas rely primarily on an abundant
and evenly dispersed resource, monocotyledon grasses (Iwamoto 1979; Dunbar
1992a), whereas the hamadryas diet includes more patchily distributed resources
such as flowers, seeds, and leaves of Acacia (Schreier 2010; Swedell et al. 2008), a
difference in resource use that would predict far greater food-related ecological
pressures in hamadryas compared to geladas (Dunbar 1983; Kummer 1968; Schreier
and Swedell 2012b). As hypothesized by Dunbar (1983), in hamadryas the ancestral
Papio multimale group probably broke up into smaller units “to facilitate foraging
under conditions of scarce food resources,” whereas in geladas isolated OMUs congre-
gated into larger groupings “under conditions of better food availability in response to
predation pressure.” Together the aforementioned differences, both empirical and hypoth-
esized, render geladas an ecologically and socially less appropriate model for the scenario
here. Possibly more appropriate than geladas would be Guinea baboons (Papio papio), as
evidence to date suggests that their social structure bears many similarities to hamadryas
(Galat-Luong et al. 2006; Patzelt et al. 2011); continuing research on the social
behavior of this taxon should further elucidate its applicability to the discussions herein.

Hamadryas Baboon Social Organization

The hamadryas social system is characterized by four hierarchical layers: the troop,
band, clan, and one-male unit (Abegglen 1984; Kummer 1968, 1971; Schreier and
Swedell 2009; Swedell 2006). Troops emerge as aggregations at common resources
but are not cohesive or consistent social entities. Bands, whose members share a
common home range and generally coordinate their movements, are the likely
homologue to a group or troop of other Papio and cercopithecine monkeys. Within
bands are less spatially distinct subgroups called clans, defined via patterns of spatial
association among males, which tend not to transfer out of their natal clan (Sigg et al.
1982; Schreier and Swedell 2009); members of clans resemble one another and may
be close kin (Abegglen 1984; Pines ef al. 2011). Finally, within bands and clans are a
number of one-male units (OMUSs), each comprising one adult leader male, one or
more adult females, dependent offspring, and sometimes one or more follower males.
The largest proportion (>30 %) of OMUs are male—female pairs, i.e., leader males
that have accumulated only one female in their OMU (Swedell et al. 2011). Most
social interactions occur within OMUs, and cohesion of OMUs is maintained via
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aggressive herding behavior of leader males (Swedell and Schreier 2009). As a result,
leaders have nearly exclusive sexual access to females in their OMUs (Abegglen
1984; Kummer 1968; Swedell and Saunders 2006). Also within bands and clans are
solitary males, which are neither leaders nor followers of OMUs but move throughout
the band and maintain social bonds with other males and juveniles (Pines et al. 2011).

Hamadryas social organization adds complexity to the sex-biased dispersal of most
cercopithecoids (Colmenares 2004; Swedell 2011). Unlike in other baboons (Alberts
and Altmann 1995, 2006), females are the main agents of gene flow in hamadryas
populations (Hammond et al. 2006; Hapke et al. 2001; Sigg et al. 1982; Swedell et al.
2011). Females do not disperse voluntarily nor via eviction, however, but are coerced
by males to leave one OMU and join another (Kummer 1968; Swedell and Schreier
2009). Female transfer across bands occurs via abduction during encounters at
sleeping cliffs and elsewhere (Kummer 1968; Pines and Swedell 2011; Sigg et al.
1982). Males may also occasionally disperse (usually temporarily) in search of
reproductive opportunities (Phillips-Conroy et al. 1992; Sigg et al. 1982).

Thus, unlike other baboons in which philopatric females form the stable core of the
social group, hamadryas are characterized by kin bonding among (mostly) philopatric
males, which largely control female behavior (Abegglen 1984; Colmenares 2004;
Kummer 1968; Pines et al. 2011; Sigg et al. 1982; Swedell and Schreier 2009).
Ultimately, this system is an outcome of intrasexual competition among males, which
compete to “possess” females (Kummer 1968).

Social Bonding in Hamadryas Baboons: Males

All evidence to date suggests that most hamadryas males remain within (or return to)
their natal clans and that male kinship facilitates access to females (Abegglen 1984;
Colmenares 1991a, b, 2004; Pines et al. 2011; Sigg et al. 1982). Males within clans
form and maintain social bonds, which are characterized by grooming and formal-
ized, stereotypical notifying behavior, whereby one male quickly approaches, looks
at, presents to, and then leaves another male (Abegglen 1984; Kummer 1968). In
contrast to other baboons, adult male hamadryas rarely interact aggressively over
estrous females or attempt to copulate with females in other OMUs of the same band
(Kummer 1968, 1971; Kummer et al. 1974). Female transfers also occur among
members of the same clan more often than between clans (Swedell ef al. 2011). While
genetic data are still forthcoming, follower males of OMUs may be close relatives of
leader males, and followers that help defend members of their OMUs may stand to
gain via inclusive fitness.

Social Bonding in Hamadryas Baboons: Females

Hamadryas females have fewer opportunities to interact with kin owing to male-
imposed dispersal (Swedell ef al. 2011). Despite this, they do forge and maintain
intrasexual bonds, albeit highly variable, and these bonds occasionally cross OMU
boundaries (Swedell 2002, 2006). Because females are transferred one at a time, the
occurrence of kin dyads within OMUs undoubtedly varies widely, and this highly
variable potential for kin selection may thus underlie variation in patterns of affiliation
among females (Colmenares 2004; Swedell 2002, 2006). Whether with kin or nonkin,
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bonds among females are likely beneficial through their fitness enhancing effects
(cf. Silk 2007a, b), possibly via stress reduction (cf. Silk et al. 2009; Uchino 2006).

Social Bonding in Hamadryas Baboons: Cross-Sex Bonds

Arguably the strongest in hamadryas society, bonds between females and their leader
males underlie cohesion of OMUs and associated variance in reproductive success
among males (Colmenares 2004; Kummer 1968; Swedell 2002). Males use aggres-
sion to condition females in their OMUs to remain nearby, and consequently females
maintain proximity to males more so than in other baboons (Kummer 1968; Swedell
and Schreier 2009). Females and their leader males also exchange substantial
amounts of grooming, though this varies widely across females and OMUs (Swedell
2002). To the extent that leaders can ward off copulation attempts by nonleaders, the
number of bonds that a male can forge and maintain with females, combined with his
tenure as leader, will predict his eventual reproductive success (Pines et al. 2011).

These strong cross-sex bonds also likely facilitate offspring survival. Infanticide
can be a risk for baboon infants (Palombit 2003; Swedell and Tesfaye 2003), and
hamadryas females may effectively mitigate this risk by focusing their social and
reproductive efforts on a single male and thereby following a paternity concentration
rather than paternity confusion anti-infanticide strategy (cf. Swedell and Saunders
2006; van Schaik et al. 1999). Infant survival is in fact higher in hamadryas compared
to other baboons (Sigg et al. 1982), probably a consequence of the closed OMU
structure and the protective nature of hamadryas leader males.

Social Bonds at Multiple Levels

Hamadryas social organization is thus multilayered, with affiliative bonds operating
at multiple levels. Within OMU s, strong cross-sex bonds tie each female to her leader
male. Bonds among females within OMUs vary in strength, perhaps according to
degree of kinship (Colmenares 2004; Swedell 2002, 2006). Leader and follower
males within OMUs rarely interact except via formalized “notifying” behavior, but
males in general are linked via social bonds at the clan level (Abegglen 1984; Pines et al.
2011; Swedell and Schreier 2009). The hamadryas system thus includes female—
female bonds within (and occasionally between) OMUs, male—female bonds within
OMUs, and male-male bonds within clans and possibly bands (Abegglen 1984;
Colmenares 2004; Kummer 1968; Pines et al. 2011; Swedell 2002, 2006).

The Evolution of Hamadryas Social Organization

The hamadryas social system most likely evolved in response to the aridity of the
Horn of Africa and/or the Arabian Peninsula, where resources are (and were during
hamadryas evolution) scarcer and more patchily distributed than baboon habitats
elsewhere (Bedaso et al. 2010; Dunbar 1988; Jolly 1963, 1993; Kummer 1968,
1971; Schreier and Swedell 2012b). Given overall patterns in primate social evolution
(¢f. Shultz et al. 2012) and our understanding of the evolutionary history of Papio
(Jolly 2009), the most likely evolutionary scenario would posit a transition from a
multimale-multifemale system, such as that of most extant baboons (most notably
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Papio anubis and P. cynocephalus), to the substructured system characterizing
hamadryas today (Bercovitch 1990; Dunbar 1988). The first step, ¢f. Jolly (2009),
may have been the evolution of male philopatry during the northward expansion of
ancestral baboons from southern Africa, where they likely originated, or during the
subsequent northward dispersal and differentiation of hamadryas from olive baboons
in East Africa at a later point in time (Zinner et al. 2009). This expansion into
unoccupied territory would have occurred in three directions, increasing distance
between troops and leaving only one main direction, i.e., backwards, in which
dispersing males were guaranteed to find fertile females. Such a scenario would
select for male philopatry (Jolly 2009).

Regardless of when male philopatry evolved, the patchier distribution of food
resources across space and time in these drier northern African environments would
have favored the temporary splintering of groups into smaller units during foraging.
These may have been female kin groups, reflecting an evolutionary retention of the
propensity of cercopithecine females to remain with kin. Alternatively, these units
might have originated as multiple sets of cross-sex friendships (c¢f. Bercovitch 1990;
Smuts 1985), as unrelated olive baboon females are known to fission into OMUs with
a mutual male friend during times of limited resources (Bercovitch pers. comm.;
Strum 1987). Either way, selection would have eventually favored males that were
able to defend these groups from other males semipermanently so as to maximize
both mating exclusivity and infant survival. This would have increased levels of male
competition, as these polygynous groups would have left a surplus of unattached males
and increased the risk of infanticide by these males, thereby intensifying selection for
male defense. The ability to carve off extra females from existing groups —as well as the
ability to defend females from these incursions— would have been favored, leading to
the ritualized herding behavior of hamadryas males. It is this high level of male
competition and coercion of females that differentiates hamadryas OMUs from those
of other baboons: as noted by previous scholars in comparisons of baboon social
behavior (Aldrich-Blake et al. 1971; Anderson 1983), hamadryas OMUs are not
simply foraging parties but are social and reproductive units that are socially cohe-
sive, consistent over time, and sustained by male behavior. This control of female
behavior by males, by virtue of the fact that it substructures reproduction into
subunits within larger social units, effectively allows both sexes to remain largely
philopatric within bands, thereby avoiding the high costs of locational dispersal in
arid habitats (cf. Isbell and Van Vuren 1996). It is thus likely that the ritualized male
herding and associated substructuring of hamadryas society evolved in concert with
male philopatry. During this process, the largest social units of hamadryas society
would have been retained owing to their defense benefits, which probably led to the
intergroup tolerance that allows formation of troops at sleeping cliffs.

During hamadryas evolution, each level of society was likely important in different
ways: one-male units as the primary reproductive units and social units for females as
well as ecological units during times of heightened food scarcity; clans as kin-based
cooperative networks among males and ecological units when necessary; bands as
social units for males and ecological units to reduce predation risk and defend
resources, e.g., doum palm forest patches and sleeping sites; and froops as ephemeral
units of convenience at shared sleeping sites, providing enhanced protection against
nocturnal predation (Abegglen 1984; Kummer 1968, 1990; Schreier and Swedell
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2012b). The large, striking manes, red faces, and red paracallosal skin of hamadryas
males would have been favored by intrasexual selection, as signals to other males —and
possibly also via intersexual selection, as the basis for female choice and cooperation,
cf- Jolly (1963)— as such testosterone-driven features (Zuckerman and Parkes 1939)
are good indicators of competitive ability.

Key Differences Between Hamadryas and Other Baboons

Hamadryas society differs from that of other baboons in several key respects. First,
male—male bonds within clans (and possibly bands) are stronger and males appear to
cooperate over access to females. Second, strong cross-sex bonds persist regardless of
female reproductive state, an unusual pattern for baboons and primates as a whole, and
males effectively control female behavior. Third, hamadryas society has multiple layers,
varying in function. Fourth, both males and females are largely philopatric: neither
sex is motivated to disperse from clans or bands to any large degree. Rather, males
occasionally leave their natal clans (though more often remain in them) in search of
available females, and females are forcibly transferred among OMUs by males.

Predictability in the cleavage points of hamadryas society reflects the importance
of its underlying social bonds. Of these, male—female bonds are paramount and carry
obvious benefits: males via exclusive access to mates, and both sexes via protection
from infanticide (Kummer 1968; Swedell and Saunders 2006). Bonds among males
are beneficial in increasing access to females (Kummer 1968; Pines ef al. 2011), and
bonds among females are likely beneficial via stress reduction effects on health and
fitness (cf. Uchino 2006). We now turn to potentially similar patterns of bonding and
associated reproductive strategies in Plio-Pleistocene hominins.

Parallels with Hominin Social Evolution
Pliocene Hominins: The Ancestral Condition

Patterns of dispersal and philopatry in Pliocene hominins are unknown yet funda-
mental in drawing inferences about kinship and patterns of social bonding. That
australopiths were characterized by male philopatry is usually postulated based on the
assumption that this pattern characterized the last common ancestor of chimpanzees
and australopiths (Foley 1989; Maryanski 1996; McHenry 1996; Wrangham 1987).
This characterization has recently found support from geochemical analysis of
Australopithecus africanus and Paranthropus robustus teeth from South Africa, in
which smaller (presumably female) individuals exhibited a nonlocal isotopic signa-
ture compared to the larger (presumably male) individuals (Copeland et al. 2011),
suggesting that females were born elsewhere. We adopt a more conservative approach
following Strier (2001) and suggest that the last common ancestor of humans and
chimpanzees was in fact characterized by bisexual dispersal. We base this on the
relatively conservative nature of sex-biased dispersal and the fact that bisexual
dispersal is the ancestral primate condition (Shultz et al. 2012) and characterizes
the majority of extant apes as well as a wide array of other primates, including most
modern hunter-gatherer societies (Chapais 2008; Jack and Isbell 2009).
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The Emergence of Homo erectus

Middle Pliocene Australopithecus fossil finds are associated with environments with
moderate to substantial amounts of woodland (Reed 1997). Marine sediment sequen-
ces suggest that variations in Earth’s orbit influenced global climate, leading to oscil-
lations between wetter and drier conditions in Africa in the late Pliocene and Pleistocene,
with steplike increases in African climate variability and aridity around 2.8 million years
ago (Ma), 1.7 Ma, and 1.0 Ma related to the onset and intensification of northern latitude
glacial cycles (deMenocal 2004; Cerling et al. 2011; Kingston 2007). Whereas late
Pliocene and early Pleistocene African environments continued to be complex, spatially
heterogeneous mosaics of forest, woodland, bushland, and grassland, grasses and other
arid-adapted vegetation often made up a greater proportion of the floral community than
at middle Pliocene Australopithecus sites (Bobe and Behrensmeyer 2004; Cerling et
al. 2011; Kingston 2007; Plummer 2004; Plummer ef al. 2009; Vrba 1985, 1988).
Events in the hominin evolutionary record between roughly 3.0 and 1.7 Ma, includ-
ing the extinction of Australopithecus, the origins of Homo and Paranthropus, the
appearance of the first stone tools, the first evidence for large mammal butchery, and
the origin of Homo erectus have been viewed as evolutionary responses to shifts in
resource availability reflecting the impact of global climate change on continental
African flora and fauna (deMenocal 2004; Plummer 2004; Potts 1998).

The taxon Homo erectus (sensu lato) appeared in Africa ca. 1.9 Ma, and shortly
thereafter in Eurasia, and with its modern limb proportions it signaled a clear
commitment to obligate bipedality and terrestrial foraging (Anton 2003; Ruff 2008,
2009). Homo erectus had a larger average body size than previous hominin taxa
(Antén 2008; Pontzer in press), though the traditional view that it was significantly
less sexually dimorphic than earlier hominins has been recently questioned (Antoén
2003; Baab 2008). Indirect evidence for adaptation to greater aridity includes limb
proportions comparable to modern African populations adapted to arid climates
today, as well as evidence for a projecting nose to facilitate water retention during
respiration (Franciscus and Trinkaus 1988; McHenry and Coffing 2000; Ruff 2002;
Wheeler 1984). Homo erectus made and used stone tools for processing animal
carcasses, the bones of which are found at archeological sites, as well as for working
wood (Dominguez-Rodrigo et al. 2001), and probably used tools to acquire and
process plant foods (O’Connell et al. 1999; Schick and Toth 1993). Resource
transport was an important part of its adaptation, both to bring stone tools to places
with resources requiring processing, and also in the delayed consumption and
transport of at least some classes of nutrient dense foods, e.g., animal tissue, possibly
for sharing among individuals (Isaac 1978; Plummer 2004; Potts 1991).

The fragmentary fossil record for early Homo species makes it difficult to define
them taxonomically and to infer the types and significance of adaptive shifts that took
place during the early evolution of the genus (Anton 2008). What does seem clear is
that members of the genus Homo were extracting resources from a range of environ-
ments by ca. 2.0 Ma (Plummer et al. 2009; van der Merwe et al. 2008). Evidence that
Homo erectus exhibited an expansion in landscape use over previous hominins is
found in the archeological records of the Lake Turkana basin in Kenya and Ethiopia,
and the Olduvai basin in Tanzania (Leakey 1971; Potts 1998; Rogers et al. 1994). In
both basins, comparisons of archeological sites likely to have been made by Homo
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erectus to those formed earlier in time indicate that H. erectus transported lithic raw
materials for longer distances and deposited tools in more diverse settings, i.c., a
broader array of habitats, compared to previous hominins. At Olorgesailie, Kenya,
Homo erectus formed sites in open, grassland-dominated landscapes that included
large predators (Potts 1994; Sikes et al. 1999), suggesting that their foraging was not
significantly constrained by the presence of carnivores. This expansion in utilized
habitats may be related to an increase in dietary breadth. Microwear texture com-
plexity suggests that Homo erectus was exploiting a broader range of foods, at least in
terms of hardness, than did Homo habilis, Australopithecus afarensis, A. africanus,
and Paranthropus boisei (Ungar et al. 2011).

Adaptation to these changing landscapes was probably instrumental in favor-
ing a suite of traits that we think may have characterized Homo erectus (Fig. 1).
First, the increased frequency of drier, more open habitats and dispersion of food
resources in space and time likely required groups of Homo erectus to range more
widely than previous hominins, resulting in larger home range sizes and more
variable travel patterns. This would have allowed them to better track and exploit a
wide variety of resources, including nutritionally dense foods acquired through tool
use such as animal carcasses and plant underground storage organs (USOs) (O’Con-
nell et al. 1999; Plummer 2004). Increased ranging is concordant with the aforemen-
tioned archeological data, as well as with the observed increase in body mass in
Homo erectus relative to earlier hominins, as body size correlates positively with

Plio-Pleistocene educed
ecological intelligence environmental change: larger Pt
. mengt’al maps g €| . jican cimates became cooler || body | ) dimorphism?
i and drier periodically size
* Open habitats more common

* Resource distribution patchier
+ Foods harder to acquire

small

social
units for
more - -
efficient wider ranging patterns greater
larger & foraging + increased travel distances costs of
more * larger home ranges reproduction
complex for females;
brains assistance

required

Tool-dependent
foraging for
nutrient-dense
foods

+ meal

* lubers

1

FURTHER
BRAIN
EXPANSION

Fig. 1 Diagrammatic schema of the major lines of causality in the scenario proposed here. Black arrows
represent selective forces shaping behavioral and morphological changes. White arrow represents inciden-
tal effect. Shaded arrows and boxes represent new elements proposed in this model. See text for details.
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home range size in nonhuman primates and may increase with climatic shifts to drier,
more open habitats (Aiello and Key 2002; Antdén 2003; Antén et al. 2002;
McHenry 1994; Pontzer in press). The possibility that the locomotor repertoire of
Homo erectus included bouts of endurance running (Bramble and Lieberman 2004) is
also consistent with long-distance travel. In many mammalian lineages, increases in
daily travel distances appear to be associated with the procurement of more food
energy, as well as increases in total fertility and total offspring mass (Pontzer and
Kamilar 2009). Pontzer (in press) suggests that the apparent increase in daily travel
distance in Homo erectus relative to preceding hominin taxa is part of a foraging
strategy yielding increased caloric returns and higher reproductive output.

Second, with more dispersed resources, group cohesion would not always
have been possible, resulting in periodic fissioning into foraging parties. These
parties would not have split permanently, however, owing to the advantages of
larger groups for resource defense, some types of resource acquisition (e.g.,
hunting and confrontational scavenging), and predator avoidance, especially at
night (¢f. van Schaik 1983; Wrangham 1980). These parties may have foraged in
disparate locations during the day but coalesced at night, at safe or defensible points
on the landscape. An additional benefit of group coalescence may have derived from
the risk reduction benefits of sharing transported food among parties with different
levels of foraging success.

Third, advantages provided by greater ecological intelligence in the form of mental
maps of plant foods and their phenological variability —or behavioral strategies to
reduce predation or more effectively capture prey— would have favored increased
cognitive power and associated changes in brain size and structure. Although brain
size relative to body weight of early Homo erectus may have been similar to earlier
Homo, average brain size was greater in H. erectus than in Australopithecus, and
absolute brain and body size were on average larger in H. erectus than in all previous
taxa (Anton 2008).

The greater patchiness and dispersion of resources encountered by early
Homo erectus, combined with an increase in brain size and its associated energetic
costs, would have both necessitated and enabled a higher-quality diet and an
increased reliance on technology to facilitate food acquisition (Aiello and
Wheeler 1995; Antén 2003; Antén and Swisher 2004; Milton 1999; Plummer
2004; Wrangham and Conklin-Brittain 2003; Wrangham et al. 1999). Diets of Homo
erectus likely included tissue from large mammal carcasses, possibly acquired
through hunting (Egeland and Dominguez-Rodrigo 2008; Dominguez-Rodrigo and
Pickering 2003; Monahan 1996; Pante 2010; Pobiner et a/. 2008), and underground
storage organs (USOs), both high-quality foods that would have helped compensate
for the increased energy costs of larger body size, larger brain size, and wider ranging
patterns (Antén 2003; Leonard ef al. 2003; O’Connell ef al. 1999; Plummer 2004;
Wrangham et al. 1999). USOs in particular would have been more abundant in these
open, drier habitats relative to more wooded or forested settings (Laden and Wrangham
2005; O’Connell et al. 1999; Wrangham et al. 2009) and could thus have been
important seasonally or year-round. Overall, a reliance on high-quality, heteroge-
neously distributed resources that required tool use to acquire or process (e.g., USOs
and meat) would have “fueled” the increase in body size and absolute brain size in
Homo erectus (Fig. 1).
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The Cost of Reproduction for Females

The larger body and brain size of Homo erectus compared to earlier hominins likely
imposed a greater cost of reproduction on females, especially during gestation and
lactation, due to their own larger bodies and brains and those of their infants (Aiello
and Key 2002; Aiello and Wells 2002; Ellison 2008; Foley and Lee 1991; Leonard
and Robertson 1997; Parker 1990). Assuming a similar degree of sexual dimorphism
in Homo erectus as modern humans, models of the relationship between body size
and energetics across nonhuman primates suggest a minimum increase in basal
metabolic requirements of 40 % from Australopithecus to modern humans and
31 % from H. habilis to H. erectus, 16 % for males and 46 % for females (Leonard
and Robertson 1997). A further cost may derive from the relative altriciality of Homo
erectus infants: If adult brain size of H. erectus was larger than that of earlier
hominins, then infants born with smaller brains —i.e., at an earlier stage of
brain development— would have been more likely to survive. These relatively
altricial infants would have posed an additional cost on females via postnatal
care and provisioning (Smith and Tompkins 1995). Further, even juveniles, who
are weaned and in theory capable of provisioning themselves (Pereira 1993), may
have had difficulty meeting their own needs when faced with hard to extract resources
requiring use of stone or wooden tools. If Homo erectus was also ranging over wider
areas, adult energy demands would have been heightened by obligate carrying of
infants and even juveniles if they were unable to withstand the lengthy travel
distances postulated for this species (Anton et al. 2002; Zihlman 1978). Carrying
infants imposes energetic costs on adults (Achenbach and Snowdon 2002), and the
costs of carrying juveniles, even for short distances, would be even greater. Together,
these increased energy demands may have been substantially greater for Homo
erectus than for australopithecines (Leonard and Robertson 1997). Finally, if Homo
erectus was indeed less sexually dimorphic than earlier hominins (but see Anton
2003; Baab 2008; Pontzer in press), then female costs of reproduction would have
been even higher relative to those of males, as sexual dimorphism in body size is a
key determinant of sex differences in these energetic costs (Key and Ross 1999).
Taken together, these factors suggest it is possible, perhaps even likely, that female
Homo erectus required assistance to successfully raise offspring (Aiello and Key
2002; Plummer 2004; Fig. 1).

Until recently, it was thought that Homo erectus was characterized by growth
rates and patterns of development far closer to modern humans than to austral-
opithecines, with strong secondary altriciality at birth and slow growth rates
between weaning and puberty (Begun and Walker 1993; Walker and Ruff 1993).
If so, then the costs of reproduction for females may have been partially offset by
decreased periods of lactation and slow growth during childhood, with the energet-
ically costly growth spurt being deferred until adolescence when offspring are self-
sufficient (Key 2000). However, such a change would have also increased the need
for assistance in child-rearing, as it would have increased the number of overlapping
dependents.

Recent work has suggested that Homo erectus may not have been as close to
modern humans in its growth rates and patterns of development as previously thought
(Bromage and Dean 1985; Dean 2006; Dean and Smith 2009; Graves ef al. 2010;
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Simpson et al. 2008). Dean et al. (2001), for example, estimate that M1 in Homo
erectus emerged at an age of 4—4.4 yr and M2 at 7.6 yr, intermediate between that in
chimpanzees and modern humans, and from this work it seems reasonable to con-
clude that growth rates had begun to slow down compared to those in earlier
hominins but had not yet reached a rate of growth similar to that of modern humans.
From their assessment of a fossil hominin pelvis they attributed to Homo erectus,
Simpson ef al. (2008) estimated that brain size at birth would be ca. 330 g, decreasing
the likelihood of secondary altriciality (see also Coqueugniot et al. 2004; Graves
et al. 2010). Even if growth rates were high in Homo erectus, females would not
necessarily have been less burdened, as infants that grow faster at younger ages
substantially increase the energetic burden on their mothers, requiring either a
significant increase in subadult production or food subsidies from other adults
(Gurven and Walker 2006). The potential increased burden on mothers from a
combination of a larger adult body size, rapid development with increased energetic
requirements of offspring early in their growth, a focus on nutritionally dense but
hard to acquire foods, and greater travel distances would still have been greater
compared to that of earlier hominins, regardless of differences in growth rate
estimates.

Who Helps Homo erectus Females?

Numerous reconstructions of hominin social evolution have suggested that Plio-
Pleistocene hominin females overcame their greater burden by relying on the assis-
tance of pair-bonded males, via provisioning of food resources or increased
reproductive effort (Darwin 1871; Fisher 1983; Foley and Lee 1989; Isaac 1978;
Kaplan et al. 2000; Lovejoy 1981, 2009). In most accounts of such a scenario, the
male is bonded to the female via a “sex contract” whereby high-quality resources (via
hunting) are provided in return for sexual fidelity (Fisher 1983; Lovejoy 1981), with
strong pair bonds between males and females (Deacon 1997; Lovejoy 1981).

An alternative model posits instead that female Homo erectus received assis-
tance from older, nonreproductive females who benefited from provisioning their
maternal grandchildren (Hawkes et al. 1997, 2000; Hrdy 2009; O’Connell et al.
1999, 2002). The fitness benefits of contributing to an increase in survival and
reproduction of one’s grandchildren would have selected for females who were more
active in older age, leading to a lengthening of the female lifespan beyond meno-
pause. Called the “grandmother hypothesis,” this model suggests that it is not males
but females that mitigate the costs of reproduction for female Homo erectus. In this
scenario, male hunting and provisioning function as mate investment rather than
parental investment, with paternal care and provisioning relatively less important to
females.

These two general scenarios are often construed as mutually exclusive owing
to the reliance of the former on male philopatry (for cooperative hunting) and
the reliance of the latter on female philopatry (for the operation of kin selec-
tion). If one considers limited dispersal by both sexes to be the ancestral
condition for hominins, however (cf. Strier 2001), then one can posit a scenario
that includes elements of both (c¢f. Key 2000; Key and Aiello 1999). This scenario is
contingent on the emergence of a multilevel structure in Homo erectus, allowing both
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male and female bonding as elements of a complex social system. Most probably,
female-bonded, cooperative kin groups were followed by cooperative bonds between
males and females. Bonds among males would remain, but at a higher level of social
structure.

Social Evolution in Homo erectus
Selection for Female Subgrouping

As noted previously, ecological changes following global cooling and drying ca. 2—
1.5 Ma would have placed stronger selective pressures on Homo erectus with regard
to energy acquisition, at least during parts of the year, leading to group fissioning for
hours, days, or weeks at a time. In addition, females were faced with greater costs of
reproduction under these conditions. This dual selective pressure on females would
have favored small, cooperative breeding units that may have included multiple
generations of related females (O’Connell ef al. 1999; Fig. 1). Female cooperation
in these units, possibly for food procurement but most importantly for breeding,
would have been favored via both kin selection and reciprocal altruism (Hrdy 2009).

These small female groups may have been more likely to occur at resource-rich
locations, e.g., “favored places,” ¢f. Plummer (2004), and may have moved among
these locations while tracking seasonally changing resources. As a means of coping
with these drier, more heterogencous habitats, foraging strategies probably involved
increased consumption of animal protein; increased exploitation of underground
storage organs (USOs), perhaps as seasonally important fallback foods; and possibly
the use of fire to cook USOs, thereby increasing their digestibility and nutritive
breadth (Aiello and Wells 2002; Plummer 2004; Wrangham et al. 1999).

The Role of Males

The close social cohesion of Homo erectus female kin groups combined with their
variable spatial distribution, at least seasonally, may have placed selective pressures
on males to keep track of a limited number of these groups to facilitate sexual access.
Once a male had invested in a group to the point of siring offspring, it would be
advantageous to remain associated with that group so as to protect his progeny.
Eventually selection would have favored males who succeeded in becoming the
resident or alpha male of these small groups to maintain exclusive sexual access
via male competition —and possibly female coercion— and protect offspring from
potentially infanticidal conspecifics. Although often spatially discrete, especially
while foraging, these groups must have also maintained social ties and fused into
larger groups at times, especially if risk of predation, sexual coercion, or infanticide
was high and/or if resident/alpha males left groups temporarily to engage in cooper-
ative hunting. This combination of small female kin groups, with males variably
attached, and larger associations for protection would have been the initial stages of a
multilevel social system.

Although single males may have been able to defend small groups of females when
females were widely dispersed and encounter rates with other males low, it is unlikely
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that males would have been able to keep this up year-round without some elements of
male cooperation and inhibition. The classic example of such inhibition is the
“respect for possession” of females by hamadryas baboon males (Kummer et al.
1974). Like hamadryas, male Homo erectus may have retained a network of male
relatives, similar to the clan of hamadryas baboons, within which males exchanged
females (cf. Pines et al. 2011; Schreier and Swedell 2009). Male-male bonds within
clans would have been beneficial for defense of females, defense of resources, and carcass
acquisition through either hunting or active scavenging. Males may even have allowed
younger male relatives into the social sphere of the one-male group to provide additional
protection and childcare assistance for the females (akin to follower males in hamadryas
OMUs). If the younger male was a close relative and contributed to protection of females
and dependents, then any offspring he managed to sire would be compensated for by
increased offspring survival and inclusive fitness benefits to the resident male. The
presence of a younger, related male ally would also have allowed the resident male to
be away for extended periods of time, e.g., while acquiring food via hunting, without
leaving his female(s) and offspring vulnerable to sexual coercion or infanticide. This
could have involved an age-graded dominance hierarchy in which the alpha male sired
most, but not all, offspring born into the OMU, akin to the “two-male team” found in
some hamadryas baboons (Colmenares 1992).

These changes in male strategies would have involved a transition from a promis-
cuous, roaming strategy (as in chimpanzees) to an exclusion or semiexclusion
strategy (as in gorillas or hamadryas baboons). Instead of competing over access to
females only when receptive, males would have competed over “rights” to females
and attempted to maintain those rights, just as hamadryas males defend their “pos-
session” of females (Kummer 1968). Patterns of variation in other taxa suggest that
the smaller these female groups, the more likely that one male can successfully
monopolize them (Emlen and Oring 1977; Nunn 1999). This scenario highlights
the importance of male contest competition during human evolution, which is
arguably more likely than other mechanisms of sexual selection to have shaped
modern human behavior (Puts 2010). Interestingly, recent evidence from specimens
of Paranthropous robustus from the same general time period as Homo erectus
suggests that males had an extended period of growth, suggestive of intense male
competition after attainment of reproductive maturity (Lockwood et al. 2007).

Male competition is often thought to have been less important for Homo erectus
owing to the decreased sexual dimorphism in this taxon compared to earlier hominins
(though this notion has recently been questioned; see Antéon 2003), and this has
further been interpreted as suggestive of a transition from polygamy to monogamy
(Plummer 2004) owing to the general association between monogamy and mono-
morphism in nonhuman primates (cf. Plavcan 1999). However, sexual dimorphism
may have decreased in Homo erectus for reasons unrelated to sexual selection.
Selection for increased body size in females, which would effectively reduce sexual
dimorphism, may have derived from the increased predator encounter rates faced by
individuals in a more open habitat with wider ranging in smaller foraging parties, as
these selective pressures would have acted more strongly on the smaller sex (Aiello
1996; McHenry 1994). Moreover, an increase in brain size may have favored larger
body mass as the proportion of a female’s energy budget allocated to her offspring
during gestation and lactation decreases with larger body size (Antén 2003; Charnov
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and Berrigan 1993). The decreased relative body size of male Homo erectus may thus
be illusory, as the increase in female size may be a result of ecological pressures that
bear no relationship to male-male competition, and male H. erectus were in fact
larger than males from earlier hominin species. In addition, Pleistocene hominins
were likely more reliant than earlier hominins on the use of tools as weapons,
reducing the importance of large body size in and of itself as the major determinant
of success in male competition (Darwin 1871). Bercovitch (2001), for example,
pointed out that the primary physiological difference (not directly related to repro-
duction) between modern human males and females is upper body strength, which
likely facilitated the use of weapons for male—male competition. Similarly, Puts
(2010) argued that the relatively low degree of sexual dimorphism in modern humans
underestimates sex differences in the traits most important in contest competition:
strength, speed, and secondary sexual characteristics such as beards and deep voices.
Regardless, at no point during hominin evolution did body size sexual dimorphism
ever decrease to anything approaching that of monogynous nonhuman primates (e.g.,
Hylobates, Aotus, Callicebus), suggesting that some degree of male-male competi-
tion and polygyny has always characterized the hominin lineage (McHenry 1994;
Plavcan 1999, 2000).

Male—Female Pair-Bonding

With male defense of small groups of females, selection would have favored
males that formed bonds with each female via grooming, infant caretaking, and
possibly provisioning (though male provisioning is not a necessary component
of this scenario; c¢f Bird 1999) in exchange for some degree of female sexual fidelity
and paternity certainty, an association of traits that characterizes many monogamous
mammals (Kleiman 1977). The scenario we present here differs from previous
models of pair bonds as economic arrangements (e.g., Lovejoy 1981), however, in
two main ways: 1) males provided mainly protection rather than food for females,
and 2) males formed pair bonds with multiple females. Wide variation in size and
composition of these groupings is likely, probably at least in part determined by
patterns of kinship among females; it is notable within this context that hamadryas
OMUs vary in size from 1 to 9 and 30 % are monogamous pairs rather than
polygynous units (Swedell ef al. 2011). This would likely have differed for Homo
erectus, though, as the role of intrasexual relationships would have been far greater
for female H. erectus than for female hamadryas, which make very few efforts to
remain with kin. Male—female bonds in social units of Homo erectus would function
to produce, provision, and protect offspring, with female (kin) groups focusing on
cooperative child rearing, cooperative foraging, and defense of offspring and
resources. Females may also have been polyandrous to some degree; by cop-
ulating occasionally with secondary males (as in hamadryas: Swedell and
Saunders 2006) they could guard against potential infanticide and effectively com-
bine a predominant anti-infanticide strategy of paternity concentration with a sec-
ondary strategy of paternity confusion (c¢f. Swedell and Saunders 2006; van Schaik et
al. 1999). Male investment in offspring care and protection would have then varied
according to female sexual fidelity, paternity certainty, and the availability of the
female’s kin to aid in child-rearing and protection (Hrdy 2009), as well as the number
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of females in the group and the number of females and offspring among whom
resources were being distributed.

Resistance to Male Sexual Coercion

In hamadryas baboons, female kin are broken up by coercive transfer of females
among OMUs (¢f- Clutton-Brock and Parker 1995; Smuts and Smuts 1993; Swedell
and Schreier 2009). Hamadryas females do not form coalitions to resist male coer-
cion, perhaps because, in an environment with nonmonopolizable, widely distributed
resources and no need for assistance with reproduction, there are no overriding
competitive or cooperative benefits to females of forming alliances with their kin
(Barton 2000). In Homo erectus, however, bonds among females would have been
strongly selected for, owing to the high costs of reproduction and the benefits of
cooperative infant rearing (Aiello and Key 2002; Hrdy 2009; Key 2000). Female kin
groups in Homo erectus would thus have been less susceptible to this type of male
coercion than in hamadryas, as both sexes would have benefitted from the mainte-
nance of groups in which female kin provided crucial assistance with child-rearing.
Female Homo erectus may thus have played a larger role in OMU formation and mate
selection than do female hamadryas baboons. Even if female kin groups of Homo
erectus were sometimes broken up by males, 1) cooperative infant rearing among a
small group of females, some unrelated, could have been selected for via reciprocal
altruism given the likely costs to females of attempting to reproduce without assis-
tance; and 2) any breakup of female kin groups by males may have occurred
infrequently enough so as to preserve female kin bonding as a general pattern.
Importantly, Hrdy (2009) argues that male investment in care of offspring would
have, as in modern humans, varied according to the availability of female kin as
allomothers, suggesting that males would have benefitted from the maintenance of
female kin groups so as to reduce obligate investment in their offspring.

The Evolution of Cooperative Relationships

A scenario that begins with cooperation among females and leads to cooperation by
males is supported by agent-based modeling by Cathy Key and Leslie Aiello (Key 2000;
Key and Aiello 1999, 2000), who found that, when energetic costs of reproduction for
females are high, cooperation is more likely to evolve among females than between
the sexes. Key and Aiello also found that the likelihood of both types of cooperation
increases with the cost of reproduction for females. This strongly suggests that the
increased costs of reproduction faced by female Homo erectus would have led first to
cooperation among females, probably among kin, and then later to cooperative relation-
ships between the sexes. Key and Aiello’s (2000) model also demonstrates that non-
reciprocated male cooperation with females will evolve when 1) female energetic
costs are far higher than male costs, and 2) males who do not cooperate are punished.
This fits well with a scenario of high reproductive costs for female Homo erectus, low
costs for males, and a female strategy by which they remain faithful to males who
cooperate and unfaithful to those who do not. According to Key and Aiello’s model,
actual paternity certainty is not required for the initial development of cooperation by
males, but it does heighten male cooperation later in the evolutionary process.
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The Outcome: Multilevel Social Organization of Homo erectus

Ultimately, this evolutionary scenario would give rise to a multilevel social system
with multiple types of social and reproductive bonds at different levels of social
structure, each with varying reproductive and ecological functions (Fig. 1). Such a
scenario is consistent with a sexual division of labor, which may have also emerged at
this point in hominin evolution (Bird 1999; Marlowe 2010; Zihlman 1978; Zihlman
and Tanner 1978). The smallest social grouping, the one-male (or two-male) unit,
would have been a (mostly) polygynous one-male, multifemale group with allopar-
enting by both sexes, a cooperative reproductive arrangement among and between the
sexes. Beyond the reproductive unit, a larger social network of male kin, analogous to
the hamadryas clan, could have enabled exchange and defense of females and
cooperative hunting (cf. Rodseth 2012). Even larger social groupings would likely
have been selected for as well, for ecological reasons, though possibly less cohesive
than a hamadryas band and more similar to a chimpanzee community. These larger
social units, comprising individuals that tolerate one another and coalesce when
necessary, would have been beneficial for protection from predation at night or during
other times of increased predator pressure, competition with large carnivores over
prey (given the large guild of African predators during the late Pliocene—early
Pleistocene; Plummer 2004), defense of limited or accumulated food resources from
conspecifics, and protection for females and offspring during male hunting expedi-
tions (Aiello and Dunbar 1993; van Schaik 1983). However, given that reciprocity
and cooperation operate best on a small scale and decrease with increasing numbers
of individuals (Aiello and Dunbar 1993; Dunbar 1992b, 1998), small networks at the
OMU and clan levels would have been crucial for the maintenance of cooperation and
reciprocity via strong social bonds, with larger networks for more ecological func-
tions. Marlowe et al. (2008) demonstrated that third-party punishment, a mechanism
to reinforce cooperation by punishing defectors, occurs more in larger, more complex
societies. This suggests that the evolution of a multilevel social structure would have
the added effect of reinforcing cooperative relationships.

In this scenario, it is likely that both males and females sometimes dispersed
among social units, but only to a limited degree. While OMUs were probably more
likely to consist of female relatives than nonrelatives, some females may have been
transferred among units by males via sexual coercion. Males, on the other hand, were
probably more likely to remain in their natal clan because of the benefits of cooper-
ation with kin, though may have occasionally dispersed in search of available
females. Limited bisexual dispersal does not preclude gene flow and outbreeding,
as dispersal of even a small number of individuals of either or both sexes per
generation is enough to maintain genetic diversity at the population level (Wright
1931). The fact that male kin networks and female kin networks operate at different
levels of social structure would reduce the likelihood of inbreeding, assuming that the
tenure of a resident male in an OMU is typically shorter than a female’s pre-
reproductive life. This is not necessarily the case for hamadryas (in which females
are transferred among OMUSs before they have the opportunity to reproduce with their
presumed fathers), but it would have been more likely for Homo erectus given longer
life history parameters in hominoids compared to baboons, especially if growth rates
were slightly slower in H. erectus compared to earlier hominins (Dean ef al. 2001).
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It is important to note here that we are not proposing a one-to-one correspondence
between the multilevel societies of hamadryas baboons and those of Plio-Pleistocene
hominins. Key elements of Plio-Pleistocene society that differentiate it from a simple
baboon model include the increased role of females, extensive alloparenting, coop-
erative foraging, a sexual division of labor, and kin ties within and among OMUs.
Chapais (2008) discusses the importance of bilateral kinship and reciprocal exogamy
in modern human social organization, i.c., the maintenance of kin bonds postdispersal
across multiple generations through both the maternal and paternal lines. This is a
feature of hominin societies that does not characterize baboons, but that would have
been enabled by a multilevel social system that operated in a similar way to that of
hamadryas baboons. Most importantly, multilevel societies in hominins would have
been built upon a foundation of higher cognitive power that would have increased
their benefits to both sexes with regard to reproduction and food acquisition. The
evolution of a multilevel social organization in a cognitively sophisticated hominin
would thus have provided the raw material for bilateral kin bonds to evolve in the
context of regular exchange of females among reproductive units, and for a sexual
division of labor to enhance foraging success while strengthening social ties.

Cognitive Implications

Larger group sizes impose a potential cognitive cost in that they increase the number
of dyadic relationships that each individual will benefit from monitoring (Dunbar
1992b, 1998). Larger groups may also constrain collective decision-making abilities,
which depend on some form of shared information among all individuals in a group
(Fischer and Zinner 2011; Sueur ef al. 2011). Johnson (1983) suggested that collec-
tive decision-making abilities in humans are reduced in groups of six or more,
suggesting that a multilevel social structure would be advantageous in limiting the
very closest set of relationships to a manageable size and reducing this cognitive
burden. However, a multilevel society also simultaneously increases the fotal number
of individuals and relationships that each individual must monitor. This additional
social monitoring, if it occurs, is arguably a further constraint on cognition (Aiello
and Dunbar 1993; Byrne and Whiten 1988; Dunbar 1992b, 1998) and may underlie
the uniformity in scaling ratio among the sizes of successive levels of organization in
modern hunter-gatherer (Hamilton ef al. 2007) and mammalian multilevel societies
(Hill et al. 2008; Schreier and Swedell 2012a). The commonality in scaling ratio
across species, with each level about three to four times larger than the one beneath it,
suggests that societies may self-organize to an optimal scaling ratio to maintain social
cohesion and communication within cognitive limitations (Kudo and Dunbar 2001).

For Homo erectus in particular, wider social networks beyond the female kin group
and even beyond the male clan may have selected for larger brain size and complexity
to allow recognition and tracking of large numbers of individuals over time (Fig. 1).
Further brain expansion for these purposes would have been energetically feasible
because of the higher-quality diet of Homo erectus compared to that of earlier
hominins (Aiello and Wheeler 1995; Leonard ef al. 2003; Milton 1999). Whether this
diet was high in animal tissue, or simply included enough meat to allow a
focus on calorie-rich plant foods such as underground storage organs (cf. Milton
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1999; Plummer 2004), or whether cooking in particular increased diet quality (cf:
Wrangham et al. 1999), is as yet unclear. What is clear is that this new diet was
sufficient to support the brain and body size enlargement that characterized later
hominins. This unique combination of an already more sophisticated cognitive
apparatus, i.e., that characterizing early Homo, a higher-quality diet, and a multilevel
social structure would have allowed even greater social and ecological possibilities.

Hrdy (2009) expands on the cognitive implications of cooperative breeding by
arguing that the necessity for clear communication of needs between infants and
alloparents would have provided a selective pressure for the evolution of empathy.
From this perspective, a multilevel social organization and cooperative breeding have
together shaped hominin cognition and laid the groundwork for further expansion of
brain size, the evolution of language, and the origin of modern human emotions
(Aiello and Dunbar 1993; Hrdy 2009).

Future Research

Key tests of the applicability of the hamadryas model will involve further exploration
of the role of kin selection in shaping hamadryas behavior and the benefits to both
males and females of all three types of social bonds outlined here. For example, we
expect to find that females are more often transferred among male kin than among
nonkin and that males help their kin defend females, e.g., via leader—follower
relationships. Evidence of male kin cooperation in this way, combined with evidence
for the adaptive value of sociality among hamadryas females (cf Silk 2007a, b),
would show that it is indeed possible for a social system to include fitness-enhancing
bonds among males, among females, and between the sexes prior to the further
cognitive expansion found in modern humans, thereby laying the groundwork for
the reciprocal exogamy configuration described by Chapais (2008).

The applicability of this model can be evaluated further with additional paleonto-
logical and archeological data. Clarification of the degree of body size dimorphism of
Homo erectus may allow inferences about the intensity of male—male competition and
the probability of a polygynous mating system. Additional fossil finds might clarify
whether there is unequivocal skeletal evidence for endurance walking and/or running
in Homo erectus (Bramble and Lieberman 2004), consistent with the greater ranging
behavior postulated here for this taxon.

The paleoenvironmental context of the landscapes used by Homo erectus can be
reconstructed with a variety of faunal and geochemical techniques, including the
reconstruction of vegetation structure through the stable isotopic analysis of pedo-
genic carbonates (Plummer ef al. 2009). These data could then be combined with data
on artifact distribution and density to infer the range of habitats used and the intensity
of use. We suspect that new archaeological data will continue to show the trend of
previous work: that Homo erectus ranged widely through a variety of habitats,
frequently in relatively open, grassy settings (Sikes et al. 1999).

Likewise, zooarchaeological analysis, lithic raw material sourcing, and methods
for inferring stone tool function (such as the investigation of artifact edges for plant
phytoliths and use-wear analysis of artifacts) would allow for reconstruction of
hominin ranging, faunal acquisition strategies, types of prey accumulated and their
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nutritional yield, and the types of plant foods being processed (Plummer 2004).
Evidence for increased ranging by Homo erectus through a broad spectrum of
habitats relative to earlier hominins, as well as a reliance on difficult to acquire or
process animal and plant foods in packages large enough to be shared, would support
the view that juvenile Homo erectus would have needed and could have received
assistance via provisioning.

Conclusions

The key differences between the model of evolution of Homo erectus outlined in
this article and most previous models can be summarized as follows: 1) a
multilevel social structure in which different levels of society serve different social,
reproductive, and ecological functions; 2) the possibility of both female kin bonding
(and the grandmother hypothesis) and male kin bonding (and kin selected coopera-
tion among males), with each kinship network operating at a different level of
society; and 3) not single but multiple pair bonds between the sexes in polygynous
one- or two-male groups.

Male-male bonding and female—female bonding have traditionally been juxta-
posed as largely mutually exclusive, as have pair-bonding and same-sex bonding
(Fisher 1983; Foley 1989, 1996; Lovejoy 1981). Hamadryas baboons, however,
display all of these features to varying degrees, as do modern humans (Chapais
2008; Rodseth ef al. 1991). For the reasons we outline here, it is likely that the
origins of this complexity in the human lineage can be found in a Plio-Pleistocene
hominin such as Homo erectus.
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