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ABSTRACT Since Darwin situated humans in an
evolutionary framework, much discussion has focused
on environmental factors that may have shaped or
influenced the course of human evolution. Developing
adaptive or causal perspectives on the morphological and
behavioral variability documented in the human fossil
record requires establishing a comprehensive paleoen-
vironmental context. Reconstructing environments in
the past, however, is a complex undertaking, requiring
assimilation of diverse datasets of varying quality, scale,
and relevance. In response to these difficulties, human
evolution has traditionally been interpreted in a some-
what generalized framework, characterized primarily by
increasing aridity and seasonality periodically punctu-
ated by pulses or intervals of environmental change,
inferred largely from global climatic records. Although
these broad paradigms provide useful heuristic
approaches for interpreting human evolution, the spatio-
temporal resolution remains far too coarse to develop
unambiguous causal links. This challenge has become
more acute as the emerging paleoenvironmental evi-

dence from equatorial Africa is revealing a complex pat-
tern of habitat heterogeneity and persistent ecological
flux throughout the interval of human evolution. In
addition, recent discoveries have revealed significant
taxonomic diversity and substantially increased the geo-
graphic and temporal range of early hominids. These
findings raise further questions regarding the role of the
environment in mediating or directing the course of
human evolution. As a consequence, it is imperative to
critically assess the environmental criteria on which
many theories and hypotheses of human evolution
hinge. The goals here are to 1) compile, review, and
evaluate relevant paleoecological datasets from equato-
rial Africa spanning the last 10 Ma, 2) develop a hier-
archical perspective for developing and evaluating
hypotheses linking paleoecology to patterns and pro-
cesses in early hominid evolution, and 3) suggest a
conceptual framework for modeling and interpreting
environmental data relevant to human evolution in
equatorial Africa. Yrbk Phys Anthropol 50:20–58,
2007. VVC 2007 Wiley-Liss, Inc.

Goals of paleoanthropology extend well beyond the
discovery and description of fossil humans. The various
species depicted in human phylogenies are not simply
drifting through the geometry of morphological or taxo-
nomic space but rather evolving in a dynamic, multidi-
mensional environmental context. Early hominids repre-
sent components of a much larger framework of evolving
ecosystems and shifting climatic patterns that ultimately
directs the evolutionary trajectories of constituent biota.
Interpreting and reconstructing early hominid behavior
and morphology requires a detailed understanding of the
adaptive landscapes navigated by our ancestors. Recog-
nition of this need, however, is trivial relative to opera-
tionalizing the endeavor. How do we establish this multi-
dimensional context that embraces all the environmental
circumstances encountered by early hominids in the
past, ranging from subtle intra- and interspecific biotic
interactions to large-scale tectonic influences? Current
interpretations of early hominid environments in equato-
rial Africa have attempted to encompass this complexity,
invoking terms such as ‘‘spatial and temporal heteroge-
neity,’’ ‘‘mosaic of habitats from open grasslands to more
wooded or forested environments,’’ or ‘‘fluctuating pro-
portions of woodland, grassland, and forest components’’
(e.g., Leakey et al., 2001; Plummer, 2004; Bobe, 2006;
Kingston and Harrison, 2007). Although these recon-
structions provide a generalized background to fossil
hominids, it remains unclear exactly how they can be
utilized to establish a context in which to interpret
human evolution. Identifying and characterizing specific

ecological niches of the various hominid taxa within
these heterogeneous ecosystems is ultimately critical for
reconstructing adaptive landscapes, yet remains difficult.
Human evolution is a consequence of the interactions

of early hominids with their physical and biological
surroundings. Human evolutionary paleoecology seeks to
establish this context by examining the interplay of
environment, ecology, and evolution at geological time
scales. The task is daunting as we attempt to define and
reconstruct these interactions for ancestral hominids
that became extinct long ago, lived in plant and animal
communities for which there are no modern analogs, and
experienced highly variable environmental conditions.
This is all acomplished using rocks and fossils–fragmen-
tary, biased, and typically indirect evidence of variable
spatio-temporal resolution.
To effectively grapple with these complexities, applied

evolutionary paleoecology has adopted a highly interdisci-
plinary approach. The tactic is to draw from diverse fields
such as paleontology, organismal biology, paleoclimatol-
ogy, sedimentology, biogeochemistry, paleobotany, and
neoecology, in an attempt to develop multiple and comple-
mentary approaches. Consequently, paleoanthropologists
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interested in developing a paleoecological framework typ-
ically encounter a complicated array of diverse datasets.
While each of these disciplines contributes carefully
articulated perspectives for interpreting human evolu-
tion, the inevitable synthesis tends to distill some of the
inherent rigor from these studies. As a result, much of
human evolution has been interpreted in the context of
broad and potentially inferential paleoecological para-
digms that are imbued with historical perceptions and
adaptive scenarios not uniquely supported by available
empirical paleoenvironmental data. This assessment is
not a critique of the many innovative and conscientious
reconstructions of early hominid environments. Instead,
it is meant to point out a tendency to overextend and
misinterpret the tentative, limited, and scale-specific
conclusions of these studies. For example, the 11–8 Ma
interval represents a period with significance for events
leading to the establishment of modern East African fau-
nal communities, including the divergence of the homi-
nid lineage from African apes. For this 3-million-year pe-
riod, only a single comprehensively studied macrobotani-
cal fossil locality (Waril) is known for the entirety of
equatorial Africa (Jacobs, 2002). Waril, located in the
Central Kenyan Rift Valley, has been reconstructed as
open vegetation structure (woodland) with a pronounced
dry season. Given the absence of other sites and botani-
cal data from the region for comparison, it is tempting to
extrapolate the implications of Waril beyond the assemb-
lages’ restricted spatial and temporal scale. While it is
possible that seasonal woodlands dominated the regional
landscapes throughout this 3 myr interval, the envi-
ronmental heterogeneity and instability evident from
more thoroughly sampled intervals suggests that this is
unlikely.
The relevance of early hominid paleoenvironmental

reconstructions relates primarily to the why and how of
human evolution. What were the environmental factors
that directed or influenced the evolutionary trajectory of
the human lineage? Asking such an open question is
problematic. It immediately demands specificity—which
hominid taxon is under discussion or for that matter,
which morphological or behavioral feature or complex,
which geographic site or region, or which time interval or
event. There is a need to be explicit here, as evolutionary
selective pressures were presumably infinitely diverse
and complexly intertwined. On the other hand, the ques-
tion evokes a consideration of some of the broader con-
ceptual issues in evolutionary theory that remain unre-
solved. These include ongoing inquiries as to the relative
significance of abiotic and biotic forces as driving engines
of evolutionary change, the mechanism(s) by which speci-
ation occurs, or sorting out distinctions between adapta-
tions, exaptations, and nonaptations.
Regardless of the approach to the question of ‘‘how

and why,’’ developing an ecological perspective is integral
to any attempt to study the process of natural selection
in hominid evolution. In this respect, it is also necessary
to assess the extent to which available empirical evi-
dence or models can address the explicit adaptive
explanations being sought. What were the specific selec-
tive pressures associated with major hominid innova-
tions or evolutionary events? What were the habitats
utilized by the various hominids? How did contempora-
neous and potentially sympatric hominids partition
themselves ecologically? The lack of resolution in the fos-
sil and archeological record relating to early human ecol-
ogy provides fertile ground from which to generate these

sorts of queries and related hypotheses, but not yet to
specifically address or test them.
The fact that past environments and therefore adaptive

landscapes are far from constant is increasingly taken
into consideration by paleoanthropologists, and evolution-
ary biologists in general. Multiple lines of evidence col-
lected over the past 20 years indicate that climatically
driven environmental oscillations occurring at a scale of
10–100 kyr may have significantly affected the origin and
diversification of early human clades in equatorial Africa.
Furthermore, the magnitude of these short-term ecologi-
cal changes matches and possibly exceeds that previously
envisioned for intervals spanning millions of year. How
relevant then is it to frame human evolution in the con-
text of long-term trends documented globally in marine
sediments or based on limited evidence from a scattered
and biased terrestrial record? Given the diverse ap-
proaches developed to reconstruct early hominid paleoe-
cology, it is important to maintain a critical perspective
on the types, quality, and scale of empirical data pre-
sented in studies of past environments. As the quantity
and quality of proxies of past environments greatly ex-
ceeds that of the hominid fossil record, theories of human
evolution are, and will increasingly be, framed more by
contextual data rather than by specific adaptive assess-
ments of the hominid fossil material itself. Maintaining
meaningful links between environment and evolution in
these endeavors is essential in developing and testing
models and theories of human evolution.

GOALS OF PALEOENVIRONMENTAL
RECONSTRUCTION

Assessing causality in human evolution ultimately
requires identifying and isolating the environments and
associated selective forces experienced by early hominids
and then relating these forces to specific evolutionary
innovations. In this regard, establishing a paleoecologi-
cal context for early hominid fossils has always been a
concern of paleoanthropology. Descriptions of fossil finds
typically include an assessment of the paleoecology that
is then used to provide support for adaptive explanations
or situate the specimens in a specific habitat or ecosys-
tem. Paleoecological reconstructions have also figured
prominently in discussions of evolutionary driving forces,
biogeographic distributions, niche partitioning, foraging
patterns, and adaptive radiations in the human lineage.
Given the centrality of accurate and high-resolution
environmental reconstructions for pursuing these agen-
das in the study of early hominid evolution, it is essen-
tial to appreciate the assumptions, relevance, and limita-
tions of paleoecological data. This is especially pertinent
today as many new paleoenvironmental approaches are
being developed and applied to the study of fossil
assemblages.
In availing ourselves of this expanding archive, it is

perhaps useful to reconsider a question posed over 25
years ago by Hill (1981), ‘‘Why study paleoecology?’’ The
question was not rhetorical or pejorative, but instead
intended to stimulate an open discussion of what exactly
the goal(s) of paleoecology should be as applied to human
evolution. Rather than simply an exercise in data collec-
tion, there needs to be an attempt to discern the types of
data that are relevant and available for the evolutionary
questions at hand. Despite the many novel paleoecologi-
cal approaches developed in the interim as well as the
accumulation of significantly more data, the question
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and comments articulated by Hill remain highly relevant
today.
Ideally, the goal of incorporating evolutionary paleoe-

cology into the study of human evolution is to provide a
comprehensive window into the subtle and intimate
interplay of the hominid lineage and its environmental
context through evolutionary time. Presumably this can
contribute insights into why various adaptations came
about and what the specific environmental factors were
those that shaped these traits. Primary selective pres-
sures faced by our ancestors were those associated with
accessing mates, fulfilling nutritional needs, and general
survival strategies to maximize relative reproductive suc-
cess. Isolating and evaluating these selective pressures
requires specific information about early hominids such
as their physiology, morphology, foraging strategies, life
history patterns, ranging behavior, habitat utilization,
mating strategies, and social organization. These features
then need to be contextualized within reconstructions of
environments in the past, including interactions with
other biota, community structure, spatiotemporal distri-
bution of resources, biogeographic distribution, and vege-
tation physiognomy. Abiotic factors such as precipitation,
temperature, and seasonality patterns are equally impor-
tant. It is reasonable to assume that selective pressures
typically were comprised of a culmination of many of
these factors interacting in complex ways and in constant
flux, in response to either extrinsic perturbations or to
shifting biological interactions within communities. The
magnitude of this dynamism is likely to have been highly
variable, as events such as threshold effects, major cli-
matic shifts, or vicariance events can result in intervals
of accelerated innovation, speciation, and extinction.
Given the instability and complexity of these systems,
coupled with the contingency inherent in evolution, it
remains extremely difficult to develop any specificity in
adaptive interpretations. Reconstructing the details of
these multidimensional systems through time and space
is well beyond our current capabilities.
As it is unlikely that we can ever achieve the resolu-

tion or detail required to link specific evolutionary inno-
vations to ecological conditions in the fossil record, what
then should the goals of paleoecology be? Can human
evolution be understood on the basis of generalized,
largely inductive environmental perspectives? Paleoan-
thropologists interested in early hominid paleoecology
have been acutely aware of this problem for some time
and have adopted various strategies to assess the influ-
ence of environment on human evolution. As the level of
detail required to reconstruct specifics of biotic interac-
tions within early hominid communities remains elusive,
the general tendency is to extrapolate between and
within the fragmentary and time-space averaged biotic
and abiotic proxies in these systems or to focus on larger
scale faunal shifts. One approach is to develop general-
ized theories and models of early hominid adaptive sce-
narios based on global or continental paleoenvironmental
trends or events documented primarily in the marine
record (e.g., Potts, 1998; deMenocal, 2004). Regional or
local faunal turnovers and specific site reconstructions
are then interpreted within this framework, although a
lack of temporal resolution in the terrestrial record
typically hampers correlations between global and local
phenomena. Another tactic is to assimilate paleoenviron-
mental evidence from various sites and levels within a
depositional basin [e.g., Baringo Basin (Jacobs and Deino,
1996; Kingston, 1999), Turkana Basin (Behrensmeyer

et al., 1997; Bobe and Behrensmeyer, 2004; Wynn, 2004),
Middle Awash (Taieb et al., 1976; WoldeGabriel et al.,
1994, 2001; Haile-Selassie, 2001; White et al., 2006)] to
reconstruct paleoenvironments at a basinal-scale of sev-
eral hundred km2. Alternatively, specific hominid taxa
have been evaluated within the context of local site recon-
structions, assuming that aspects of the immediate habi-
tat can provide adaptive perspectives. While each of these
approaches provide valuable insights, our interpretations
of early hominid paleoecology continue to be constrained
and influenced by a framework cobbled together from
incongruent data straddling varied time-space scales.
Given these difficulties, a first step is to reevaluate rele-
vant paleoenvironmental data and attempt to develop per-
spectives in which we can be clear about what we can and
cannot say regarding possible cause–effect relationships
between hominid ecology and evolution.

CONTEMPORARY ENVIRONMENTAL
PERSPECTIVES ON EARLY HUMAN EVOLUTION

Integral to attempts to evaluate environmental factors
in human evolution is a consideration of current inter-
pretations of the patterns and timing of key events and
trends in the evolution of our lineage. Figure 1 schemati-
cally depicts a version of human phylogeny that frames
taxonomic patterns within a series of adaptive complexes
that highlight intervals of major evolutionary changes.
From the perspective of goals outlined in this paper,
there are a number of salient points to be made with
respect to human phylogeny. First is the chronologic
uncertainty inherent in both the time ranges designated
for most hominid forms as well as the timing of major
evolutionary innovations and transitions. This lack of
chronologic resolution undermines attempts to correlate
specific evolutionary patterns with environmental data-
sets. Second, while there continues to be debate about
the extent to which the various taxa depicted represent
real biological species (Tattersall, 2000; White, 2003),
‘‘paleodemes’’ (Howell, 1999), or evolving lineages of sub-
species (Foley, 2002), the morphological and behavioral
variability is what is important here. Differences
between the various hominids, however partitioned taxo-
nomically, relate to local adaptations, allopatry, and
drift, all of which are mediated by if not directly related
to environmental factors. Finally, it is important to keep
in mind that a phylogeny reflects a dynamic pattern of
evolution with processes that span spatial as well as
temporal scales. The variability and evolutionary innova-
tions come about through geologic time as Darwinian
processes operate on small populations of hominids expe-
riencing expanding or declining species ranges, local
extinctions, isolation of populations, and dispersals as a
result of changing environmental conditions and/or biotic
interactions.

Tangled hypotheses of environmental
determinants in human evolution

Despite inherent uncertainties and ambiguities, a
number of broad hypotheses have been proposed as cen-
tral to human evolution, most of which invoke or are
heavily reliant on environmental considerations. Among
these, the Savanna Hypothesis has deep historical roots
(Darwin, 1871; Smith, 1924; Dart, 1925; Bartholomew
and Birdsell, 1953; Robinson, 1954; Jolly, 1970; Laporte
and Zihlman, 1983). It is based in part on the assump-
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tion that the last common ancestor of humans and Afri-
can apes, like modern apes, inhabited forested biomes,
and that hominids exhibit adaptations to open woodland
and grassland habitats. The savanna hypothesis remains
an attractive construct as it reconciles well with global
climatic trends documented in the marine record that
are consistent with progressively more arid and seasonal
terrestrial conditions in tropical Africa during the last 5
Ma (Miller et al., 1987; Crowley and North, 1991; deMe-
nocal and Rind, 1993; Kennett, 1995). In addition, a
number of terrestrial environmental proxies appear to
provide support for the hypothesis, including an expan-

sion of C4 grasses 8–6 Ma in African ecosystems (Cerling
et al., 1997a). A contrasting perspective, presented as
the Forest Hypothesis, was first formulated based on pol-
len analyses at the South African site of Makapanskat
(Rayner et al., 1993). This view proposes that the early
stages of hominid evolution are associated with the types
of selective pressures encountered in more closed habitats.
More recent paleohabitat reconstructions associated with
the earliest hominids such as Sahelanthropus, Ardipithe-
cus, and Orrorin include woodland and forest components,
supporting aspects of this premise (WoldeGabriel et al.,
1994; Pickford and Senut, 2001; Vignaud et al., 2002). The

Fig. 1. Evolutionary patterns of hominid evolution, depicting associated taxa grouped by shared ancestry as part of a dispersal
or series of dispersals (modified from Foley, 2002). Known age ranges for recognized hominid taxa are depicted, as well as approxi-
mate intervals spanning evidence of major evolutionary transitions. No correlations are made with environmental data as causal
relationships have yet to be established. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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Turnover Pulse Hypothesis, originally articulated by Vrba
(1985), suggests that the faunal change resulting from
changes in the physical environment should be nearly
synchronous in separate lineages. Turnovers in bovid
taxa (Vrba, 1985) and micromammal taxa (Wesselman,
1985) between 2.7 and 2.5 Ma in southern and eastern
Africa were originally cited as support for the turnover
pulse hypothesis, reflecting major shifts in habitat struc-
ture of relevance to the course of human evolution. Alter-
native interpretations of the Pliocene fossil record of East
Africa, specifically assemblages from the Turkana Basin,
suggest Multiple Pulses of high faunal turnover corre-
lated with major global climatic change, set within a
gradual shift from forest dominance to more open habi-
tats (Bobe and Eck, 2001; Bobe et al., 2002; Bobe and
Behrensmeyer, 2004). The East Side Story (Kortland,
1981; Coppens, 1994; Partridge et al., 1995) links the
early stages of human evolution to rainshadow effects
associated with rift-related doming and orogenic activity.
Although the timing of uplift along the rift and associ-
ated climatic and vegetational change is not well con-
strained, topographic modeling of East African rifting
during the late Miocene and Pliocene suggests that asyn-
chronous uplift events led to a drastic reorganization of
atmospheric circulation patterns. In turn, this led to ari-
dification and fragmentation of East African landscapes
(Sepulchre et al., 2006). Potts (1996, 1998) has carefully
constructed a theoretical foundation for Variability Selec-
tion, the notion that a pronounced rise in environmental
remodeling during the past several million years created
a growing disparity in adaptive conditions. Inconsistency
in selection related to these fluctuations eventually
caused habitat-specific adaptations to be replaced by
structures and behaviors responsive to complex environ-
mental change. It is proposed here to add a new theoreti-
cal framework, the Shifting Heterogeneity Model, based
on the notion that many, if not most, late Miocene and
Pliocene equatorial African hominid landscapes have
been interpreted as complex, spatially heterogeneous
mosaics of forest, woodland, bushland, and grasslands
(Kingston et al., 1994; Plummer, 2004). In response to
oscillating climatic conditions, patterns of heterogeneity
were constantly shifting, resulting in continual flux of
both plant and animal communities. The pervasive dis-
persal of biota into novel and potentially isolated ecosys-
tems created variable selective pressures that cumula-
tively could lead to adaptive change. Details of this model
will be discussed more fully later. In one of the few theo-
ries that implicate biotic driving forces rather than abi-
otic factors, McKee (1999, 2000) has articulated the
notion of Autocatalytic Evolution with respect to hominid
evolution, noting that most evolutionary change among
mammals is self-propelled by feedback loops and not by
changes in the external environment. Although most of
these models are scaffolded on interpretations of environ-
mental data collected from the African fossil record, none
at this point can be explicitly or uniquely linked to
human evolution.
As we ponder these various models and the apparent

incongruities between them, it is important to recognize
that they reflect diverse spatiotemporal scales, are based
on contrasting lines of evidence with different tapho-
nomic biases (also of varied scales and quality), incorpo-
rate variable degrees of inference, and are not necessar-
ily mutually exclusive. Some are habitat specific and
others advocate a decoupling of hominid evolution from
local ecology; some promote external abiotic forces as

most significant and others intrinsic biological interac-
tion; some invoke local or regional environmental condi-
tions and others are based on larger scale global events.
All potentially represent ingredients of a more compre-
hensive, complex scenario and in many cases are linked
across levels of scale. For example, Variability Selection,
linking adaptive change to inconsistent environmental
change, is based on climatic oscillations documented in
marine oxygen isotope records. This global climatic vari-
ability may also be associated with the apparent hetero-
geneity documented in time-averaged terrestrial fossil
assemblages, threshold effects resulting in apparent fau-
nal turnovers, or even the differential association of
hominid taxa within multiple ecosystems.
Consistent with the Shifting Heterogeneity Model and

Variability Selection, accumulating evidence has led to
the current consensus that much of human evolution
occurred in the context of dynamic, complex, spatially
and temporally heterogeneous mosaics of forest to grass-
land habitats (e.g., Potts, 1998; Plummer, 2004; Bobe,
2006; Kingston and Harrison, 2007) set within an overall
trend of increasing instability and aridification. In part,
this generalized synopsis appears to echo multiple inter-
pretations expressed over the last 30 years—‘‘multiple
inter-fingering ecological opportunities’’ (Butzer, 1977, p
577), ‘‘a combination of climate variations and a diversi-
fied landscape containing a wide range of vegetation
zones within a small compass’’ (Bishop, 1962, p 494), ‘‘de-
velopment of diversified mosaics, rather than broad-scale
forest reduction’’ (Lovejoy, 1981, p 343), or ‘‘the pattern
of habitats was probably patchy in space and time’’ (Hill
and Ward, 1988, p 49). Although these earlier assess-
ments clearly converge with contemporary views, cur-
rent interpretations of the mosaic scenarios differ in crit-
ical ways from previous models. While acknowledging
the importance of habitat heterogeneity, earlier studies
tended to emphasize a progressive, generally unidirec-
tional retreat of rainforests leaving more seasonal and
arid-adapted woodland and grassland biomes in their
wake. More recent perspectives, in contrast, pivot on the
aspect of shifting habitat heterogeneity through space
and time, with persistent climatic and ecological rever-
sals and novel ecological circumstances. These pervasive
ecological changes likely resulted in constant reshuffling
of constituent biota in tropical African habitats rather
than simple retreats and expansion of grassland, wood-
land, forest, and bushland components (Deino et al.,
2006; Kingston et al., in press).

A HIERARCHICAL CLASSIFICATION
SYSTEM FOR PALEOECOLOGY

To effectively utilize paleoenvironmental data collec-
tively, it is useful to organize the various lines of
evidence within a hierarchical framework that acknowl-
edges scale and potential links between various evolu-
tionary and ecological components. Based on the
assumption that the structure of the biological world can
accurately be represented as a hierarchical assembly of
dynamic systems, paleobiologists have developed hier-
archical perspectives to explore evolutionary and ecologi-
cal processes (Eldredge and Salthe, 1984; Miller, 2001).
The focus has been on establishing the fundamental
hierarchical nature of two systems, one ecological and
the other genealogical (Eldredge and Salthe, 1984) (see
Fig. 2). This includes delineating the entities that com-
pose these systems, the characteristic functions of these
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systems, and the interactions within and among the
components of these systems. The goal of these studies
is to characterize paleoecological units, reconstruct de-
velopmental patterns, detect processes and reactions,
and recognize linkages to evolutionary dynamics.
Within the ecological hierarchy, ecological entities are

viewed as existing at discrete (or quasidiscrete) levels of
organization that are hierarchically nested one within
another. Wholes are composed of parts at lower levels of
organization and are themselves parts of much more
extensive wholes. The cohesion holding each of the levels
together is the dynamic interactions among the next
lower-level entities. Although the system is open to
‘‘flow’’ between the levels, entities at different levels do
not directly interact in the same dynamic processes,
rather they constrain each other so as to set up the pos-
sibilities and limits of what can happen at other levels.
Interaction is most intense with contiguous levels and
diminishes as levels become increasingly remote. For
example, populations within a local ecosystem may
undergo seasonal cycles of dispersal and coalescence,
whereas the encompassing system at the level above
appears to remain stable. Such populations may also ex-
perience fluctuation during disturbance-recovery epi-
sodes, but it is the entire ecosystem that would undergo
succession. Thus the effects across levels are considered
non-transitive. This perspective has significance for
attempts to use data from one level to infer processes at
another, such as global climatic effects as they relate to
evolutionary processes within early hominid habitats.

SCALES OF RELEVANT EMPIRICAL DATA

The hierarchical perspective provides general guide-
lines for conceptualizing and linking different scales of
environmental/ecological proxies. In this perspective,
organisms are the fundamental nexus of hierarchies that
are interwoven by virtue of the fact that every organism
leads an economic existence and potentially all are
reproductive. Eldredge and Grene (1992) proposed that
the two hierarchies are also connected at a higher
level—social systems arise at the population level more
or less as amalgams of reproductive and economic adap-
tations. Based on this perspective, evolutionary paleoe-
cology should ultimately be pursued at the intersection

of the ecological and genealogical hierarchies, which
occur at the level of the individual or possibly the local
population (see Fig. 2). Paleoecological data most rele-
vant and significant to interpretations of hominid evolu-
tion are those collected directly in association with homi-
nid fossils—from the same local stratigraphic horizon.
While this does not preclude issues of time-averaging or
spatial mixing, it minimizes the possibilities of these
sorts of confounding factors and provides the highest re-
solution data at a hierarchical scale compatible with the
goals of an adaptationist program. Although this may be
intuitively obvious, situating autochthonous hominid fos-
sil assemblages (those formed in place with minimal
transport) in conjunction with robust paleoenvironmen-
tal data is uncommon. Typically, early hominid paleoe-
cology is at best reconstructed on the basis of contextural
information collected and analyzed collectively from
stratigraphically adjacent horizons, nearby sites, or
penecontemporaneous sequences locally and regionally.
At worst, reconstructions of early hominid paleoecology
are based on temporal correlations directly to global cli-
matic events recorded in marine sediments. Paleoenvi-
ronmental data are a rare commodity, however, and it is
critical to utilize all relevant information, despite the
necessity of spanning multiple levels in the hierarchy.
The key is to acknowledge the variable scales of data
and utilize the data accordingly in interpreting human
evolution.
Extensive research on the 3–2-Ma interval in equato-

rial Africa highlights a number of difficulties associated
with this endeavor. This represents a period of great in-
terest to paleoanthropologists, as a number of key homi-
nid evolutionary innovations become apparent during
this interval (see Fig. 1). These include significant
expansion of the cerebral cortex (Tobias, 1995; Holloway,
2000), origin of the Homo and Paranthropus lineages
(Walker et al., 1986; Hill et al., 1992), first manufacture
of lithic artifacts (Semaw et al., 2003), the oldest butch-
ery sites (Asfaw et al., 1999), and an apparent adaptive
radiation of forms (Tattersall and Schwartz, 2000; Wood,
2005; but see White, 2003). A number of studies have
focused explicitly on exploring the environmental factors
that may be linked to or directly drove these evolution-
ary transitions (e.g., Brain, 1981; Grine, 1986; Vrba
et al., 1989, 1995; Stanley, 1995; Bromage and Schrenk,
1999; deMenocal, 2004). Despite the innovative and

Fig. 2. Hierarchical Frameworks for genealogical and ecological scales. Scales of empirical environmental data are correlated
with the Ecological Hierarchy. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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wide-ranging approaches taken in these studies, the goal
of linking hominid evolution with environmental change
or specific selective pressures falls short. To a large
extent, this results from problems in developing connec-
tions between different data sets of varying spatiotempo-
ral scales as well as a lack of a conceptual framework.

GLOBAL, CONTINTENTAL, AND REGIONAL
SCALE DATA

Relative to many other mammalian lineages, espe-
cially nonhuman primates, the known fossil record of the
human clade in equatorial Africa is extensive (see Fig.
1). Overall, however, these fossils and their associated
contextual data provide very fragmentary and incom-
plete elements of the highly complex systems assumed to
be involved in human evolution. Extrapolating between
and among these ‘‘contextual fragments’’ compromises
the empirical integrity of more comprehensive environ-
mental interpretations. This has led to a practice of
assembling or documenting long-term or large-scale cli-
matic or environmental trends or events, based on
assessments of global and regional proxies, which are
then used to explain or frame local evolutionary pro-
cesses and patterns. Environmental proxies from marine
sediments, especially those linked directly with terres-
trial conditions in continental Africa, such as aeolian
dust, pollen, or Nile discharge, have much greater reso-
lution and continuity than terrestrial records.
Geochemical climatic data obtained from a suite of

deep-sea cores (initially by Emiliani, 1966; Shackleton,
1967; Hays et al., 1976; Berger, 1977) have revealed the
occurrence of numerous, quasiperiodic variations in iso-
topic parameters with almost regular amplitudes which
have been related directly to variations in the orbital ge-
ometry of the earth (Imbrie and Imbrie, 1979) (Figs. 3f
and 4b). Due to the gravitational effects of the Sun,
Moon, and other planets on the Earth, cyclical variations
occur in the degree of orbital eccentricity around the
Sun (�110, 413-kyr periods) (Fig. 3b), the obliquity (tilt)
of the Earth (�41-kyr period) (Fig. 3a), and the seasonal
timing of perihelion and aphelion (precession of the equi-
noxes) (�23-kyr period) (Fig. 3c). These variations in
Earth’s orbit, known as Milankovitch cycling, result in
cyclic variations in the amount of insolation (solar radia-
tion received at the top of the atmosphere) by latitude
and season and constitute the major cause of cyclic cli-
matic change over the 10–100-thousand-year time scale
(Berger, 1978; Imbrie and Imbrie, 1979) (Fig. 3d). Orbital
forcing, or Milankovitch theory, describes the effect on
climate of these changes in the geometry of the Earth’s
orbit. These orbital cycles change the total amount of
sunlight reaching the Earth by up to 25% at mid-lati-
tudes. In this context, the term ‘‘forcing’’ signifies a phys-
ical process that affects the Earth’s climate. In general,
insolation changes are dominated by precession at low
and middle latitudes, whereas high latitudes are affected
mostly by variations in obliquity. In equatorial regions,
eccentricity is important primarily in modulating the
amplitude of the precession cycle (Fig. 3c). Considered
together, the superimposition of variations in eccentric-
ity, obliquity, and precession produces a complex, ever-
varying pattern of insolation through evolutionary time
(Fig. 3d). The cumulative effects of these cycles through
time are further complicated by the fact that the relative
strength of the various cycles can shift at any given loca-
tion, there can be varying modulation of amplitudes, and

that there are a number of additional astronomical and
Earth-intrinsic climatic feedback mechanisms that medi-
ate external forcing. Despite this complexity, the perio-
dicities associated with orbital variations have been
identified in many paleoclimatic records. It is clear that
orbital forcing is an important factor in climatic fluctua-
tions on the timescale of 10 kyr to 1 myr throughout
most of the Earth’s history. The precise mechanism of
how orbital forcing is translated into a climate response,
however, remains unclear. Much research is currently
focusing on exploring links between cyclic variations in
insolation and climate change through time.
The evolutionary implications of these orbital controls

on climate were recognized almost immediately. Based
on Croll’s assessment that the ice ages and climate
change are related to changes in the earth’s orbital ec-
centricity (Croll, 1864), Wallace (1870) speculated that
changes in climate related to ‘‘high eccentricity would
therefore lead to a rapid change of species, low eccentric-
ity to a persistence of the same forms.’’ Similarly, Dar-
win (1872, p 339–340) argued that ‘‘. . . they [species]
would be imminently liable to modifications’’ when the
environments of species are altered by changes such as
those related to [eccentricity controlled] continental gla-
ciation. Although astronomically forced environmental
change was subsequently considered in evolutionary dis-
cussions (e.g., deVries, 1906; Mayr, 1942; Stebbins,
1950), the timing and nature of this environmental
change and any links to evolution remained essentially
unknown. Once the marine geochemical climatic frame-
work became well established, evolutionary biologists,
including paleoanthropologists, began to evaluate evolu-
tionary processes in the context of these dramatic
‘‘global’’ climatic oscillations. Hominid phylogeny, taxon-
omy, and behavior have subsequently been juxtaposed or
evaluated relative to marine climatic proxy curves (e.g.,
Butzer, 1977; Brain, 1981; Vrba, 1985; Pilbeam, 1989;
deMenocal, 1995; Potts, 1998; Richerson et al., 2005).
In addition to Milankovitch cycling, changes in African

climate, and consequently key events in the evolution of
our lineage, have been temporally correlated with a
number of major global/regional tectonic or climatic
events (Fig. 4c), including the Messianian Salinity Crisis
(Brain, 1981; Ambrose, 1995), uplift and rainshadow
effects of the East African Rift System (Kortland, 1981;
Coppens, 1994; Sepulchre et al., 2006), closing of the In-
donesian Seaway (Cane and Molnar, 2001), Intensifica-
tion of Northern Hemisphere Glaciation (Shackleton
et al., 1984; Haug et al., 1999), intensification and shift
in the Walker Circulation Pattern (Ravelo et al., 2004),
initiation of the Mid-Pleistocene Revolution (Berger and
Jansen, 1994), intensification of upwelling off Southwest
Africa (Marlow et al., 2000), humid phases in East Africa
corresponding to eccentricity and precessional maxima
(Trauth et al., 2005, in press) (Fig. 4g), and a shift from
23 to 41 kyr dominance of orbital cycles documented in
the N. African dust record (deMenocal, 1995, 2004) (Fig.
4f). In suggesting these links, the basic assumption is
that synchronicity may represent causality or mediation
of evolutionary events, a highly tenuous supposition
(Behrensmeyer, 2006). While it is reasonable to assume
that these large-scale changes may have altered climatic
patterns relevant to hominid evolution in tropical Africa,
specific local environmental manifestations of these cli-
matic shifts at hominid sites remain generally unknown.
Cumulatively these data are useful for generating

hypotheses and models regarding human evolution, but
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are not precise enough for reconstructing even general-
ized aspects of early hominid ecology or identifying
causal mechanisms underlying evolutionary patterns.
When human phylogenies are juxtaposed adjacent to
profiles of the stable oxygen isotopic record of marine Fo-
raminifera, it is reasonable to speculate that the isotopic
variability, like the other global events described above,
might have relevance for human evolution. However,

more definitive interpretations await future research.
How specifically are these global or regional shifts mani-
fested in rift valley settings and other early hominid
habitats, if at all? Are local responses linear and
synchronous, are they muted or buffered, is there a sig-
nificant lag effect, or are there threshold responses?
Multiple, intricately intertwined factors of varying scale
obscure correlations between local terrestrial environ-

Fig. 3. Main Milankovitch cycles (a–c) and relationships with insolation (d) and environmental proxies (e, f): (a) Over time, the
axial tilt of the Earth varies periodically in a narrow range, cycling back and forth between 22.28 and 24.58 with a mean period of
41 kyr. Changes in tilt cause long-term variations in seasonal solar insolation received on Earth and the main effect is to amplify or
suppress the seasons; (b) The Earth’s orbit has varied from almost circular to maximum eccentricity when insolation varied by
about 30% between perihelion (closest to the sun) and aphelion (furthest from the sun) with dominant periodicities of 100 and 400
kyr. Eccentricity variations affect the relative intensities of the seasons, with an opposite effect in each hemisphere; (c) Changes in
the seasonal timing of perihelion and aphelion result from a slight wobble in the earth’s axis of rotation as it moves around the
sun. The earth’s wobbling motion (axial precession) when combined with the slow rotation of the elliptical shape of earth’s orbit in
space in time (precession of the ellipse) causes the solstices and equinoxes to move around the earth’s orbit, completing one full
3608 orbit around the sun every 23 kyr (precession of the equinoxes); (d) Mediterranean sapropels are organic muds that form
when high influx of low-density freshwater from the Nile carrying organic material ‘‘caps’’ the Mediterranean waters resulting in
anoxic conditions that favor preservation of organic matter. These muds therefore reflect increased precipitation in Nile source
areas, including East Africa. Timing of sapropel formations (Lourens et al., 1996) correlates well with high July insolation over
northern Africa, which intensifies the SW African monsoonal system and associated rainfall; (e) Sapropels also correlate well with
minima of aeolian (wind-blown) dust influx off the East Coast of Africa (deMenocal, 1995); (f) Low oxygen isotope values, inter-
preted as reflecting warmer temperatures globally and moist conditions at low latitudes, also correlate roughly with the sapropel re-
cord. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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ments and marine proxies. Furthermore, temporal corre-
lations between global records and human evolution are
compromised by uncertainties in the timing or dating of
both environmental and evolutionary events (see Fig. 1).
These are all significant assessments that need to be
made before it becomes possible to even speculate on
potential causal relationships between global environ-
mental change and patterns and processes in hominid
evolution.
Despite these concerns, large-scale phenomena data

are extremely important in framing perspectives of

human evolution. As discussed later, orbital forcing in
particular provides a basic environmental framework in
which to assess evolution. A number of studies are cur-
rently focusing on developing links between Milanko-
vitch theory and empirical data from East African fossil
localities that will facilitate traversing the various scales
of the ecological hierarchy (Foley, 1994; Potts, 1998;
Campisano and Feibel, in press; Kingston et al., in press;
Lepre et al., in press; Trauth et al., in press). Addition-
ally, the trend of increasing low-latitude aridity during
the late Neogene (8–2 Ma) (e.g., Fig. 4b,d) provides

Fig. 4. Global and regional environmental proxies and events relevant to the evolutionary history of ecosystems in equatorial
Africa: (a) Theoretically derived insolation values (Laskar et al., 2004) at 308N in early summer, a curve relevant for assessing in-
tensity of the African monsoonal systems that delivers moist air masses to tropical Africa from the Atlantic Ocean. High insolation
values have been linked to intensification of this system and increased precipitation. Shaded zones of high insolation variability,
defined roughly as intervals during which insolation exceeds the median maxima and minima, extend across figure; (b) Benthic Fo-
raminifera d18O values (Zachos et al., 2001); (c) Major global climatic/tectonic events 1(Mudelsee and Stattegger, 1997; Schefuß
et al., 2003); 2(Ravelo et al., 2004); 3(Maslin et al., 1998; Ravelo et al., 2004); 4(Cane and Molnar, 2001); 5(Haug and Tiedemann,
1998); 6(Hsu et al., 1977); 7(Raymo and Ruddiman, 1992; Rea et al., 1998). (d) Estimates of past sea surface temperatures (SSTs)
using the UK’37 index which is based on the ration of di- and tri-unsaturated alkenones produced by specific species of haptophyte
algae (Marlow et al., 2000). Measurements were made on marine sediments recovered from Ocean Drilling Program (ODP) Site
1084 off the southwest coast of Africa. Cooler surface waters are interpreted to have compounded a shift from mesic to xeric condi-
tions, possibly forcing local speciation events such as the origin of the Homo genus; (e) Percentages of aeolian dust from N. Africa
in marine cores from the Arabian Sea as a proxy for N. African aridity (deMenocal, 1995); (f) Changes in the dominance of Milanko-
vitch cycles (deMenocal, 1995); (g) Intervals of humid or ‘‘wet’’ phases inferred from lacustrine sequences in the rift valley (Trauth
et al., 2005). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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convincing key evidence for a potential long-term
increase in aridity and seasonality in equatorial African
ecosystems.

BASINAL AND LOCAL SCALE DATA

Evolution is a process involving changes in the ranges
and distribution of phenotypic and genotypic variability
within and between populations. Frequencies of traits
vary as a result of factors such as differential local selec-
tive pressures, genetic drift, founder effects, or genetic
bottlenecks. The process is mediated by both biotic and
abiotic phenomena that differentially affect the repro-
ductive success of variable individuals within these
populations. Geography can assume a vital role in this
process by influencing gene flow, fragmenting contiguous
populations, and providing isolating mechanisms
whereby populations can diverge and potentially assume
different evolutionary trajectories. The geography and
climate of equatorial Africa may have provided not only
a series of obstacles to continuous gene flow but also
highly variable ecological conditions between and within
isolated basins, facilitating gene fixation and diversity.
Kingdon (2003) provides an insightful geographic per-
spective, outlining basin evolution in equatorial Africa
and associated ecological barriers and corridors that may
have directed the dispersal and distribution of hominids
in tropical Africa (see Fig. 5). Biogeographical patterns
of early hominids in tropical Africa have been explicitly
identified as a potential key to understanding evolution-
ary process in human evolution (Foley, 1999, 2001).
Foley (2002) points out that isolation, dispersal, and con-
traction of early hominids in response to variable ecologi-
cal circumstances potentially lead to shifting demo-
graphic and phenotypic variability that ultimately drives
or underlies macroevolutionary change. Range expansion
into variable environments led to a series of disperal
events and adaptive radiations (see Fig. 1) that cumula-
tively resulted in hominid evolutionary patterns. These
processes operate at local and regional scales, and
attempts to understand human evolution need to assess
the adaptive significance of morphological or behavioral
innovations at these scales. Partly in recognition of this
need, an emphasis of early hominid evolutionary paleoe-
cology revolves on developing ‘‘snapshot’’ habitat recon-
structions for specific fossil hominid localities. This static
approach, in which a specific ecosystem such as open
woodland or riverine forest is associated with a particu-
lar hominid or hominid site, represents a basic currency
of evolutionary paleoecology. Compiling lists of habitat
reconstructions that can be associated with particular
hominids could, in theory, provide a conceptual gambit
for the development of adaptive perspectives as well as
revealing environmental trends. However, at least with
respect to early hominids, the interpretive value of these
snapshots is compromised by a number of factors. Recon-
structions tend to be ambiguous and difficult to compare
or contrast, not surprising given the unique circumstan-
ces involved in the formation of each fossil assemblage
as well as variable criteria used by different researchers
to reconstruct paleoecology at different fossil localities.
Consider the paleohabitat reconstructions for two mor-
phologically distinct hominid genera, Orrorin tugenensis
(ca. 6 Ma) and Sahelanthropus tchadensis (7–6 Ma). Re-
spective habitats have been described as ‘‘open wood-
lands . . . with denser stands of trees in the vicinity, pos-
sibly fringing the lake margin and streams that drained

into the lake’’ (Pickford and Senut, 2001, p 149) and as
‘‘mosaic of environments from gallery forest at the edge
of a lake area to a dominance of large savannah and
grassland’’ (Vignaud et al., 2002, p 155). It is difficult to
conceptually differentiate these ecosystems and the
selective forces associated with each. A more in-depth
examination of the data on which these reconstructions
were derived suggests that, while the environment
of Sahelanthropus was regionally more arid, local habi-
tats are somewhat indistinguishable given the available
resolution.
An alternate use of these snapshots is to chronologi-

cally stack habitat reconstructions in order to reveal
shifts in early hominid habitat preferences through time.
However, deciphering any sort of trend within these gen-
eralized reconstructions of heterogeneity is difficult.
Given that there are so few known hominid sites (a sin-
gle known site for some of the species), stacking also
proves problematic in situations wherein there are
assumptions of spatial and temporal ecological heteroge-
neity and species-specific variable habitat utilization.
These concerns raise a particular set of questions con-
cerning the relevance of reconstructions for various spe-
cies. How representative is a particular reconstruction of
local ecosystems for the region? Also, to what extent do
reconstructions reflect the range of habitats in which a
given hominid species forages? The number and distribu-

Fig. 5. Evolutionary zones or basins in equatorial Africa
(modified from Kingdon, 2003). Zones are isolated by geographic
and ecological boundaries. East coast forests and associated riv-
erine forests provide dispersal routes and corridors connecting a
number of the basins. Ecosystems are also highly variable
within zones, further influencing biogeographic and evolution-
ary patterns. Geographic variability in ecology influences or
controls dispersal, isolation, effects of genetic drift, population
displacements and bottlenecks, and development of regional
clades. Note that most of the tropical African early hominid
sites are confined to two zones with significant topographic
relief and diverse habitats (Great Lakes and Awash Zones).
Large portions of equatorial Africa have not yielded vertebrate
fossil remains dated to within the last 10 Ma. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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tion of known sites for each taxon, however, could bias
the range of habitats correlated with the various homi-
nids. Hominid species recovered from multiple sites over
a wide geographic area, such as Australopithecus afaren-
sis, tend to have a proportionally greater number of
associated ecosystems than taxon recovered from only
one or two localities.
One approach to circumvent these obstacles or mini-

mize confounding effects of heterogeneity is to confine
stacked interpretations within long continuous sequen-
ces or depositional basins where there is an opportunity
to develop vertical as well as lateral profiles (such as
Turkana, Middle Awash, or Baringo Basins). This may
provide some control over local factors that dictate the
climatic and environmental variability characteristic of
modern and presumably past equatorial Africa. Alter-
nately, specific components of local-scale ecosystems that
are directly comparable across space and time, such as
paleosol carbonates, relative percentages of alcelaphines
and antilopines in bovid tribes, and dietary shifts in spe-
cific lineages, can be used to examine trends locally and
regionally. This approach, however, requires a set of
assumptions about the extent to which these proxies are
representative of a specific habitat or set of environmen-
tal conditions rather than a range of interacting biotic
and abiotic factors.

Taphonomic considerations and
lithofacies analyses

Any attempt to reconcile these obstacles and control
for heterogeneity through the use of basinal or local
paleoecological features or trends in tropical Africa is
complicated by issues related to taphonomy (potentially
biasing processes involved in formation of the fossil re-
cord) (recently reviewed in Soligo and Andrews, 2005).
Paleoenvironmental interpretations of the fossil record
must be developed within a stratigraphic framework of
time and space and within the mosaic of depositional
processes (river systems, lake margins, soils, alluvial
fans, volcanic ashes) that characterized many terrestrial
sedimentary sequences. An assessment of the types of
rocks and association of rocks (lithofacies) provides infor-
mation on the physical setting where organisms were
buried and may have lived, and on interactions between
biotic and abiotic components of ancient ecosystems. In
general, the processes and conditions that lead to preser-
vation of terrestrial organisms are inconsistent, creating
discrepancies between original species associations and
fossil assemblages as well as differential representation
of habitats in the past. These taphonomic processes bias
the fossil record so that it cannot be analyzed literally.
Consequently, assessments of paleoecology, ecological
change through time, and habitat differences between
sites based on aspects of faunal fossil assemblages can
only be made once the physical setting, hydraulic his-
tory, and temporal duration are established using sedi-
mentologic and taphonomic criteria. Assigning a specific
environmental context (e.g., anoxic lake, abandoned
channel fill, floodplain paleosol) is not a trivial endeavor
and typically requires extensive sedimentologic analyses,
including evaluation of the lithology, bedding geometry,
sediment geochemistry, and stratigraphic context of the
fossils. The almost exclusive association of hominid fossil
assemblages and vertebrate assemblages with fluvial
and lacustrine settings is likely in part to be a function
of taphonomic modes rather than preferred habitat

(White, 1988; Behrensmeyer and Hook, 1992). Previous
interpretations of grassland and open woodland habitats
for the Pliocene hominid site of Laetoli, for example, are
anomalous relative to more forested/wooded inter-
pretations of penecontemporaneous sites (Kingston and
Harrison, 2007; Kovarovic and Andrews, 2007). This
difference may relate more to preservation of this assem-
blage in subaerial volcanogenic sediments (forming in
the air on the surface) rather than water-deposited
facies described at the other localities (Hay, 1981, 1987).
Evidence from early hominid sites indicates significant

habitat diversity at most localities, suggesting degrees of
ecological heterogeneity similar to extant equatorial Afri-
can ecosystems. Differential preservation of components
of this mosaic complicates straightforward reconstruc-
tions. For example, due to increased microbial degrada-
tion in moist conditions associated with wet forested
habitats, components from these habitats tend to be rela-
tively poorly represented in the fossil record. These sorts
of biases are highly significant in evaluating the paleoe-
cological context of human evolution, as key hominid
ecosystems may be overrepresented or not represented
at all in the known fossil archive. Vertebrate assemb-
lages containing fossil apes are essentially unknown
from equatorial Africa during the last 10 myr (Cote,
2004). Fossil remains of chimpanzee and gorillas are
extremely rare, limited to 1) middle to late Pleistocene
fossil chimpanzee dental material in the Kenyan Rift
Valley (McBrearty and Jablonski, 2005), 2) 10.1–10.7 Ma
gorilla-like teeth attributed to Chororapithecus abyssini-
cus from the Afar rift in Ethiopia (Suwa et al., 2007),
and 3) a 5–6 Ma gorilla-like canine from Ndondo,
Uganda (Pickford, 1988). This suggests that more for-
ested or humid habitats, potentially inhabited by ances-
tral gorillas and chimps, the last common ancestor of
hominids and apes, and possibly early hominids as well,
are not preserved. Alternatively, if preserved, fossil
assemblages associated with these lineages and habitats
either lie unexposed beneath modern forests and wood-
lands ecosystems in central and western equatorial
Africa or are destroyed by surficial chemical, biological,
and mechanical processes as they become exposed. A
sobering, but realistic, interpretation of the lack of Late
Miocene and Pliocene fossil ape sites indicates that early
hominid sites known from the East African Rift Valley,
South Africa, and Chad may represent only a portion of
the arena in which the course of human evolution
unfolded (see Fig. 5). It can only be hoped that known
fossiliferous areas represent a relevant or representative
portion of this evolutionary stage.
These sorts of difficulties are also highlighted by

research at paleontological localities where numerous in-
dependent approaches have been developed to recon-
struct paleoecology. Fort Ternan, a 14.4-myr-old homi-
noid site in western Kenya, provides a useful case study
for this problem. The site has yielded abundant middle
Miocene fauna including specimens of a large-bodied
ape, Kenyapithecus wickeri (Leakey, 1962). The site has
been the focus of much research, in part because Kenya-
pithecus was initially considered to be an early hominid.
As a putative hominid, there was an implication of
bipedality. As bipedality was assumed to represent an
adaptation to open habitats, paleoecological research at
the site focused on documenting a potential shift from
forest to grassland. A suite of approaches has been uti-
lized to determine the paleoecology of the fossil assem-
blage associated with Kenyapithecus (Table 1). Although
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the fossiliferous units are geographically and temporally
restricted, exposed over an area of \200 m2 and span-
ning 10–15 m or ca. 10–20 kyr (Shipman et al., 1981),
paleoenvironmental reconstructions encompass almost
the entire spectrum of potential habitats, ranging from
wooded grassland to forest (Table 1). Adaptive perspec-
tives would accordingly vary significantly depending on
which habitat reconstruction was utilized. Rather than
focusing on the premise that a number of reconstructions
must be flawed, an alternate, and perhaps more con-
structive, pluralistic approach is to assume that each of
the studies may reveal specific components of a complex
habitat(s) that altered throughout the short interval of
time represented by the deposits. Mudflow breccias and
volcanic units within the sequence indicate intermittent
disruption of established habitats by volcanic activity.
These may have produced short-term vegetational suc-
cessions and a resultant mixing of the faunal commun-
ities inhabiting these shifting habitats. Also, the site is
interpreted to have formed on the slopes of an extinct
volcano, Tinderet, providing the potential for mixing of
elements from contemporaneous variable ecosystems
along the ancient slopes. Taphonomic or preservational
biases inherent in such a record, inaccurate assumptions
of ecological preferences of fossil taxa, and time averag-
ing represent additional confounding factors. These appa-
rently incongruous data are perhaps most significant in
revealing heterogeneity in environments during deposi-
tion of the fossiliferous units at Ft. Ternan. The varied
paleoenvironmental interpretations for Fort Ternan high-
light the difficulty of reconstructing habitats and the
need to rely on as many types of approaches as possible.
While environmental reconstructions at intensively

studied sites such as Fort Ternan and Laetoli remain
somewhat ambiguous, there are hominid sites where
multiple paleoenvironmental proxies converge on or are
consistent with a unique interpretation. Over 40 years of
research at the hominid site of Kanapoi, Kenya (Pat-
terson, 1966; Leakey et al., 1995; Harris et al., 2003), for
example, has progressively reinforced and refined earlier
interpretations of the locality as a deltaic environment
along the margin of the ancient Lake Lonyumun at just
over 4 Ma. Analyses of fossil vertebrate assemblages
associated with the earliest australopithecine, A. ana-
mensis (Leakey et al., 1995, 1998; Harris et al., 2003), as

well aspects of the sediments (Feibel et al., 1991; Feibel,
2003; Wynn, 2000) consistently indicate a relatively dry
climate and a mixture of woodland and open grassland,
similar to habitats currently found in the vicinity of the
modern Omo Delta at the north end of Lake Turkana
(although see Reed, 1997). Interestingly, paleoenviron-
mental circumstances surrounding A. anamensis at
nearby Allia Bay (3.5 Ma) have been described as a
mixed assemblage, but with more of an emphasis on
woodland components (Schoeninger et al., 2003). About
1,000 km to the north in Ethiopia, specimens of A. ana-
mensis recovered from the site of Asa Issie (White et al.,
2006) are also situated in more wooded biomes, suggest-
ing variable habitat preferences for this early biped.

Paleoflora

Fossil plants potentially provide the most direct evi-
dence relevant to the reconstruction of floral commun-
ities and physiognomy in the past habitats, as well as
aspects of prevailing climate (Wolfe, 1993; Jacobs, 1999,
2002). Macrofloral fossil material (i.e., leaves, seeds,
flowers, wood, etc.) typically reflect local vegetation,
whereas microfloral remains (i.e., pollen, phytoliths,
spores, cuticle) can be dispersed widely and can indicate
the flora of a larger catchment area. Critically, plants
differ significantly from fauna in how they fragment
prior to deposition. Plants are composed of, and produce
throughout their lifetime, an indeterminate number of
organs that are shed into the environment, each with
different preservational potential. A single tree, for
example, can produce huge numbers of extremely dura-
ble and easily dispersed spores or pollen. Floral struc-
tures, though, are usually delicate, ephemeral structures
produced in much smaller quantities. A tree has a single
trunk, but leaves are produced in large numbers. Woody
trunks can be transported great distances and undergo
several cycles of deposition and remobilization prior to
final burial, whereas leaves are more fragile and less
likely to survive reworking (Spicer, 1989; Greenwood,
1991). As a result of these taphonomic processes, plant
fossil assemblages can represent a highly biased sample
of source vegetation. As such, the taphonomy of paleoflo-
ral assemblages requires careful assessment.

TABLE 1. Paleoenvironmental reconstructions for the Middle Miocene site of Fort Ternan

Specific reconstruction Type of analysis Reference

Closed habitat Bovid femor morphology Kappelman, 1991
Wooded or forested conditions d13C of pedogenic carbonate and organics Cerling et al., 1991
Woodland-forest mix Bovid femoral morphology Kappelman, 1988
Wooded? or no C4 grasses d13C of fossil enamel Cerling et al., 1997b
Cool upland woodland with grassland Gastropods Pickford, 1987
Woodland and dry forest Gastropods Pickford, 1983
Moist highland wooded to forest Gastropod taxonomy Pickford, 1985
Open woodland with nearby forest Pollen assemblages Bonnefille, 1984
Open woodland Community reconstruction Andrews and Nesbit-Evans, 1979
Open or lightly wooded Bovid postcranials Gentry, 1970
Open steppe Cursorial adaptations in Giraffids Churcher, 1970
Evergreen forests, lake margin, woodland Faunal analysis Andrews and Walker, 1976
Wet savanna with nearby forested area Faunal analysis Shipman, 1986
Wooded grassland SEM analyses of fossil grass Dugas and Retallack, 1993
Mosaic of grassy woodland and wooded grassland Fossil soils/grasses Retallack et al., 1990
Open grassland Faunal analyses Shipman et al., 1981
Serengeti-type grassland (wooded grassland) Paleosol morphology Retallack et al., 1990
Savanna Grass macro and micromorphology Dugas and Retallack, 1988, 1993
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Vegetation classification. One difficulty in integrating
various studies of early hominid ecosystems relates to
the variable nomenclature used in differentiating aspects
of East African vegetation in both the past and the pres-
ent. Terms such as woodland or savanna are open to
interpretation and have come to encompass a wide range
of potential habitats. The vagueness of the terminology
is, in part, tolerated as the limited resolution of the fossil
data typically does not furnish specifics that allow us to
go beyond these generalized terms. Nevertheless, more
detailed reconstructions are ultimately needed and it is
important to attempt to move beyond these sorts of
descriptions when possible. A framework developed by
Grunblatt et al. (1989) (Table 2), derived from the work
of the East African Rangeland Classification, provides a
quantitative and useful approach for differentiating and
describing East African vegetational physiognomy. This
classification is based on five primary vegetation types
(Level 1) and appropriate modifiers (Levels 2–4). While
it is generally not possible to achieve this level of resolu-
tion in the fossil record, it is important to acknowledge
the variability inherent in the terms used to describe
paleovegetation and the ecological significance for terres-
trial mammals including hominids.

Phytogeographic trends in equatorial Africa. Early
interpretations of early-middle Miocene vegetation in
equatorial Africa postulated a region of homogeneous
lowland rainforest extending across central Africa from
the Atlantic to the Indian Ocean (Andrews and Van Cou-
vering, 1975; Axelrod and Raven, 1978). It was assumed
that lowland forests underwent a relatively continuous
retreat in the face of advancing arid and seasonally
adapted woodland and grassland communities. Alter-
nately, the data have been interpreted to indicate a
mosaic of forest, woodland, and grassland habitats by
the early Miocene (Bonnefille, 1984) in which lowland
patches or refugia are slowly replaced by woodlands,
grasslands, and thorn-scrub bushland due to climatic
change.
Existing Neogene paleofloral data (see Fig. 6) from

tropical and subtropical Africa indicate habitat heteroge-
neity associated with complex topography and climatic
flux with no evidence of a simple unidirectional change

from forest to savanna during this interval (Bonnefille,
1995; Jacobs, 2004, 2006). Fossil plants from earlier
Paleogene to early and middle Neogene localities reveal
that biomes characterizing modern East African ecosys-
tems, including lowland and montane forests, woodland,
and savannas, were established by the Middle Miocene
(ca. 15 Ma). Macro- and micro-floral fossils indicate that
rainforests structurally analogous and compositionally
(at the family level) similar to today have been present
in equatorial Africa since the Paleocene (ca. 64 Ma)
(Morley, 2000; Jacobs, 2004). Taxa representative of
woodland communities, including legumes and Combre-
toxylon, have been documented at various localities in
equatorial Africa dating back to middle Eocene (ca. 46
Ma) (Boureau et al., 1983; Jacobs, 2004; Jacobs and
Herendeen, 2004), indicating that interior tropical Africa
had a relatively arid and possibly seasonal climate that
created water-stress for plants. Pollen and grass cuticles
records from West Africa show that grasses were present
in Africa by about 64 Ma, diversified and spread to some
degree 55–46 Ma, began an initial expansion about 16
Ma, and finally occupied large areas by the Late Miocene
(8 Ma) (Morley and Richards, 1993; Jacobs et al., 1999;
Jacobs, 2004) (Fig. 6a). The relative representation of
these habitats through the Neogene in tropical Africa,
however, remains essentially unknown.
The paleobotanical record of equatorial Africa during

the Neogene is sparse relative to other continental
records and the resolution far too coarse to accurately
reconstruct specific phytogeographic trends. Assuming
that earlier plant communities in tropical Africa were
potentially as heterogeneous and dynamic as modern
biomes in the region, plant community reconstructions
based on macro-fossil sites cannot be extrapolated spa-
tially or temporally (Fig. 6c). Fossil pollen data provide
datasets that can span long intervals of time but can
incorporate signals derived from muliple ecosystems on
a regional scale.

Paleofloral evidence from hominid localities. Macro-
botanical remains directly associated with hominid-bear-
ing sequences are rare and when present, are typically
too incomplete to develop comprehensive reconstruction
of habitats (Bonnefille and Letouzey, 1976; Bonnefille

TABLE 2. Hierarchical classification system for East African Vegetation (Grunblatt et al., 1989)

Level Criteria Terms Modifiers

1 Lifeforms and canopy Forest (F) Canopy cover (%)
Woodland (W) Closed (c) 80–100
Shrub (S) Dense (d) 50–79
Grass (G) Open (o) 20–49
Bare (B) Sparse (s) 2–19

2 Height Forest/Woodland Shrubland Grassland

Tall (T) [10 m [6 m [6 m
Low (L) 6–10 m 1–6 m \1 m
Dwarf (D) \6 m \1 m –

3 Optional Multistorey (M) Tall, closed forest with canopy of well-defined
layers or storeys

Riverine (R) Vegetation community associated with permanent
rivers or streams

Wet (W) Vegetation community associated with areas where water
table is at or above the land surface for most
of the year

4 Species Dominant species

Example: Acacia reficiens–Acacia mellifera low open grassed shrubland.
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and Dechamps, 1983; Williamson, 1985; WoldeGabriel
et al., 1994). Paleovegetational interpretations based on
botanical remains have therefore relied more on analy-
ses of pollen spectra and, more recently, phytolith
assemblages (Barboni et al., 1999; Dominguez-Rodrigo et
al., 2001). A compilation of 119 pollen assemblages from
six separate depositional basins East Africa between 4
and 1.2 Ma reveal complex regional vegetational pat-
terns with no obvious trends of increasing seasonality or
aridity (Fig. 6b) (Bonnefille, 1995). These pollen spectra
include six from hominid localities that document a wide
variety of plant ecosystems ranging from subdesertic
steppe to Afro-alpine heath moorland. The scale of com-
plexity and diversity in vegetation through time is fur-
ther revealed by a high-resolution analysis of pollen
assemblages recovered from 27 stratigraphic horizons
between 3.4 to 2.9 Ma at Hadar, Ethiopia (Fig. 6e).
These data indicate high environmental variability with
rapid fluctuations between forest, woodland, and grass-
land biomes, possibly linked to global climate change

driven by Milankovitch cycles. Australopithecus afaren-
sis fossils were recovered through the entire sequence,
suggesting no marked preference for any single biome,
including forests (Bonnefille et al., 2004). In addition,
the study indicates that A. afarensis was able to accom-
modate intervals of significant environmental variability.
Other high-resolution studies of paleovegetation records,
especially in the Quaternary, indicate that tropical Afri-
can ecosystems are highly sensitive to orbitally forced
climate change and the associated shifts in atmospheric
CO2 and vegetation-soil feedbacks. The effects of these
short-term (\105 years) climatic oscillations have been
documented in rapid changes in pollen assemblage indi-
ces (Prell and Van Campo, 1986; Lezine, 1991; Bonnefille
and Mohammed, 1994; Elenga et al., 1994), charcoal-
fluxes (Verardo and Ruddiman, 1996), and relative pro-
portions of C3 and C4 biomarkers (Huang et al., 1999;
Ficken et al., 2002; Schefuß et al., 2003).
Phytolith assemblage analyses provide a corroborative

proxy with potential to refine reconstructions of paleo-

Fig. 6. Paleofloral data from equatorial Africa: (a) Charred grass cuticle and grass pollen from a marine core off the Nigerian
Coast, West Africa (Morley and Richards, 1993); (b) Pollen assemblages from East African hominid localities (Bonnefille, 1994); (c)
Compilation of habitat reconstructions based on macroflora (leaves, fruits, wood): 1Sudanian Woodland, fossil fruit (Dechamps
et al., 1992); 2Lowland or upland forest, fossil wood (Kingston et al., 2002); 3Humid to dry lowland forest, fossil fruit (Dechamps
et al., 1992); 4Deciduous woodland, fossil leaf assemblage (Jacobs and Deino, 1996); 5Seasonally dry woodland or open vegetation,
fossil leaf assemblage (Jacobs, 2002); 6,7Rainforest, fossil fruit (Bonnefille and Letouzey, 1976; Williamson, 1985); (d) Molecule-
specific carbon isotopic measurements of East African terrestrial plant biomarkers (n-alkanes) preserved in marine sediments off
Northeast Africa in the Gulf of Aden (Feakins et al., 2005). These data provide evidence of fluctuations in the relative proportions
of C3 and C4 terrestrial vegetation, with C4 grasses become well established after 3.4 Ma; (e) Habitat reconstructions at high tempo-
ral resolution at Hadar, Ethiopia, based on interpretations of pollen assemblages (Bonnefille et al., 2004). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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ecosystems. Phytoliths are silica particles that precipi-
tate in cells and/or between cells of living plant tissues
in many plant families (Piperno, 1988). Morphologic clas-
sification of phytoliths, recovered from modern and fossil
soils and lake sediments, can be utilized to generate
paleovegetation patterns, particularly for forest/grass-
land ecotones (Alexandre et al., 1997). Isotopic analysis
of organic material sequestered within phytoliths pro-
vides an additional tool for documenting the proportions
of C3 and C4 vegetation in past landscapes (Smith and
White, 2004). Phytolith morphotypes recovered from an
artifact-bearing (Oldowan and Acheulian) paleosol at
Peninj (1.5–1.35 Ma) have been interpreted to indicate a
very open ecosystem with reduced or nonexistent bush-
tree cover (Dominguez-Rodrigo et al., 2001). Additionally,
analysis of a Pleistocene phytolith assemblage from a
Middle Stone Age archeological site in the Middle Awash
has been used to reconstruct an open grassland ecosys-
tem where trees and shrubs are scarce (Barboni et al.,
1999).
In general, paleobotanical data, retrieved from homi-

nid localities or from periods relevant to human evolu-
tion in tropical Africa, indicate that variable and diverse
ecosystems, both locally and regionally, were available to
and potentially utilized by early hominids in equatorial
Africa. While it is possible that the various hominids
foraged differentially in these ecosystems (Reed, 1997;
White et al., 2006), the botanical and fossil hominid re-
cord remains too coarse to distinguish any differences in
foraging behavior. Significantly, there is no evidence of
closed rain forest associated with early hominids. How-
ever, this may reflect taphonomic biases against repre-
sentation of these habitats in the fossil record or a lim-
ited distribution of these biomes in rift valley settings
where the known fossil record is concentrated, rather
than indicating that early hominids did not utilize or
evolve in forested ecosystems.

Paleofauna

Associated vertebrate fauna provide some of the most
direct evidence of early hominid paleoecology. These data
are also most commonly found together in the fossil re-
cord, adding significantly to their potential value in
reconstructing the context of human evolution. Utiliza-
tion of paleofauna for paleoecological interpretations
includes uniformitarian approaches in which habitat
preferences of extinct taxa are assumed to be similar to
modern relatives, dietary reconstructions (based on iso-
topic analyses, mesowear patterns, microwear patterns),
community reconstructions, and taxon-free ecomorpho-
logical analyses. Each of these approaches has inherent
strengths and limitations. They are most useful when
evaluated in conjunction or with alternate lines of paleo-
ecological evidence.

Index taxa and community structure. Specific fossil
taxa (indicator taxa) have been used as biomarkers for
habitat types. This approach assumes that indicator taxa
have specific habitat preferences and that this habitat(s)
is well established, typically on the basis of analogy with
extant descendent lineages or highly derived morphol-
ogy. The presence of trees is implied by the occurrence of
elements such as fossil galagos (Walker, 1987), flying
squirrels, or ancestral representatives of modern giraffes
in fossil assemblages, although the actual extent of can-
opy cover remains inferred from these data is unclear.
Evaluating the validity and utility of this analog

approach, however, is far from straightforward, as it
relies on sometimes-tenuous assumptions linking mod-
ern and fossil organisms and their ecologies. Based on
analogy with modern warthogs, the presence of large-
bodied, hypsodont pigs (e.g., Notochoerus euilus) in fossil
assemblages have been interpreted to indicate grass-
land habitats (Cooke and Wilkinson, 1978; Harris,
1987). More recent ecomorphological analyses of N. eui-
lus (Bishop et al., 1999) and dietary reconstructions
(Kullmer, 1999; Kingston and Harrison, 2007), however,
suggest that these pigs may have foraged in more closed
woodland habitats. The interpretive value of the analogy
approach can be amplified by increasing the proportions
of specific taxa or the number of representative taxa. In
the Middle Awash, for example, fossil colobines account
for over 30% of all collected vertebrate specimens and
outnumber cercopithecines 57:9. Assuming arboreal
affinities for the fossil colobines, these data have been
interpreted to indicate that closed habitats were avail-
able for Aramis and Assa Issie hominids to exploit
(WoldeGabriel et al., 1994; White et al., 2006). Represen-
tative proportions of bovid tribes have also been used as
environmental indicators. High percentages ([65%) of
antilopines plus alcelaphines in fossil assemblages have
been used to indicate relatively arid grassland habitats
that are inhabited by modern taxa in these two antelope
tribes (Vrba, 1974, 1975, 1988).
As the number of representative taxa being utilized

for reconstructing is increased, the index-taxon approach
grades into considerations of the paleofaunal assem-
blages collectively as a community. Community-based
reconstructions potentially provide a more robust and
comprehensive approach. In these studies, community
reconstructions move beyond simple taxonomic analogy,
utilizing ecological characteristics such as trophic, loco-
motor, and body size attributes to develop ecological pro-
files or spectra for extant and extinct communities that
can be quantitatively compared through time (Fleming,
1973; Andrews et al., 1979; Van Couvering, 1980; Nesbit-
Evans et al., 1981; Damuth, 1982; Reed, 1998, Andrews
and Humphrey, 1999; Kovarovic et al., 2002). The
advantage of this approach is that it uses mammalian
adaptations to predict vegetation, without being con-
cerned with taxonomy. The major concern in utilizing
ecological diversity patterns is the validity of the com-
munity concept as applied to fossil assemblages. The
taphonomic processes inherent in the assimilation of fos-
sil vertebrate elements into the sedimentological record
results in assemblages that may not reflect living com-
munities. Also, the extent to which the ecological param-
eters underlying community structure remain consistent
through time and how to characterize communities with
no modern analogs is currently unclear. Nevertheless,
analyses of Neogene hominoid and early hominid com-
munity structure in tropical Africa provides valuable
insight into aspects of paleoecology. Most significantly,
the sequence of faunal events and changes in ecological
spectra in tropical Africa suggest an evolutionary succes-
sion from early Miocene equatorial rain forest commu-
nity types to more impoverished, forest or woodland
mosaic communities by middle Miocene times (Andrews
and Nesbit-Evans, 1979; Andrews et al., 1979; Van Cou-
vering, 1980; Andrews, 1996; Andrews and Humphrey,
1999; Reed, 1997). This gradual transition is linked to
both in situ evolutionary changes in response to
increased seasonality and aridity as well as immigration
from Eurasia. Community reconstructions suggest that
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earliest hominid sites in the Late Miocene and early Pli-
ocene are more similar to closed woodland or even open
forested habitats that later transition into more diverse
landscapes that include open woodlands and grassland
habitats (Fig. 7g,h).

Ecomorphology. As an alternative method to this
taxon-free communal approach, some authors have
assessed the functional morphology of mammalian post-
cranial fossils in an attempt to infer their locomotor
adaptations and, by association, their habitat preferen-
ces (Kappelman, 1988; Plummer and Bishop, 1994; Kap-
pelman et al., 1997; Bishop, 1999; DeGusta and Vrba,
2003; Kovarovic and Andrews, 2007). The correspon-
dence between ecology and functional morphology or eco-
morphology is based on the assumption that an organ-
isms’ locomotor anatomy is adapted to the particular
substrates and environments through which it ranges.
Ecomorphic analyses of postcrania provide a means of
assessing habitat preference independent of dietary
assessments based on studies of more abundant cranio-

dental fossil material. Emerging data from ecomorpho-
logical studies indicates wider ranges of habitats avail-
able than indicated by dietary reconstructions for bovids
and suids (Kappelman et al., 1997; Bishop, 1999; Bishop
et al., 1999). In general, this approach also appears to
indicate the presence of more closed habitats within local
ecosystems than suggested by other paleoecological prox-
ies (Kappelman, 1991).

Taxonomic turnover: Trends in first appearance
data and last appearance data. Much paleoecological
research has focused on hypotheses linking climatic
change to faunal evolution over long time intervals. The
assumption in these studies is that hominid evolution
and diversification are triggered and accelerated by
global climatic changes that forced major biotic turnover.
This approach seeks to determine patterns of First
Appearance Datum (FAD) and Last Appearance Datum
and link ‘‘pulses’’ of biotic change to relatively well-docu-
mented and continuous global and regional climatic
proxies, typically from the marine record. Based initially

Fig. 7. Fossil mammalian indicators of habitats and faunal turnovers in East African hominid successions: (a) African Bovid
FADs (Vrba, 1995); (b) Habitat reconstructions based on micromammal assemblages in the Turkana Basin (Wesselman, 1985); (c)
Turnover in species of Bovidae, Suidae, Cercopithecidae, and Hominidae in the northern Turkana Basin (Shungura, Usno, Mursi,
Koobi Fora, and Nachukui Formations) (Bobe and Behrensmeyer, 2004). Grassland indicators based on abundance (number of speci-
mens) of taxa reconstructed to be associated with grassland ecosystems in the lower Omo sequence (Bobe and Behrensmeyer, 2004);
(d) General shifts in mammalian lineages in the Turkana-Omo Basin at Shunguru, Ethiopia (Alemseged, 2003), and Lothagam,
Kenya (Leakey et al., 1996); (e) Patterns of mammalian faunal change in the Turkana Basin (maximizing approach) (Behrensmeyer
et al., 1997, Fig. 4c); (f) Mammalian faunas as proxies of mean annual precipitation (Fernandez and Vrba, 2006); (g) Percentage of
grazing mammals from hominid fossil localities (Reed, 1997); (h) Mammalian community reconstructions 1(Andrews and Nesbit-
Evans, 1979); 2(Andrews et al., 1979); 3(Andrews and Humphrey, 1999); 4(Van Couvering, 1980); 5(Kovarovic et al., 2002). [Color fig-
ure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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on dramatic increases in FADs for sub-Saharan bovid
species during the terminal Miocene (ca. 5 Ma) and
around 2.5 Ma, Vrba (1974, 1975, 1985, 1988) has argued
that rapid global climatic change results in turnover
pulses of evolution in many lineages of African mam-
mals, including the diversification of hominids. This hy-
pothesis has catalyzed a series of studies examining the
patterns of speciation, extinction, and immigration in
African mammalian fossil vertebrate assemblages
between 3 and 2 Ma (e.g., Feibel et al., 1991; McKee,
1995; Bishop, 1999; White, 1995; Behrensmeyer et al.,
1997; Bobe et al., 2002; Alemseged, 2003; Bobe and Beh-
rensmeyer, 2004). Evidence from tropical Africa, how-
ever, has produced complex, often contradictory, patterns
of faunal change that have not been convincingly linked
to environmental shifts resulting from global or regional
climatic changes (Fig. 7a–e). While Vrba (1995, 2000)
identifies a concentration of African bovid turnovers and
Wesselman (1985) a major shift in micromammal habi-
tats between 2.8 and 2.5 Ma (Fig. 7a,b), multiple inter-
vals and types of faunal change have subsequently been
documented in the Turkana-Omo Basin of Kenya and
Ethiopia including: 1) persistent faunal change during
the Pliocene with the most significant period between
2.5 and 1.8 Ma and no clear evidence of a major turn-
over pulse between 2.8 and 2.5 Ma (Behrensmeyer et al.,
1997) (Fig. 7e); 2) some indication of faunal turnover
around 2 Ma (Harris et al., 1988; Feibel et al., 1991); 3)
a major faunal change at ca. 2.3 Ma (Alemseged, 2003)
(Fig. 7d); 4) a rapid faunal change at 2.8 Ma and a
change in faunal stability to marked variability after 2.5
Ma (Bobe and Eck, 2001; Bobe et al., 2002); and 5) at
multiple intervals of 3.4–3.2, 2.8–2.6, 2.4–2.2, and 2.0–
1.8 Ma (Bobe and Behrensmeyer, 2004) (Fig. 7c). Other
studies in tropical Africa have failed to identify turnover
in specific mammalian lineages in East Africa (White,
1995; Bishop, 1999). Discrepancies between these results
probably relate most to taphonomic and taxonomic
biases as well as other sampling problems that limit the
temporal resolution and any simple basin-to-basin or ba-
sin-to-global climatic events comparisons. Collectively,
the data indicate that faunal communities in tropical
Africa either experienced a series of profound faunal
change at various time scales or that there is continual
flux of evolutionary events.
The Late Miocene (10–5 Ma) has also been a focus of

research examining faunal change. This interval in-
cludes the development of many faunal elements of mod-
ern African lineages (Hill et al., 1986; Hill, 1987; Leakey
et al., 1996) (Fig. 7d) and modern ecosystems. The tempo
and mode of this transition, however, has not been sys-
tematically investigated. The greatest apparent changes
in fauna correlate with the largest gaps in the fossil rec-
ord, primarily between 12 and 8 Ma (Hill, 1987) and the
overall fossil record for the 14–6-Ma period is, in gen-
eral, poorly known with only 6–7 fossiliferous succes-
sions documented in equatorial Africa (Kalb et al., 1982;
Yasui et al., 1992; Nakaya, 1994; Hill, 1995; Leakey
et al., 1996; WoldeGabriel et al., 2001; Hill et al., 2002;
Kingston et al., 2002; Suwa et al., 2007).

Isotopic approaches

Additional environmental proxy data relevant to homi-
nid ecology is the stable isotopic record, based primarily
on analyses of paleosol (fossil soil) components, fossil
tooth enamel, and n-alkanes. While the isotopic signals

reflect a range of ecological and environmental condi-
tions, they have been used primarily to evaluate relative
proportions of vegetation in the diet and/or plant com-
munity utilizing different photosynthetic pathways.
There are three main photosynthetic pathways, C3, C4,
and CAM, although there are also C3–C4 intermediates.
Most plant species globally, including almost all trees,
shrubs, and high latitude/altitude grasses, possess the
C3 pathway. C4, C3–C4 intermediates, and CAM path-
ways represent evolutionary advancements of the ances-
tral C3 pathway that result in superior carbon-gaining
capacities under particular environmental conditions
(Osmond et al., 1982; Ehleringer et al., 1997). Although
the C4 pathway is utilized by some dicots, the greatest
number of C4 taxa are monocots, specifically tropical
grasses (Teeri and Stowe, 1976; Hattersley, 1982) and
sedges. In modern tropical and subtropical Africa, rela-
tive proportions of C3/C4 plant biomass, in general,
reflect the physiognomy of habitats. C3 dominated eco-
systems are represented by more closed wooded or
forested biomes whereas C4 grass species comprise 99%
of the flora in equatorial grasslands (\2,000 m)(Tieszen
et al., 1979). As C3 and C4 plants have distinctly different
stable carbon isotopic signatures, a number of approaches
have been developed to retrieve these signals in variable
substrates in the past and document the expansion of C4

grasslands in tropical African ecosystems.

Paleosol carbonates and organic matter. Isotopic
investigations of pedogenic or paleosol carbonate and
organic matter have been used to infer the relative pro-
portions of C3 (forested or wooded) and C4 (grass) compo-
nents in past ecosystems. These paleosol components
form in isotopic equilibrium with standing plant bio-
mass, each sample recording an isotopic signal of vegeta-
tion growing in a limited area (ca. 10 m2) averaged over
hundreds or thousands of years. A compilation of the iso-
topic carbon signal of paleosol carbonates from various
East African hominid localities (Fig. 8a) reveal a record
dominated by signals indicating heterogeneous mixed
C3/C4 habitats—presumably variable, open woodland-
type biomes. The isotopic profile indicates a gradual
overall increase in C4 biomass in these mixed ecosystems
with evidence of minor C4 biomass extending back to as
much as 15 Ma (Kingston et al., 1994). There are no
obvious shifts in the paleosol isotopic values correspond-
ing to changes in isotopic dietary patterns (see discus-
sion later). Isotopic paleosol signatures consistent with
open grassland landscapes are not documented until
about 2.0 Ma at Kanjera, Kenya (Plummer et al., 1999).
In assimilating these data into the general spectra of

hominid paleoecological proxies, several key consid-
erations are required. Carbonate-rich horizons occur
primarily in soils in semiarid to sub-humid climates
(rainfall less than 75 cm/year) and as such represent a
relatively arid environmental indicator. Forested or
moist woodland habitats are typically not represented in
these analyses, as formation of pedogenic carbonate is
inhibited by acidic soils or leaching by heavy precipita-
tion. Similarly, xeric habitats supporting sparse vegeta-
tion, Ca depleted paleosols, and unstable landscapes in
which the formation and preservation of soil horizons is
limited are also not proportionally represented in this
archive. The limited spatial scale of paleosol carbonates
and associated organic matter provide a record of stand-
ing vegetation in a discrete area, generally reflect local-
ized or microhabitat vegetation. Paleosol studies there-
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fore may not sample the full range of habitats available
to early hominids in theses areas unless specific paleosol
horizons are sampled laterally. Comparison of soil car-
bonate isotopes at widely separated localities of the same
age is desirable but is difficult to achieve due to uncer-
tainties in chronostratigraphic resolution.

n-Alkanes. Certain classes of organic compounds can be
linked directly to specific sources, such as aquatic versus
terrestrial vegetation or woody versus herbaceous land
plants. In particular, long-chain n-alkanes, synthesized
nearly exclusively by vascular plants as components of
epicuticular leaf waxes, have been utilized to identify or-
ganic compound sources. n-Alkanes of terrestrial plants
are characterized by strong odd predominance in C25–
C35 carbon-numbered range (Castillo et al., 1967; Rieley
et al., 1991; Collister et al., 1994), whereas aquatic
plants are characterized by enrichment of C23 and C25 n-
alkanes (Baas et al., 2000; Ficken et al., 2000). Rela-
tively short-chain n-alkanes (C15, C17, and C19) are often
attributed to algae and cyanobacteria (Han et al., 1968;
Gelpi et al., 1970). Therefore, sources of n-alkanes in
natural samples have been often inferred from their mo-
lecular distributions. Over the past decade, a number of
studies have employed stable carbon isotopic composi-

tions of individual n-alkanes to distinguish between trop-
ical terrestrial vegetation using different metabolic path-
ways such as C3 versus C4 carbon fixation (Freeman and
Colarusso, 2001; Huang et al., 2001, 2006; Schefuß
et al., 2003; Hughen et al., 2004; Feakins et al., 2005).
The preservation of these lipids in sediments is generally
good, and studies of lake sediments show the predomi-
nant source of plant waxes to be local vegetation in the
immediate watershed (Huang et al., 1999). Feakins et al.
(2005) have used isotopic signatures of n-alkanes recov-
ered from a marine core in the Gulf of Aden to document
shifting proportions of C3/C4 East African vegetation
during the late Neogene (Fig. 6d). These data document
C4 expansion during the last 4 Myr, principally after
3.4 Ma. In addition, high-resolution sampling reveals
significant C3/C4 orbital-scale oscillations indicating
large and repeated fluctuations between open and closed
habitats (Schefuß et al., 2003; Feakins et al., 2005). Iso-
topic analysis of n-alkanes recovered from ODP Site
1083 off the southwest coast of Africa have revealed
changes in terrestrial vegetation that track precessional
forcing factors (Denison et al., 2005).

Enamel isotopes as dietary and habitat indicators.
A corroborative but contrasting isotopic approach is

Fig. 8. Isotopic proxies of East African habitats and herbivore diets: (a) Paleosol carbonate d13C from early hominid localities
(Cerling et al., 1977, 1988; Cerling, 1992; Kingston et al., 1994; Sikes, 1994; Kingston, 1999; Plummer et al., 1999; Sikes et al.,
1999; Wynn, 2000; WoldeGabriel et al., 2001; Cerling et al., 2003b; Levin et al., 2004; Quade et al., 2004); (b) Dietary patterns of
proboscideans and equids associated with hominid localities: Proboscidea (Morgan et al., 1994; Bocherens et al., 1996; Cerling et al.,
1999; Kingston, 1999; Zazzo et al., 2000; Schoeninger et al., 2003; Semaw et al., 2005) and Equidae (Ericson et al., 1981; Bocherens
et al., 1996; Kingston, 1999; Zazzo et al., 2000; Cerling et al., 2003a,b; Semaw et al., 2005). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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based on the stable carbon isotopic composition (d13C) of
fossil herbivore tooth enamel. The isotopic signature of
teeth is directly related to the isotopic composition of pri-
mary plants in the food chain (DeNiro and Epstein,
1978; Tieszen et al., 1983; Ambrose and DeNiro, 1986;
Cerling and Harris, 1999), recording the diet during
enamel mineralization over several months. The tempo-
ral and spatial scale of this dietary proxy can be inverse
to that of paleosol carbonates, with enamel signatures
representing extremely short intervals and potentially
large areas in the case of animals that forage tens to
hundreds of square kilometers.
In East African ecosystems, the enamel of grazers has

d13C values indicating a diet dominated by C4 biomass;
browsers tend to have diets dominated by C3 vegetation;
and mixed-feeders have intermediate values. Assuming
that dietary patterns, in general, reflect standing vegeta-
tion, these analyses have been used in fossil contexts pri-
marily to document the prevalence of grazing and there-
fore grasses in past habitats. A compilation of dietary
patterns of several extinct herbivore taxa from early
hominid fossil localities indicate a transition from C3 to
C4 dominated diets in a number of lineages between 8
and 6 Ma, a trend documented in Africa and globally
(Cerling et al., 1993, 1997a). While this transition repre-
sents a major shift in tropical and subtropical African
ecosystems, causal factors underlying this transition and
the specific manifestation of this transition in African
plant communities remain unresolved. The specific
adaptive advantage of increased quantum yield of CO2

uptake at low CO2 levels of C4 photosynthesis relative to
the C3 pathway as well as the global nature of the tran-
sition suggests that the expansion of C4 biomass is likely
linked to reduction of CO2 levels (Cerling et al., 1993,
1998; Ehleringer et al., 1997). In addition, increasing
seasonality and aridity (Pagani et al., 1999), increasing
daytime growing-season temperatures (Chapman, 1996;
Ehleringer et al., 1997), plant–herbivore interactions,
local and regional moisture conditions (Huang et al.,
2001), and fire disturbance (Keeley and Rundel, 2005)
have all been implicated in the expansion of C4 biomass.
These factors are interlinked and it is possible that cli-
mate, CO2 levels, and grazing were all involved to vary-
ing degrees during and subsequent to C4 expansion.
With respect to hominid evolution, a key aspect of this

transition is the impact of this photosynthetic transition
on vertebrate communities in tropical Africa. In general,
the perception is that expansion of C4 grasses represents
a replacement of earlier forested/wooded habitats by
woodland/C4-grassland habitats and has been linked to a
major faunal shift in community structure in the termi-
nal Miocene in tropical Africa (Cerling et al., 1997a,
1998). This scenario provides support for the Savanna
Hypothesis. However, it remains unclear how much of
the prior C3 vegetation consisted of C3 grasses versus C3

dicots (shrubs and trees) and the extent to which this
transition represented a replacement of C3 grasslands or
grassy woodlands by C4 grasslands. In other words, did
the transition necessarily mark a major shift in the
physiognomy or structure of the vegetation resulting in
more open habitats? To an extent, this transition may
also reflect changes in foraging patterns rather than a
reorganization of habitats. This isotopic excursion is
based exclusively on shifts in the dietary preferences of
grazing lineages, primarily equids and proboscideans
(Cerling et al., 1993, 1997a,b). Whereas earlier data
reflected a rather abrupt shift from C3 to C4 dominated

diets in equids at ca. 8 Ma in the northern Kenyan rift
valley (Tugen Hills, Samburu, and the Turkana Basin),
more recent dates for the Namurungule Fm. (Samburu
Hills) (Saneyoshi et al., 2006) push back this transition
to about 9.5 Ma (Fig. 8b). In addition, isotopic analyses
of primitive hipparion teeth from the Ethiopian locality
of Chorora provide the earliest evidence for mixed C3/C4
foraging in tropical Africa at 10.5 Ma (Bernor et al.,
2004). Isotopic studies of Pliocene equid lineages (e.g.,
Semaw et al., 2005; Kingston and Harrison, 2007) and
mesowear analyses of relatively recent Middle Pleisto-
cene equids in South Africa (Equus capensis) (Kaiser
and Franz-Odendaal, 2004) indicate that mixed feeding
behavior and dietary flexibility in fossil equid lineages
continued well after the expansion of C4 grasses. Cumu-
latively these data suggest a more complex and long-
term transition from C3 grazing/browsing to exclusive
C4 grazing. The timing and nature of the incorporation
of a C4 dietary component by the different vertebrate lin-
eages (equids, proboscideans, suids, ostriches) is signifi-
cantly different, suggesting that the dietary transition is
more intricate than a linear response to the expansion of
C4 grasses in African ecosystems. Competitive biotic
interactions within fossil communities and physiological
adaptations were also important in mediating shifting
dietary patterns. The shift back to a predominantly
browsing strategy in elephantids sometime during the
last 2 myr, for example, may represent adaptive shift to
browsing niches left vacant by the extinction of other
large-bodied browsing herbivores, such as deinotheres,
chalicotheres, sivatheres, camelids, and large bovines
(Kingston and Harrison, 2007).
The oxygen isotopic composition (d18O) of vertebrate

tooth enamel has also been used to reconstruct different
aspects of diet and climate. The d18O of oxygen in enamel
apatite is directly related to that of the body water, which
is a complex function of climate, diet, behavior, and phys-
iology (Longinelli, 1984; Luz and Kolodny, 1985; Koch et
al., 1989; Kohn, 1996; Kohn et al., 1996; Sponheimer and
Lee-Thorp, 1999). The d18O of the body water is chiefly
determined by the d18O of drinking water (linked to local
temperature of precipitation, latitude, altitude, aridity,
and evaporative processes), the d18O of water in ingested
foods, behavioral and physiological water conservation
mechanisms (i.e., panting, sweating, excretion mecha-
nisms), and the d18O of metabolic and atmospheric oxy-
gen. As a result, it is difficult to identify the variables
controlling oxygen isotopic signals. Consequently, the
utility of enamel oxygen isotopes as a paleoenvironmen-
tal proxy remains limited. Levin et al. (2006) suggest an
approach that relates the d18O of herbivore values to
aridity that bypasses considerations of 18O/16O flux
through animals. Instead, this aridity index relies on
establishing an isotopic distinction between herbivores
that are sensitive and insensitive to aridity. This method
has yet to be systematically applied to fossil taxa.
d18O values of different teeth in a single jaw and of

different chronologic positions within a single tooth have
been shown to vary systematically in modern herbivores.
This systematic variation reflects source variability
related to seasonal shifts in the isotopic composition of
precipitation and vegetation, seasonal shifts in diet, sea-
sonal migrations, and humidity recorded during the life-
time of the animal, or at least during enamel formation
(Koch et al., 1989; Bryant et al., 1996; Kohn et al., 1996;
Fricke et al., 1998; Sharp and Cerling, 1998; Gadbury
et al., 2000). Intra- and intertooth d13C variability
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results from dietary shifts possibly related to seasonally
based changes in foraging strategies, varying water
stress in dietary vegetation, and the extent of canopy
cover. Microsampling of teeth of Paranthropus robustus
have revealed significant intratooth d13C variation,
which the authors interpret to indicate that P. robustus
was not necessarily a dietary specialist and may have
had a variable diet that changed seasonally (Sponheimer
et al., 2006).

TRAVERSING THE HIERARCHY—LINKING
GLOBAL AND LOCAL ENVIRONMENTAL CHANGE

While the various environmental proxies discussed
earlier provide critical information relevant to early
hominid evolution, evolutionary paleoecology must even-
tually focus at the local level. What specifically is the
significance of environmental change to hominid evolu-
tion and ecosystems in equatorial Africa? Which environ-
ments are early hominids adapted to, if any? How do we
develop a coherent model that explicitly links evolution
to these diverse environmental proxies? Given the non-
transitive effects across hierarchical levels, any correla-
tions between environmental data of variable scales
require independent verification at each of the levels and
must include an assessment of local scale effects. Local
hominid paleoenvironmental reconstructions, however,
are extremely fragmentary in space and time. It is
essential to develop a framework that can not only
accommodate data of varying scales and quality but also
provide a theoretical basis for linking aspects of the
datasets. Of the multiple environmental proxy datasets
discussed here, orbitally linked climatic oscillations
spans the global or regional scale in the marine record
and can be detected at local scales, providing the most
comprehensive and potentially relevant archive from
which to develop hypotheses and models concerning eco-
logical determinants in human evolution. In an innova-
tive attempt to directly link local and global tiers, Foley
(1994, 1999) statistically explored the relationship be-
tween marine oxygen isotopic values and the timing of
evolutionary changes in human evolution over the last
5 myr. Difficulties in establishing unequivocal correla-
tions in this study were attributed to the recognition
that both climatic change and hominid evolution are
complex with numerous events (Foley, 1994). Environ-
mental forcing models for the timing and nature of homi-
nid evolution require a means of traversing and linking
phenomena across the hierarchical levels of scale.

Orbitally forced climate change in
equatorial Africa

Although orbitally forced variations in insolation are a
global phenomena, paleoclimatologists have focused pri-
marily on deciphering climatic effects at high latitudes
based on the assumption that high northern polar lati-
tudes climatic patterns are the driver of long-term cli-
matic variations worldwide. Accumulating evidence,
however, suggests that moisture availability in the
tropics is controlled by precessional insolation patterns
at low latitudes and that the tropics can play a leading
role in generating long-term climatic variations (Trauth
et al., 2003; Clement et al., 2004; Berger et al., 2006).
Low-latitude patterns of insolation can therefore provide
a template with which to assess environmental condi-
tions and changes in equatorial Africa. Translating inso-

lation into climate is complicated, however, and requires
a consideration of current climatic and atmospheric cir-
culation patterns for tropical and subtropical Africa.

Modern climatic systems in equatorial Africa. The
equatorial African climate is currently controlled by the
intersection of three major air streams and three conver-
gence zones. These are superimposed on and influenced
by regional factors associated with topography, lakes,
coastal currents and upwelling, and sea surface tempera-
ture fluctuations in the Indian and Atlantic Oceans
(Nicholson, 1996, 2000). As a result, climatic patterns
are markedly complex and highly variable. In general,
most of Africa is characterized by a strong seasonal cycle
in rainfall regime and by a pronounced dry season. The
pattern of wet and dry seasons is produced by a shift of
all general circulation features toward the summer
hemisphere. In tropical Africa, precipitation patterns are
controlled mainly by the strength of the African-Asian
monsoonal circulation and the seasonal migration of the
Intertropical Convergence Zone (ITCZ), produced when
the northeast and southeast trade winds meet (see Fig.
9). Ascending air at the ITCZ is cooled by expansion
resulting in condensation and rainfall. This zone of max-
imum rainfall follows the latitudinal position of the over-
head sun, resulting in a general bimodal seasonal distri-
bution of rainfall with maxima occurring in the two
transitional seasons (April–May and Oct–Nov) associated
with the passage of the ITCZ. Seasonal distribution of
rainfall varies, in general, along a west–east gradient
across equatorial Africa due to different circulation pat-
terns, rift-related topography, and large inland lakes
that modify African monsoon flows and the influence of
the Indian monsoon. In addition, aspects of seasonality
change dramatically within distances on the order of
tens of kilometers; there are regions in equatorial Africa
with one, two, and even three rainfall maxima during
the seasonal cycle (Nicholson, 1996). The more semiarid
regions of equatorial Africa are notable in their extreme
year-to-year rainfall variability and drought is a common
occurrence. These localized variations in precipitation
probably relate to factors such as topographic relief,
shoreline and maritime effects, and local wind systems.

Documenting insolation controls of equatorial Afri-
can paleoclimates. A number of proxy records indicate
that the African paleoclimate has pulsed in concert with
insolation fluctuations. Available data have been vari-
ously interpreted to support three broad models of or-
bital control of tropical African climate. One model impli-
cates insolation forcing of the African monsoon system
through heating of North Africa and resulting land–sea
pressure contrasts (Kutzbach, 1981). Increasing insola-
tion at �308N during boreal (northern hemisphere)
summer intensifies the southwest African monsoon and
the penetration of moist air masses into equatorial
Africa from the Atlantic Ocean (Ruddiman, 2001). These
cycles occur primarily at the 23 kyr tempo of earth-
orbital precession. Precessional monsoonal control is sup-
ported by records of shifting Quaternary lake levels in
North Africa (Street-Perrott and Harrison, 1984; Kutz-
bach and Street-Perrott, 1985; Pokras and Mix, 1985,
1987; Gasse et al., 1989; Lamb et al., 1995) and by for-
mation of sapropelitic muds in the eastern Mediterra-
nean basin (Fig. 3d–f). Formation of these sapropels is
linked to high freshwater and organic discharge from
the Nile whose headwaters drain Ethiopian/Eritrean
Highlands, therefore reflecting increased precipitation in
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East African (Rossignol-Strick et al., 1982; Rossignol-
Strick, 1983).
A second model has been proposed based on investiga-

tions in the Naivasha Basin, central Kenyan Rift Valley.
These studies suggest that seasonal rains in East Africa
are in part triggered by increased March or September
insolation on the equator at half-precession cycles. High
insolation intensifies the intertropical convergence and

convective rainfall in the region (Trauth et al., 2001;
Trauth et al., 2003). These patterns also operate at 23
kyr precessional frequencies. Assessments of patterns of
insolation forcing at the equator have revealed a series
Milankovitch and sub-Milankovitch periods, including
the 100-kyr cycle (Berger et al., 2006). Cumulatively
these data suggest that the terrestrial tropics and sur-
rounding oceans may generate higher latitude changes

Fig. 9. Modern atmospheric circulation patterns depicting seasonal migration of the Intertropical Convergence Zone (ITCZ)
(Nicholson, 2000). The time of maximum rainfall follows the latitudinal position of the ITCZ with a lag of 3–4 weeks. Migration of
the ITCZ north and then south during the year results in biannual rainy seasons. Rainfall results from moisture transport from
the Atlantic and Indian Oceans associated with the position of the ITCZ as well as convective rainfall in the center of the ITCZ. Ec-
centricity modulated precession exerts the dominant control over this system. This is due to the changing of the annual timing of
the equinoxes associated with precession. When the northern hemisphere summer occurs at the point when the Earth is the short-
est distance from the sun (perihelion), the low pressure zone over northern Africa deepens, dragging an intensified ITCZ and associ-
ated systems further north, potentially bringing more moisture to equatorial Africa. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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(Leuschner and Sirocko, 2003; Trauth et al., 2003;
Barker et al., 2004).
A third model advocates that sub-Saharan moisture

patterns are linked to northern latitude glacial/intergla-
cial cycling at eccentricity and obliquity amplitudes or
timing. Evidence for this view includes regional eolian
and biogenic dust transport patterns (deMenocal, 1995;
Moreno et al., 2001), upwelling patterns adjacent to or
near the African coast (Gorgas and Wilkens, 2002),
biochemical and biotic bedding patterns in coastal sedi-
ments (D’Argenio et al., 1998), and rhythmic stratifica-
tion patterns in subtropical African lakes (Scholz, 2000;
Ficken et al., 2002; Johnson et al., 2002). Deep-sea
records of terrigenous dust supply from West and North
Africa provide compelling evidence of short-term envi-
ronmental fluctuations in northern Africa (deMenocal,
1995, 2004). These data indicate a succession of wet–dry
cycles with a long-term shift toward drier conditions
punctuated by shifts in periodicity and amplitude (Fig.
4e). Specifically, these marine sediment sequences indi-
cate that aeolian variability prior to 2.8 Ma occurs at the
23–19 kyr periodicity associated with orbital precession.
After 2.8 Ma, evidence indicates an increase in 41-kyr
variance (obliquity), with further increases in 100-kyr
variance after 0.9 Ma (Fig. 4f). Although these records
are highly significant to early hominid evolution and
shift the interpretive framework to a more relevant level
in the ecological hierarchy, there remains uncertainty in
how these data translate directly to equatorial terrestrial
environments and ultimately hominid ecology and evolu-
tion. For example, although high influx of dust suggests
increased aridity and reduced plant cover, dust genera-
tion is not related exclusively to source-area aridity.
Dust generation may also have been driven by a complex
interplay of meteorological conditions that favor the for-
mation and atmospheric uptake of dust (Ruddiman,
1997; Bozzano et al., 2002).
The coexistence of all main Milankovitch cycles in

spectra data provides evidence for a complex inter-
dependence and influence of both high and low-latitude
orbital parameters influencing climatic regimes in equato-
rial Africa. El Niño-Southern Oscillation linked fluctua-
tions in precipitation (Verschuren et al., 2000), threshold
effects resulting in abrupt transitions (deMenocal et al.,
2000; Thompson et al., 2002), provisional correlations
with Heinrich events and Dansgaard-Oeschger cycles
(Stager et al., 2002), and linear and nonlinear earth-
intrinsic feedback mechanisms of the climatic system
(Kutzbach et al., 1996; Gorgas and Wilkens, 2002) further
complicate simple interpretations of external forcing of
tropical African paleoclimates.

Evidence of insolation controls at early hominid
sites. Pronounced cyclical deposition in hominid-bearing
sequences the Shungura Formation (Brown, 1969; de
Heinzelin, 1983; Haesaerts et al., 1983), the Turkana Ba-
sin (Brown and Feibel, 1986; Brown, 1995), and Olduvai
(Hay, 1976) have been tentatively linked to orbitally
forced global climatic shifts, but unequivocal correlation
is elusive. More recent work has identified evidence sug-
gestive of short-term climatic change at early hominid
sites in the East African Rift, including Olduvai (Liutkus
et al., 2000; Ashley and Driese, 2003), Olorgesailie (Potts
et al., 1999), Hadar (Bonnefille et al., 2004; Campisano
and Feibel, in press), and Turkana (Bobe and Behrens-
meyer, 2004; deMenocal, 2004; Lepre et al., in press).
While temporal resolution in these records is signifi-

cantly greater than previous studies, the precise correla-
tion with insolation remains tentative.
Within the last few years, however, a number of stud-

ies have identified major changes in hydrological pat-
terns in the East African Rift Valley that have been
directly correlated with orbitally forced change in insola-
tion/climate (Trauth et al., 2001, 2003; Deino et al., 2006;
Kingston et al., in press). Studies in the Baringo Basin of
the Central Kenyan Rift Valley have identified lake cy-
cling between 2.5 and 2.7 Ma at hominid localities con-
sistent with 23 ka Milankovitch precessional periodicity
(Deino et al., 2006; Kingston et al., in press) (see Fig. 10).
The timing of the paleolakes most closely approximates
insolation maximum for the June/July 308N insolation
curve (Fig. 10f), indicating that middle Pliocene precipi-
tation patterns in the region were controlled by the Afri-
can monsoon system rather than increased convection
due to insolation changes on the equator (Fig. 10g,h). Me-
dian ages of the Baringo lakebeds seriate precisely with
Mediterranean sapropels and aeolian dust minima
(Fig. 10c), indicating closely linked climatic causes.
These shifts in paleohydrological patterns in the rift

valley presumably represent a window on a much more
pervasive pattern of environmental oscillations that is
generally obscured on local and regional levels by rifting
activity. Based on a compilation of Plio-Pleistocene
humid phases in the East African Rift Valley, inferred
from fluvio-lacustrine deposits, Trauth et al. (2005, in
press) identified three wet periods of deep lakes that are
correlated with important global climatic transitions and
peaks in eccentricity, with a periodity of ca. 800 kyr (Fig.
4g). Trauth et al. (in press) have also identified earlier
humid phases ([2.7 Ma) that correlate with periods of
precessionally forced extreme climatic variability at
periodicities of 400 kyr, suggesting a direct relationship
between increased insolation and convective rainfall over
equatorial Africa. Ongoing research if focusing on devel-
oping further empirical evidence to support these assess-
ments. Humid phases cycling at 400–800 kyr, in addition
to the increased amplitude of short-term precessional
‘‘wet’’ and ‘‘dry’’ cycles within these phases, provide
potential catalysts for evolutionary change.

Seasonality. Although evidence suggests that orbitally
forced climate change may have been an important fac-
tor in hominid evolution in equatorial Africa, it still
remains essential to document the specific ecological
effects on hominid habitats. Principal controls on the
distribution of vegetation, and by extension dietary
resources and community ecology of animal consumers,
in tropical and subtropical regions of Africa today, are
total annual rainfall and the timing, duration, and inten-
sity of the dry season(s). These seasonal patterns exert
significant control on the behavioral ecology, reproduc-
tion, social life, and life history of terrestrial vertebrates,
including primates (Brockman and van Schaik, 2005). In
recognition of its importance in modern tropical Africa,
seasonality and changes in seasonality have been explic-
itly implicated in the evolution of early hominids and
their ecosystems (e.g., Blumenschine, 1987; Foley, 1987;
Jablonski et al., 2000; Reed and Fish, 2005).
In general, there has been a tendency to assume that

there has been an increase in seasonality associated
with increasing aridity, exerting a driving force on the
evolution of East African ecosystems. Seasonality, how-
ever, has proven to be a highly elusive environmental
parameter to tease from the fossil record and there are
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currently no empirical data that unequivocally support
this perception. The fundamental constraint in character-
izing seasonality in the past, especially in the terrestrial
realm, is accessing climatic archives that resolve at the

level of weeks or at least \1 month. A number of
approaches to documenting seasonality in the terrestrial
fossil record are currently being developed including: 1)
isotope analyses of monthly growth increments in inverte-

Fig. 10. Links between orbital forcing and paleolake formation in the Baringo Basin (Central Kenyan Rift Valley). Over 30 ver-
tebrate fossil localities, including three hominid fragments, are associated with the local sequence comprised of lacustrine, fluvial,
and alluvial facies interbedded with volcanic ashes. Lake sediments, comprised here primarily of diatomites (fossil siliceous cell
walls of plankton), indicate cycling of deep and significant lakes in the rift valley in response to precessional insolation (modified
from Kingston et al., in press). (a) Theoretically calculated insolation patterns spanning the last 3.5 Ma depicting control by
‘‘envelopes’’ of eccentricity modulated precession (intervals of high-insolation variability bracketed by low variability). Baringo Basin
sediments sample an interval of high variability (b–h). (b) In the 2.4–3.1 interval, major lake systems cycling with fluvial/alluvial
sediments have been documented in the rift valley and dated. Timing of lake highstands, characterized by diatomite occurrence,
are shown as vertical lines. The dashed vertical line at ca. 3.06 indicates a diatomite for which the dating is not well constrained.
The timing of the Baringo paleolakes correlates most closely with maximum insolation values (high peaks) for insolation curves for
308N during June/July (f), indicating intensified precipitation maxima corresponding to an intensified low-level monsoonal flow.
Timing of the lakes also correlate with eccentricity modulation of precession resulting in higher insolation maxima (and minima) (e)
as well low aeolian dust percentages (deMenocal and Bloemendal, 1995), indicating that rift valley precipitation patterns can be
linked to orbital controls. Although shifting lake levels correlate poorly with the oxygen isotope curve (b) (Lisiecki and Raymo,
2005), there is some tendency for high lake levels to occur at low d18O values indicative of moist low-latitude conditions. Lake levels
do not correlate with March/April or Sept/Oct insolation curves (g, h) for the equator, which would reflect increased insolation heat-
ing and an intensification of the intertropical convergence and convective rainfall over East Africa (Trauth et al., 2003). There is
also no apparent indication of obliquity control (d) on precipitation patterns in the region. Insolation curves were calculated using
INSOLA program (Laskar et al., 2004) and obliquity and eccentricity using Paillard et al. (1996). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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brate shells that correlate with rainfall patterns (Abell
et al., 1995; Tojo and Ohno, 1999; Rodrigues et al., 2000;
Hailemichael et al., 2002); 2) periodicity of repetitive lin-
ear enamel hypoplasia in primate teeth that have been
linked to seasonal fluctuations in environmental parame-
ters (Macho et al., 1996, 2003; Dirks et al., 2002; Skinner
and Hopwood, 2004); 3) serial microsampling of vertebrate
enamel to examine intra- and inter-tooth isotopic variabil-
ity reflecting seasonal shifts in diet, migratory patterns,
and precipitation sources during the lifetime of the animal
(Longinelli, 1984; Luz and Kolodny, 1985; Koch et al.,
1989; Bryant et al., 1996; Kohn, 1996; Kohn et al., 1996,
1998; Fricke et al., 1998; Sharpe and Cerling, 1998; Gad-
bury et al., 2000; Kingston, 2003; Sponheimer et al.,
2006); 4) fluctuations in paleolimnological proxies such as
sedimentary accumulation rates, lithologic patterns, mo-
lecular and compound-specific analyses of biomarkers in
sediments, pollen assemblages, diatom taxonomy, and
paleolakes levels (Pilskahn and Johnson, 1991; Owen and
Crossley, 1992; Huang et al., 1999; Vershcuren et al.,
2000; Ficken et al., 2002; Johnson et al., 2002; Hughen
et al., 2004); and 5) quantifying relationships between leaf
morphological characters and climatic patterns (Jacobs,
2002). Currently, application of these proxies for paleosea-
sonality in equatorial Africa are poorly developed and are
too scarce in space or time to construct a comprehensive
profile of seasonality parameters or patterns during the
late Miocene and Pliocene. What is suggested by existing
datasets is varying patterns and intensity of seasonality
at hominid localities through time.
To develop adaptive scenarios linking human evolution

to shifts in seasonality patterns, it is important to docu-
ment specifically which parameter(s) are varying through
time as well as how they vary. Modifiers typically used to
describe seasonality in the past, such as ‘‘increasing’’ or
‘‘decreasing’’ are ambiguous, as the parameters involved
are not specified. Is it the timing of the seasons, the in-
tensity of precipitation or aridity, contrasts in tempera-
ture, relative lengths of wet/dry intervals, annual or
biannual seasonality, or some combination of these? Wet/
dry seasons associated with elevated/reduced tempera-
tures (respectively) would, for example, affect the biota in
very different ways than when associated with reduced/
elevated temperatures. Changes in these variables would
differentially impact hominids and their communities. If
specific patterns of seasonality can be identified and
linked within the framework of insolation, seasonal pat-
terns could be extrapolated temporally and spatially in
the late Neogene of the East African Rift Valley. Attempts
to theoretically model seasonal precipitation patterns in
response to orbitally forced shifts in insolation suggest
that links are highly complex and indirect (Liu et al.,
2003). Though high insolation values have been corre-
lated to intensification of the African Monsoon System,
increases in the amplitude of insolation variability do not
necessarily provide a means of directly reconstructing
seasonal enhancement. Factors such as intraannual inso-
lation variation, oceanic feedback, and land surface feed-
back complicate interpretations estimating seasonal pat-
terns based on insolation curves. In examining the spec-
tral properties of mean daily irradiation in tropical
latitudes as a function of orbital parameters, Berger
et al. (2006) developed a proxy for seasonality by calculat-
ing the annual differences in insolation at the equator.
The assumption is that the ‘‘seasonal’’ contrast of insola-
tion might serve as an index of seasonality, although
they clearly note that insolation variation does not trans-

late directly to climate. While the emphasis of this study
is that the amplitude of maximum and minimum annual
insolation at the equator cycles at 95-kyr and 123-kyr
periods, the study is important for the discussion here in
that it also reveals precessional (23 kyr), half-precession
(11 kyr), and quarter-precession (5.5 kyr) cycles. Cumula-
tively, these data indicate that the climate of the tropics
(especially seasonality) is extremely dynamic and ever
changing. Modeling of seasonal variables indicates a com-
plex nonlinear response of climatic systems to regular an-
nual solar forcing resulting in significant interannual vari-
ation in seasonality, with abrupt threshold effects (Pezzulli
et al., 2005).
The complexity inherent in unraveling and isolating

subtle and interrelated effects of these seasonality param-
eters in modern African ecosystems (Eklundh, 1996) is
amplified when attempting to untangle these dynamic
patterns and associations in the past. As is the case with
all the paleoenvironmental data, linking aspects of paleo-
seasonality or shifts in seasonal patterns with human evo-
lution requires an assessment not only of the effects on
hominids but their communities. Even if hominids may
develop adaptive strategies to buffer themselves from cli-
matic change they will indirectly be impacted by effects on
vegetation as well as faunal community-mates including
predators, prey, mutualists, parasites, and commensals.

DEVELOPING A COMPREHENSIVE FRAMEWORK
FOR THE ENVIRONMENTAL CONTEXT OF

HUMAN EVOLUTION

The obvious question here is how to assimilate and
effectively utilize the various paleoenvironmental data-
sets and theoretical perspectives to develop links
between environments and human evolution. Two cen-
tral concepts distill from discussions presented here—
habitat heterogeneity and orbital forcing—and poten-
tially provide an organizing and theoretical basis for
evaluating paleoenvironmental data. The notion of pat-
terns of heterogeneity shifting in response to astronomi-
cally forced climatic change embraces many of the sce-
narios reconstructed for early hominids, including the
variability and complexity inherent in past and present
tropical African ecosystems.

Deconstructing heterogeneity

Despite the highly variable spatial and temporal reso-
lution of the environmental proxies examined here, all
the known datasets converge on, or are at least consistent
with, the notion of heterogeneity in early hominid habi-
tats. Reconstructions consistently indicate paleoecosys-
tems that are spatially ‘‘patchy’’ at local to regional scales
and also that these systems are extremely dynamic, with
patterns of heterogeneity fluctuating constantly at short-
term time scales. Given the apparent centrality of the
concept of heterogeneity in human evolution, it is useful
to briefly consider the concept of heterogeneity.
Heterogeneity is the property of being formed of dis-

similar, disparate, often contrasting elements and is a
ubiquitous feature of natural ecosystems. While hetero-
geneity, as applied to hominid paleoecology, is generally
assumed to refer to varying proportions of woodland, for-
est, and grassland components, the concept is more com-
plex and potentially useful. In evaluating heterogeneity,
it is necessary to specify not only the basic elements of
the system such as grassland or woodland patches, but
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also how they are functionally connected, their hierarchi-
cal structure, their boundaries, their scales of resolution,
and the processes that exist within them (Pickett et al.,
2003). Ecological heterogeneity or diversity can be
defined many ways, depending on the ecological phenom-
ena of interest and the relevant time and space scales.
In evaluating early hominid habitats, an appropriate
first approach is a vegetation-based perspective of habi-
tat heterogeneity, focusing on structural variables of the
vegetation such as height, coverage and vegetation
types. To simplify the discussion here, heterogeneity can
be further reduced to a distinct, critical spatial struc-
ture, conceptually referred to as a ‘‘keystone structure’’
(Tews et al., 2004). In arid and semiarid wooded grass-
land ecosystems, for example, a relevant keystone struc-
ture can be represented by an isolated tree or a ‘‘patch’’
of trees scattered within a grassy matrix. Trees repre-
sent a focal point for animal activity (e.g., nest sites,
shelter, shade, food resources) and provide structural di-
versity to the ecosystem. Heterogeneity in this system
could then be defined on the basis of variables such as
size of ‘‘patches’’ of trees, degree of fragmentation or con-
nectedness between patches, and overall spatial distribu-
tion. This phenomenon, like most features of heterogene-
ity, is also scale dependent. Trees scattered by distances
of hundreds of meters can become patches when viewed
at larger scales.
In reality, habitat heterogeneity encompasses many

such patches or elements and the complexity of their
spatial relationships. As such, ecological heterogeneity
needs to be viewed as a multidimensional space whose
axes represent underlying causes of the heterogeneity. A
number of processes and agents can produce ecological
heterogeneity, including abiotic agents (topography,
localized climatic conditions, volcanic disturbances, burn-
ing, edaphic and hydrologic features) as well as biologi-
cal process (organisms and their mediation of resources).
In general, biologically generated heterogeneity layers
on top of the heterogeneity of a physical template but
there can be intense interaction between these systems
with organisms amplifying or masking physical com-
ponents of heterogeneity. In response to external dis-
turbances, intrinsic dynamics, and historical or path
dependencies, heterogeneity is a dynamic feature, shift-
ing both spatially and temporally (Phillips, 2004). Much
debate in biogeography and ecology has focused on the
way that spatial complexity in ecosystems responds to
perturbations (Perry, 2002). Classical views of ecological
systems, characterizing the structure as in dynamic
equilibrium or moving along a well-defined pathway to a
self-sustaining climax state, are being replaced by non-
equilibrium views, emphasizing the role of chance,
chaos, and instability. Inherent in this paradigm shift is
an increasing emphasis on the explicit spatial structure
of entire heterogeneous mosaics, the interactions among
the patches in the mosaic, and the dynamics of mosaic
structure over time. Recurrent disruption appears to be
pervasive and most landscapes are rarely in any form of
stable equilibrium. Dynamical instability and chaos in
these systems imply that habitats change progressively
through time, consistently resulting in novel configura-
tions. Various elements or structures within a mosaic
respond differentially and in nonlinear ways to intrinsic
and extrinsic disturbances. In other words, degrees and
type of heterogeneity and variance change through time.
Exploring the concept of heterogeneity has a number

of implications for human evolution. The first is that

reconstructing early hominid habitats as mosaics or het-
erogeneous ecosystems represents a preliminary step.
Heterogeneity is a complex descriptor and there is a
need to develop means of characterizing or quantifying
key aspects of this diversity in past habitats, either theo-
retically or empirically, specifically with regard to the
various taxa of hominids. Simply invoking the concept of
heterogeneity in reconstructions does not necessarily
provide the resolution to develop perspectives on evolu-
tionary processes. Analysis of spatial structure as a mea-
surement of heterogeneity (Burel and Baudry, 2003),
however, requires large-scale ecological datasets of
extremely high spatial and temporal resolution. These
data typically cannot be retrieved from a coarse and
fragmentary fossil record. Ultimately, it may be more
feasible to utilize high-resolution environmental proxies
of the past, such as those correlated with orbital forcing,
to model patterns of heterogeneity through time. Second,
habitat heterogeneity appears to be a primary determi-
nant of mammalian species richness (Kerr and Packer,
1997). Greater habitat heterogeneity potentially provides
a broader resource base, permitting more species to coex-
ist. As heterogeneity fluctuates through time, energy
availability changes in a nonlinear fashion and impacts
terrestrial communities in significant ways by altering
food webs and community interactions. Selective pres-
sures for hominids would change in complex ways in
response to shifts in habitat diversity. Third, as ecologi-
cal systems evolve in response to extrinsic or intrinsic
forces, different components that constitute the heteroge-
neity (e.g., within patch, between patch, boundaries, or
ecotones) will respond differentially. Various lineages of
mammals will likewise be affected to varying degrees by
changes in heterogeneity and there will be progressive
differentiation of communities, at times resulting in
novel configurations. In addition, depending on the na-
ture of the heterogeneity and disturbance, diversity can
either increase or decrease or stay the same, altering the
selective forces experienced by early hominids.

Orbital forcing as an organizing framework

Cycles of low-latitude insolation, controlled primarily
by changes in the geometry of the Earth’s orbit, re-
present a key factor in understanding the evolution of
hominid ecosystems in equatorial Africa. Most of the
high-resolution proxies reflecting tropical and subtropi-
cal African terrestrial environments, including shifting
lake levels (Kutzbach and Street-Perrott, 1985; Trauth
et al., 2001; Kingston et al., in press), formation and
transport of dust plumes (deMenocal, 1995), and sapro-
pel formation (Rossignol-Strick et al., 1982), are consist-
ent with Milankovitch periodicities, especially preces-
sion. In addition, the responses of terrestrial ecosystems
interpreted for these studies are in general agreement
with predictions of insolation effects suggesting that
local and global climatic variability are tightly linked.
High insolation, believed to be associated with intensifi-
cation of the African monsoonal system and/or intertrop-
ical convergence, correlates chronologically with evidence
for increased precipitation in equatorial Africa. As inso-
lation values can be calculated theoretically for any
given latitude and time of the year in the past (e.g. Las-
kar et al., 2004) (Fig. 10a,f–h), insolation curves can be
generated to develop a framework for assessing climates
and climatic change throughout the span of human evo-
lution. However, climate and associated environmental
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change cannot be understood solely by examining orbital
forcing. Insolation interacts with atmospheric circulation
systems in complex ways, making predictions or model-
ing of the climatic outcome(s) of Milankovitch cycling dif-
ficult. Periodicities of the various orbital parameters are
out of phase and can alternately amplify or diminish
insolation magnitude, global climatic events such as
the Intensification of Northern Hemisphere Glaciation
(INHG) can mediate effects of insolation, and tectonic
uplift and volcanism associated with rifting can distort
or alter insolation effects on atmospheric circulation.
The utility of orbital forcing for reconstructing homi-

nid evolution in low-latitude Africa ultimately hinges on
‘‘ecologically calibrating’’ insolation patterns by linking
empirical, chronologically constrained terrestrial envi-
ronmental data with high, low, and intermediate calcu-
lated insolation values. These correlations will allow us
to generate an environmental framework for equatorial
Africa in which specific local conditions and changes can
be ‘‘predicted’’ based on theoretically derived insolation
values, essentially providing an empirical ‘‘scaling
bridge’’ between phenomena of vastly different scales.
Armed with these correlations, it could eventually be
possible to model concepts of long-term environmental
trends, such as increasing aridity and seasonality, as
well as specific habitat associations and fluctuations
that may be influencing or driving human evolution.
Although most sites will not have the resolution to docu-
ment the effects of orbital forcing, specific insolation pat-
terns and resulting climatic or vegetation patterns can
be inferred based on the age of the site.

EVOLUTION OF HOMINIDS AND THEIR
COMMUNITIES IN AN UNCERTAIN WORLD

Versions of the Red Queen hypothesis (Van Valen,
1973; Bell, 1982) generally maintain that biotic interac-
tions are more important than physical-environmental
change in driving evolutionary change. A suite of alter-
native ideas, termed Court Jester Hypotheses (Stenseth
and Maynard-Smith, 1984; Bennett, 1990; Vrba, 1992,
1995; Barnosky, 2001), share the basic tenet that
changes in the physical environment rather than biotic
interactions themselves are the initiators of major
changes in organisms and ecosystems. The relative influ-
ence of the Red Queen and Court Jester have proven dif-
ficult to sort out, primarily as doing so requires excep-
tionally good paleontological data sets that adequately
sample large parts of biotic provinces throughout long
temporal intervals. Barnosky (2001) suggests that the di-
chotomy between the two hypotheses is really a dichot-
omy of scale and can be resolved by paying attention to
scaling effects. Court Jester is hypothesized to drive evo-
lutionary change at subcontinental spatial scales and
temporal scales that exceed typical Milankovitch oscilla-
tions. Alternatively, the Red Queen dominates at smaller
spatial scales that are within the overlapping ranges of
individuals and populations, and at temporal scales that
are within Milankovitch oscillations. In other words,
day-to-day interactions of individuals and populations at
specific localities influence evolution at these smaller
scales, whereas major changes in physical environments
affect evolution at larger scales, and at rates and magni-
tudes that override local phenomena. Most researchers
recognize the plausibility of the intertwined influence of
both models and have integrated concepts from each.
Vrba’s Turnover Pulse Hypothesis (Vrba, 1985, 1993), for

example, while supporting the Court Jester model, notes
that intrinsic biological factors lead to different evolu-
tionary responses between lineages to extreme changes
in environment.
In a Red Queen-dominated system, it would be

expected that the frequency of evolutionary change
would be equally likely in an interval of environmental
‘‘stability’’ as during episodes of environmental change.
Evidence consistent with the Court Jester model would
indicate that a change in species composition, species
richness, faunal turnover, and/or relative abundance of
species within families and individuals within species
are coincident with shifts in the physical environment.
Implicit in these perspectives is the need to develop
datasets of environmental indicators and evolutionary
change at variable scales that can be linked. Global cli-
matic events can differentially affect a continent or
region leading to geographic variability in biotic re-
sponse. Increasing variability in precessionally controlled
insolation, for example, may have varying magnitude
and type of effects on hominid habitats in the Middle
Awash and the Great Lakes Zones (see Fig. 5). Com-
paring this global change with regional biotic diversity
patterns that include both basins would represent a
‘‘mismatch’’ in scale, even though both scales are large
(Barnosky, 2001). A real biotic response in one basin
may not be evident when averaged in with several
basins. Alternatively, relating biotic change documented
at specific localities to larger scale environmental epi-
sodes is problematic as various taxa may simply be
redistributing basinally or even regionally. Assessing ev-
olutionary responses ultimately needs to encompass the
entire geographic range of a taxon, as well as the differ-
ential nature of environmental change within basins or
regions.
Interpretations of the driving forces in the evolution of

hominids, and associated large mammalian terrestrial
communities, have been constrained by these scaling
issues as well as difficulties in establishing links across
the hierarchy of scales. What is a relevant and feasible
spatiotemporal scale at which to study environmental
driving forces in hominid evolution? Changes in the
physical environments, as outlined earlier, have been
documented at variable temporal and spatial scales in
equatorial Africa. The global marine record has provided
evidence of long-term trends of cooling, interpreted to
result in increasing low-latitude aridity. This general
trend has been verified at continental, regional, and ba-
sinal scales for Africa. The global climatic record can be
further resolved to Milankovitch scales that have also
been demonstrated in local to regional African proxy
records. The scale of biotic or evolutionary diversity pat-
terns that may be linked to environmental proxies, how-
ever, remains limited. Most studies examining equatorial
African mammalian faunal patterns are resolved at re-
gional and localized basinal geographic scales and tem-
poral intervals exceeding 100 kyr. It is apparent in these
studies that different lineages exhibit turnover at differ-
ent times and also that there are multiple turnover
pulses for each lineage. Data indicate that the greater
the temporal resolution of the study, the greater the
number of apparent turnovers. None of the faunal shifts
can be clearly linked to long-term trends or global, re-
gional, or basinal environmental events. Trends within
the faunal datasets such as a dietary shift to increasing
grazing (Reed, 1997) (Fig. 7g) or increasing frequency of
grassland adaptations (Bobe and Behrensmeyer, 2004;
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Fernandez and Vrba, 2006) (Fig. 7c,f) map onto long-
term environmental trends.
As discussed earlier, the magnitude and environmen-

tal consequences of long-term trends appear to be mir-
rored in short-term Milankovitch fluctuations in tropical
and subtropical Africa. Shifts in insolation patterns
seem to dramatically influence hydrological budgets and
seasonality parameters. While it may not be appropriate
or possible to link macroevolutionary change with Milan-
kovitch cycling, orbitally forced climatic oscillations have
significant effects on biota. Ultimately, these may pace
speciation and extinction events. High-resolution paleo-
floral records (Bonnefille et al., 2004; Feakins et al.,
2005) indicate dynamic fluctuations in the physiognomy
and taxonomic representation of flora consistent with
Milankovitch time scales in the Pliocene of East Africa,
though direct correlations with insolation patterns have
not yet been established. Rather than whole-scale extinc-
tion or speciation events, these microbotanical records
reflect a reshuffling of the relative coverage of different
plant communities, presumably with open woodland and
grassland habitats associated with more arid and sea-
sonal climatic regimes.
Having documented significant orbitally forced cli-

matic and vegetational change in tropical Africa, how do
terrestrial mammalian communities respond to these
oscillations and what are the evolutionary consequences,
if any? Resolution of the late Neogene tropical African
terrestrial fossil record is currently far too coarse to
detect or assess biological response of large mammals at
a time scale of 10–100 kyr. However, a number of studies
have focused on documenting the dominant responses of
mammalian lineages to recurrent climatic shifts else-
where and provide insights on potential evolutionary
effects of orbitally forced environmental change (Vrba,
1995; Potts, 1996; Roy et al., 1996; Dynesius and Jans-
son, 2000; Barnosky, 2001, 2005; van Dam et al., 2006).
Milankovitch cycles operate at time scales much greater
than the generation times of mammals but significantly
shorter than most species’ durations [�1.5 myr (Alroy,
1996)]. The overall frequency of evolutionary response to
precessional cycling is so low that macroevolutionary

stasis dominates the adaptive landscape for most species
at this scale. The primary response of terrestrial fauna
to these oscillations would likely be through changes in
the size and location of species’ geographic distribution
(Bennett, 1997). Rather than directing the relocation of
entire communities, environmental change more likely
causes species to respond individualistically, to migrate
in different directions and different times, and reassem-
ble in new species associations, resulting in repeated
fragmentation and rearrangement of communities (Gra-
ham, 1986; Huntley and Webb, 1989; Bennett, 1990).
Phylogeographic trends of three African bovids (harte-
beest, topi, and wildebeest) inferred from mtDNA sug-
gests a complex biogeographic and evolutionary history
(Arctander et al., 1999), involving high levels of diver-
gences, multiple colonization events, occurrence of
geographic refugia, and extinction of populations, all
consistent with the notion of climatically mediated cycli-
cal dispersal patterns. While some components of com-
munities may follow roughly similar paths through this
shifting adaptive landscape, most biota would differen-
tially track environmental change. Insolation fluc-
tuations, and resulting climatic perturbations, are
persistent and communities are experiencing constant
change in taxonomic representation. Whereas some spe-
cies would persevere in a community, other species
would move in and out in response to the cycling (Fig.
11d). Population sizes, geographic ranges, and frequen-
cies of genotypes and phenotypes are in constant flux
and it is unlikely that communities would ever reassem-
ble to reproduce previous configurations. Environmental
change might be expected to increase differentiation by
increasing dispersal at the peripheries of species ranges
or by acting as a ‘‘vicariance knife’’ fragmenting a spe-
cies range and thus genetically isolating populations.
Though this sounds like excellent fodder for evolutionary
change, mammalian species are generally resilient to the
effects of Milankovitch scale environmental change. The
‘‘typical’’ species in tropical Africa survives over 60 pre-
cessional cycles. Others have suggested that orbitally
forced climatic shifts generally increase gene flow

Fig. 11. Shifting Heterogeneity Model—Hypothetical representation of shifting vegetation and faunal patterns in the range of
an early hominid population in a rift valley setting. Local environmental fluctuations represent a response to Milankovitch forcing,
local tectonics, and global events. (a) Schematic insolation curve depicting two precessional cycles (�23 kyr each cycle) and smaller
scale oscillations that occur on shorter time scales. The amplitude varies through time, modulated by changes in eccentricity. Varia-
tions in insolation influence climatic patterns in equatorial Africa and have significant effects on seasonality parameters. (b) Shift-
ing vegetation patterns in response to changes in seasonality parameters. Precipitation/Evaporation regime indicated by P/E index.
Seasonality index represented here is derived by adding the absolute deviations of the mean rainfall for each month of the year
from the expected monthly value if the annual rainfall were uniformly distributed throughout the year. While these indices respond
to insolation changes, multiple factors moderate changes through time. At a given point on a ‘‘landscape’’ (depicted as X), dominant
plant physiognomy varies through time as indices shift. (c) Changes in morphology and tectonic activity in rift valley setting. As
rifting proceeds, half-graben morphology becomes better defined. Periodic intervals of tectonic activity result in offset on faults and
steeper escarpments as well as local volcanic activity. At times lava flows completely fill the rift and flow over escarpments. Infill of
the rift by sediments reduces topography at times. Drainage and lake formation is controlled by rift configuration and maturity as
well as climatic variability. At a given spot in the rift (X), the physical environment can change significantly through time. (d) Dis-
tribution of faunal mammalian populations through the cycling, controlled most directly by distribution of vegetation and local to-
pography. Distribution ‘‘widths’’ represent population sizes, and grades within each distribution reflect shifting frequencies of key
phenotypic characters. The primary response of fauna to climatic/vegetational change is to disperse/coalesce across the landscape,
tracking preferred habitats. From the perspective of a specific point on the landscape (a fossil locality), lineages during the interval
of time represented here can either: 1) Appear and persist through several cycles with fluctuations in population size (Species A). 2)
Appear and disappear in a single high-insolation interval (Species B). 3) Appear at high-insolation phases with variable population
sizes, tapering off with climatic change (Species C) or shifting distribution suddenly with relatively large population size (Species
D). 4) Appear and persist through one precessional cycle, but population size decreases dramatically during low insolation (Species
E). 5) Appear only once during low-insolation interval (Species F). 6) Persists through cycles with only slight variation in population
size and phenotypic diversity (Species G). (e) Various regional and global phenomena that mediate or control local climate and sea-
sonality as discussed in text. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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directly by reshuffling gene pools, and that any micro-
evolutionary change that accumulates on a time scale of
thousands of years is consequently lost as communities
reorganize following climate change (Bennett, 1990).
Milankovitch oscillations have been also interpreted as
indirectly selecting for vagility (dispersal ability and pro-
pensity) and generalizm that can reduce extinction in
the long run and slow speciation rates (Dynesius and
Jansson, 2000; Jansson and Dynesius, 2002).
Resiliency of species within oscillating environments

has also led to suggestions that the evolutionary
response to orbitally forced climatic changes is due pri-
marily to changes in the dominant orbital frequency, the

severity of the climatic response, and/or influence of
additional global or tectonic controls on climate (Gould,
1985; Vrba, 1995; Bennett, 1997). Shifting periodicities
(e.g., 23-kyr precessional dominance replaced by 41-kyr
obliquity at 2.8 Ma) (Fig. 4f) can affect the duration of
phases during which species’ geographic distributions
remain continuously fragmented and organisms must
exist beyond vicariance thresholds (outside optimal
range). This increases the incidence of speciation and
extinction (Vrba, 1995). As species have different vicar-
iance thresholds, the Relay Model of Turnover (Vrba,
1995) predicts that evolutionary response in different
lineages will be scattered in time. Local, regional, and

Fig. 11.
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global tectonic events or global phenomena such as
INHG may also interact with insolation patterns to per-
turb physical environments such that evolutionary
responses are elicited. An alternate perspective is that
the cumulative effects of constant shuffling of commun-
ities may be sufficient to ultimately precipitate evolu-
tionary change. As in the Relay Model, different lineages
would reach these threshold points at various times, gen-
erally resulting in a succession of events independent of
larger scale modulation. Threshold levels are not linked
directly to the timing of Milankovitch cycling but rather
occur ‘‘randomly’’ as lineages respond to selective forces
generated by novel ecosystems as communities are frag-
mented and reassembled. Superposing various eccentricity
and obliquity cycles has revealed low-frequency modula-
tions of Milankovitch oscillations (�2.5 and �1.0 Ma) that
have been correlated to turnover cycles in micromammal
lineages in Spain 24.5–2.5 Ma (van Dam et al., 2006).
This link has been interpreted to implicate astronomical
climate forcing as a major determinant of species turnover
and a potential control on average species longevity.
In addition to habitat tracking, various adaptive strat-

egies have been proposed as options for terrestrial biota
faced with environmental instability including pheno-
typic plasticity, developmental plasticity, or behavioral
flexibility (Bennett, 1997; Dynesius and Jansson, 2000;
Jansson and Dynesius, 2002; Barnosky and Bell, 2003).
Some organisms have evolved a mechanism to randomly
create phenotypic diversity as a buffer against irregular
environmental fluctuations (Kussell and Leibler, 2005).
This strategy, known as phenotypic switching, involves
turning the expression of certain genes on and off.
Resulting phenotypic changes are heritable, reversible,
and stochastic, producing variation and serving as a bet-
hedging strategy. The Variability Selection Hypothesis
(Potts, 1996, 1998), also described earlier, provides an
insightful model for exploring the complex intersection
of orbitally forced changes in insolation and earth-intrin-
sic feedback mechanisms on the evolution of East
African mammalian communities, including hominids.
Specifically, this hypothesis suggests that orbital forcing
results in extreme, inconsistent environmental variability
that selects for behavioral and morphological mechanisms
that enhance adaptive variability. Lack of environmental
consistency leads to adaptations that are not habitat
specific (Potts, 1998).
Assessing the relative validity of these evolutionary

models ultimately hinges on developing a level of tempo-
ral and spatial resolution in the faunal record to anchor
micro- and macroevolutionary events in the context of
short-term environment shifts. This also requires docu-
menting and assessing the relative magnitude and sig-
nificance of environmental variability occurring at vari-
ous orbital and submillenial scales.

Shifting heterogeneity model

As a component of fluctuating equatorial African pale-
oecosystems, early hominids were traversing complex
and dynamic adaptive landscapes and potentially utiliz-
ing a number of adaptive strategies. Hominids would
have experienced multiple and varied biotic and abiotic
selective pressures. Consider the range of a hominid pop-
ulation situated within the rift system in the context of
environmental fluctuations over a �50 kyr interval (see
Fig. 11). Precessional control of insolation would create
shifting climatic patterns on the order of 23 kyr. Depend-

ing on the extent of modulation by eccentricity at that
time, the amplitude of insolation variability would be
highly variable, leading to different magnitudes or type
of climate response. In equatorial Africa, these climatic
changes would be manifested primarily by shifts in sea-
sonality patterns, depicted as seasonality indices (Fig.
11b). Local topographic effects (rain shadow effects, con-
trol of drainage patterns), influence of additional climatic
controls (e.g., El Niño-Southern Oscillations, obliquity, or
Heinrich Events), global tectonic events (e.g., sea surface
temperatures, alteration of oceanic circulation systems),
and feedback effects would further alter seasonality in-
dices (Fig. 11e). While potentially impacting hominids
directly in terms of access to drinking water, climatic
shifts would affect hominids primarily through controls
on vegetation physiognomy and resource distribution.
Response of faunal communities to floral change would
also significantly alter the adaptive landscape of the
hominid population. Depending on disperal thresholds,
different mammalian lineages, including the hominids,
would respond by tracking preferred habitats and
resources at different times (Fig. 11d). Distance and pat-
terns of dispersal would also vary for different species
with variable resource requirements, controlled in part
by habitat heterogeneity and formation of refugia. Areas
with significant topographic relief, such as rift valley set-
tings would have greater habitat heterogeneity and biota
would not necessarily disperse great distances laterally,
as a number of habitats could be followed up or down es-
carpment slopes. The geomorphology of rift systems also
shifts in response to extensional forces, resulting
initially in doming of the region followed by periods of
tectonic activity and formation of half-grabens and the
variable topography associated with these features,
including major lake systems (Fig. 11c). Volcanism is
common in the rift, periodically inundating the land-
scape with ash or lavas and significantly affecting eco-
systems. In addition to dispersal, these environmental
changes would result in fluctuations in population sizes
and alterations of frequency distributions of variable
traits in populations (Fig. 11d). Dispersal of hominid
populations into varied and novel ecosystems or isolation
in refugia would increase intraspecific diversity and
ultimately lead to speciation due to repetitive cyclical
environmental perturbations. Available species longevity
patterns for early hominids do not indicate greater resil-
iency to environmental change relative to other mamma-
lian lineages, even after evidence of lithic tool use,
increasing encephalization, and movement into an om-
nivorous niche. This suggests that hominid evolution
remained under the influence of selective pressures asso-
ciated with oscillating local environments.

FUTURE DIRECTIONS

Reconstructions of the environmental context of
human evolution need to be concerned not only with de-
veloping and integrating greater numbers of approaches
and higher resolution proxies of past habitats but also
with exploring the intersection of these data with evolu-
tionary processes. If the goal is to assess causality, the
scale and quality of paleoenvironmental data as well as
specific links to hominid contexts must be commensurate
with the adaptive questions at hand. In this respect,
assessments must either be based on local reconstruc-
tions associated with hominids and their communities or
on global or regional proxies with well-established links

48 J.D. KINGSTON

Yearbook of Physical Anthropology—DOI 10.1002/ajpa



or controls on local hominid ecosystems. At the local
level there is a need to move beyond basic notions of het-
erogeneity and develop means of distinguishing and
characterizing the specific nature of ‘‘mosaic’’ habitats.
This requires developing proxy datasets that sample at
high resolution with controls for time averaging, rarefac-
tion, diagenesis, and other biasing factors. In addition,
the data must incorporate a lateral component to cap-
ture the spatial dimension of habitat heterogeneity, be
comparable across sites or basins, and be available to
document at all the sites. These demands are difficult
and currently remain out of reach. The collection of pale-
oenvironmental data tends to be necessarily opportunis-
tic, frequently incorporating incongruent components of
paleoecosystems. As a result, not only are the data frag-
mentary in space and time but frequently difficult to rec-
oncile within sites as well as between localities or time
intervals.
Approaches such as community reconstructions, iso-

topic profiles, and pollen assemblages satisfy some, but
not all, of these criteria and more work is required to de-
velop the potential of these tools. A limitation of these
sorts of proxies, even after attempting to control for
taphonomic and taxonomic biases, is that they are re-
cording environmental variability that we have yet to
fully characterize or understand. Environmental proxies
that are relatively ubiquitous in the fossil record and
have the greatest potential to be resolved at temporal
scales of Milankovitch scales or finer include morphologi-
cal and biogeochemical investigations of microflora (phy-
toliths, n-alkanes, organic residues) and fossil enamel.
Analytical advances over the last decade have also
dramatically increased the precision and sampling reso-
lution for these techniques, making them much more
accessible for analyses of a variety of fossil archives.
Although these techniques have been utilized to varying
degrees in paleoanthropology, they all require further
development and calibration with respect to modern
terrestrial systems to allow for more comprehensive
interpretations.
An additional paleoenvironmental archive that holds

great potential for developing detailed contextual infor-
mation relevant to human evolution are lake sediments.
The International Decade of East African Lakes (IDEAL)
drilling initiative (Cohen et al., 2000; Scholz et al., 2006)
is currently exploring extremely thick packages (up to
several km) of rift-related sediments in lakes such as
Malawi and Tanganyika. These sequences extend back
to the Miocene and will provide high-resolution, regional
paleoclimatic data at annual to millennia scales that are
more directly linked to regional and local terrestrial con-
ditions in the continental interior than offshore marine
core proxies.
Despite the relentless demand for more and better em-

pirical data, it is unlikely that the quantity and quality
will ever be sufficient to illuminate the complexity of
hominid adaptive landscapes. In this regard, a more im-
portant direction is a conceptual one—basically to
replace emphasis on notions of human evolution that
view evolutionary change as occurring relatively rapidly
in response to large-scale environmental change or
trends. This needs to be replaced by more inclusive con-
ceptual models that incorporate the dynamic and cyclical
environmental fluctuations operating continually on
hominid habitats at small scales. Rather than assimilat-
ing environmental data to develop models, the approach
should focus more on simultaneously generating hypoth-

esis about how evolution happens to help direct the col-
lection of relevant environmental data. Potts’ Variability
Selection Hypothesis (1996, 1998) and the biogeographic
emphasis of Foley (1999, 2002) of hominid evolution are
particularly important in that these models explore envi-
ronmental considerations in conjunction with evolution
processes.
The Shifting Heterogeneity Model proposed here sug-

gests that the early stages of human evolution occurred
in tropical African ecosystems that were constantly frag-
mented and reassembled in response to environmental
fluctuations related to orbital forcing, local tectonics, and
global climatic events/trends. Early hominid variability
and evolution relates to selective forces encountered in
specific habitats traversed in this dynamic adaptive
landscape. The constant alteration of biotic communities
with resultant dispersal, population displacements,
genetic bottlenecks, founder effects, and isolating
mechanisms provides a significant evolutionary engine.
While the apparent macroevolutionary response to these
changes is stasis, evolution in the form of shifting dis-
tributions of phenotypic traits is persistent. Cyclical
environmental may, in some cases, result in Milanko-
vitch-scale oscillating selection (Grant and Grant, 2002),
but it is more likely that the dominant mode of evolution
in the face of this environmental flux is incremental
change. It is conceivable that abiotic factors such as pre-
cipitation patterns and temperature can be restored to
previous configurations within this cycling pattern. How-
ever, the complexity and differential response of animal
and plant communities makes it unlikely the same biotic
framework can ever be reassembled and populations
returned to earlier phenotypic states. In this regard, the
Shifting Heterogeneity Model assumes an abiotic driven
version of the Red Queen whereby constant environmen-
tal flux is prodding biotic communities along multidi-
mensional evolutionary trajectories.

SUMMARY

The overarching goal of discussions presented here is
to provide perspectives on ongoing research attempting
to link human evolution with environments in the past.
The endeavor is critical for achieving an understanding
of the patterns and processes inherent in the evolution
of our lineage. When utilizing environmental data to
support adaptive explanations for evolutionary innova-
tions, identify evolutionary driving engines, decipher
biogeographic patterns, or constrain potential resource
distribution, there is a need to carefully scrutinize the
quality and scale of these data. Simply invoking the
directional development of open habitats as selective
pressure for hominid speciation or extinction events
underestimates the complexity of environmental pat-
terns and any evolutionary response. General objectives
here were to 1) discuss specific goals of reconstruction
the environment of fossil hominids, 2) review prevailing
hypotheses of environmental factors influencing human
evolution, 3) outline a hierarchical approach for evaluat-
ing these data and the importance of scaling issues, 4)
provide an overview of empirical data equatorial African
paleoenvironments organized by spatial scale, 5) discuss
orbitally forced climate change and the concept of heter-
ogeneity as keys to developing a theoretical paleoen-
vironmental framework, and 6) relate these issues to
considerations of early hominid evolution in equatorial
Africa.
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Recognition of scaling factors is key in pursuing an ev-
olutionary ecology agenda. Correlations between evolu-
tionary processes and ecological hierarchical processes
can only be developed at similar and appropriate levels
of scaling. The hierarchical framework outlined here pro-
vides a conceptual tool for organizing and assessing the
relevance of the varied empirical paleoecological proxies.
Much research has focused on linking human evolution
to larger scale environmental contexts, ranging from
global climate change to basinal faunal turnover. While
this agenda is, in part, driven by our general inability to
resolve ecological constructs at finer levels, it also
reflects a conceptual framework that views key human
evolutionary innovations as requiring or being necessar-
ily linked to strong or relatively abrupt environmentally
driven changes in selective pressures. It remains impor-
tant to acknowledge that much of human evolution may
have been played out in response to subtle and intricate
selective pressures involving inter- and intraspecific
interactions at local spatiotemporal scales.
An important developing conceptual transition in

human evolutionary ecology is the current focus on envi-
ronmental change at timescales of 10–100 kyr, linked
to global and regional insolation changes occurring
throughout human evolution. Although the potential sig-
nificance of these climatic changes has been long recog-
nized, only recently has the resolution of investigations
allowed specific detection of the effects of this cycling at
early hominid fossil localities. Emerging data indicate
that insolation changes occurring at the precessional fre-
quency (23 ka) had significant effects on early hominid
habitats, with magnitudes of change similar to that pro-
posed for intervals spanning millions of years. Climatic
variability associated with these changes resulted in per-
sistent ecological change in equatorial Africa in which
communities are continually fragmented and reas-
sembled in novel ways. The impact of these changes on
human evolution, and evolution in general, has yet to be
documented or understood but can currently serve as a
basis for developing models or hypotheses.

ACKNOWLEDGMENTS

The contents of this paper represent a distillation of
many discussions and thoughts on the topic of early
hominid paleoecology over years in both field and labora-
tory research. A number of colleagues and friends who
share these interests have been central to the develop-
ment of ideas presented here. In particular, the author
acknowledges A. Hill and the many discussions in the
Ecological Context of Human Evolution Seminar at Yale,
S. McBrearty, L. MacLatchy, B. Jacobs, T. Plummer, T.
Harrison, and L. Bishop. Any errors, omission, or mis-
representations here remain the sole responsibility of
the author. B. Turner, M. Zuckerman, and J. Mascaro
provided invaluable last-minute editing assistance on
the manuscript. K. Cartwright assisted with the figures.
Constructive comments of three anonymous reviewers
highlighted ambiguities and provided alternate ap-
proaches to interpreting some of the data. Editorial com-
ments by Sara Stinson were critical in reorganizing and
clarifying the flow and discussion of topics included in
the paper. Finally, Jack Kingston provided continual
feedback in the assembly of this paper, and his input
was essential in focusing and crystallizing central con-
cepts presented here.

LITERATURE CITED

Abell PI, Amegashitsi L, Ochumba PBO. 1995. The shells of
Etheria elliptica as recorders of seasonality at Lake Victoria.
Paleogeogr Paleoclimatol Paleoecol 119:215–219.

Alemseged Z. 2003. An integrated approach to taphonomy and
faunal change in the Shungura Formation (Ethiopia) and
its implication for hominid evolution. J Hum Evol 44:451–
478.

Alexandre A, Meunier JD, Lezine AM, Vincens A, Schwartz D.
1997. Phytoliths: indicators of grassland dynamics during the
late Holocene in intertropical Africa. Paleogeogr Paleoclimatol
Paleoecol 139:213–229.

Alroy J. 1996. Constant extinction, constrained diversification,
and uncoordinated stasis in North American mammals. Paleo-
geogr Paleoclimatol Paleoecol 127:285–311.

Ambrose S. 1995. Paleoecology and paleobiogeography of late
Miocene hominoid/hominid cladogenesis: was the trichotomy a
reality. Presented at the Fourth Annual Meeting Paleoanthro-
pological Society, Oakland, CA.

Ambrose SA, DeNiro MJ. 1986. The isotopic ecology of East
African mammals. Oecologia 69:395–406.

Andrews P. 1996. Palaeoecology and hominoid palaeoenviron-
ments. Biol Rev 71:257–300.

Andrews P, Lord JM, Nesbit-Evans EM. 1979. Patterns of eco-
logical diversity in fossil and modern mammalian faunas. Biol
J Linn Soc 11:177–205.

Andrews P, Nesbit-Evans E. 1979. The environment of Rama-
pithecus in Africa. Paleobiology 5:22–30.

Andrews P, Van Couvering JAH. 1975. Palaeoenvironments in
the East African Miocene. In: Szalay FS, editor. Approaches
to primate paleobiology, contributions to primatology, Vol. 5.
Basel: Karger. p 62–103.

Andrews P, Walker A. 1976. The primate and other fauna from
Fort Ternan, Kenya. In: Isaac GL, McCown ER, editors.
Human origins: Louis Leakey and the East African evidence.
Menlo Park: W.A. Benjamin. p 279–304.

Andrews PJ, Humphrey L. 1999. African Miocene environments
and the transition to early hominines. In: Bromage T,
Schrenk F, editors. African biogeography, climate change, and
human evolution. Oxford: Oxford University Press. p 282–
300.

Arctander P, Johansen C, Coutellec-Vreto M. 1999. Phylogeogra-
phy of three closely related African bovids (tribe Alcelaphini).
Mol Biol Evol 16:1724–1739.

Asfaw B, White T, Lovejoy O, Latimer B, Simpson S, Suwa G.
1999. Australopithecus garhi: a new species of early hominid
from Ethiopia. Science 284:629–635.

Ashley GM, Driese SG. 2003. Paleopedology and paleohydrology
of a volcaniclastic paleosol interval; implications for early
Pleistocene stratigraphy and paleoclimate record. Olduvai
Gorge, Tanzania. J Sediment Res 70:1065–1080.

Axelrod DI, Raven PH. 1978. Late Cretaceous and Tertiary
vegetation history of Africa. In: Werger MJA, editor. Biogeo-
graphy and ecology of southern Africa. The Hague: W. Junk.
p 77–130.

Baas M, Pancost R, van Geel B, Sinninghe D, Jaap S. 2000. A
comparative study of lipids in Sphagnum species. Org Geo-
chem 31:535–541.

Barboni D, Bonnefille R, Alexandre A, Meunier JD. 1999. Phyto-
liths as paleoenvironmental indicators. West Side Middle
Awash Valley, Ethiopia. Paleogeogr Paleoclimatol Paleoecol
152:87–100.

Barker PA, Talbot MR, Street-Perrott RA, Marret R, Scourse J,
Odada EO. 2004. Late Quaternary climatic variability in
intertropical Africa. In: Battarbe RW, Gasse F, Stickley CE,
editors. Past climate variability through Europe and Africa.
Dordrecht: Springer. p 117–138.

Barnosky AD. 2001. Distinguishing the effects of the Red Queen
and Court Jester on Miocene mammal evolution in the north-
ern Rocky Mountains. J Vertebr Paleolontol 21:172–185.

Barnosky AD. 2005. Effects of Quaternary climatic change on
speciation in mammals. J Mammal Evol 12:247–264.

Barnosky AD, Bell CJ. 2003. Evolution, climatic change and
species boundaries: perspectives from tracing Lemmiscus sur-

50 J.D. KINGSTON

Yearbook of Physical Anthropology—DOI 10.1002/ajpa



tatus populations through time and space. Proc R Soc Lond B
270:2585–2590.

Bartholomew GA, Birdsell JB. 1953. Ecology and the protohomi-
nids. Am Anthropol 55:481–498.

Behrensmeyer AK. 2006. Climate change and human evolution.
Science 311:476–478.

Behrensmeyer AK, Hook RW. 1992. Paleoenvironmental con-
texts and taphonomic modes. In: Beherensmeyer AK, Damuth
JD, DiMichele WA, Potts R, Sues H-D, Wing SL, editors. Ter-
restrial ecosystems through time: evolutionary paleoecology of
terrestrial plants and animals. Chicago: University of Chicago
Press. p 15–136.

Behrensmeyer AK, Todd NE, Potts R, McBrinn GE. 1997. Late
Pliocene faunal turnover in the Turkana Basin, Kenya and
Ethiopia. Science 278:1589–1594.

Bell G. 1982. The masterpiece of nature: the evolution and
genetics of sexuality. Berkeley: University of California Press.

Bennett KD. 1990. Milankovitch cycles and their effects on species
in ecological and evolutionary time. Paleobiology 16:11–21.

Bennett KD. 1997. Evolution and ecology: the pace of life. Cam-
bridge: Cambridge University Press.

Berger A. 1977. Support for the astronomical theory of climatic
change. Nature 269:44–45.

Berger A, Loutre MF, Melice JL. 2006. Equatorial insolation:
from precession harmonics to eccentricity frequencies. Clim
Past 2:1131–136.

Berger AL. 1978. Long-term variations of daily insolation and
Quaternary climatic changes. J Atmos Sci 35:2362–2367.

Berger WH, Jansen E. 1994. Mid-Pleistocene climate shift: the
Nansen connection. In: Johannessen OM, Muench RD, Over-
land JE, editors. The polar oceans and their role in shaping the
global environment: geophysical monographs. p 10385–10399.

Bernor RL, Kaiser TM, Nelson SV. 2004. The oldest Ethiopian
hipparion (equinae, perissodactyla) from Chorora: system-
atics, paleodiet and paleoclimate. Cour Forsch-Inst Sencken-
berg 246:213–226.

Bishop LC. 1999. Suid paleoecology and habitat preferences at
African Pliocene and Pleistocene hominid localities. In: Brom-
age T, Schrenk F, editors. African biogeography and human
evolution. Oxford: Oxford University Press. p 216–225.

Bishop LC, Hill A, Kingston JD. 1999. Paleoecology of Suidae
from the Tugen Hills, Baringo, Kenya. In: Andrews P, Ban-
ham P, editors. Late Cenozoic environments and hominid evo-
lution: a tribute to Bill Bishop. London: Geological Society of
London. p 99–112.

Bishop WW. 1962. Pleistocene chronology in East Africa. Adv
Sci 18:491–494.

Blumenschine RJ. 1987. Characteristics of an early hominid
scavenging niche. Curr Anthropol 28:383–407.

Bobe R. 2006. The evolution of arid ecosystems in eastern
Africa. J Arid Environ 66:564–584.

Bobe R, Behrensmeyer AK. 2004. The expansion of grassland
ecosystems in Africa in relation to mammalian evolution and
the origin of the genus Homo. Paleogeogr Paleoclimatol Paleo-
ecol 207:399–420.

Bobe R, Behrensmeyer AK, Chapman RE. 2002. Faunal change,
environmental variability and late Pliocene hominin evolu-
tion. J Hum Evol 42:475–497.

Bobe R, Eck GG. 2001. Responses of African bovids to Pliocene
climatic change. Paleobiol Memoirs 27:1–47.

Bocherens H, Koch PL, Mariotti A, Geraads D, Jaeger J. 1996.
Isotopic biogeochemistry (13C,18O) of mammalian enamel from
African Pleistocene hominid sites. Palaios 11:306–318.

Bonnefille R. 1984. Cenozoic vegetation and environments of
early hominids in East Africa. In: Whyte RO, editor. The evo-
lution of the East Asian environment. II. Palaeobotany, palae-
ozoology, and palaeoanthropology. Hong Kong: University of
Hong Kong, Centre of Asian Studies. p 579–612.

Bonnefille R. 1994. Palynology and paleoenvironment of East
African hominid sites. In: Corruccini RS, Ciochon RL, editors.
Integrative paths to the past. Englewood Cliffs, New Jersey:
Prentice Hall. p 415–427.

Bonnefille R. 1995. A reassessment of the Plio-Pleistocene pollen
record of East Africa. In: Vrba ES, Denton GH, Partridge TC,

Burckle LH, editors. Paleoclimate and evolution, with empha-
sis on human origins. New Haven: Yale University Press. p
299–310.

Bonnefille R, Dechamps R. 1983. Data on fossil flora. In: Hein-
zelin JD, editor. The Omo group: archives of the international
Omo research expedition. Tervuren, Belgium: Musee Royal de
l’Afrique Central.

Bonnefille R, Letouzey R. 1976. Fruits fossiles d’Antrocaryon
dan la vallee de l’Omo (Ethiopie). Adansonia 16:65–82.

Bonnefille R, Mohammed U. 1994. Pollen-inferred climatic fluc-
tuations in Ethiopia during the last 3000 years. Paleogeogr
Paleoclimatol Paleoecol 109:331–343.

Bonnefille R, Potts R, Chalie F, Jolly D, Peyron O. 2004. High-
resolution vegetation and climate change associated with Plio-
cene Australopithecus afarensis. PNAS 101:12125–12129.

Boureau E, Cheboldaeff-Salard M, Koeninguer J-C, Louvet P.
1983. Evolution des flores et de la vegetation Tertiares en
Afrique, au nord de l’equateur. Bothalia 14:355–367.

Bozzano G, Kuhlmann H, Alonso B. 2002. Storminess control
over African dust input to the Moroccan Atlantic margin (NW
Africa) at the time of maxima boreal summer insolation: a
record of the last 220 kyr. Paleogeogr Paleoclimatol Paleoecol
183:155–168.

Brain CK. 1981. The evolution of man in Africa: was it a conse-
quence of Cainozoic cooling? Trans Geol Soc S Afr Annex
84:1–19. Alex L. du Toit memorial lecture 17.

Brockman DK, van Schaik CP, editors. 2005. Seasonality in pri-
mates. New York: Cambridge University Press.

Bromage TG, Schrenk F. 1999. African biogeography, climate
change, and human evolution. New York: Oxford University
Press.

Brown FH. 1969. Observations on the stratigraphy and radio-
metric age of the Omo Beds, southern Ethiopia. Quaternaria
11:7–14.

Brown FH. 1995. The Turkana Basin and paleoclimatic recon-
struction in East Africa. In: Vrba ES, Denton GH, Partridge
TC, Burckle LH, editors. Paleoclimate and evolution, with em-
phasis on human origins. New Haven: Yale University Press.
p 319–330.

Brown FH, Feibel CS. 1986. Revision of the lithostratigraphic
nomenclature in the Koobi Fora region, Kenya. J Geol Soc
Lond 143:297–310.

Bryant JD, Koch PL, Froelich PN, Showers WJ. 1996. Oxygen
isotope partitioning between phosphate and carbonate in
mammalian apatite. Geochim Cosmochim 60:5145–5148.

Burel F, Baudry J. 2003. Landscape ecology: concepts, methods,
and applications. Enfield, New Hampshire: Science Publish-
ers.

Butzer KW. 1977. Environment, culture, and human evolution.
Am Sci 65:572–584.

Campisano CJ, Feibel CS. Connecting local environmental
sequences to global climate patterns: evidence from the homi-
nin-bearing Hadar Formation, Ethiopia. J Hum Evol (in press).

Cane MA, Molnar P. 2001. Closing of the Indonesian seaway as
a precursor to East African aridification around 3-4 million
years ago. Nature 411:157–162.

Castillo JBD, Brooks CJW, Cambie RC, Eglinton G. 1967. The
taxonomic distribution of some hydrocarbons in gymnosperms.
Phytochemistry 6:391–398.

Cerling TE. 1992. Development of grasslands and savannas in
East Africa during the Neogene. Paleogeogr Paleoclimatol
Paleoecol (Global Planet Change Sect) 97:241–247.

Cerling TE, Bowman JR, O’Neil JR. 1988. An isotopic study of a
fluvial-lacustrine sequence: the PlioPleistocene Koobi Fora
formation, East Africa. Paleogeogr Paleoclimatol Paleoecol
63:335–356.

Cerling TE, Harris JM. 1999. Carbon isotope fractionation
between diet and bioapatite in ungulate mammals and impli-
cations for ecological and paleoecological studies. Oecologia
120:347–363.

Cerling TE, Harris JM, Ambrose SH, Leakey MG, Solounias N.
1997b. Dietary and environmental reconstruction with stable
isotope analyses of herbivore tooth enamel from the Miocene
locality of Fort Ternan, Kenya. J Hum Evol 33:635–650.

51SHIFTING ADAPTIVE LANDSCAPES: EARLY HOMINID ENVIRONMENTS

Yearbook of Physical Anthropology—DOI 10.1002/ajpa



Cerling TE, Harris JM, Leakey MG. 1999. Browsing and graz-
ing in elephants: the isotope record of modern and fossil pro-
boscideans. Oecologia 120:360–374.

Cerling TE, Harris JM, Leakey MG. 2003b. Isotope paleoecology
of the Nawata and Nachukui Formations at Lothagam, Tur-
kana Basin, Kenya. In: Leakey MG, Harris JM, editors. Loth-
agam: the dawn of humanity in eastern Africa. New York: Co-
lumbia University Press. p 605–624.

Cerling TE, Harris JM, Leakey MG, Mudida N. 2003a. Stable
isotope ecology of northern Kenya, with emphasis on the Tur-
kana Basin. In: Leakey MG, Harris JM, editors. Lothagam:
the dawn of humanity in eastern Africa. New York: Columbia
University Press. p 583–603.

Cerling TE, Harris JM, MacFadden BJ. 1998. Carbon isotopes,
diets of North American equids, and the evolution of North
American C4 grasslands. In: Griffiths H, editor. Stable iso-
topes. Oxford: BIOS Scientific. p 363–379.

Cerling TE, Harris JM, MacFadden BJ, Leakey MG, Quade J,
Eisenmann V, Ehleringer JR. 1997a. Global vegetation change
through the Miocene/Pliocene boundary. Nature 389:153–158.

Cerling TE, Hay RL, O’Neil JR. 1977. Isotopic evidence for dra-
matic climatic changes in East Africa during the Pleistocene.
Nature 267:137–138.

Cerling TE, Quade J, Ambrose SH, Sikes NE. 1991. Fossil soils,
grasses, and carbon isotopes from Fort Ternan: grassland or
woodland. J Hum Evol 21:295–306.

Cerling TE, Wang Y, Quade J. 1993. Expansion of C4 ecosystems
as an indicator of global ecological change in the Late Mio-
cene. Nature 361:344–345.

Chapman GP. 1996. The biology of grasses. Wallingford, Aus-
tralia: CAB International.

Churcher CS. 1970. Two new Upper Miocene giraffids from Fort
Ternan, Kenya, East Africa: Palaeotragus primarius n. sp.
and Samotherium africanum n. sp. In: Leakey LSB, Savage
RJG, editors. Fossil vertebrates of Africa, Vol. 2. London:
Academic Press. p 1–106.

Clement AC, Hall A, Broccoli AJ. 2004. The importance of pre-
cessional signals in the tropical climate. Clim Dyn 22:327–
341.

Cohen AS, Scholtz CA, Johnson TC. 2000. The international
decade of East African lakes (IDEAL) drilling initiative for
the African Great Lakes. J Paleolimnol 24:231–235.

Collister JW, Rieley G, Stern B, Eglinton G, Fry B, 1994. Com-
pound-specific d13C analyses of leaf lipids from plants with
differing carbon dioxide metabolisms. Organic Geochemistry
21:619–627.

Cooke HBS, Wilkinson QF. 1978. Suidae and Tayassuidae. In:
Maglio VJ, Cooke HBS, editors. Evolution of African mam-
mals. Cambridge, MA: Harvard University Press. p 435–482.

Coppens Y. 1994. East side story: the origin of humankind. Sci-
entific American May: 88–95.

Cote SM. 2004. Origins of the African hominoids: an assessment
of the palaeobiogeographical evidence. C R Palevol 3:323–340.

Croll J. 1864. On the physical causes of the changes of climate
during geological epochs. Philos Mag 28:121–137

Crowley TJ, North GR. 1991. Paleoclimatology. New York:
Oxford University Press.

D’Argenio B, Fischer AG, Richter GM, Longo G, Pelosi N,
Molisso F, Morais MLD. 1998. Orbital cyclicity in the Eocene
of Angola: visual and image-time-series analysis compared.
Earth Planet Sci Lett 160:147–161.

Damuth J. 1982. Analysis of the preservation of community
structure in assemblages of fossil mammals. Paleobiology
8:434–446.

Dart RA. 1925. Australopithecus africanus: the man-ape of
South Africa. Nature 115:195–199.

Darwin C. 1871. The descent of man. London: D. Appleton.
Darwin C. 1872. The expression of emotions in animals and

man. New York: Oxford University Press.
DeGusta D, Vrba E. 2003. A method for inferring paleohabitats

from the functional morphology of bovid astragali. J Archaeol
Sci 30:1009–1022.

de Heinzelin J. 1983. The Omo Group: archives of the Interna-
tional Omo Research Expedition. Musee Royal de L’Afrique

Centrale Annales, Belgique, Series 8, Sciences Geologiques
85:1–365.

Deino AL, Kingston JD, Glen JM, Edgar RK, Hill A. 2006. Pre-
cessional forcing of lacustrine sedimentation in the late Ceno-
zoic Chemeron Basin, Central Kenya Rift. Earth Planet Sci
Lett 247:41–60.

deMenocal PB. 1995. Pliop-Pleistocene African climate and the
paleoenvironment of human evolution. Science 270:53–59.

deMenocal PB. 2004. African climate change and faunal evolu-
tion during the Pliocene-Pleistocene. Earth Planet Sci Lett
220:3–24.

deMenocal PB, Bloemendal J. 1995. Plio-Pleistocene climatic
variability in subtropical Africa and the paleoenvrionment of
hominid evolution. In: Vrba ES, Denton GH, Partridge TC,
Burckle LH, editors. Paleoclimate and evolution, with empha-
sis on human origins. New Haven: Yale University Press. p
262–288.

deMenocal P, Ortiz J, Guilderson T, Adkins J, Sarnthein M,
Baker L, Yarusinsky M. 2000. Abrupt onset and termination
of the African Humid Period: rapid climate responses to grad-
ual insolation forcing. Quatern Sci Rev 19:347–361.

deMenocal PB, Rind D. 1993. Sensitivity of Asian and African
climate to variations in seasonal insolation, glacial ice cover,
sea surface temperature, and Asian orography. J Geophys Res
98:7265–7287.

DeNiro MJ, Epstein S. 1978. Influence of diet on the distribu-
tion of carbon isotopes in animals. Geochim Cosmochim Acta
42:341–351.

Denison SM, Maslin MA, Boot C, Pancost RD, Ettwein VJ.
2005. Precession-forced changes in South West African vege-
tation during Marine Isotope Stages 101-100 (2.56-2.51 Ma).
Paleogeogr Paleoclimatol Paleoecol 22:375–386.

Dechamps R, Senut B, Pickford M. 1992. Fruits fossils Pliocenes
et Pleistocenes du Rift Occidental ougandais. Signification
paleoenvironmentale. C R Acad des Sci Ser II 314:325–331.

de Vries H. 1906. Species and varieties: their origin by muta-
tion. Chicago: Open Court.

Dirks W, Reid DJ, Jolly CJ, Phillips-Conroy JE, Brett FL. 2002.
Out of the mouths of baboons: stress, life history, and dental
development in the Awash National Park Hybrid Zone, Ethio-
pia. Am J Phys Anthropol 118:239–252.

Dominguez-Rodrigo M, Antonio J, Lopez-Saez, Vincens A, Alcala
L, Luque L, Serrallonga J. 2001. Fossil pollen from the Upper
Humbu Formation of Peninj (Tanzania): hominid adaptation
to a dry open Plio-Pleistocene savanna environment. J Hum
Evol 40:151–157.

Dugas DP, Retallack GJ. 1988. Fossil grasses of the Kenyapithe-
cus locality near Fort Ternan, Kenya. Am J Phys Anthropol
75:205.

Dugas DP, Retallack RJ. 1993. Middle Miocene fossil grasses
from Fort Ternan, Kenya. J Paleontol 67:113–128.

Dynesius M, Jansson R. 2000. Evolutionary consequences of
changes in species’ geographical distributions driven by
Milankovitch climate oscillations. Proc Natl Acad Sci USA
97:9115–9120.

Ehleringer JR, Cerling TE, Helliker BR. 1997. C4 photosynthe-
sis, atmospheric CO2, and climate. Oecologia 112:285–299.

Eklundh L. 1996. AVHRR NDVI for monitoring and mapping of
vegetation and drought in East African environments. Lund:
Lund University Press.

Eldredge N, Grene M. 1992. Interactions: the biological context
of social systems. New York: Columbia University Press.

Eldredge N, Salthe SN. 1984. Hierarchy and evolution. Oxford
Surv Evol Biol 1:184–208.

Elenga H, Schwartz D, Vincens A. 1994. Pollen evidence of late
Quaternary vegetation and inferred climate changes in
Congo. Paleogeogr Paleoclimatol Paleoecol 109:345–356.

Emiliani C. 1966. Paleotemperature analysis of Caribbean cores
P6304-8 and P6304-9 and a generalized temperature curve for
the past 425,000 years. J Geol 74:109–126.

Ericson JE, Sulivan CH, Boaz NT. 1981. Diets of Pliocene
mammals from Omo, Ethiopia, deduced from carbon isotope
ratios in tooth apatite. Paleogeogr Paleoclimatol Paleoecol 36:
69–73.

52 J.D. KINGSTON

Yearbook of Physical Anthropology—DOI 10.1002/ajpa



Feakins SJ, deMenocal PB, Eglinton TI. 2005. Biomarker
records of late Neogene changes in northeast African vegeta-
tion. Geology 33:977–980.

Feibel CS. 2003. Stratigraphy and depositional setting of the
Pliocene Kanapoi Formation, Lower Kerio Valley, Kenya. In:
Harris JM, Leakey MG, editors. Geology and vertebrate pale-
ontology of the Early Pliocene site of Kanapoi, northern
Kenya. Contributions in science. Los Angeles: Natural History
Museum. p 9–20.

Feibel CS, Harris JM, Brown FH. 1991. Palaeoenvironmental
context for the late Neogene of the Turkana Basin. In: Harris
JM, editor. Koobi Fora Research Project, Vol. 3: the fossil
ungulates: geology, fossil artiodactyls, and palaeoenviron-
ments. Oxford: Clarendon Press. p 321–370.

Fernandez MH, Vrba ES. 2006. Plio-Pleistocene climatic change
in the Turkana Basin (East Africa): evidence from large mam-
mal faunas. J Hum Evol 50:595–626.

Ficken KJ, Li B, Swain DL, Eglinton G. 2000. An n-alkane
proxy for the sedimentary input of submerged/floating fresh-
water aquatic macrophytes. Org Geochem 31:745–749.

Ficken KJ, Woodler MJ, Swain DL, Street-Perrott FA, Eglinton
G. 2002. Reconstruction of a subalpine grass-dominated eco-
system. Lake Rutundu, Mount Kenya: a novel multi-proxy
approach. Paleogeogr Paleoclimatol Paleoecol 177:137–149.

Fleming TH. 1973. Numbers of mammal species in North and
Central American forest communites. Ecology 54:555–563.

Foley R. 1987. Another unique species: patterns in human
evolutionary ecology. Essex: Longman Scientific and Tech-
nical.

Foley R. 1994. Speciation, extinction and climate change in
hominid evolution. J Hum Evol 26:275–289.

Foley R. 1999. Pattern and process in hominid evolution. In:
Bintliff J, editor. Structure and contingency: evolutionary
processes in life and human society. London: Leicester Univer-
sity Press. p 31–42.

Foley R. 2001. In the shadow of the modern synthesis? Alterna-
tive perspectives on the last fifty years of paleoanthropology.
Evol Anthropol 10:5–14.

Foley R. 2002. Adaptive radiations and dispersals in hominin
evolutionary ecology. Evol Anthropol Suppl 1:132–137.

Freeman KH, Colarusso LA. 2001. Molecular and isotopic
records of C4 grassland expansion in the Late Miocene. Geo-
chim Cosmochim Acta 65:1439–1454.

Fricke HC, Clyde WC, O’Neil JR. 1998. Intra-tooth variations in
d18O (PO4) of mammalian tooth enamel as a record of sea-
sonal variations in continental climate variables. Geochim
Cosmochim 62:1839–1859.

Gadbury C, Todd L, Jahre AH, Amundson R. 2000. Sparial and
temporal variations in the isotopic composition of bison tooth
enamel from the Early Holocene Hudson-Meng Bone Bed,
Nebraska. Paleogeogr Paleoclimatol Paleoecol 157:79–93.

Gasse F, Ledee V, Massault M, Fontes J-C. 1989. Water-level
fluctuations of Lake Tanganyika in phase with oceanic
changes during the last glaciation and deglaciation. Nature
342:57–59.

Gelpi E, Schneider J, Mann J, Oro J. 1970. Hydrocarbons of
geochemical significance in microscopic algae. Phytochemistry
9:603–612.

Gentry AW. 1970. The Bovidae (Mammalia) of the Fort Ternan
Fossil Fauna. In: Leakey LSB, Savage RJG, editors. Fossil
vertebrates of Africa, Vol. 2. London: Academic Press. p 243–
323.

Gorgas TJ, Wilkens RH. 2002. Sedimentation rates off SW
Africa since the Late Miocene deciphered from spectral analy-
ses of borehole and GRA bulk density profiles: ODP sites
1081-1084. Mar Geol 180:29–47.

Gould SJ. 1985. The paradox of the first tier: an agenda for
paleobiology. Paleobiology 11:2–12.

Graham RW. 1986. Response of mammalian communities to
environmental changes during the late Quaternary. In: Dia-
mond J, Case TJ, editors. Community ecology. New York:
Harper and Row. p 300–313.

Grant PR, Grant BR. 2002. Unpredictable evolution in a 30-
year study of Darwin’s finches. Science 296:707–711.

Greenwood DR. 1991. The taphonomy of plant macrofossils. In:
Donovan SK, editor. The processes of fossilisation. London:
Belhaven Press. p 141–169.

Grine FE. 1986. Ecological causality and the pattern of Plio-
Pleistocene hominid evolution in Africa. S Afr J Sci 82:87–
89.

Grunblatt J, Ottichilo WK, Sinange RK. 1989. A hierarchial
approach to vegetation classification in Kenya. Afr J Ecol
27:45–51.

Haesaerts P, Stoops G, Vliet-Lanoe BV. 1983. Data on Sedi-
ments and fossil soils. In: de Heinzelin J, editor. The Omo
Group: Musee Royal de l’Afrique Centrale, Tervuren, Belgi-
que. Annales, Serie 8, Sciences Geologiques, No. 85. p 149–
186.

Hailemichael M, Aronson JL, Savin S, Tevesz MJS, Carter JG.
2002. d18O in mollusk shells from Pliocene Lake Hadar
and modern Ethiopian lakes: implications for history of the
Ethiopian monsoon. Paleogeogr Paleoclimatol Paleoecol 186:
81–99.

Haile-Selassie Y. 2001. Late Miocene hominids from the Middle
Awash, Ethiopia. Nature 412:178–181.

Han BJ, McCarthy ED, Hoeven Wv, Calvin M, Bradley WH.
1968. Organic geochemical studies. II. A preliminary report
on the distribution of aliphatic hydrocarbons in algae, in bac-
teria, and in a recent lake sediment. Proc Natl Acad Sci
59:29–33.

Harris JM. 1987. Fossil Suidae from Laetoli. In: Leakey MD,
Harris JM, editors. Laetoli: a Pliocene site in northern Tanza-
nia. Oxford: Clarendon Press. p 349–358.

Harris JM, Brown FH, Leakey MG. 1988. Stratigraphy and pa-
leontology of Pliocene and Pleistocene localities west of Lake
Turkana, Kenya. Natural History Museum of Los Angeles
County. Contrib Sci 399:1–128.

Harris JM, Leakey MG, Cerling TE. 2003. Early Pliocene tetra-
pod remains from Kanapoi, Lake Turkana Basin, Kenya. In:
Harris JM, Leakey MG, editors. Geology and vertebrate pale-
ontology of the Early Pliocene site of Kanapoi, northern
Kenya. Contributions in science. Los Angeles: Natural History
Museum. p 39–115.

Hattersley PW. 1982. 13C Values of C4 types in grasses. Aust J
Plant Physiol 9:139–154.

Haug GH, Sigman DM, Tiedemann R, Pedersen TF, Sarnthein
M. 1999. Onset of permanent stratification in the subarctic
Pacific Ocean. Nature 401:779–782.

Haug GH, Tiedemann R. 1998. Effect of the formation of the
Isthmus of Panama on Atlantic Ocean thermohaline circula-
tion. Nature 393:673–676.

Hay R. 1981. Paleoenvironment of the Laetolil Beds, northern
Tanzania. In: Rapp G, Vondra CF, editors. Hominid sites:
their geologic settings. AAA Selected Symposium 63. Wash-
ington: American Association for the Advancement of Science.
p 7–24.

Hay RL. 1976. Geology of the Olduvai Gorge. Berkeley: Univer-
sity of California Press.

Hay RL. 1987. Geology of the Laetoli area. In: Leakey MD, Har-
ris JM, editors. Oxford: Clarendon Press. p 23–47.

Hays JD, Imbrie J, Shackleton NJ. 1976. Variations in the earth’s
orbit: pacemaker of the ice ages. Science 194:1121–1132.

Hill A. 1981. Why study palaeoecology? Nature 293:340.
Hill A. 1987. Causes of perceived faunal change in the later

Neogene of East Africa. J Hum Evol 16:583–596.
Hill A. 1995. Faunal and environmental change in the Neogene

of East Africa: evidence from the Tugen Hills Sequence, Bar-
ingo District, Kenya. In: Vrba ES, Denton GH, Partridge TC,
Burckle LH, editors. Paleoclimate and evolution, with empha-
sis on human origins. New Haven: Yale University Press. p
178–193.

Hill A, Curtis G, Drake R. 1986. Sedimentary stratigraphy of
the Tugen Hills. In: Frostick LE, Renaut RW, Reid I, Tiercelin
JJ, editors. Sedimentation in the African rifts. London: Geo-
logical Society Special Publication. p 285–295.

Hill A, Leakey M, Kingston JD, Ward S. 2002. New cercopithe-
coids and a hominoid from 12.5 Ma in the Tugen Hills succes-
sion, Kenya. J Hum Evol 42:75–93.

53SHIFTING ADAPTIVE LANDSCAPES: EARLY HOMINID ENVIRONMENTS

Yearbook of Physical Anthropology—DOI 10.1002/ajpa



Hill A, Ward S. 1988. Origin of the Hominidae: The record of
African large hominoid evolution between 14 My and 4 My.
Yrbk Phys Anthropol 31:49–83.

Hill A, Wark S, Dein A, Garniss C, Drake R. 1992. Earliest
Homo. Nature 355:719–722.

Holloway RL. 2000. Brain. In: Delson E, Tattersall I, Couvering
JV, Brooks AS, editors. Encyclopedia of human evolution and
prehistory. New York: Garland Publishing. p 141–149.

Howell FC. 1999. Paleo-demes, species clades, and extinctions
in the Pleistocene hominin record. J Anthropol Res 55:191–
243.

Hsu KJ, Montadert L, Bernoulli D, Cita MB, Erickson A, Garri-
son RE, Kidd RB, Melieres R, Muller C, Wright R. 1977.
History of the Mediterranean salinity crisis. Nature 267:399–
403.

Huang Y, Street-Perrott FA, Metcalfe SE, Brenner M. 2001. Cli-
mate change as the dominant control on glacial–interglacial
variations in C3 and C4 plant abundance. Science 293:1647–
1651.

Huang Y, Street-Perrott FA, Perrott RA, Metzger P, Eglinton G.
1999. Glacial–interglacial environmental changes inferred
from molecular and compound-specific d13C analyses of sedi-
ments from Sacred Lake, Mt. Kenya. Geochim Cosmochim
Acta 63:1383–1404.

Huang YS, Shuman B, Wang Y, Webb T, Grimm EC, Jacobson
GL. 2006. Climatic and environmental controls on the varia-
tion of C-3 and C-4 plant abundances in central Florida for
the past 62,000 years. Paleogeogr Paleoclimatol Paleoecol
237:428–435.

Hughen KA, Eglinton TI, Xu L, Makou M. 2004. Abrupt tropical
vegetation response to rapid climate changes. Science
304:1955–1959.

Huntley RW, Webb T. 1989. Migration: ‘‘species’’ response to cli-
matic variations caused by changes in earth’s orbit. J Bio-
geogr 16:5–19.

Imbrie J, Imbire KP. 1979. Ice ages: solving the mystery. Short
Hills, NJ: Enslow Publishers.

Jablonski NG, Whitford MJ, Roberts-Smith N, Qinqi X. 2000.
The influence of life history and diet on the distribution of
catarrhine primates during the Pleistocene in eastern Asia. J
Hum Evol 39:131–157.

Jacobs BF. 1999. Estimation of rainfall variables from leaf char-
acters in tropical Africa. Paleogeogr Paleoclimatol Paleoecol
145:231–250.

Jacobs BF. 2002. Estimation of low-latitude paleoclimates using
fossil angiosperm leaves: examples from the Miocene Tugen
Hills, Kenya. Paleobiology 28:399–421.

Jacobs BF. 2004. Palaeobotanical studies from tropical Africa:
relevance to the evolution of forest, woodland and savannah
biomes. Philos Trans R Soc Lond B 359:1573–1583.

Jacobs BF. 2006. The plant fossil record and implications for
phytogeography in tropical Africa. In: Ghazanfar SA, Beentje
HJ, editors. Proceedings of the Volume of the 17th Meeting of
the Association for the Taxonomic Study of the Flora of Tropi-
cal Africa (AETFAT), Addis Ababa. p 191–203.

Jacobs BF, Deino AL. 1996. Test of climate-leaf physiognomy
regression models, their application to two Miocene floras
from Kenya, and 40Ar/39Ar dating of the Late Miocene
Kapturo site. Paleogeogr Paleoclimatol Paleoecol 123:259–
271.

Jacobs BF, Herendeen PS. 2004. Eocene dry climate and wood-
land vegetation in tropical Africa reconstructed from fossil
leaves from northern Tanzania. Paleogeogr Paleoclimatol
Paleoecol 213:115–123.

Jacobs BF, Kingston JD, Jacobs LL. 1999. The origin of grass-
dominated ecosystems. Ann MO Bot Gard 86:590–643.

Jansson R, Dynesius M. 2002. The fate of clades in a world of
recurrent climate change: Milankovitch oscillations and evolu-
tion. Annu Rev Ecol Syst 33:741–777.

Johnson TC, Brown ET, McManus J, Barry S, Barker P, Gasse F.
2002. A high-resolution paleoclimate record spanning the past
25,000 years in southern East Africa. Science 296:113–132.

Jolly CJ. 1970. The seed-eaters: a new model of hominid differ-
entiation based on a baboon analogy. Man 5:5–26.

Kaiser TM, Franz-Odendaal TA. 2004. A mixed-feeding Equus
species from the Middle Pleistocene of South Africa. Quatern
Res 62:316–323.

Kalb J, Jolly C, Tebedge S, Mebrate A, Smart C, Oswald E,
Whitehead P, Wood C, Adefris T, Rawn-Schatzinger V. 1982.
Vertebrate faunas from the Awash group. Middle Awash Val-
ley, Afar, Ethiopia. J Vertebr Paleontol 2:237–258.

Kappelman J. 1988. A new reconstruction of the paleoenviron-
ment of Kenyapithecus at Ft. Ternan. Am J Phys Anthropol
75:229.

Kappelman J. 1991. The paleoenvironment of Kenyapithecus at
Fort Ternan. J Hum Evol 20:95–129.

Kappelman J, Plummer T, Bishop L, Duncan A, Appleton S.
1997. Bovids as indicators of Plio-Pleistocene paleoenviron-
ments in East Africa. J Hum Evol 3:229–256.

Keeley JE, Rundel PW. 2005. Fire and the Miocene expansion of
C4 grasslands. Ecol Lett 8:683–690.

Kennett JP. 1995. A review of polar climatic evolution during
the Neogene, based on the marine sediment record. In: Vrba
ES, Denton GH, Partridge TC, Burckle LH, editors. Paleocli-
mate and evolution, with emphasis on human origins. New
Haven: Yale University Press. p 49–64.

Kerr JT, Packer L. 1997. Habitat heterogeneity as a determi-
nant of mammal species richness in high-energy regions. Na-
ture 385:252–254.

Kingdon J. 2003. Lowly origin—where, when, and why our
ancestors first stood up. Princeton: Princeton University
Press.

Kingston JD. 1999. Environmental determinants in early homi-
nid evolution: issues and evidence from the Tugen Hills,
Kenya. In: Andrews P, Banham P, editors. Late Cenozoic envi-
ronments and hominid evolution: a tribute to Bill Bishop.
London: Geological Society. p 69–84.

Kingston JD. 2003. Sources of variability in modern East Afri-
can herbivore enamel: implications for paleodietary and paleo-
ecological reconstructions. Am J Phys Anthropol 120:130.

Kingston JD, Deino AL, Edgar RK, Hill A. Astronomically
forced climate change in the Kenyan Rift Valley 2.7–2.55 Ma:
implications for the evolution of early hominin ecosystems. J
Hum Evol (in press).

Kingston JD, Harrison T. 2007. Isotopic dietary reconstructions
of Pliocene herbivores at Laetoli: implications for early homi-
nin paleoecology. Paleogeogr Paleoclimatol Paleoecol 243:272–
306.

Kingston JD, Jacobs BF, Hill A, Deino A. 2002. Stratigraphy,
age and environments of the Late Miocene Mpesida Beds,
Tugen Hills, Kenya. J Hum Evol 42:95–116.

Kingston JD, Marino BD, Hill A. 1994. Isotopic evidence for
Neogene hominid paleoenvironments in the Kenya Rift Valley.
Science 264:955–959.

Koch PL, Fisher DC, Dettman D. 1989. Oxygen isotope varia-
tion in the tusks of extinct proboscideans: a measure of sea-
son of death and seasonality. Geology 17:515–519.

Kohn MJ. 1996. Predicting animal 18O: accounting for diet and
physiological adaptation. Geochim Cosmochim 60:4811–4829.

Kohn MJ, Schoeninger MJ, Valley JW. 1996. Herbivore tooth
oxygen isotope compositions: effects of diet and physiology.
Geochim Cosmochim 60:3889–3896.

Kohn MJ, Schoeninger MJ, Valley JW. 1998. Variability in oxy-
gen isotope compositions of herbivore teeth: reflections of sea-
sonality or developmental physiology. Chem Geol 152:97–112.

Kortland A. 1981. Geological processes that might explain the
divergence of the chimpanzee, gorilla and human lineage.
Lecture. Colloquium of African Geology, Milton Keynes, April
13-15, Vol. 271. p 88–95.

Kovarovic K, Andrews P. 2007. Bovid postcranial ecomorphologi-
cal survey of the Laetoli paleoenvironment. J Hum Evol
52:663–680.

Kovarovic K, Andrews P, Aiello L. 2002. The palaeoecology of
the Upper Ndolanya Beds at Laetoli, Tanzania. J Hum Evol
43:395–418.

Kullmer O. 1999. Evolution of African Plio-Pleistocene Suids
(Artiodactyla: Suidae) based on tooth pattern analysis. Kaupia
9:1–34.

54 J.D. KINGSTON

Yearbook of Physical Anthropology—DOI 10.1002/ajpa



Kussell E, Leibler S. 2005. Phenotypic diversity. Population
growth, and information in fluctuating environments. Science
309:2075–2078.

Kutzbach JE. 1981. Monsoon climate of the early Holocene: cli-
mate experiment with the earth’s orbital parameters for 9000
years ago. Science 214:59–61.

Kutzbach JE, Bonan G, Foley J, Harrison SP. 1996. Vegetation
and soil feedbacks on the response of the African monsoon to
orbital forcing in the early to middle Holocene. Nature
384:623–626.

Kutzbach JE, Street-Perrott FA. 1985. Milankovitch forcing of
fluctuations in the level of tropical lakes from 18 to 0 kyr BP.
Nature 317:130–134.

Lamb H, Gasse G, Benkaddour A, Hamoutl NE, Kaars SBd,
Perkins WT, Pearce NJ, Roberts CN. 1995. Relationship
between century-scale Holocene arid intervals in tropical and
temperate zones. Nature 373:134–137.

Laporte LF, Zhilman AL. 1983. Plates. Climate and hominoid
evolution. S Afr J Sci 79:96–110.

Laskar J, Robutel P, Joutel F, Gastineau M, Correia ACM, Lev-
rard B. 2004. A long-term numerical solution for the insola-
tion quantities of the Earth. Astron Astrophys 428:261–285.

Leakey LSB. 1962. A new lower Pliocene fossil primate from
Kenya. Ann Mag Nat Hist Ser 113:689–696.

Leakey MG, Feibel CS, Bernor RL, Harris JM, Cerling TE,
Stewart KM, Storrs GW, Walker A, Werdelin L, Winkler AJ.
1996. Lothagam: a record of faunal change in the Late Mio-
cene of East Africa. J Vertebr Paleolontol 16:556–570.

Leakey MG, Feibel CS, McDougall I, Walker A. 1995. New four-
million-year-old hominid species from Kanapoi and Allia Bay,
Kenya. Nature 376:565–571.

Leakey MG, Feibel CS, McDougall I, Ward C, Walker A. 1998.
New specimens and confirmation of an early age for Australo-
pithecus anamensis. Nature 393:62–66.

Leakey MG, Spoor F, Brown FH, Gathogo PN, Kiarie C, Leakey
LN, McDougall I. 2001. New hominin genus from eastern
Africa shows diverse middle Pliocene lineages. Nature
410:433–440.

Lepre CJ, Quinn RL, Joordens JCA, Swisher CC, Feibel CS.
Pilo-Pleistocene facies environments from the KBS Member,
Koobi Fora Formation: implications for climate controls on
the development of lake-margin hominin habitats in the
northeast Turkana Basin (northwest Kenya). J Hum Evol (in
press).

Leuschner DC, Sirocko F. 2003. Orbital insolation forcing of the
Indian monsoon—a motor for global climate changes. Paleo-
geogr Paleoclimatol Paleoecol 197:83–95.

Levin NE, Cerling TE, Passey BH, Harris JM, Ehleringer JR.
2006. A stable isotope aridity index for terrestrial environ-
ments. PNAS 103:11201–11205.

Levin NE, Quade J, Simpson SW, Semaw S, Rogers M. 2004.
Isotopic evidence for Plio-Pleistocene environmental change at
Gona, Ethiopia. Earth Planet Sci Lett 219:93–110.

Lezine A-M. 1991. West African Paleoclimates during the last
climatic cycle inferred from an Atlantic deep-sea pollen rec-
ord. Quatern Res 35:456–463.

Lisiecki LE, Raymo ME. 2005. A Pliocene-Pleistocene stack of
57 globally distributed benthic d18O records. Paleoceanogra-
phy 20:PA1003.

Liu Z, Otto-Bliesner B, Kutzbach J, Li L, Shields C. 2003.
Coupled climate simulation of the evolution of global mon-
soons in the Holocene. J Clim 16:2472–2490.

Liutkus CM, Ashley GM, Wright JD. 2000. Short-term changes
and Milankovitch cyclicity at Olduvai Gorge, Tanzania; evi-
dence from sedimentology and stable isotopes. Abstr Pro-
grams Geol Soc Am 32:21.

Longinelli A. 1984. Oxygen isotopes in mammal bone phosphate:
a new tool for paleohydrological and paleoclimatological
research? Geochim Cosmochim 48:385–390.

Lourens LJ, Antonarakou A, Hilgen FJ, Van Hoof AAM, Verg-
naud-Grazzini C, Zachariasse WJ. 1996. Evaluation of the
Plio-Pleistocene astronomical timescale. Paleoceanography
11:391–413.

Lovejoy CO. 1981. The origin of man. Science 211:341–350.

Luz B, Kolodny Y. 1985. Oxygen isotope variations in phosphate
of biogenic apatites. IV. Mammal teeth and bones. Earth
Planet Sci Lett 75:29–36.

Macho GA, Leakey MG, Williamson DK, Jiang Y. 2003. Palae-
oenvironmental reconstruction: evidence for seasonality at
Allia Bay, Kenya, at 3.9 million years. Paleogeogr Paleoclima-
tol Paleoecol 199:17–30.

Macho GA, Reid DJ, Leakey MG, Jablonski N, Beynon AD.
1996. Climatic effects on dental development of Theropithicus
oswaldi from Koobi Fora and Olorgesailie. J Hum Evol 30:57–
70.

Marlow J, Lange CB, Wefer G, Rosell-Mele A. 2000. Upwelling
intensification as part of the Pliocene-Pleistocene climate
transition. Science 290:2288–2291.

Maslin MA, Li XS, Loutre MF, Berger A. 1998. The contribution
of orbital forcing to the progressive intensification of northern
hemisphere glaciation. Quatern Sci Rev 17:441–426.

Mayr E. 1942. Systematics and the origin of species from the
viewpoint of a zoologist. New York: Columbia University
Press.

McBrearty S, Jablonski NG. 2005. First fossil chimpanzee. Na-
ture 437:105–108.

McKee J. 1995. Turnover patterns and species longevity of large
mammals from the late Pliocene and Pleistocene of southern
Africa: a comparison of simulated and empirical data. J Theor
Biol 172:141–147.

McKee JK. 1999. The autocatalytic nature of hominid evolution
in African Plio-Pleistocene environments. In: Bromage T,
Schrenk F, editors. African biogeography and human evolu-
tion. Oxford: Oxford University Press. p 57–67.

McKee JK. 2000. The riddled chain. New Jersey: Rutgers Uni-
versity Press.

Miller KG, Fairbanks RG, Mountain GS. 1987. Tertiary oxygen
isotope synthesis, sea level history, and continental margin
erosion. Paleoceanography 2:1–19.

Miller W. 2001. What’s in a name? ecological entities and the
marine paleoecologic record. In: Allmon WD, Bttjer DJ, edi-
tors. Evolutionary paleoecology: the ecological context of mac-
roevolutionary change. New York: Columbia University Press.
p 15–34.

Moreno A, Targarona J, Henderiks J, Canals M, Freudenthal T,
Meggers H. 2001. Orbital forcing of dust supply to the North
Canary Basin over the last 250 kyr. Quatern Sci Rev
20:1327–1339.

Morgan ME, Kingston JD, Marino BD. 1994. Carbon isotopic
evidence for the emergence of C4 plants in the Neogene from
Pakistan and Kenya. Nature 367:162–165.

Morley RJ. 2000. Origin and evolution of tropical rain forests.
Chichester: Wiley.

Morley RJ, Richards K. 1993. Gramineae cuticle: a key indicator
of late Cenozoic climatic change in the Niger Delta. Rev Pale-
obot Palynol 77:119–127.

Mudelsee M, Stattegger K. 1997. Exploring the structure of the
mid-Pleistocene revolution with advanced methods of time-se-
ries analysis. Geologische Rundschau 86:499–511.

Nakaya H. 1994. Faunal change of Late Miocene Africa and
Eurasia: Mammalian fauna from the Namurungule Forma-
tion. Samburu Hills, northern Kenya. Afr Stud Mongr 20:11–
112.

Nesbit-Evans EM, Van Couvering JAH, Andrews P. 1981. Paleo-
ecology of Miocene sites in western Kenya. J Hum Evol
10:98–121.

Nicholson SE. 1996. A review of climate dynamics and climate
variability in eastern Africa. In: Johnson TC, Odada EO, edi-
tors. The limnology, climatology and paleoclimatology of the
East African lakes. Amsterdam: Gordon and Breach Publish-
ers. p 25–56.

Nicholson SE. 2000. The nature of rainfall variability over
Africa on time scales of decades to millennia. Global Planet
Change 26:137–158.

Osmond CB, Winter K, Ziegler H. 1982. Functional significance
of different pathways of CO2 fixation in photosynthesis. In:
Lange OL, Nobel PS, Osmond CB, Ziegler H, editors. Physio-
logical plant ecology II. Berlin: Springer-Verlag. p 479–548.

55SHIFTING ADAPTIVE LANDSCAPES: EARLY HOMINID ENVIRONMENTS

Yearbook of Physical Anthropology—DOI 10.1002/ajpa



Owen RB, Crossley R. 1992. Spatial and temporal distribution
of diatoms in sediments of Lake Malawi, Central Africa, and
ecological implications. J Paleolimnol 7:55–71.

Pagani M, Freeman KH, Arthur MA. 1999. Late Miocene atmos-
pheric CO2 concentrations and the expansion of C4 grasses.
Science 285:876–879.

Paillard D, Labeyrie L, Yiou P. 1996. Macintosh program per-
forms time-series analyses (AnalySeries 1.2 updated 2000).
EOS Trans Am Geophys Union 77:379.

Partridge TC, Bond GC, Hartnady CJH, deMenocal PB, Ruddi-
man WF. 1995. Climatic effects of late Neogene tectonism and
volcanism.

Patterson B. 1966. A new locality for early Pleistocene fossil in
northwestern Kenya. Nature 212:577–578.

Perry GLW. 2002. Landscapes, space and equilibrium: shifting
viewpoints. Progr Phys Geogr 26:339–359.

Pezzulli S, Stephenson DB, Hannachi A. 2005. The variability
of seasonality. J Clim 18:71–88.

Phillips JD. 2004. Divergence, sensitivity, and nonequilibrium
in ecosystems. Geogr Anal 36:369–383.

Pickett STA, Cadenasso ML, Benning TL. 2003. Biotic and abi-
otic variability as key determinants of savanna heterogeneity
at multiple spatiotemporal scales. In: Toit JTD, Rogers KH,
Biggs HC, editors. The Kruger experience: ecology and man-
agement of savanna heterogeneity. Washington, DC: Island
Press. p 22–40.

Pickford M. 1983. Sequence and environments of the lower and
middle Miocene hominoids of western Kenya. In: Ciochon RL,
Corruccini RS, editors. New interpretations of ape and human
ancestry. p 421–439.

Pickford M. 1985. A new look at Kenyapithecus based on recent
discoveries in western Kenya. J Hum Evol 14:113–144.

Pickford M. 1987. Fort Ternan (Kenya) paleoecology. J Hum
Evol 16:305–309.

Pickford M. 1988. Premiers resultats de la mission de l’Uganda
palaeontology expedition a Nkondo (Pliocene du bassin du lac
Albert, Ouganda). C R Acad Sci Paris Ser II 306:315–320.

Pickford M, Senut B. 2001. The geological and faunal context of
Late Miocene hominid remains from Lukeino, Kenya. C R
Acad Sci Paris Sci de la Terre et des Planeter/Earth Planet
Sci 332:145–152.

Pilbeam D. 1989. Human fossil history and evolutionary para-
digms. In: Hecht MK, editor. Evolutionary biology at the
crossroads. London: Queens College Press. p 117–138.

Pilskahn CH, Johnson TC. 1991. Seasonal signals in Lake Ma-
lawi. Limnol Oceanogr 36:544–557.

Piperno DR. 1988. Phytolith analysis: an archaeological and ge-
ological perspective. San Diego: Academic Press.

Plummer T. 2004. Flaked stones and old bones: biological and
cultural evolution at the dawn of technology. Yrbk Phys
Anthropol 47:118–164.

Plummer T, Bishop LC, Ditchfield P, Hicks J. 1999. Research on
late Pliocene Oldowan sites at Kanjera South, Kenya. J Hum
Evol 36:151–170.

Plummer TW, Bishop LC. 1994. Hominid paleoecology at Oldu-
vai Gorge, Tanzania, as indicated by antelope remains. J
Hum Evol 27:47–75.

Pokras EM, Mix AC. 1985. Eolian evidence for spacial variabili-
ty of late Quaternary climates in tropical Africa. Quatern Res
24:137–149.

Pokras EM, Mix AC. 1987. Earth’s precession cycle and Qua-
ternary climatic change in tropical Africa. Nature 326:486–
487.

Potts R. 1996. Evolution and climate variability. Science
273:922–923.

Potts R. 1998. Variability selection in hominid evolution. Evol
Anthropol 7:81–96.

Potts R, Behrensmeyer AK, Ditchfield P. 1999. Paleolandscape
variation and early Pleistocene hominid activities: members 1
and 7, Olorgesailie Formation, Kenya. J Hum Evol 37:747–
788.

Prell WL, VanCampo E. 1986. Coherent response of Arabian
Sea upwelling and pollen transport to late Quaternary mon-
soonal winds. Nature 323:526–528.

Quade J, Levin N, Semaw S, Stout D, Renne P, Rogers M, Simp-
son S. 2004. Paleoenvironments of the earliest stone tool-
makers, Gona, Ethiopia. GSA Bull 116:1529–1544.

Ravelo AC, Andreasen DH, Lyle M, Lyle AO, Wara MW. 2004.
Regional climate shifts caused by gradual global cooling in
the Pliocene epoch. Nature 429:263–267.

Raymo ME, Ruddiman WF. 1992. Tectonic forcing of late Ceno-
zoic climate change. Nature 359:117–122.

Rayner RJ, Moon BP, Masters JC. 1993. The Makapansgat aus-
tralopithecine environment. J Hum Evol 24:219–231.

Rea DK, Snoeckx H, Joseph LH. 1998. Late Cenozoic eolian dep-
osition in the North Pacific: Asia drying. Tibetan uplift and
cooling of the Northern Hemisphere. Paleoceanography 13:
215–224.

Reed KE. 1997. Early hominid evolution and ecological change
through the African Plio-Pleistocene. J Hum Evol 32:289–
322.

Reed KE. 1998. Using large mammal communities to examine
ecological and taxonomic structure and predict vegetation in
extant and extinct assemblages. Paleobiology 24:384–408.

Reed KE, Fish JL. 2005. Tropical and temperate seasonal influ-
ences on human evolution. In: Brockman DK, van Schaik CP,
editors. Seasonality in primates: studies of living and extinct
human and non-human primates. Cambridge: Cambridge
University Press. p 489–518.

Retallack GJ, Dugas DP, Bestland EA. 1990. Fossil soils and
grasses of a middle Miocene East African grassland. Science
247:1325–1328.

Richerson PJ, Bettinger RL, Boyd R. 2005. Evolution of a rest-
less planet: were environmental variability and environmen-
tal change major drivers of human evolution. In: Wuketits
FM, Ayala FJ, editors. Handbook of evolution, Vol. 2: the evo-
lution of living systems (including hominids). Weinheim:
Wiley-Verlag.

Rieley G, Collier RJ, Jones DM, Eglinton G, Eakin PA, Fallick
AE. 1991. Sources of sedimentary lipids deduced from stable
carbon-isotope analyses of individual compounds. Nature
352:425–427.

Robinson JT. 1954. Prehominid dentition and hominid evolution.
Evolution 8:324–334.

Rodrigues D, Abell PI, Kropelin S. 2000. Seasonality in the
early Holocene climate of northwest Sudan: interpretation of
Etheria elliptica shell isotopic data. Global Planet Change
26:181–187.

Rossignol-Strick M. 1983. African monsoons, an immediate cli-
mate response to orbital insolation. Nature 304:46–49.

Rossignol-Strick M, Nesteroff W, Olive P, Vergnaud-Grazzini C.
1982. After the deluge: Mediterranean stagnation and sapro-
pel formation. Nature 295:105–110.

Roy K, Valentine JW, Jablonsik D, Kidwell SM. 1996. Scales of
climatic variability and time averaging in Pleistocene biotas:
implications for ecology and evolution. Trends Ecol Evol
11:458–463.

Ruddiman WF. 1997. Tropical Atlantic terrigenous fluxes since
25,000 yrs B.P. Marine Geol 136:189–207.

Ruddiman WF. 2001. Earth’s climate: past and future. New
York: W.H. Freeman.

Saneyoshi M, Nakayama K, Sakai T, Sawada Y, Ishida H. 2006.
Half graben filling processes in the early phase of continental
rifting: the Miocene Namurungule Formation of the Kenya
Rift. Sedimentary Geology 186:111–131.

Schefuß E, Schouten S, Jansen JHF, Damste JSS. 2003. African
vegetation controlled by tropical sea surface temperatures in
the mid-Pleistocene. Nature 422:418–421.

Schoeninger MJ, Reeser H, Hallin K. 2003. Paleoenvironment of
Australopithecus anamensis at Allia Bay, East Turkana,
Kenya: evidence from mammalian herbivore enamel stable
isotopes. J Anthropol Archaeol 22:200–207.

Scholz CA. 2000. The Malawi Drilling Project: calibrating the
record of climatic change from the continental tropics. GSA
Abstr Programs 32:A-388.

Scholz CA, Cohen AS, Johnson TC, King JW, Moran K. 2006.
The 2005 Lake Malawi Scientific Drilling Project. Sci Drilling
2:17–19.

56 J.D. KINGSTON

Yearbook of Physical Anthropology—DOI 10.1002/ajpa



Semaw S, Rogers MJ, Quade J, Renne PR, Butler RF, Domi-
nguez-Rodrigo M, Stout D, Hart WS, Pickering T, Simpson S.
2003. 2.6-Million-year-old stone tools and associated bones
from OGS-6 and OGS-7, Gona, Afar, Ethiopia. J Hum Evol
45:169–177.

Semaw S, Simpson SW, Quade J, Renne PR, Butler RF, McIn-
tosh WC, Levin N, Dominguez-Rodrigo M, Rogers MJ. 2005.
Early Pliocene hominids from Gona, Ethiopia. Nature
433:301–305.

Sepulchre P, Ramstein G, Fluteau R, Schuster M, Tiercelin J-J,
Brunet M. 2006. Tectonic uplift and eastern Africa aridifica-
tion. Science 313:1419–1423.

Shackleton N. 1967. Oxygen isotope analyses and Pleistocene
temperatures re-assessed. Nature 215:15–17.

Shackleton NJ, Backman J, Zimmerman H, Kent DV, Hall MA,
Roberts DG, Schnitker D, Baldauf JG, Desprairies A, Hom-
righausen R, Huddlestun P, Keene JB, Kalternback AJ,
Krumsiek KAO, Morton AC, Murray JW, Westberg-Smith J.
1984. Oxygen isotope calibration of the onset of ice-rafting
and history of glaciation in the North Atlantic region. Nature
307:620–623.

Sharp JD, Cerling TE. 1998. Fossil isotope records of seasonal
climate and ecology: straight from the horse’s mouth. Geology
26:219–222.

Shipman P. 1986. Paleoecology of Fort Ternan reconsidered. J
Hum Evol 15:193–204.

Shipman P, Walker A, Van Couvering JA, Hooker PJ, Miller JA.
1981. The Fort Ternan hominoid site, Kenya: geology, age,
taphonomy, and paleoecology. J Hum Evol 10:49–72.

Sikes NE. 1994. Early hominid habitat preferences in East
Africa: paleosol carbon isotopic evidence. J HumEvol 27:25–45.

Sikes NE, Potts R, Behrensmeyer AK. 1999. Early Pleistocene
habitat in member 1 Olorgesailie based on paleosol stable iso-
topes. J Hum Evol 37:721–746.

Skinner MF, Hopwood D. 2004. Hypothesis for the causes and
periodicity of repetitive linear enamel hypoplasia in large,
wild African (Pan troglodytes and Gorilla gorilla) and Asian
(Pongo pygmaeus) apes. Am J Phys Anthropol 123:216–235.

Smith FA, White JWC. 2004. Modern calibration of phytolith
carbon isotope signatures for C3/C4 paleograssland reconstruc-
tion. Paleogeogr Paleoclimatol Paleoecol 207:277–304.

Smith GE. 1924. The evolution of man. London: Oxford Univer-
sity Press.

Soligo C, Andrews P. 2005. Taphonomic bias, taxonomic bias
and historical non-equivalence of faunal structure in early
hominin localities. J Hum Evol 49:206–229.

Spicer RA. 1989. The formation and interpretation of plant fos-
sil assemblages. Adv Bot Res 16:96–191.

Sponheimer M, Lee-Thorp JA. 1999. Oxygen isotopes in enamel
carbonate and their ecological significance. J Archaeol Sci
26:723–728.

Sponheimer M, Passey BH, de Ruiter DJ, Guatelli-Steinberg D,
Cerling TE, Lee-Thorp JA. 2006. Isotopic evidence for dietary
variability in the early hominin Paranthropus robustus. Sci-
ence 314:980–982.

Stager JC, Mayewski PA, Meeker LD. 2002. Cooling cycles.
Heinrich event 1, and the desiccation of Lake Victoria. Paleo-
geogr Paleoclimatol Paleoecol 183:169–178.

Stanley SM. 1995. Climatic forcing and the origin of the human
genus. In: Kennett J, Stanley SM, editors. Effects of past
global change on life. National Academy of Sciences, Studies
in geophysics. Washington, DC: National Academy Press. p
233–243.

Stebbins GL. 1950. Variation and evolution in plants. New York:
Columbia University Press.

Stenseth NC, Maynard-Smith J. 1984. Coevolution in ecosys-
tems: Red Queen evolution or stasis? Evolution 38:870–880.

Street-Perrott FA, Harrison SA. 1984. Temporal variations in
lake levels since 30,000 yr BP—an index of the global hydro-
logical cycle. In: Hansen JE, Takahashi T, editors. Climate
processes and sensitivity. Washington, DC: AGU. p 118–129.

Suwa G, Kono RT, Katoh S, Asfaw B, Beyene Y. 2007. A new
species of great ape from the Late Miocene epoch in Ethiopia.
Nature 488:921–924.

Taieb M, Johanson DC, Coppens Y, Aronson JL. 1976. Geologi-
cal and palaeontological background of Hadar hominid site,
Afar, Ethiopia. Nature 260:289–293.

Tattersall I. 2000. Paleoanthropology: the last half-century. Evol
Anthropol 9:25–40.

Tattersall I, Schwartz JH. 2000. Extinct humans. Boulder, CO:
Westview.

Teeri J, Stowe LG. 1976. Climatic patterns and the distribution
of C4 grasses in North America. Oecologia 23:1–12.

Tews J, Brose U, Grimm V, Tielborger K, Wichmann MC,
Schwager M, Jeltsch F. 2004. Animal species diversity driven
by habitat heterogeneity/diversity: the importance of keystone
structures. J Biogeogr 31:79–92.

Thompson LG, Mosley-Thompson E, Davis M, Henderson KA,
Brecher HA, Zagorodnov VS, Mashiotta TA, Lin P-N, Mikha-
lenko VN, Hardy DR, Beer J. 2002. Kilimanjaro ice core
records: evidence of Holocene climate change in tropical
Africa. Science 298:589–593.

Tiezsen LL, Boutton TW, Tesdahl KG, Slade NA. 1983. Fractio-
nation and turnover of stable carbon isotopes in animal tis-
sues: implications for the 13C analysis of diet. Oecologia
(Berlin) 57:32–37.

Tieszen LL, Senyimba MM, Imbamba SK, Troughton JH. 1979.
The distribution of C3 and C4 grasses and carbon isotope dis-
crimination along an altitudinal and moisture gradient in
Kenya. Oecologia 37:337–350.

Tobias PV. 1995. The brain of the first hominids. In: Changeux
JP, Chavillon J, editors. Origins of the human brain. Oxford:
Clarendon Press. p 61–81.

Tojo B, Ohno T. 1999. Continuous growth-line sequences in gas-
tropod shells. Paleogeogr Paleoclimatol Paleoecol 145:183–
191.

Trauth MH, Deino A, Strecker MR. 2001. Response of the East
African climate to orbital forcing during the last interglacial
(130-117 ka) and the early last glacial (117-60 ka). Geology
29:499–502.

Trauth MH, Deino AL, Bergner AGN, Strecker MR. 2003. East
African climate change and orbital forcing during the last 175
kyr BP. Earth Planet Sci 206:297–313.

Trauth MH, Maslin MA, Deino A, Strecker M. 2005. Late
Cenozoic moisture history of East Africa. Science 309:2051–
2053.

Trauth MH, Maslin M, Deino A, Strecker MR, Bergner AGN,
Duhnforth M. High- and low-latitude forcing of Plio-Pleisto-
cene East African climate and human evolution. J Hum Evol
(in press).

Van Couvering JAH. 1980. Community evolution in East Africa
during the late Cenozoic. In: Behrensmeyer AK, Hill A, edi-
tors. Fossil in the making, vertebrate taphonomy, and paleoe-
cology. Chicago: University of Chicago Press. p 272–298.

van Dam JA, Aziz HA, Sierra MAA, Hilgen FJ, Ostende
LWvdH, Lourens LJ, Mein P, Meulen AJvd, Pelaez-Campo-
manes P. 2006. Long-period astronomical forcing of mammal
turnover. Nature 443:687–691.

Van Valen L. 1973. A new evolutionary law. Evol Theory 1:1–30.
Verardo DJ, Ruddiman WG. 1996. Late Pleistocene charcoal in

tropical Atlantic deep-sea sediments: climatic and geochemical
significance. Geology 24:855–857.

Verschuren D, Laird K, Cumming BF. 2000. Rainfall and
drought in equatorial East Africa during the past 1,100 years.
Nature 403:410–414.

Vignaud P, Duringer P, Mackaye HT, Likius A, Blondel C, Bois-
serie J-R, Bonis Ld, Eisenmann V, Etienne M-E, Geraads D,
Guy F, Lehmann T, Lihoreau F, Lopez-Martinez N, Mourer-
Chauvire C, Otero O, Rage J-C, Schuster M, Viriot L, Zazzo
A, Brunet M. 2002. Geology and palaeontology of the Upper
Miocene Toros-Menalla hominid locality, Chad. Nature
418:152–155.

Vrba ES. 1974. Chronological and ecological implications of the
fossil Bovidae at the Sterkfontein australopithecine site. Na-
ture 256:19–23.

Vrba ES. 1975. Some evidence of chronology and palaeoecology
of Sterkfontein, Swartkrans and Kromdraai from the fossil
Bovidae. Nature 254:301–304.

57SHIFTING ADAPTIVE LANDSCAPES: EARLY HOMINID ENVIRONMENTS

Yearbook of Physical Anthropology—DOI 10.1002/ajpa



Vrba ES. 1985. Ecological and adaptive changes associated with
early hominid evolution. In: Delson E, editor. Ancestors: the
hard evidence. New York: Alan R. Liss. p 63–71.

Vrba ES. 1988. Late Pliocene climatic events and hominid evolu-
tion. In: Grine FE, editor. Evolutionary history of the ‘‘robust’’
australopithecines. New York: Aldine de Gruyter. p 405–426.

Vrba ES. 1992. Mammals as key to evolutionary theory. J Mam-
mal 73:1–28.

Vrba ES. 1993. Turnover-pulses, the Red Queen, and related
topics. Am J Sci 293A:418–452.

Vrba ES. 1995. The fossil record of African antelopes (Mam-
malia, Bovidae) in relation to human evolution and paleocli-
mate. In: Vrba ES, Denton GH, Partridge TC, Burckle LH,
editors. Paleoclimate and evolution, with emphasis on human
origins. New Haven: Yale University Press. p 385–411.

Vrba ES. 2000. Major features of Neogene mammalian evolution
in Africa. In: Partridge TC, Maud R, editors. Cenozoic geology
of southern Africa. Oxford: Oxford University Press. p 277–304.

Vrba ES, Denton GH, Partridge TC, Burckle LH. 1995. Paleocli-
mate and evolution, with emphasis on human origins. New
Haven: Yale University Press.

Vrba ES, Denton GH, Prentice ML. 1989. Climatic influences on
early hominid behavior. OSSA 14:127–156.

Walker AC. 1987. Fossil galaginae from Laetoli. In: Leakey MD,
Harris JM, editors. Oxford: Clarendon Press.

Walker AC, Leakey RE, Harris JM, Brown FH. 1986. 2.5 Myr
Australopithecus boisei from west of Lake Turkana, Kenya.
Nature 322:517–522.

Wallace AR. 1870. The measurement of geological time. Nature
1:399–401.

Washburn SL. 1960. Tools and human evolution. Sci Am 203:
63–75.

Wesselman HB. 1985. Fossil micromammals as indicators of cli-
matic change about 2.4 Myr ago in the Omo Valley, Ethiopia.
S Afr J Sci 81:260–261.

White T. 2003. Early hominids—diversity or distortion. Science
299:1994–1997.

White TD. 1988. The comparative biology of ‘‘robust’’ Australopi-
thecus: clues from context. In: Grine FE, editor. The evolu-
tionary history of the ‘‘robust’’ australopithecines. New York:
Aldine de Gruyter. p 449–483.

White TD. 1995. African omnivores: global climatic change and
Plio-Pleistocene hominids and suids. In: Vrba ES, Denton GH,

Partridge TC, Burckle LH, editors. Paleoclimate and evolu-
tion, with emphasis on human origins. New Haven: Yale Uni-
versity Press. p 369–384.

White TD, Wolegabriel G, Asfaw B, Ambrose S, Beyene Y, Ber-
nor RL, Boisserie J-R, Currie B, Gilbert H, Haile-Selassie Y,
Hart WK, Hlusko LJ, Howell FC, Kono RT, Lehmann T, Lou-
chart A, Lovejoy CO, Renne PR, Saegusa H, Vrba ES, Wessel-
man H, Suwa G. 2006. Asa Issie, Aramis and the origin of
Australopithecus. Nature 440:883–889.

Williamson PG. 1985. Evidence for an early Pli-Pleistocene rain-
forest expansion in East Africa. Nature 315:487–489.

WoldeGabriel G, Haile-Selassie Y, Renne PR, Hart WK,
Ambrose SH, Asfaw B, Heiken G, White T. 2001. Geology and
palaeontology of the Late Miocene Middle Awash Valley, Afar
Rift, Ethiopia. Nature 412:17–178.

WoldeGabriel G, White TD, Suwa G, Renne P, Heinselin Jd,
Hart WK, Heiken G. 1994. Ecological and temporal placement
of early Pliocene hominids at Aramis, Ethiopia. Nature
371:330–333.

Wolfe J. 1993. A method of obtaining climatic parameters from
leaf assemblages. US Geol Surv Bull 2040:1–71.

Wood B. 2005. Human evolution: a very short introduction. New
York: Oxford University Press.

Wood BA, Richmond BJ. 2000. Human evolution: taxonomy and
paleobiology. J Anat 196:19–60.

Wynn JG. 2000. Paleosols, stable carbon isotopes, and paleoen-
vironmental interpretation of Kanapoi, northern Kenya. J
Hum Evol 39:411–432.

Wynn JG. 2004. Influence of Plio-Pleistocene aridification on
human evolution: evidence from paleosols of the Turkana Ba-
sin, Kenya. Am J Phys Anthropol 123:106–118.

Yasui K, Kunimatsu Y, Kuga N, Bajope B, Ishida H. 1992. Fos-
sil mammals from the Neogene strata in the Sinda Basin,
eastern Zaire. Afr Stud Mongr 17:87–107.

Zachos JC, Shackleton NJ, Revenaugh JS, Palike H, Flower BP.
2001. Climate response to orbital forcing across the Oligo-
cene-Miocene boundary. Science 292:274–278.

Zazzo A, Bocherens H, Brunet M, Beauvilain A, Billiou D,
Mackaye HT, Vignaud P, Mariotti A. 2000. Herbivore paleo-
diet and paleoenvironmental changes in Chad during the Plio-
cene using stable isotope ratios of tooth enamel carbonate.
Paleobiology 26:294–309.

58 J.D. KINGSTON

Yearbook of Physical Anthropology—DOI 10.1002/ajpa


