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Present-day African ecosystems serve as referential models for
conceptualizing the environmental context of early hominin evolu-
tion, but the degree to which modern ecosystems are representa-
tive of those in the past is unclear. A growing body of evidence
from eastern Africa’s rich and well-dated late Cenozoic fossil record
documents communities of large-bodied mammalian herbivores
with ecological structures differing dramatically from those of the
present day, implying that modern communities may not be suit-
able analogs for the ancient ecosystems of hominin evolution. To
determine when and why the ecological structure of eastern Africa’s
herbivore faunas came to resemble those of the present, here we
analyze functional trait changes in a comprehensive dataset of 305
modern and fossil herbivore communities spanning the last ~7 Myr.
We show that nearly all communities prior to ~700 ka were function-
ally non-analog, largely due to a greater richness of non-ruminants
and megaherbivores (species >1,000 kg). The emergence of function-
ally modern communities precedes that of taxonomically modern
communities by 100,000s of years, and can be attributed to the
combined influence of Plio-Pleistocene C, grassland expansion and
pulses of aridity after ~1 Ma. Given the disproportionate ecological
impacts of large-bodied herbivores on factors such as vegetation
structure, hydrology, and fire regimes, it follows that the vast
majority of early hominin evolution transpired in the context of
ecosystems that functioned unlike any today. Identifying how
past ecosystems differed compositionally and functionally from
those today is key to conceptualizing ancient African environments
and testing ecological hypotheses of hominin evolution.

functional traits | megaherbivore | non-analog faunas |
paleoanthropology | paleoecology

central goal of human evolutionary studies is to understand
how climatically mediated environmental changes over the
last ~7 Myr shaped the anatomical, behavioral, and technologi-
cal evolution of our early ancestors (1-3). Forging causal links
between environmental change and hominin evolution requires
detailed reconstructions of the ancient ecosystems within which
our ancestors lived, including faunal community composition,
the strength and direction of species interactions (e.g., predator—
prey relationships), vegetation structure, and the spatial distribu-
tion of foods and other vital resources (4, 5). This research focus
has fueled the generation and analysis of detailed paleoenvir-
onmental archives across Africa, with key proxies derived from
mammalian faunas (6, 7), isotopic geochemistry of fossil herbivore
teeth and soil carbonates (8-10), paleobotanical remains (11-13),
and multiproxy lacustrine sequences (14, 15). Though we now
know considerably more about African paleoclimatic and paleo-
environmental change than we did decades ago (16), translating
this knowledge to an understanding of the selective pressures that
shaped hominin evolution remains an ongoing challenge (3-5).
One of the primary challenges we face is that our inferences
made about the structure and functioning of ancient ecosystems
are strongly shaped by those of the present (see refs. 3 and 4 for
discussions of other challenges). For example, reconstructions of
past climate or vegetation structure are routinely based on present-
day relationships between these variables and various proxies, such
as mammal species composition, the distribution of herbivore
functional traits, or the isotopic composition of soil carbonates
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(10, 17-20). While reliance on modern analogs is an essential
component of paleoecological and paleoenvironmental recon-
struction (21), it limits our ability to evaluate how ancient eco-
systems might have differed from those today (22).

In conflict with hominin paleoecology’s deep roots in unifor-
mitarian approaches founded on identifying similarities between
the past and present (23-25), the existence of ancient ecosystems
with no modern analogs is now supported by a growing body of
evidence from eastern Africa’s rich and well-dated late Cenozoic
fossil record. For example, recent studies have shown that many
Plio-Pleistocene herbivore communities were considerably richer
in megaherbivores (species >1,000 kg) (26) and were charac-
terized by atypical dietary guild structures (8) relative to their
modern counterparts. These important ecological differences
may have persisted until recently, as Late Pleistocene faunas are
often dominated by extinct herbivore taxa (27, 28), including
some with morphologies unique among living and fossil mam-
mals (29). Because large-bodied mammalian herbivores possess
key functional traits that influence ecosystems in ways that im-
pact a wide variety of species (30, 31), it follows that the ancient
ecosystems of hominin evolution were both compositionally and
functionally unlike any in Africa today.

Despite long-standing interest in the emergence of taxonom-
ically “modern” faunas in eastern Africa (27, 32-35), we have
little understanding of when or why eastern Africa’s herbivore
communities came to resemble those of the present in terms of
their functional ecology. With this in mind, here we analyze the
functional evolution of eastern African large herbivore commu-
nities (orders Artiodactyla, Perissodactyla, and Proboscidea)
over the last 7 Myr using a comprehensive database of 101 fossil
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communities sampling >300 taxa (Fig. 1). We focus on 3 func-
tional traits: body size (size 2: 18 to 80 kg; size 3: 80 to 350 kg;
size 4: 350 to 1,000 kg; size 5: >1,000 kg), digestive physiology
(ruminant, non-ruminant), and dietary strategy (C; browser,
C;-C4 mixed feeder, C, grazer). We chose these traits as they
represent fundamental biological and ecological aspects of herbi-
vore species and their ability to shape the ecosystems around
them (36). We compare the functional structure of our fossil
herbivore communities to more than 200 modern communities
across Africa (Fig. 1), using the latter as a baseline that allows us
to identify non-analog communities in the past and determine
when the functional structure of eastern African herbivore com-
munities came to resemble the present day.

Results

In trait-by-trait comparisons, we find that the functional struc-
ture of fossil herbivore communities differed significantly from
those today (Fig. 2). For example, in terms of digestive physiology,
modern African herbivore communities are overwhelmingly
comprised of ruminants, with most species belonging to Bovidae
(Dataset S1). Non-ruminant herbivores (Elephantidae, Equidae,
Hippopotamidae, Rhinocerotidae, Suidae) are far less common,
with at most 8 species occurring in sympatry. In contrast, the
eastern African fossil record documents communities that were
substantially richer in non-ruminants (Dataset S2). Following
methods established elsewhere to account for biases in the fossil
record (e.g., differential sampling and time averaging) (26), re-
sidual analysis indicates that many fossil communities (n = 37)
sample a greater number of non-ruminants than observed in any
community today. A sharp decline in non-ruminants beginning
~1 Ma places all fossil communities within the modern range of
variation after ~700 ka (Fig. 2).

Likewise, body size distributions render many fossil commu-
nities functionally non-analog, with the most important differ-
ences observed among size 2 (18 to 80 kg) and size 5 (>1,000 kg)
taxa. Size 2 herbivores are poorly represented over much of
the last 7 Myr, such that most fossil communities fall well below
the modern range of variation (Fig. 2). A steady increase in the
richness of size 2 herbivores beginning ~2 Ma places fossil
communities within the modern range of variation after ~700 ka.
With respect to size 3 (80 to 350 kg) and size 4 (350 to 1,000 kg)
herbivores, most fossil communities fall within the modern range
of variation, though the interval between 3 and 1 Ma includes
substantially more size 3 species, and to a lesser extent size 4
species, than is observed today. Lastly, fossil communities include
many more size 5 (megaherbivore) species than their modern
counterparts (see also ref. 26). A steady, long-term decline
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beginning ~4.5 Ma eventually places fossil communities consis-
tently within the range of modern variation by ~700 ka.

Dietary structure plays a secondary role in driving differences
between fossil and modern herbivore communities (Fig. 2).
Grazers are occasionally underrepresented between ~5 and
3 Ma, but a gradual increase in richness beginning ~3 Ma cul-
minates in a larger number of grazers than is observed today
between ~2 and 1 Ma, with younger fossil communities (<1 Ma)
falling within the modern range of variation. Mixed feeders show
the inverse trend. Though there are subtle changes in the rep-
resentation of browsers through time, including a gradual decline
beginning ~3.5 Ma, all but 3 fossil communities fall within the
modern range of variation.

Synthesizing the residual analyses discussed above, Fig. 34
presents the first 2 axes of a principal component analysis (PCA)
of trait residuals for all functional categories in both the modern
and fossil datasets. Collectively, these axes account for ~77% of
the variation in the functional composition of herbivore com-
munities (PC1: 47.7% of variance; PC2: 29.7% of variance). PC1
separates communities dominated by size 5 and non-ruminant
taxa (positive loadings) from those dominated by size 2 and
grazing taxa (negative loadings) (Fig. 3B). PC2 separates com-
munities rich in size 3 and grazing taxa (positive loadings) from
those rich in size 2 taxa and mixed feeders or browsers (negative
loadings) (Fig. 3B). Compared to the present, fossil communities
occupy a considerably larger amount of functional trait space
(Fig. 34), with most pre-Holocene communities falling outside
of the range of community structures documented today (100%
of Miocene, 87.5% of Pliocene, and 79.6% of Pleistocene com-
munities have no modern analogs; Fig. 3C).

Discussion

For much of the last 7 Myr, the interval encompassing the en-
tirety of hominin evolution, fossil eastern African herbivore
communities were characterized by functional ecological struc-
tures unlike any observed in Africa today. We emphasize that
our comparison of eastern African fossil communities to modern
communities from across the continent renders our analysis
conservative (i.e., it is more difficult to identify non-analog fossil
communities), because the considerably larger spatial scale of the
modern sites encompasses a massive range of environmental and
functional ecological variation (e.g., relative to an eastern Afri-
can modern dataset). Building on the large body of research
concerned with non-analog species associations (i.e., co-
occurrence of taxa that are presently allopatric) in late Quater-
nary contexts (37), we refer to such communities as functionally
non-analog. A handful of Pliocene faunas (Moiti Member, Koobi
Fora Fm.; Kaiyumung Member, Nachukui Fm.; South Turkwell;
Member A, Shungura Fm.) cannot be shown to differ from
present-day African communities (Fig. 2), though they are not well
sampled (their richness ranges from 6 to 12 versus a Pliocene
mean of 19; Dataset S2), limiting our power to detect ecological
differences relative to the present. Only after ~700 ka do com-
munities routinely fall within the modern range of variation, but
even then there are exceptions, including the late Middle
Pleistocene faunas from Member I (~200 ka) of the Kibish
Formation in Ethiopia (38, 39) and the Late Pleistocene faunas
(between ~100 ka and 35 ka) from Karungu in Kenya (40). These
exceptions aside, the emergence of functionally modern commu-
nities shortly after ~700 ka considerably predates the emergence
of taxonomically modern communities (Fig. 4E), which did not
occur until the onset of the Holocene (27, 28). This decoupling
implies that functional modernity is not due to the replacement of
archaic lineages with extant taxa but is instead the outcome of
long-term ecological changes that altered the functional com-
position of eastern African faunal communities and ecosystems.
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Fig. 2. Temporal trends in the functional trait composition of eastern African large herbivore communities over the last 7 Myr. Purple shading represents the
modern range of variation for each trait. White diamonds indicate fossil communities that fall within the modern range of variation for all 8 functional
traits. Orange circles indicate fossil communities that are non-analog; they fall outside the modern range of variation for one or more of the functional
traits illustrated here. Dark gray lines represent LOESS regressions with a smoothing factor of 0.75; 95% confidence limits in light gray (see S/ Appendix for

further information).

Drivers of Community Change. One of the most substantial and
well-documented changes to eastern African ecosystems since
the late Miocene is the expansion of Cg4 grasslands g16), shown in
Fig. 44 using stable carbon isotope records (8'°C) from soil
carbonates. Many of the functional changes in fossil herbivore
communities, synthesized here in a plot of PC1 scores through
time (Fig. 4C), track the 8'C soil record and can reasonably be
interpreted as a response to grassland expansion. Turning to in-
dividual traits, prior to ~1 Ma, dietary structure closely tracks the
percentage of C, biomass inferred from the §'*C composition of
soil carbonates in eastern Africa, with grazers increasing and
browsers and mixed feeders declining as grasses cover a greater

proportion of landscapes (Fig. 2). These trends are consis-
tent with herbivore tooth enamel &'°C data spanning 4
to 1 Ma from the Turkana Basin (8). In addition, the long-
term decline of megaherbivores—which our analyses show to
be one of the key variables distinguishing fossil communities
from modern ones (Figs. 2 and 3B)—inversely tracks the ex-
pansion of C,4 grasslands. Megaherbivores favoring C; browse
were preferentially affected, strongly implying a cause—effect
relationship (26).

The consequences of grassland expansion and megaherbivore
decline likely translated to important shifts in the functional
structure of the eastern African carnivore guild. Today, the largest
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Fig. 4. Temporal trends in the functional and taxonomic evolution of
eastern Africa’s large herbivore communities relative to climatic and envi-
ronmental proxies. (A) The percentage of C, vegetation inferred from soil
carbonate §'3C of eastern African paleosol carbonates; %C,4 data from Faith
et al. (26) using 8'3C data compiled by Levin (16). (B) Dust flux proxy for
aridity from the Mediterranean (Ocean Drilling Program [ODP] Site 967; red
line) (69) and the Arabian Sea (ODP 721/722; yellow line) (2, 70). (C) Fossil
PC1 scores through time (Fig. 3). (D) Fossil PC2 scores through time (Fig. 3).
(E) The evolution of taxonomic modernity as reflected by the highest pair-
wise Simpson similarity index value observed between a fossil assemblage
and each modern community (0 = no taxonomic overlap; 1 = complete
taxonomic overlap). Orange circles in C-E indicate non-analog fossil com-
munities, and white diamonds or triangles indicate analog communities or
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African carnivorans (>100 kg) capable of taking megaherbivore
prey (41) are represented only by lions (Panthera leo). However, a
far greater diversity of large carnivorans existed during the Plio-
Pleistocene (42), with eastern African fossil assemblages often
documenting the co-occurrence of 2 to 4 species. This includes
lions and their ancestors, as well as giant hyenas (e.g., Crocuta
eturono and Pachycrocuta brevirostris), sabertooth felids
(Dinofelis and Homotherium), and highly carnivorous bears
(Agriotherium) (43). Large carnivoran richness steadily declines
after the ~3.0- to 3.5-Ma interval, broadly tracking the expan-
sion of C,4 grasses and the associated loss of megaherbivores
(Fig. 4F). Previous work has documented a robust association
between the richness of large carnivorans and megaherbivores,
implying that diverse megaherbivore communities facilitated
coexistence among large predators, likely because juvenile
megaherbivores were important prey (41). Loss of tree or bush
cover is also likely to have been detrimental to ambush pred-
ators (41), including some sabertooths (44). The coupled rela-
tionships between grassland expansion, megaherbivore decline,
and large carnivoran extinctions strongly suggests that long-term
bottom-up ecosystem change played a key role in the emer-
gence of functional modernity in both the large carnivore and
herbivore guilds.

Several functional traits analyzed here indicate substantial
shifts in community composition after ~1 Ma that cannot be
explained by grassland expansion (Fig. 2), a trend exemplified
by the change in PC2 scores through time (Fig. 4D). Despite
continued increases in C, biomass, grazers sharply decline at
this time and are replaced by mixed feeders, representing an
abrupt reversal of a >2 Myr-long trend (Fig. 2). This reversal
also corresponds to the major decline of non-ruminants (Fig.
2), whose elevated richness from 7 to 1 Ma plays the biggest
role in rendering fossil communities functionally non-analog
(Fig. 3B). Thus, with respect to the functional traits considered
here, the transition at ~1 Ma represents one of the most sig-
nificant episodes of faunal change in eastern Africa since the
late Miocene.

We propose that this change is the result of high-amplitude
climate fluctuations related to the establishment of 100 kyr
glacial-interglacial cycles during the mid-Pleistocene revolution
(2, 45). Dust flux records from marine cores tracking eastern Africa’s
precipitation history indicate pulses of aridity after ~1 Ma
that were both more severe and more frequent than those of
preceding intervals (2, 45) (Fig. 4B). Such pulses of aridity would
be particularly detrimental to non-ruminants and grazers. First,
both functional groups are highly dependent on surface water
(46), a trait that enhances extinction risk in the face of reduced
water availability (47). The likelihood of extinction is further
enhanced because non-ruminants are at a competitive disad-
vantage when resources are limited, which is expected under arid
conditions, because they require more forage to extract the same
amount of energy compared to their ruminant counterparts (48—
50). Likewise, grazers typically suffer disproportionately high
mortality during prolonged dry phases because the shallow-
rooting grasses on which they feed are drought intolerant (47,
51-53). Perhaps more important is that the rarity of grasses in
arid environments (e.g., the Horn of Africa) typically favors low-
biomass communities dominated by mixed feeders or browsers

those lacking extinct taxa, respectively. Dark gray lines in C—E indicate LOESS
regression (smoothing factor = 0.75); 95% confidence limits in light gray.
(F) Changes in large carnivoran richness across 0.5-Myr bins. As a control
for differential sampling of the fossil record, values represent residuals de-
rived from an ordinary least-squares regression modeling the relation-
ship between the number of fossil sites and the number of taxa in a given
bin (see SI Appendix for full details and S/ Appendix, Table S3 for
raw data).
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(e.g., the bovid tribe Antilopini) to the exclusion of grazers (e.g.,
the bovid tribe Alcelaphini) (46), implying that pulses of arid-
ity are likely to be associated with habitat loss for grazing
species. Thus, we propose that the outcome of repeated pulses
of aridity is a selective winnowing of these groups to the benefit
of ruminants and mixed feeders over the last ~1 Myr, resulting
in the emergence of eastern African herbivore communities
resembling those of the present day in terms of functional
ecology.

The Ecological Context of Hominin Evolution. Our results indicate
that the vast majority of hominin evolution in eastern Africa
transpired in the context of faunal communities unlike any
known today. This poses a potential challenge for reconstructing
African paleoenvironments, particularly with respect to some
techniques that use relationships between faunas and envi-
ronments in modern settings to reconstruct the past (17-20,
54). Our observations leave little doubt that the present is not a
sufficient analog for much of the past, and strongly imply that
the environments of hominin evolution were markedly differ-
ent from those of today. Thus, by framing the environmental
context of hominin evolution in terms of the present, we are
likely overlooking unique and important aspects of the envi-
ronments in which our ancestors lived.

Perhaps the most significant consequence of recognizing
functionally non-analog herbivore communities in the past con-
cerns their effects on vegetation structure and ecosystem pro-
cesses. Through both direct (e.g., consumptive) and indirect
effects (e.g., altering of fire regimes), herbivores are a key de-
terminant of vegetation structure (30, 55, 56). There are strong
reasons to believe that fossil non-analog communities altered the
dynamic relationships between herbivory, climate, fire, and
vegetation structure known in modern ecosystems. For example,
because non-ruminants have considerably larger forage re-
quirements than ruminants, their prominence in communities
prior to ~700 ka implies a greater role of herbivory in shaping
habitat structure and fire regimes. Moreover, considering the
disproportionate impacts of megaherbivores today (30, 31), their
exceptional richness from the late Miocene through the Early
Pleistocene, which implies increased megaherbivore biomass
(26), was likely associated with enhanced nutrient cycling, re-
duced fire frequencies and extent, and more heterogeneous
vegetation mosaics (57-60). The latter could account (in part)
for the prominence of “mosaic” habitat reconstructions of eastern
African hominin environments (summarized in ref. 5), which has
been proposed recently in light of Kanapoi’s (~4.2 to 4.1 Ma)
high proboscidean diversity (61). Finally, by altering vegetation
structure and fire regimes in ways that are not observed in the
present day, functionally non-analog communities can also ac-
count for the observation that paleoaridity estimates in eastern
Africa vary independently of vegetation proxies and aspects of
mammalian community structure (e.g., dental ecometrics) that
are known to be robust indicators of climate today (9). Taken as
a whole, such observations imply that future studies of ancient
herbivory regimes and reconstructions of their relationships to
both vegetation communities and higher trophic levels are es-
sential for understanding the environmental context of our
evolution.

Conclusions

Our analyses show that the emergence of functionally modern
herbivore communities in eastern Africa is a geologically recent
phenomenon occurring within the last ~700,000 y, which we link
to the combined effects of C, grassland expansion coupled with
enhanced climate variability and pulses of aridity after ~1 Ma.
Past communities contained a considerably larger amount of
functional diversity than those today, with the most important
differences concerning the exceptional richness of megaherbivores
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and non-ruminants, followed to a lesser extent by differences in
dietary structure. These observations indicate that the vast ma-
jority of hominin evolution in eastern Africa transpired in the
context of ecosystems lacking modern analogs. Given what we
know of herbivore influences on present-day ecosystems, the
contrast in functional trait structure between past and present
communities implies differences in vegetation structure, fire re-
gimes, nutrient cycling, and other ecological processes. In light of
such differences, it follows that in the effort to understand how
ancient environments mediated the behavioral and biological
evolution of hominins, we must consider the ways in which the
ancient ecosystems within which our ancestors lived differed
from those of the present.

Materials and Methods

Our database of 204 modern African herbivore communities (Dataset S1)
comes from datasets of protected areas (national parks, game reserves)
compiled by Kamilar et al. (62) and Rowan et al. (63). Functional trait at-
tributes (body size class, diet, digestive physiology) of extant species were
based on Kingdon et al. (64) and other expert references (e.g., refs. 65 and
66). Data for fossil herbivore communities (Dataset S2) and functional trait
attributes come from Faith et al. (26). Size classes broadly correspond to a
widely used scheme for African mammals (67), with assignments for fossil
taxa based on published body mass estimates, descriptions provided in
taxonomic diagnoses, the size of living or fossil relatives, and expert opinion.
Size class 1 taxa (<18 kg) were excluded from all analyses due to potential
taphonomic biases against recovery of smaller herbivore taxa in the fossil
record (68). Dietary assignments for fossil taxa are based on published 5'*C
data, dental mesowear and microwear, or the diets of living and fossil rel-
atives. Digestive physiology (ruminant versus non-ruminant) assignments are
based on phylogeny (e.g., all Bovidae are considered ruminants). See S/
Appendix for full details concerning functional trait assignments.

To control for time averaging, sampling variability, and taphonomic dif-
ferences between fossil communities, we examine the absolute number of
herbivore taxa within a given functional type relative to overall community
richness; see full discussion in SI Appendix. We generated ordinary least-
squares linear regressions to model the richness of a given functional type
as a function of overall community richness in the modern sample (S/ Ap-
pendix), with residual analysis used to establish the range of variation in
communities today. We then calculated residuals for the fossil data relative
to these linear regressions; fossil residuals falling outside the range of
modern variation are considered functionally non-analog. These residuals
are tightly correlated with those obtained using linear regressions for the
fossil data only, implying that our calculation of residuals relative to the
modern regressions has not obscured long-term temporal trends in func-
tional trait composition (S/ Appendix). Temporal trends are illustrated using
locally estimated scatterplot smoothing (LOESS), with a smoothing factor of
0.75. The PCA of modern and fossil herbivore communities was conducted
on the variance-covariance matrix derived from all (untransformed) functional
trait residuals.

To illustrate the evolution of taxonomic modernity, we calculated
taxonomic similarity between a given fossil assemblage and each of the
modern communities using Simpson’s similarity index, with the highest
value for any pairwise comparison taken as the best modern analog
(plotted in Fig. 4E). The index is calculated as M/N,,;,, where M is the
number of shared species and N,,;, corresponds to the number of species
present in the assemblage with the fewest species. A Simpson’s similarity
index of 0 means no taxonomic overlap, whereas 1 denotes complete
taxonomic overlap. This index is well suited for incomplete data (e.g.,
fossil assemblages that do not sample all taxa in a paleocommunity), be-
cause it treats 2 assemblages as identical if one is a subset of the other.
Only fossil taxa with species-level assignments were included in this
analysis. Fossil taxa identified using the open nomenclature designation
“cf.” were treated as belonging to the species in question (e.g., fossil
Hippopotamus cf. amphibius is the same taxon as modern H. amphibius).
Taxa identified using “aff.” were treated as not belonging to the species
in question, with the understanding that aff. is typically used to designate
a species closely related to, but distinct from, a known taxon (e.g., fossil H. aff.
amphibius is distinct from modern H. amphibius).
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