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Abstract

In this chapter we postulate and develop a new 
model, the aridity refuge model, to clarify the 
influence of climate change on hominin evolu-
tion and dispersal in Africa between ~ 5 and 2.5 
Ma. The model holds that the longitudinal Indian 
Ocean coastal forest strip provided an isolated 
aridity refugium, conducive to evolution, during 
recurrent long-periodic (~ 400 ky) dry episodes 
over the past millions of years. From this ref-
uge, evolved species could disperse far inland 
to rift basins via (re-)established fluvial cor-
ridors, whenever onset of long-periodic humid 
episodes in eastern Africa allowed expansion 
from the coastal enclave. We develop the model 
in concrete time and space by: 1) setting up the 
climatic-tectonic framework, 2) choosing age, 
geographic location and genus of the “stem hom-
inin” in the model, and 3) defining the algorithm 
that makes the model “run” to produce predic-
tions on evolution and dispersal. These predic-
tions are validated with data from the available 
fossil record. We conclude that patterns in fossil 
occurrence of hominin species between ~ 5 and 3 
Ma can be fully explained by invoking long-peri-
odic (~ 400 ky) wet-dry climate changes as postu-
lated in the aridity refuge model. We hypothesize 
that after ~ 3 Ma, the Northern Hemisphere Gla-
ciation (NHG) exerted the most important influ-
ence on hominin evolution by causing latitudinal 
contraction of the Indian Ocean coastal forest. 
We argue that the ecological mechanism of habi-
tat fragmentation caused a tripartite separation 
of Australopithecus afarensis populations living 
along the Indian Ocean coast. As a consequence 
the three geographically isolated populations 
subsisted in different environmental conditions, 
which arguably led to a tripartite cladogenetic 
split in the hominin lineage. Finally, we show 

4. The power of place: hominin 
evolution and dispersal driven by 
climate change between ~ 5 – 2.5 Ma
Josephine C.A. Joordens, Craig S. Feibel, Hubert B. Vonhof, Anne S. Schulp, Dick Kroon. 

how the aridity refuge model can be used to pre-
dict testable patterns in the fossil record of other 
mammals, and to predict the locations of suitable 
new fossil hunting areas.

Introduction

The influence of climate change on hominin 
evolution is widely acknowledged to be impor-
tant, but possible forcing factors are still debated 
(Vrba et al., 1995; Potts, 1998; Behrensmeyer, 
2006; Kingston et al., 2007; Maslin and Chris-
tensen, 2007; Potts, 2007; Bonnefille, 2010; de-
Menocal, 2011). DeMenocal (1995, 2004) was one 
of the pioneers who searched for causal relations 
between global climatic events and important 
junctions in hominin evolution. He found that 
marine paleoclimate records indicate a long-term 
trend of increasing aridity in Africa over the past 
5 Myr, and proposed that shifts in climate around 
~ 2.8, 1.7 and 1 Ma were associated with hom-
inin speciation and extinction events. Recently, 
Trauth et al. (2005, 2007) and Maslin and Trauth 
(2009) identified synchronous periods of lake de-
velopment in the East African Rift system (EARS) 
indicating long-periodic (~ 400 ky) recurrence of 
humid episodes over the past ~5 My. According to 
Maslin and Trauth (2009), these humid episodes 
characterized by short-term precession-driven 
extreme climate and environmental variability 
drove key faunal speciation and dispersal events, 
and provided a catalyst for hominin evolutionary 
change. 

While the above-mentioned and other climate-
evolution studies (e.g. Bobe et al., 2002; Bon-
nefille et al., 2004; Wynn, 2004; Campisano and 
Feibel, 2007) mark major steps forward in un-
derstanding the possible evolutionary impact 
of climate change, a conceptual framework for 
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considering African hominin evolution (Fig. 1) on 
large scales of time and space is still lacking. The 
infl uence of geography, “the power of place”, has 
received relatively little attention in comparison 
with the intense focus on climate-evolution stud-
ies (with exception of e.g. Bromage and Schrenk, 
1999; Kingdon, 2003; Kingston, 2007). Our prem-
ise is that in order to evaluate climatic drivers 
of hominin evolution, much can be learned from 
African mammal biogeography. Hominins are 
African mammals that must have been embed-
ded in the same ecological matrices that other 
African mammals are, and have been (Kingdon, 
2003). Kingdon (2003) used biogeographical pat-
terns of present-day eastern African mammalian 
sibling species to derive an evolutionary model of 
climate-induced isolation of ape populations in 
Indian Ocean coastal forests, evolution of biped-
ality, followed by inland dispersal and evolution 
in diff erent river basins. Inspired by Kingdon, 
we postulate the “aridity refuge model”. It holds 
that the longitudinal humid Indian Ocean coastal 
forest strip provided an isolated aridity refugium, 
conducive to evolution, during recurrent long-
periodic (~ 400 ky) dry episodes over the past 

millions of years. From this refugium, evolved 
species could disperse far inland to lake basins 
via (re-)established fl uvial corridors, whenever 
the onset of long-periodic humid episodes in 
eastern Africa allowed expansion from the coast-
al enclave (Fig. 2). 

Recently the value of the refugium concept has 
been challenged, because it can be argued that 
species respond to climatic and environmental 
change in many diff erent and complex ways 
(Bennett and Provan, 2008). However, Stewart et 
al. (2010) point out that the refugium concept, 
if well defi ned and delimited, remains relevant 
for species-level evolution. The concept of re-
fugia stems from recognizing (fi rst by Darwin, 
1859) that geographical ranges of species have 
expanded and contracted according to cyclic 
climate changes in the Quaternary period. We 
follow the defi nition by Stewart et al. (2010): a re-
fugium is the geographical location that a species 
inhabits during the period of a climate cycle that 
represents the species’ maximum contraction in 
geographical range. Traditionally, refugia relate 
to temperate zone glacial-interglacial warm-cold 
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Figure 1. First appearance dates of hominin species in the African fossil record between ~ 5 and 1.5 Ma, adapted after 
Wood (2006). Ar.: Ardipithecus; Au.: Australopithecus; K.: Kenyanthropus; P.: Paranthropus; H.: Homo.
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climate cycles (e.g. Hublin and Roebroeks, 2009), 
but in this study we focus on long-periodic (~400 
ky) tropical wet-dry climate cycles as identifi ed 
by Trauth et al. (2005, 2007). In general, “latitude 
rules” in biogeography and the mostly longitu-
dinal dimension of the oceanic-continental axis 
is often -and unjustly- ignored. Stewart et al. 
(2010) are one of the fi rst authors (after Kingdon, 
2003) to recognize the importance of this axis. 
They distinguish an ‘oceanic’ adaption to a more 
humid, less seasonally variable climate, and a 
‘continental’ adaptation to a drier climate with 
greater seasonal variation (Stewart et al., 2010). 
The concept of refugium as defi ned by Stewart et 
al. (2010) refers to a geographical area occupied 
by an individual species, not by a whole commu-
nity of species, since species diff er in their reac-
tion to climate and environmental change. In this 
study, we consider the longitudinal Indian Ocean 
coastal forest mosaic as an aridity refugium (a 
haven during droughts) for a certain group of 
species: permanent-water dependent mammals, 
including hominins.

The aim of this study is to develop the postulated 

aridity refuge model in concrete space and time 
for clarifying the infl uence of climatic change 
on hominin evolution and dispersal in Africa 
between ~5 and 2.5 Ma. We focus on eastern and 
central Africa, since southern African hominin-
bearing strata consist mainly of hard-to-date 
cave deposits instead of well-dated lake deposits, 
which we feel necessitates a separate approach. 
First, we set up the required climatic-tectonic 
and geographic framework by reviewing the 
available literature on these subjects. Next, we 
establish the initial conditions of the model by 
choosing, based on biogeographical and fossil in-
formation, the age, geographical location and ge-
nus of the “stem hominin” in the model. Finally, 
we defi ne the algorithm (a sequence of instruc-
tions) that makes the model “run”, producing 
predictions on hominin evolution and dispersal. 
Existing information on hominin and other fossil 
occurrences is used to validate predictions made 
by the model. Finally, we show how the aridity 
refuge model can be used to predict testable pat-
terns in the fossil record of other mammals, and 
to predict the locations of new fossil hunting 
areas.

Figure 2. The aridity refuge model. A. During a dry episode: basins in the EARS (East African Rift System) do not contain 
deep lakes, and rivers do not reach the Indian Ocean coastal forest zone. An arid corridor (barrier) separates the EARS 
and the coastal forests. The humid coastal forest zone is an aridity refugium for permanent-water dependent fauna. B. 
During a wet episode: EARS basins contain lakes (if accommodation space is available), rivers fl ow out into the Indian 
Ocean. The humid coastal forest zone extends along the rivers up to the lakes in the EARS, allowing upriver dispersal of 
permanent-water dependent fauna from the refugium at the coast to EARS lakes.
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The climatic-tectonic framework

Global climate change and development of rift basins 
in Africa – Global climate evolution over the past 
5 My is characterized by several major transitions 
(Fig. 3). One of the most important ones is the 
end of the Pliocene warm period caused by onset 
and intensification of the Northern Hemisphere 
Glaciation (NHG) between ~ 3 and 2.6 Ma (Ravelo 
et al., 2004; Bartoli et al., 2005). The transition 
from a period of global warmth (up to ~ 3 Ma) to 
markedly cooler and more variable climate con-
ditions is demonstrated by sea surface tempera-
ture (SST) records (Herbert et al., 2010; Martínez-
Garcia et al., 2010) and by deep sea benthic fora-
miniferal δ18O records reflecting continental ice 
volume and bottom sea water temperatures (for a 
compilation see Lisiecki and Raymo, 2005). Other 
major transitions are the onset and intensifica-
tion of the modern Walker Circulation (~ 1.9-1.7 
Ma; Ravelo et al., 2004) and the emergence of the 
Equatorial Pacific Cold Tongue at ~1.8 Ma (Mar-
tínez-Garcia et al., 2010), and the Mid-Pleistocene 
Transition at ~ 1 Ma (Clark et al., 2006).  These 
transitions largely coincide with the climate 
shifts proposed by deMenocal (1995, 2004) to be 
drivers for hominin evolution. 

Alongside global climate change, tectonic pro-
cesses such as rifting and uplift played a key role 
in shaping topography, local climate and hominin 
environments in Africa (e.g. Veldkamp et al., 
2004; Sepulchre et al., 2006; Wichura et al., 2010). 
Several large rift systems can be distinguished: 
the eastern and western branches of the East Af-
rica Rift both situated largely along an N-S axis, 
and the interconnected Anza, Sudan and Central 
African Rifts running along an E-W axis. The two 
rift systems cross each other at the location of 
present-day Lake Turkana in northern Kenya 
(Fig. 4; Winn et al., 1993; Bosworth and Morley, 
1994) . The development of the E-W oriented rift 
system started in the Cretaceous (Winn et al., 
1993), and while the rift basins were progressive-
ly filled up, they still constitute relatively low-ly-
ing areas. An important feature of the West Afri-
can Rift basin is the Chad Basin (Fig. 5). Between 
the late Miocene and the late Pliocene, this basin 
regularly contained a large paleolake (“Neogene 
Lake Chad”) that up to ~ 4.6 Ma may have drained 
into the Mediterranean Sea via the now extinct 
Sahabi Rivers (Griffin, 2006). Malacological evi-
dence suggests that when humid climate condi-
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Figure 3. Global climate change over the past 5 Ma, with humid episodes indicated by blue bars. Oxygen isotope (δ18O) 
data from Lisiecki and Raymo (2005). Sea surface temperatures (SST) of the tropical oceans from Herbert et al. (2010). 
NHG: Northern Hemisphere Glaciation.



91

tions prevailed, the Chad Basin was hydrographi-
cally connected, via the Central African and Su-
dan Rifts, with the Sudd (just west of the Turkana 
Basin), the Turkana Basin and, via the extinct 
Turkana River in the Anza Rift and Lamu Embay-
ment, all the way to the Indian Ocean coast (Van 
Damme and Van Bocxlaer, 2009). 

The development and evolution of the East Af-
rican Rift System (EARS) started with volcanism 
in Ethiopia about 33-45 Ma, followed by south-
ward propagation of rifting over time. This rift-
ing resulted in the formation of basins in the 
eastern branch of the EARS that can hold lakes. 
The northern basins (Afar, Turkana, and Baringo-
Bogoria Basins) formed in the middle and late 
Miocene, whereas the oldest basins in the central 
and southern segments of the East African rift in 
Kenya and Tanzania (Olduvai-Laetoli) began to 
develop during the early Pliocene (Fig. 6; Trauth 
et al., 2007 and references therein; Maslin and 
Trauth, 2009). 

Trauth et al (2005, 2007) studied sedimentary re-
cords from EARS basins and documented several 
synchronous widespread lake phases in eastern 
Africa over the past 5 Ma. Correspondence of 
these lake phases to drops in eastern Mediter-
ranean dust abundance (Larasoaña et al., 2003) 
and to increased occurrence of sapropels in the 
Mediterranean Sea (Lourens et al., 2004) suggests 
a consistent moisture record for much of central 
and NE Africa over the last 5 My. This correspon-
dence supports the correlation of recurrent lake 
phases with eastern African long-periodic hu-
mid climatic episodes that punctuate the global 
climatic cooling and drying trend (Maslin and 
Trauth, 2009; Fig. 3). In Table 1, all EARS lake 
phases/ humid episodes are compiled, includ-
ing a short-lived lake phase at ~ 2.4 Ma in the 
Turkana Basin. This lake phase, Lake Kokiselei, is 
constrained between the Kokiselei Tuff (~ 2.43 +/- 
0.05 Ma; (Brown et al., 1992) and the Kalochoro 
Tuff (~2.32 +/- 0.02 Ma; (McDougall and Brown, 
2008). At ~2.4 Ma, lacustrine conditions were also 

Figure 4. Figure 4. Rift systems in east and central Africa (adapted from Winn et al., 1993). Red dots indicate the ancient 
east-west connection (crossing the eastern branch of the East Africa Rift) from Lamu Embayment via Anza Rift, Sudan 
Rift, and Central African Rift to the West African Rift that contains the Chad Basin.
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present in the Baringo Basin (Hill et al., 1992) and 
the Malawi Basin (Schrenk et al., 1993). The short 
duration of the ~2.4 Ma lake phase, in the order 
of 20-50 ky, makes it ephemeral on geological 
timescales. However, the humid episode reflected 
by this lake phase is potentially significant for 
faunal dispersal and evolution: onset of long-pe-
riodic humid episodes allows dispersal of animals 
and plants along (re-) established rivers and/or 
vegetation corridors. The timing of lake phases in 
the Chad Basin is not exactly known. Lacustrine 
conditions were present in the time period be-
tween ~ 7 and 4.6 Ma (Brunet et al., 2002; Griffin, 
2006), and also around ~ 3.5 Ma (Brunet et al., 
1995; Lebatard et al., 2008; Brunet, 2010). 

The cause(s) of long-periodic humid episodes in 
East Africa – Trauth et al. (2007) and Maslin and 
Trauth (2009) linked occurrence of long-periodic 
humid episodes in East Africa with the 400-ky 
component of the Earth’s eccentricity cycle, the 
“heartbeat” of the global climate (e.g. Wang, 
2009). When periods of EARS lake phases are plot-
ted on the eccentricity record (Fig. 3) it appears 
that the lake phases between 4 and 2 Ma gener-
ally started just after 400 ky eccentricity minima, 
coinciding with the upward shift to higher eccen-
tricity conditions. This 400 ky cycle appears also 
to be present in several proxy records for Asian 
monsoon precipitation between ~ 4.2 and 2 Ma, 
with periodic maxima in monsoon intensity cor-
responding to occurrence of eastern African lake 
phases. Nie et al. (2008) argued that acceleration 
of Tibetan uplift at ~ 4 Ma caused the presence of 
a pronounced 400 ky cycle in proxy records for 
Asian monsoon precipitation in the Chaona sec-
tion on the Chinese loess plateau. A similar cyclic 
pattern is seen in a monsoon proxy record of the 
Zhaojachuan loess section, as well as in a mon-
soon proxy record of ODP Site 1143 in the South 
China Sea (Zhang et al., 2009). 
Presently it is not known how exactly the 400 

ky eccentricity cycle relates to onset, presence 
and end of humid episodes in eastern Africa. It 
is likely that not one but several factors are in-
volved in the causal mechanism(s). One of those 
factors may be periodic eustatic change in sea 
level (Hardenbol et al., 1998; Miller et al., 2005; 
Snedden and Liu, 2010). Little is known about the 
exact magnitude and timing of sea level changes 
along the eastern African coast, and as an addi-
tional complication, its net effects depend on lo-
cal tectonic events such as continental uplift and 
coastal down-warp. However, in general it can 
be expected that during high sea levels, flooding 
of low-lying areas along the coast would have 
increased humidity and precipitation inland, 
since the amount of moisture carried inland by 
summer monsoonal winds is in part determined 
by the distance traveled from the ocean (Feibel, 
1988). During low sea levels, retreat of the coast-
line would have increased inland aridity. Our 
incomplete understanding of the exact causes for 
onset, presence and end of long-periodic humid 
episodes is not relevant for this study, since we 
consider only humid episodes evidenced from 
observed widespread lake development (Table 1, 
Fig. 3).  
 
The geographic framework

In order to develop a model for African hominin 
evolution it is vital to acknowledge the particular 
climatic and environmental characteristics asso-
ciated with the geographic positions (“the power 
of place”) of the proposed key areas in the arid-
ity refuge model: the Indian Ocean coastal forest 
zone, the EARS lake basins and the Chad Basin 
(Fig. 6). In this study we use the term ‘core area’ 
(or ‘optimal area’) for locations where a species’ 
habitat requirements are fully met and popula-
tion size will be relatively large, as is the case in 
the refugium. We use the term ‘marginal area’ 
for locations where a species’ preferred habitat 

Lake phases in 
Turkana Basin

Timing of lakes in  
the Turkana Basin

Timing of lakes in 
other EARS Basins 

Onset humid episodes

Lake Lorenyang ~ 2.01 – 1.6 Ma   ~2.0 - 1.7 Ma ~ 2.01 Ma
Lake Kokiselei ~ 2.4 Ma   ~ 2.4 Ma ~ 2.4 Ma
no lake present     -   ~ 2.7 - 2.55 Ma ~ 2.7 Ma
Lake Waru ~ 3.15 Ma   ~ 3.2 - 3.0 Ma ~ 3.2 Ma
Lake Lokochot ~ 3.5 - 3.4 Ma   ~ 3.6 - 3.4 Ma ~ 3.6 Ma
Lake Lonyumun ~ 4.2 - 4.0 Ma   ~ 4.0 - 3.9 Ma ~ 4.2 Ma

Table 1. Lake phases in the Turkana Basin and in other EARS basins. Data from Hill (1992), Trauth et al. (2005), Trauth 
et al. (2007), Deino et al. (2009).
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is only temporarily present, degrades or no lon-
ger exists, as is the case in expansion areas when 
the climate swings from humid to arid again. In 
marginal areas, population size will be relatively 
small and/or decreasing (Stewart et al., 2010).  

The Indian Ocean coastal forest zone – With regard 
to mammalian -and hominin- evolution and dis-
persal, the Indian Ocean coastal forest zone is 
considered to have played a major role (Kingdon, 
2003). The Indian Ocean coastal forest mosaic 
comprises the narrow (width ~ 50 to 200 km), 
longitudinally aligned vegetation zone stretch-
ing from the Horn of Africa to southern Africa 
(White, 1983; Burgess and Clarke, 2000; Fig. 7). 
This region, characterized by high levels of en-
demism and biodiversity, has had the benefit of 

an unusual climatic stability for millions of years 
(Kingdon, 1990; Burgess and Clarke, 2000). Even 
during severely dry conditions on the continent, 
the buffering influence of the Indian Ocean main-
tained a relatively warm and humid climate in 
this zone, providing an aridity refugium for per-
manent-water dependent organisms (Kingdon, 
1990, 2003; Burgess and Clarke, 2000). Kingdon 
(1971-1982) describes a striking biotic disjunction 
in the geographic distribution of closely related 
recent African mammal sibling species, “King-
don’s line”, separating the African east coast 
from the interior. This disjunction indicates the 
periodic existence, in a long (millions of years) 
time period, of an aridity-controlled ecological 
barrier. During recurrent dry episodes this bar-
rier, an arid corridor, separated the relatively 

Figure 5. Neogene Lake Chad in the Chad Basin during the period between ~ 7 and 4.6 Ma (from Griffin, 1996). 

Highlands of 
Cameroon

Afar

Red
Sea

Mediterranean Sea

Neogene
Lake ChadLake

Chad
~1950

Nile R.
Blue Nile

W
hite

Sudd

Path
 o

f e
xti

nc
t S

ah
ab

i r
iv

er
s

Ethiopian
Highlands

Chari R.

Benue R.

Niger R.

500 km

Elevation
>1000 m

N
ile

Lake
Turkana

Omo
R.



94

humid forests of central Africa from those of the 
Indian Ocean coast (Kingdon, 2003; Fig. 6). 

Presently, the coastal forest stretches along the 
Indian Ocean coast from southern Somalia till 
Natal in northern South Africa (Fig. 7). It can be 
expected that in the warm Mio-Pliocene before ~ 
3 Ma, rainfall patterns over Africa were diff erent 
(Bonnefi lle, 2004; de Wit and Stankiewicz, 2006) 
and the Indian Ocean coastal forest extended fur-
ther north- and southward than its present-day 
limits (Fig. 8). Marine pollen records from the 
Niger and Gulf of Aden corroborate presence of 

forest and woodland conditions in NE Africa be-
tween ~ 5 and 3 Ma, possibly including the typical 
Brachystegia woodland (Bonnefi lle, 2010) that 
nowadays forms an important vegetation zone in 
the coastal forests of Kenya (Burgess and Clarke, 
2000). 

The dramatic impact of global climate change 
(Northern Hemisphere Glaciation) on African 
forests is demonstrated by the pronounced de-
cline in tree pollen density at ~ 2.7 Ma indicating 
an abrupt retreat of rain forests to an area of the 
same extension as today (Bonnefi lle, 2010). This 

East African
Rift System

Wet episode:
-lakes and rivers more prominent
-dispersal via riverine corridors

Dry episode:
-lakes and rivers limited
-isolation in coastal refuge

Coastal forest

Arid barrier

Coastal forest

Central African forest

Riverine corridors

Afar 
Basin

Malawi

S Kenya 
& Tanzania

Central Kenya

Chad

Omo-Turkana

Middle Awash

Figure 6. Environmental setting in Africa during dry and wet episodes, with locations of the inland rift basins indicated. 
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is also shown by pollen records from ODP Site 659 
off  the western African coast (Leroy and Dupont, 
1994) and by the pronounced shift in δ13C of soil 
carbonates in the Turkana Basin at ~ 2.7 Ma, indi-
cating a shift from woodland to more open condi-
tions from ~ 2.7 Ma onwards (Wynn, pers. com. in 
Bonnefi lle, 2010). The present-day northern limit 
of the coastal forest in southern Somalia may be 
caused by weakening of the rain-bearing sum-
mer monsoon and strengthening of the cold and 
dry winter monsoon winds from Asia since ~ 2.6 
Ma (Zhisheng et al., 2001), drying out the Horn of 
Africa. Hence, we assume that in contrast to the 
present-day situation, during the early part of 
our study interval up to ~ 3 Ma the Indian Ocean 
coastal forest stretched all the way around the 
Horn of Africa, as well as southward to the tip of 
southern Africa (Fig. 8). 

The EARS basins and the Chad Basin – In Chapter 3 
(this thesis) we concluded that the Turkana Basin 
occupies a unique position among EARS basins 
(e.g. Baringo-Bogoria, Olduvai and Olorgesailie 

basins) due to its permanent riverine connec-
tion to the vast drainage area of the Ethiopian 
Highlands. While during long-periodic humid 
episodes the lacustrine Turkana Basin remained 
well-watered throughout precession (~ 21 ky)-
driven wet-dry climate cycles (Chapter 3 this 
thesis), lakes in other EARS basins recurrently 
became unpalatably saline-alkaline or even 
disappeared completely within a few thousand 
years (Owen et al., 2008; Maslin and Trauth, 2009; 
Trauth et al., 2010). Similarly, it has been suggest-
ed the large paleolakes in the Chad Basin fl uctu-
ated strongly on precession time-scales, with the 
northern part of the basin likely drying out dur-
ing precession maxima confi gurations (Griffi  n, 
2006). This resulted in large areas in central Af-
rica and the EARS that periodically became unin-
habitable for lake shore and delta-dwelling fauna. 
We propose that during these precession-forced 
dry periods within a humid episode, the Turkana 
Basin could function as a local aridity refugium 
in the EARS (Chapter 3 this thesis). On the other 
hand, during long-periodic dry episodes on lon-

Figure 7. Modern Indian Ocean coastal forest (dark green) 
and montane forest (light green). 500 km
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ger (~400 ky eccentricity) time-scales even in the 
Turkana Basin the lakes dried out (Table 1, Fig. 3) 
and thus the EARS plus the Chad Basin recurrent-
ly became a marginal area for permanent-water 
dependant lake shore and delta-dwelling fauna 
–likely including hominins. 
The Middle Awash Valley, situated in the Afar 
Basin, is the northernmost EARS basin (Fig. 6). In 
the context of the climate framework out lined 
above, during the Miocene-Pliocene (up to ~ 3 
Ma) the Middle Awash Valley can be regarded 
not only as an EARS basin, but also as part of (or 
as being connected to) the humid Indian Ocean 
coastal forest mosaic zone. During long-periodic 
arid episodes, the Omo and Awash rivers, drain-
ing the Ethiopian Highlands and discharging 
into the Turkana Basin and the Afar Basin re-
spectively, would not supply sufficient water to 
sustain lacustrine conditions, as evidenced by the 
temporary nature of the widespread EARS lake 
phases (Trauth et al., 2005, 2007). However, due 
to its proximity to the coast, it can be expected 
that the Afar Basin (Fig. 6) would suffer less from 
arid conditions because of buffering climatic in-
fluence of the warm Indian Ocean water. Indeed, 
palynological evidence from Hadar indicates that 
conditions in the Awash Valley were wetter in the 
past: Pliocene rainfall values (~ 800-1200 mm/yr) 
were about twice that of today (Bonnefille et al., 
2004). Throughout the Hadar sequence from ~ 3.4 
to 2.95 Ma, the calculated humidity coefficient 
oscillates around 60%, which is slightly below the 
65% threshold for forest biome worldwide today 
(Bonnefille et al., 2004).

Moreover it has been found that, at ~ 3.8 Ma and 
from ~ 3.3 to 3.24 Ma, lacustrine conditions at Ha-
dar in the Middle Awash Valley (Afar Basin) oc-
curred during long-periodic dry episodes (Campi-
sano and Feibel, 2007; Fig. 3), while in other EARS 
basins lakes were absent in these episodes. Also, 
in the Middle Awash Valley relatively wet and 
wooded conditions prevailed between at least 
5.8 and 3.2 Ma (WoldeGabriel et al., 2001; Haile-
Selassie et al., 2004; White et al., 2006; White et 
al., 2009a; WoldeGabriel et al., 2009; Louchart et 
al., 2009; Haile-Selassie et al., 2010; Bonnefille, 
2010). For instance, the habitat of Ardipithecus 
ramidus at ~4.4 Ma was characterized as woodland 
to grassy woodland (White et al., 2009b). Cerling 
et al. (2010), based on evaluation of geochemi-
cal data, contested this interpretation and pro-
posed instead that the environment should be 
reconstructed as a tree- or bush-savanna, with 
25% or less woody canopy cover. However, White 
et al. (2010) argued that this reconstruction of 
predominantly open grassy environments with 
riparian woodlands is inconsistent with the to-
tality of the fossil, geological and geochemical 
evidence. They maintain that while more open 
conditions were present as well, A. ramidus fossils 
are associated with woodland to grassy woodland 
habitat indicators. Hence, based on the docu-
mented permanent relatively high humidity, and 
presence of lakes and wooded conditions even 
during long-periodic African dry episodes, we 
propose that before ~ 3 Ma the Middle Awash Ba-
sin in the Afar Basin continuously (so also during 
long-periodic arid episodes) provided an aridity 

1000 km

Indian Ocean
coastal forest
prior to ~3 Ma

Figure 8. The Indian Ocean coastal forest. Prior to ~ 3 Ma, it is as-
sumed to have extended from the Afar Basin around the Horn of Africa 
down to the tip of southern Africa. 
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refugium for permanent-water dependant fauna. 
This is in contrast to the Turkana Basin that has 
been proposed to provide an aridity refugium 
only during dry periods within long-periodic hu-
mid episodes (Chapter 3 this thesis). 

Establishing initial conditions: who, when, 
where?

Fossil finds indicate that in the late Miocene (~ 
11 to 8 Ma), Africa was populated by a multitude 
of hominoids (apes), such as Samburupithecus and 
Nakalipithecus (Harrison, 2010). Kingdon (2003) 
suggested that in this time period apes may have 
spread, during favorable conditions, over practi-
cally the whole of Africa from the Atlantic to the 
Indian Ocean. The onset of the first of the recur-
rent dry episodes after ~8 Ma (see also Wichura 
et al., 2010) may have isolated a population of 
apes in the Indian Ocean coastal forest zone. 
Kingdon (2003) argues that, following the sepa-
ration of a small ape population in the coastal 
enclave, they adapted to the specifics of their 
finite and confining environment. The coastal 
forest habitat differs considerably from Central 
African rainforests, in terms of size, shape, rain-
fall, seasonality, biodiversity, availability of food 
resources and intense resource competition from 
e.g. monkeys. Due to the small ape gene pool in 
an isolated and different habitat, selection and 
genetic drift would have accelerated evolution in 
the coastal forest zone, leading to genetic separa-
tion from the ape population in the much more 
extensive rainforests and woodlands west of the 

arid barrier (Kingdon, 2003). 

Kingdon (2003) envisions that during isolation 
sometime after ~8 Ma, adaptation to foraging for 
small plant and animal food items on the coastal 
forest floor in squatting position (the apes being 
largely forced out of the trees by monkey compe-
tition) led to pelvic reorganization and ultimately 
to bipedality (but it can be argued that wading 
while foraging in shallow water in coastal forests 
may be a more direct trigger and facilitator for 
primate bipedalism; e.g. Verhaegen et al., 2002; 
Wrangham et al., 2009). Hence, Kingdon (2003) 
predicts the existence of a late Miocene to early 
Pliocene bipedal, omnivorous, coastal forest and 
woodland dwelling ape: the “coastal ground ape” 
(Fig. 9A). Based on typical distributions of coastal 
forest mammal species (e.g. monkeys, elephant-
shrews, squirrels, antelopes (Kingdon, 1971-
1982)), Kingdon expects that this hypothetical 
ground ape would have colonized the entire Indi-
an Ocean coastal forest zone from north to south. 
Next, during the following humid episode(s) the 
bipedal ground apes were released from their 
coastal enclave and could disperse westward to 
more inland areas (Kingdon, 2003).

In the period between ~ 8 and 5 Ma, at least three 
alleged hominins were present in Africa: Sahel-
anthropus tchadensis at ~ 7 Ma in the Chad Basin 
(Brunet et al. 2002), Orrorin tugenensis at ~ 5.7 - 6 
Ma in Kenya (Senut et al., 2001) and Ardipithecus 
kadabba at ~5.8 Ma in the Afar Basin, Ethiopia 
(Haile-Selassie et al., 2004). The skull characteris-

Figure 9. A. Sketches of the hypothetical “eastern ground ape” (Kingdon, 2003). B. Artist impression (by J.H. Matternes) 
of Ardipithecus ramidus (White et al., 2009).
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tics of Sahelanthropus can be interpreted as indi-
cating bipedality (Zollikofer et al., 2005). Recent 
anatomical analysis shows that O. tugenensis was a 
habitual biped (Richmond and Jungers, 2008), and 
also A. kaddaba was bipedal (Haile-Selassie et al., 
2004). Kingdon (2003) proposed that possibly one 
(or more) of the taxa above, and/or the younger 
(~ 4.4 My) Ardipithecus ramidus from the Afar Ba-
sin, could be closely related to his hypothetical 
coastal ground ape. The recent detailed descrip-
tion of A. ramidus (White et al., 2009) suggests 
that it indeed resembles Kingdon’s predicted ape: 
A. ramidus was a bipedal, omnivorous denizen 
of woodland with small patches of forest, and 
likely fed both in trees and on the ground (Fig. 
9B). Kingdon (2003) remarked that the find area 
of Ardipithecus in the Middle Awash Valley (Afar 
Basin) was too far from the coast for this genus to 
represent a “coastal ground ape”. However, the 
assumed Mio-Pliocene far northern extent of the 
coastal forest around the Horn of Africa (see sec-
tion 3.1.) places the find localities of Ardipithecus 
in a wooded habitat connected to (or being part 
of) the Indian Ocean coastal forest zone, sup-
porting Kingdon’s prediction of a bipedal coastal 
ground ape. 

Based on the hominin fossil record (especially the 
discovery of a bipedal hominin fossil in the Chad 
Basin at ~ 7 Ma; Brunet et al., 2002), we conclude 
that the geographic origin of hominin bipedality 
remains an open question. It is possible that bi-
pedality first arose on the shores of Neogene Lake 
Chad, or even more northward along the ancient 
Sahabi river and delta system in Libya, instead of 
in the Indian Ocean coastal forest as proposed by 
Kingdon (2003). However, in view of the existence 
of a suitable dispersal route (hydrographic con-
nection) between the Chad Basin and the Indian 
Ocean coastal forest strip (via Central, Sudan and 
Anza Rifts, see section 2.1) it does not really mat-
ter where the origin was, since it can be expected 
that the bipedal hominins during humid episodes 
rapidly spread to colonize the accessible habitats. 
Based on the abundant fossil presence of Ardipi-
thecus ramidus in the wooded Afar Basin (White et 
al., 2009b) and the observed typical distribution 
of Indian Ocean coastal forest mammal species 
(Kingdon, 1971-1982), it can be assumed that 
this bipedal hominin inhabited the whole Indian 
Ocean coastal forest mosaic. Hence, as initial con-
ditions for the aridity refuge model we choose A. 
ramidus as “stem hominin” (we are aware that the 

hominin status of this species may be contested; 
e.g. Wood and Harrison, 2011). The start time is 
4.4 Ma, and the start location is the Indian Ocean 
coastal forest strip extending along the coast 
from the Horn of Africa down to S Africa (Fig. 8). 

Defining the algorithm

It can be expected that hominin populations, 
isolated in the Indian Ocean coastal forest dur-
ing long-periodic arid episodes, expanded and 
dispersed to inland rift basins (Chad and EARS 
basins) during humid episodes (Fig. 6). Lakes in 
these rift basins, for instance Lake Lorenyang at 
~ 2-1.7 Ma in the Turkana Basin, provided well-
watered habitats with abundant terrestrial and 
aquatic food resources (Braun et al, 2010; Chap-
ters 2 and 3 this thesis) and must have formed at 
that time attractive destinations for permanent-
water dependent fauna dispersing from the coast. 
Here immigrants could live in riparian, lake shore 
and delta habitats, compete with local fauna and 
possibly evolve for periods in the order of 50 to 
300 ky, the duration of a humid episode. Upon 
arrival of the next arid episode, they could adapt 
to the drier non-lacustrine conditions, track 
their preferred habitat, or go extinct. During 
arid episodes lasting several hundred thousand 
years, isolation of fauna in the geographically 
confined aridity refugium along the coast would 
be particularly conducive for ongoing evolution 
(Lister, 2004; Stewart et al., 2010), until arrival 
of the next humid episode would again provide 
a release from refuge and allow migration of 
(evolved) fauna to the EARS basins by going up-
river in the different river basins (Fig. 10). 

What is generally the fate of populations trapped 
outside their refugium, in expansion areas, when 
the climate changes again to unfavorable condi-
tions? The results from recent genetic studies 
(e.g. Dalén et al., 2007 and references therein) 
suggest that expanded populations outside refu-
gia often become extinct instead of tracking their 
retreating habitats by physically moving into the 
refugium (and see also Roebroeks et al., 2011). Ac-
cording to Stewart et al. (2010) this implies that 
populations in long-term refugia are descended 
from those individuals that remained in these 
refugia during expansion (dispersal) phases, and 
consequently that expanded populations out-
side refugia make little or no contribution to the 
long-term evolution of the species. In this case, 
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the refugium can be termed a ‘source area’ and 
the expansion area a ‘sink area’ for populations. 
Based on these fi ndings we expect that hominin 
populations in inland rift basins go locally extinct 
at the end of long-periodic humid episodes. Thus, 
we defi ne as algorithm for the aridity refuge 
model: 1) during a long-periodic arid episode: 
isolation and evolution of hominin populations 
in Indian Ocean coastal forest zone, 2) at the 
onset of and/or during a long-periodic humid 
episode, expansion and dispersal of evolved hom-
inin populations to inland rift basins (NB during 
long-periodic humid episodes, the Indian Ocean 
coastal forest remains populated with hominin 
populations), 3) at the end of a humid episode, 
local extinction of hominin populations in inland 
rift basins, and on to 1) again. 

Validation of the aridity refuge model

The aridity refuge model can be validated by 
comparing model predictions with data on fossil 
occurrences available in the literature. A problem 

for validation is the lack of mammalian (includ-
ing hominin) fossils from the present-day Indian 
Ocean coastal forest strip, which is an unfavor-
able environment for bone fossilization. Here we 
bypass this problem by considering the Middle 
Awash Valley in the Afar Basin, in the time period 
up to ~ 3 Ma, as being part of the Indian Ocean 
coastal forest mosaic zone (see section 3.3). For 
the validation exercise this allows us to use the 
fossil record of the Middle Awash Valley, at least 
up to ~ 3 Ma, as a proxy for the situation in the 
coastal forest along the whole Indian Ocean 
coast. Below, we consider three crucial model 
predictions: 1) dispersal events should coincide 
with (onset of) long-periodic humid episodes, 
2) presence and persistence of hominins should 
diff er in refuge and expansion areas, and 3) the 
aridity refuge model should explain the evolution 
of eastern and central African hominin species.

Prediction 1: dispersal events should coincide with 
(onset of) humid episodes – The start of a humid 
episode refl ects a major climatic-environmental 

!
Figure 10. Conceptual model of possible evolution and migration/dispersal processes over time. The (general) EARS 
basin shows alternation between arid (beige) and humid (green) episodes. Characters A-D indicate consecutive humid 
episodes in East Africa. Horizontal green bars indicate recurrent temporary hydrographic connections (during humid 
episodes) between the Indian Ocean (East), EARS basin and Chad Basin (West). Dotted arrow: evolution into a new 
species. Line arrow: dispersal/expansion of species, resulting in colonization of inland rift basins (EARS and Chad). Line 
with end: (local) extinction of species. Dash-dot line: persisting species. 
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transition, resulting in lakes in inland rift ba-
sins (if accommodation space for lake formation 
is available) and in formation of rivers and/or 
vegetation belts connecting previously isolated 
regions. As a consequence, plant and animal spe-
cies can colonize newly developed lake and delta 
habitats in the inland rift (EARS and Chad) ba-
sins. After arrival they can influence abundance 
of resident species by predation or competition, 
possibly even causing their (local) extinction. 
Hence, the aridity refuge model predicts that 
timing of humid episodes should coincide with 
timing of dispersal events, reflected in first ap-
pearance of dispersing species (and possibly last 
appearance of residing species) in EARS basins. 
This prediction can be tested by studying first ap-
pearance dates (FADs) and last appearance dates 
(LADs) of species in the fossil record of inland rift 
basins such as the Turkana Basin.

Mammalian FADs in the Turkana Basin cluster 
at ~ 3.5-3.4 Ma, ~ 2.4 Ma and ~ 2-1.8 Ma (Beh-
rensmeyer et al., 1997), coinciding with humid 
episodes. Frost (2007) found that FADs and LADs 
of cercopithecoid monkey species in the Turkana 
Basin cluster at ~ 3.4 Ma and ~ 2 Ma, coinciding 
with humid episodes. Leakey et al. (2008) con-
cluded that many species of fossil cercopithecoid 
monkeys that first appeared in the Turkana Basin 
without obvious local predecessors (e.g. Thero-
pithecus oswaldi at ~ 2.4 Ma) are likely to have 
migrated into the basin while having evolved 
elsewhere. The authors inferred that waterways 
linking the Turkana Basin with habitats else-
where would have been critical in facilitating 
dispersals into the basin, and recognized that 
the central African forests and particularly the 
eastern African lowland coastal forests, as pro-
posed by Kingdon (2003), would have provided 
ideal habitats for evolution of primates. For in-
stance, the ancient Turkana River, which most 
likely flowed from the South end of the Turkana 
Basin via Lamu Embayment to the Indian Ocean 
coast (Feibel, 1993) may have been a crucial link 
to coastal forest habitats, and thus to a possible 
source of some of the primate species that ap-
peared in the Turkana Basin (Leakey et al, 2008). 
Also Van Bocxlaer et al. (2008) found that first 
appearance of several extra-basinal elements 
(aquatic mollusks, fish, plants) into the Turkana 
Basin coincided with onset of humid episodes at 
~ 2.4 Ma, ~2 Ma and 1.1 Ma. 

Prediction 2: Persistence of hominins differs in the var-
ious rift basins – For expansion areas such as the 
EARS and Chad basins, the aridity refuge model 
predicts to encounter fossil evidence of first ap-
pearance of hominin species from the onset of 
and/or during humid episodes, and absence of 
hominins during arid episodes. In the Afar Ba-
sin (considered to be part of the refugial Indian 
Ocean coastal forest up to ~ 3 Ma), we expect to 
encounter fossil evidence of permanent hominin 
presence both during humid and arid episodes. 
Also, since in this biogeographical context the 
Turkana Basin -and other inland rift basins even 
more so- is considered to be a relatively mar-
ginal area while the Afar Basin is regarded as a 
core area for habitation, it can be predicted to 
encounter a higher number of hominin fossils 
in the Afar Basin than in the Turkana Basin and 
other rift basins. To test these predictions, we 
plotted total numbers of hominin fossils per spe-
cies found in the different inland rift basins over 
time (Fig. 11). This is an overview of the species 
found so far, in certain areas. It will by no means 
represent the full picture, there may be many 
surprises still awaiting discovery. Paucity of de-
posits from certain time periods prevents discov-
ery of species that may have been present at that 
time and place, or may underestimate the age of 
a species FAD (Bobe and Leakey, 2009). Neverthe-
less, the overview summarizes the result of more 
than 50 years fossil hunting in eastern and cen-
tral Africa and provides the best possible picture 
for now. 

The FAD of hominin species in the Turkana, 
Baringo-Bogoria, Laetoli, Malawi and Chad Ba-
sins coincides with (onset of) humid episodes, 
confirming the pattern predicted by the arid-
ity refuge model (see prediction 1). In the time 
period before ~2.95 Ma, deposits in the Middle 
Awash Valley (Afar Basin) yield a relatively large 
number (tens to hundreds) of hominin fossils, 
both in humid and in dry episodes (Fig. 11). The 
Turkana Basin sediments of this time period yield 
fewer hominin fossils, and only from humid epi-
sode deposits. This pattern is evidently not the 
result of taphonomic factors: the Turkana Basin 
sediments deposited during long-periodic dry 
episodes have yielded abundant fossils of non-
hominin vertebrates (e.g. Bobe et al., 2007), but 
none of hominins. In humid episode deposits, a 
rich vertebrate fossil fauna with nonetheless very 
few hominins was found (Bobe and Leakey, 2009). 
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The other EARS basins and the Chad Basin then 
yield also few or even no hominin fossils at all. 
For example, Su and Harrison (2008) devote a full 
paper to discussing the rarity of fossil hominins 
(Australopithecus afarensis) at Laetoli, compared 
to their abundance at Hadar. They demonstrate 
that although taphonomic factors may explain 
part of the discrepancy, the rarity of hominin fos-
sils at Laetoli compared to Hadar is real. Su and 
Harrison (2008) conclude that Laetoli probably 
represented a less optimal habitat for A. afarensis 
than the more wooded and mesic Hadar. This 
conclusion corroborates the prediction of the 
aridity refuge model that the Afar Basin was a 
permanently habitable core area and part of the 
aridity refugium up to at least ~ 3 Ma, and that 
the Turkana and other EARS basins (e.g. Laetoli) 
as well as the Chad Basin were relatively margin-
al expansion areas habitable only during humid 
episodes. 

Prediction 3: the aridity refuge model can explain 
the evolution of hominin species – Assuming that 
around ~ 4.4 Ma an Ardipithecus-like, bipedal om-
nivorous hominin was living in the coastal forest 

zone along the length of the East African coast, 
the aridity refuge model predicts that this hom-
inin in its coastal isolation will evolve into a new 
species, and that at the onset of the following 
humid episode (4.2-4.0 Ma) this evolved hominin 
could spread inland to rift basins (Fig. 12). In-
deed, fossils of a new species called Australopithe-
cus anamensis were recovered from 4.2-4.0 My old 
deposits in the Turkana Basin (Leakey et al., 1995; 
Leakey et al., 1998). It was also found in 4.2-4.1 
Myr old deposits in the Middle Awash Valley of 
the Afar Basin (White et al., 2006). In the follow-
ing arid episode, hominin fossils were absent in 
the EARS and Chad basins but present in the Afar 
Basin (Fig. 11). Haile-Selassie et al. (2010) found 
hominin fossils at Woranso-Mille in the Middle 
Awash Valley (Afar Basin) deriving from sedi-
ments dated to ~ 3.8 to 3.6 Ma, coinciding with a 
long-periodic dry episode. The hominins share 
morphological characteristics with both A. ana-
mensis and A. afarensis, and the authors propose 
that the new fossils are intermediate between 
the two. They appear to represent a transitional 
population within an anagenetically evolving 
A. anamensis – A. afarensis chronospecies (Haile-
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Selassie et al., 2010), as suggested by White et al. 
(2006) and Kimbel et al. (2006).

The Woranso-Mille hominin fossils were found 
in mostly fluviatile deposits amidst an extensive 
faunal assemblage dominated (46 %) by fossils of 
cercopithecid monkeys. The fauna indicates that 
the site had a mosaic of habitats: primarily a riv-
erine gallery forest, laterally extending to wood-
land and grassland (Haile-Selassie et al., 2010). 
The presence of hominins in a primate-rich 
humid wooded habitat during a dry episode sup-
ports our assumption that in the Mio-Pliocene, 
the Afar Basin -including the Middle Awash Val-
ley- represented (or was connected to) the north-
ernmost part of the ancient Indian Ocean coastal 
forest mosaic. The transitional hominin fossils 
described by Haile-Selassie et al. (2010) can be 
interpreted as an example of evolution during a 
long-periodic dry episode in the isolated aridity 
refuge along the Indian Ocean coast. Next, the 
aridity refuge model predicts that at the onset of 
the following humid episode (3.6-3.4 Ma) fossils 
of an evolved hominin species will be found in 
inland rift basins. This is indeed the case, fossils 
of Australopithecus afarensis are found in Laetoli 
between 3.6-3.4 Ma (Harrison, 2011) and possi-
bly in the Turkana Basin at ~3.4 Ma (Kimbel and 
Delezene, 2009), but not in the following arid 
episode. A. afarensis persisted however in the 
Middle Awash Valley of the Afar Basin where its 
fossils were found in large numbers in both dry 
and humid episodes, up to ~ 2.95 Ma (Kimbel and 
Delezene, 2009). 

Two additional, rather enigmatic species were 
present in inland rift basins at ~ 3.5 Ma, broadly 
contemporaneous with and very similar to Aus-
tralopithecus afarensis: A. bahrelghazali in the Chad 
Basin (Brunet et al., 1995) and Kenyanthropus 
platyops in the Turkana Basin (Leakey et al., 2001; 
Fig. 11). White (2003) suggested that K. platyops 
was not a separate species but a local, Kenyan 
variant of A. afarensis.  However, recent studies 
have confirmed the specific status, compared 
with A. afarensis, of both A. bahrelghazali (Guy et 
al., 2008) and of K. platyops (Spoor et al., 2010). 
Moreover, Spoor et al. (2010) remark upon the 
similarity in orthognatism between A. bahrel-
ghazali en K. platyops fossils, and how these ob-
servations increase the likelihood that they are 
conspecific. However, they add that at present 
it remains unclear how K. platyops relates to A. 

bahrelghazali. 

Can the aridity refuge model explain the pres-
ence of these fossils? Fossil evidence shows that 
A. afarensis was a successful and widespread 
taxon, with high dispersal ability (Kimbel and 
Delezene, 2009; Fig. 11). The aridity refuge model 
predicts that from the onset of the humid epi-
sode between ~ 3.6 and 3.4 Ma, thanks to rift-
associated hydrographic connection between 
coast and Chad Basin (see section 2.1), it was 
possible for A. afarensis populations to disperse 
from the coastal forest zone to the Turkana Ba-
sin and on to the Chad Basin. In the Chad Basin, 
they could adapt to local conditions and evolve 
over time into A. bahrelghazali. Next, part of this 
bahrelghazali population could move back to the 
Turkana Basin within this same humid episode, 
which would explain the presence of Kenyanthro-
pus platyops fossils there. 

Outcome of the model validation – Three crucial 
predictions that followed from the aridity refuge 
model have been successfully validated with the 
available fossil record. We infer that between 
~5 and 3 Ma, the whole Afar Basin including the 
Middle Awash Valley was part of, or permanently 
connected to, the Indian Ocean coastal forest mo-
saic. The Indian Ocean coastal forest mosaic zone 
was a permanently habitable aridity refugium 
for hominins, where during long-periodic arid 
episodes isolated hominin populations anagen-
etically evolved into new species. During arid epi-
sodes the Chad Basin and the EARS basins (with 
exception of the Middle Awash Valley in the Afar 
Basin) were not inhabited by hominins. During 
long-periodic humid episodes, hominins were re-
leased from coastal isolation and could disperse 
to inland rift basins, including the relatively dis-
tant Chad Basin. The evolution of Australopithecus 
anamensis and A. afarensis from an Ardipithecus-
like coastal ground ape can be explained by ap-
plication of the aridity refuge model (Fig. 12). 
Also, the evolution of A. bahrelghazali and Kenyan-
thropus platyops, while more speculatively, follows 
logically from the aridity refuge model. We con-
clude that the aridity refuge model explains ob-
served patterns in the fossil record in the period 
between ~ 5 and 3 Ma. 

However, figure 11 reveals that from then on the 
picture becomes more complicated. At ~ 3 Ma 
there is a major pattern change in the hominin 
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fossil record of the Middle Wash Valley in the 
Afar Basin: from persistent and rich hominin 
presence, to sporadic presence of Australopithecus 
garhi and early Homo, and this sporadic presence 
was found only in humid episodes. Due to a hia-
tus in deposits, it is not known what happened 
in the Middle Awash Valley between ~ 2.92 and 
2.7 Ma (Campisano and Feibel, 2007), but at least 
from 2.7 Ma onwards the Middle Awash Valley 
appears to have lost its status as a permanently 
habitable core area for hominin occupation. At ~ 
2.7 Ma, a rich record of robust hominins (Paran-
thropus aethiopicus and P. boisei) emerges in the 
EARS basins but not in the Afar Basin. In the Tur-
kana Basin, robust hominins appear to be persist-
ing during both humid and dry episodes. More 
generally, the period between ~ 3 Ma and 2.5 Ma 
is characterized by the observed last appear-
ance of the widespread and long-lasting species 
Australopithecus afarensis at ~ 2.95 Ma (Kimbel & 
Delezene, 2009), the observed first appearance of 
the new hominin genus Paranthropus by ~ 2.7 Ma 
(Wood and Constantino, 2007; Harrison, 2011), 
the observed first appearance of Australopithecus 
africanus at ~3 Ma (e.g. Herries et al., 2010) and 
by the first appearance of stone tools, and hence 
a –so far unknown- hominin toolmaker, at ~ 2.6 
Ma (Semaw et al., 2003). Together, these patterns 
suggest a major regional turnover of hominin as-
semblages between ~ 3 and 2.5 Ma. Where, why 
and how were these junctions in hominin evolu-
tion brought about? 

The impact of global climate change on hom-
inin paleoenvironments

Northern Hemisphere Glaciation caused forest con-
traction – The observed change in pattern of the 
hominin fossil record (Fig. 11) coincides with a 
major change in global climate: the Northern 
Hemisphere Glaciation (Fig. 3). Over the time 
period between ~3 and 2.5 Ma the onset and in-
tensification of the Northern Hemisphere Glacia-
tion (Bartoli et al., 2005) resulted in progressive 
climatic cooling and drying which adversely 
influenced the vegetation of the Indian Ocean 
coastal forest mosaic, especially in the Horn of 
Africa which became more exposed to the arid 
and cold winter monsoon winds from Asia that 
increased after ~ 2.6 Ma (Zhisheng et al., 2001). 
Pollen studies show that by 2.7 Ma African forests 
had retreated to approximately their present-day 
extent (Bonnefille, 2010). For the eastern African 

coast this would mean a latitudinal retreat of the 
Indian Ocean coastal forest zone, with its north-
ern and southern borders moving in the direc-
tion of the equator, approximately to southern 
Somalia and southern Mozambique respectively. 
Extensive dry coastal areas would occur north 
and south of the coastal forest borders: the Horn 
of Africa, and the flat riverless coastal lowland 
between the mouths of the Zambezi and Lim-
popo Rivers (Kingdon, 2003). However, it can be 
expected that some areas in the northeast and 
southeast of Africa remained relatively humid 
due to orographic rainfall: part of the Afar Basin 
still received water via the Awash River draining 
the Ethiopian Highlands, and Southeast Africa 
still received local rainfall as well as water via riv-
ers from the Drakensberg mountain chain. These 
humidity patterns are still visible in modern 
African rainfall distribution. Hence, we hypoth-
esize that climate change between ~3 - 2.7 Ma 
caused fragmentation of the Indian Ocean coastal 
forest. This resulted in the emergence, from ~ 
3 Ma onwards, of three geographically isolated 
relatively humid hominin occupation areas along 
the north-south axis of eastern Africa: the Afar 
Basin, the contracted Indian Ocean coastal for-
est, and the coastal and upland forest mosaic in 
southeastern Africa south of the Limpopo River 
(Fig. 13). 

Environmental conditions in these humid areas, 
arguably each containing populations of Australo-
pithecus afarensis, would differ due to different 
rainfall, river water input and air temperatures 
associated with their particular geographical 
positition. Especially in the Afar Basin where lo-
cal rainfall decreased dramatically between ~ 
3-2.7 Ma (Zhisheng et al., 2001; Bonnefille, 2004), 
woodlands would disappear to be replaced by 
more arid open conditions (Campisano and Fei-
bel, 2007) with gallery forests forming a narrow 
verdant strip along the Awash River. The con-
tracted Indian Ocean tropical coastal forest likely 
became dryer compared with conditions in the 
coastal forest before ~ 3 Ma, but rivers with gal-
lery forests and floodplains would continue to 
exist (Kingdon, 2003). The humid area south of 
the Limpopo River, consisting of a narrow coastal 
strip (~ 20 km) with mountains rising abruptly 
out of the plain, differs physically and eologi-
cally from equivalent coastal habitats further up 
the coast (Kingdon, 2003). Due to the southern 
position, it experiences a strong seasonality with 
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short cold winters and long hot summers, pos-
sibly evoking seasonal faunal migration between 
lowland and highland environments. The arid 
areas north and south of the Indian Ocean coastal 
forest would inhibit the spread of forest and 
water-dependent species and thus act as a bar-
rier to gene flow between populations on either 
side of it (Kingdon, 2003), ensuring isolation of 
the separated hominin populations. In addition, 
the southernmost stretches of coast may have 
even been too cold at times, further restricting 
the geographic range of the southern hominin 
population and strengthening its isolation in a 
restricted environment (Kingdon, 2003). 

Environmental change in eastern Africa during 
the onset of the NHG has likely led to cladogenet-
ic splits (starting from Australopithcus afarensis) in 
the hominin lineage (e.g. deMenocal, 1995, 2004). 
A more detailed analysis of the African hom-
inin fossil record (Asfaw et al., 1999) indicates a 
tripartite cladogenetic split occurring at at ~3 
Ma, in which A. afarensis gave rise to A. africanus, 
Paranthropus aethiopicus and A. garhi. We propose 
that such a cladogenetic tripartition was the 
direct result of the tripartite habitat fragmenta-
tion described here above (Fig. 13). The northern 
population A. afarensis that became isolated in the 

Afar Basin may have evolved into A. garhi by ~ 2.5 
Ma (Asfaw et al., 1999), or possibly (first?) into 
another species whose bones have not yet been 
found, but whose artifacts were preserved in ~ 
2.6 Ma sediments in the Afar Basin (Semaw, 2003). 
The southern population that became isolated in 
southeastern Africa may have evolved into A. afri-
canus, the oldest bones of which have been found 
in Makapansgat dated at ~3-2.9 Ma (Herries et 
al., 2010). Of possible descendants of the isolated 
central population, no fossil remains are known 
from the contracted coastal forest. This is hardly 
surprising, since the coastal forest sedimentary 
record reputedly has a very poor vertebrate fos-
silisation potential. However, the presence of 
P. aethiopicus at Laetoli and Turkana at ~ 2.7 Ma 
(Kimbel and Delezene, 2009; Harrison, 2011) hints 
upon the identity of the hominin inhabitants of 
the contracted coastal forest at that time. Within 
the constraints of the aridity refuge model out-
lined above, regular connections between the 
contracted coastal forest and the inland EARS 
basins indicate that P. aethiopicus was also present 
in the coastal forest. 

The three species as described here appear to 
have limited geographical distributions. Aus-
tralopithecus garhi and the ~2.6 Ma tools are so far 
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Turkana Basin
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Figure 12. Diagram depicting the aridity refuge model between 4.4 and 3 Ma. Dotted line arrow: evolution; line arrow: 
dispersal; line with end: (local) extinction. 
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uniquely known from the Afar Basin and A. afri-
canus does not occur outside southeastern Africa. 
Further, between ~3 and 2 Ma no fossils of Paran-
thropus species have been found in the Afar Basin 
or southeastern Africa. We take this to support 
our hypothesis that, despite absence of a fossil 
record, Paranthropus evolved in the contracted In-
dian Ocean coastal forest and along the river sys-
tems that periodically connected the coastal for-
est to its hinterland. In summary, the proposed 
climate-forced habitat fragmentation provides a 
plausible ecological mechanism to explain timing 
and spatial pattern of the observed cladogenetic 
events in the hominin lineage at ~ 3 Ma.

Discussion and conclusions 

The influence of climate change on hominin evolution 
– The aridity refuge model combines the dimen-
sions of time and space in order to investigate 
the effect of climatic change on hominin evolu-
tion and dispersal. Incorporation of the spatial 
dimension is crucial: fossil finds need to be con-
sidered in their geographical (basin) context in 
order to see a meaningful pattern emerge from 
the fossil record. The most striking feature of the 
pattern is the dividing line that can be drawn at ~ 
3 Ma (Fig. 11). For the time period before ~ 3 Ma, 

the simple algorithm of the aridity refuge model 
successfully predicts the anagenetic evolution of 
Australopithecus afarensis from A. anamensis and an 
Ardipithecus-like ground ape, as well as the pat-
terns of local appearance and extinction of these 
species in inland rift basins. The observation that 
these simple rules work, likely can be explained 
by the fact that during this period the global cli-
mate was “simple” as well:  relatively stable and 
warm, punctuated only by recurrent alternation 
of long-periodic (~ 400 ky) humid and arid epi-
sodes (Fig. 3) that appear to have been the main 
drivers for hominin evolution and dispersal be-
tween ~ 5 and 3 Ma. 

After ~ 3 Ma, the Northern Hemisphere Glacia-
tion (NHG) set in, with increasingly arid and cold 
conditions resulting in a latitudinal contraction 
of the Indian Ocean coastal forest. We infer that 
this climate-forced forest contraction and habi-
tat fragmentation caused a tripartite geographic 
split of the Australopithecus afarensis population 
residing along the Indian Ocean coast. As a conse-
quence, three separated populations found them-
selves in different ecological conditions, which 
resulted in different evolutionary trajectories 
(Fig. 14). Hence, we conclude that in the time pe-
riod between ~ 3 Ma and 2.5 Ma, the NHG exerted 
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Figure 13. Left panel: continuous coastal forest and hominin habitat before ~ 3 Ma. Right panel: fragmented hominin 
habitats after ~ 2.7 Ma.
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the all-important climatic influence on hominin 
evolution, causing the first major cladogenetic 
event in the evolution of the hominin lineage. 
However, we posit that also after ~ 3 Ma the 400 
ky wet-dry climate cycles continued to affect the 
dispersal and evolution patterns of hominin pop-
ulations by recurrently (during long-peridic hu-
mid episodes) connecting the contracted coastal 
forest with inland EARS basins. At present, we do 
not have enough fossil information to be able to 
predict possible 400 ky climate-induced dispersal 
patterns from the hominin occupation areas in 
the Afar Basin and southern Africa after ~ 3 Ma. 

The aridity refuge model agrees with deMenocal 
(1994, 2005) who invoked major global climate 
change related to Northern Hemisphere Glacia-
tion as driver for hominin evolution. The model 
is also in line with Trauth et al. (2005, 2007), who 
identified recurrence of long-periodic (~400 ky) 
humid episodes as an important forcing factor in 
hominin evolution and dispersal. Our model adds 
the spatial component to this discussion and pro-
vides a unifying ecological mechanism explaining 
the geographical distribution of hominin species 
at different geological time scales.

Outlook: further testing of the aridity refuge model 
as predictive tool – The aridity refuge model con-
stitutes a new view on geographic patterns in 
African hominin presence over time, boldly plac-
ing the core area of hominin habitation in the 
Indian Ocean coastal strip from Eritrea/Ethiopia 
till southern Africa where so far no fossils have 
been found (arguably with exception of the 
Middle Awash Valley fossil record in the time pe-
riod before ~ 3 Ma, see sections 3.1, 6.2 and 6.3). 
Therefore in future studies, predictions made by 
applying the aridity refuge model, need to be fur-
ther validated and tested as much as is possible 
with multiple lines of fossil evidence. Together 
with the hominin fossil record, the available 
non-hominin animal and plant fossil records are 
particularly useful for this purpose. For instance, 
the aridity refuge model predicts that hominins 
(especially before ~ 3 Ma) were predominantly 
associated with the humid forest/woodland bi-
ome, instead of with a more open savanna biome. 
The fossil site Lothagam (just west of the south-
ern end of Lake Turkana) with deposits aged be-
tween 7.4 and 4.2 Ma is considered to be the old-
est known example of a savanna biome in Africa 
(Leakey and Harris, 2003). The site samples a very 

diverse and rich Late Miocene fauna including 
mammals, reptiles, fish and invertebrates, with 
over 9,000 fossil specimens collected. However, 
hominin (or hominoid) fossils are extremely rare: 
only two hominoid teeth aged between 6.5 and 
5 Ma, and one hominoid mandible (KNM-LT 329) 
aged between 5 and 4.2 Ma have been found so 
far (Leakey and Harris, 2003; McDougall and Fei-
bel, 1999). The extreme rarity of hominins/homi-
noids in this savanna biome corroborates the 
prediction by the aridity refuge model that the 
humid forest/woodland biome is the preferred 
habitat for early hominins before ~ 3 Ma. Conse-
quently, the aridity refuge model predicts that 
mammals constituting a humid forest /woodland 
faunal community would show a similar distribu-
tion pattern in space and time as hominin fossils 
before ~ 3 Ma. This prediction can be tested by 
quantitatively analyzing presence and absence 
of typical “forest” and “non-forest” (and “water-
dependent” and “dry-tolerant”) mammalian 
species over time in a similar way as we did for 
hominin fossils, by plotting numbers of fossils (or 
preferably percentages of total fauna) per basin 
over time (Fig. 11). Since relatively large numbers 
of non-hominin mammal fossils are available for 
this (Bobe et al., 2007; Bobe and Leakey, 2009), it 
will be possible to use statistical analyses to test 
significance of the patterns found. 

The more fossils become available for study, the 
more feasible it will be to discern statistically 
significant patterns in time and space that can be 
interpreted in terms of evolution and dispersal. 
The aridity refuge model can be used to predict 
the location of promising new exploration areas 
for hominin fossils. The extensive fossil finds 
over the past 50 years have demonstrated that 
‘marginal’ areas (inland rift basins such as the 
Chad Basin, Turkana Basin, and Laetoli/Olduvai) 
are very suitable for fossil hunting, especially so 
when sediments deposited during long-periodic 
humid episodes are targeted. We propose that 
in addition, promising places for fossil hunting 
would be the refugial core areas (demonstrably, 
such as the Middle Awash Valley before ~ 3 Ma), 
where relatively large hominin population per-
sisted during long-periodic humid as well as arid 
episodes. In the present-day Indian Ocean coastal 
forest zone the fossilization potential is low, so 
areas near former Indian Ocean coastlines should 
be selected instead. Examples of such predicted 
core areas for hominin occupation would be the 



107

fl anks of the Lamu Embayment (Kenya) and pos-
sibly, limestone caves located in the former In-
dian Ocean coastal forest areas along the coasts 
of Kenya, Tanzania, and Mozambique.
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