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ABSTRACT 26 

 27 

Tectonic and geomorphological processes in East Africa have long shaped the habitats and 28 

ecosystems within which hominins evolved, with the Afar Depression, created through rifting and 29 

plate reorganisation, a striking example of landscape isolation potentially shaping evolutionary 30 

opportunity. Yet climate change in Africa has traditionally been regarded as a key driver of 31 

behavioural adaptations, particularly hominin bipedalism. Here we outline a refugial scenario for 32 

bipedalism, a complementary approach that situates the evolution of hominin bipedalism within 33 

the tectonic and geomorphic evolution of the Afar region. 34 

Our reconstruction draws on Geographic Information System (GIS) assisted mapping of 35 

successive tectonic stages, providing a spatial framework for evaluating isolation, faunal 36 

migration, and the opening of dispersal corridors. We suggest that geological isolation, reduced 37 

faunal exchange, and lowered predation pressures created a refugium in which upright locomotor 38 

behaviours could emerge in concert with climatic fluctuations and ecological pressures. The 39 

dominance of rifts and cliffs in this tectonically active area may also have reinforced bipedal 40 

strategies that later proved evolutionarily advantageous. By about 4.2 Ma, the Main Ethiopian Rift 41 

(MER) corridor, established by ca. 5 Ma, enabled southward dispersal, coinciding with the 42 

earliest secure evidence for facultative bipedal hominins in the Turkana record. Their sudden 43 

emergence contrasts with earlier regional absences and may reflect the earliest documented 44 

hominin migration “out of Afar” and into wider Africa. By combining fossil distribution with GIS-45 

based landscape history, we demonstrate how geomorphological isolation can be integrated with 46 

climate-driven models, highlighting this refugial scenario as a complementary perspective for 47 

explaining the earliest bipedalism in the Afar region.  48 
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1. INTRODUCTION 49 

Tectonic and geomorphological processes have long shaped the environments and ecosystems 50 

of Africa, particularly since the Miocene, and provided the backdrop against which hominins 51 

evolved (Retallack 2001; Moucha and Forte 2011; Cote et al. 2018; Couvreur et al. 2021). Africa 52 

also contains a rich record of primates, apes, and hominins stretching back as far as the 53 

Oligocene (Stevens et al. 2013; Hammond et al. 2020; Reynolds and Bobe 2022; Urciuoli and 54 

Alba 2023). 55 

How bipedalism was acquired within the hominins, and the anatomical changes and locomotor 56 

patterns that facilitated these behaviours, has been a source of much debate (e.g., Richmond et 57 

al. 2001; Pickford et al. 2002; Lovejoy et al. 2009; Lovejoy and McCollum 2010; Haile-Selassie et 58 

al. 2012; Daver et al. 2022; Lawrence et al. 2025). However, despite the multiple locomotor 59 

hypotheses to explain the hominin behavioural adaptations, there is broad consensus that 60 

climatic cooling and drying trends were highly influential (e.g., Vrba 1993; deMenocal 1995; 61 

deMenocal 2004; Behrensmeyer 2006). At its simplest, the climate hypothesis suggests that the 62 

progressive development of open grasslands favoured the adoption of bipedalism through three 63 

not necessarily sequential phases: facultative, habitual, and obligate (e.g., Stamos and 64 

Alemseged 2023). We recognize this three-stage framework, Ardipithecus as a facultative biped, 65 

Australopithecus as habitual, and Homo as obligate, is a simplified outline of more complex 66 

locomotor behaviour, but it does capture a broadly accepted trend in the fossil record. Recent 67 

discoveries at Ledi–Geraru (Villmoare et al. 2025), where Australopithecus and early Homo co-68 

existed in the Afar Region between about 2.78 and 2.59 Ma, underline that these locomotor 69 

modes could overlap in time and space and that Afar sustained multiple hominin lineages 70 

simultaneously, consistent with its role as an ecological refugium. 71 

The challenge here is to understand the type of environment that would favour the early stages of 72 

bipedalism (facultative) when adaptation itself would have been nascent, but the risk of predation 73 

would have been high. The transition to habitual bipedalism requires arboreal capabilities to be 74 

largely abandoned and for the hominin to be able to run to avoid predation. Several alternative 75 

ideas have been advanced, in particular the postural feeding hypotheses (Hunt 1996). Although 76 

such behaviours are common among extant great apes, they lack the selective pressures or 77 

environmental challenges needed to produce sustained terrestrial bipedality. 78 

For some researchers, such as Senut et al. (2018), specific ecotones like Miombo woodland, with 79 

scattered trees and open ground, are thought to have facilitated this transition. Yet vegetation is 80 

only one dimension of landscape: tectonically varied terrains have long been recognised as 81 

crucial to hominin habitats (e.g., Bailey et al. 2011; Reynolds et al. 2011). Tectonic landscapes 82 

provide a diversity of terrains and potable water, as well as cliffs that can provide protection and 83 
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barriers to other animals and provide conduits for easy movement into adjacent valleys/habitats. 84 

Most of these landscapes are associated with the East African Rift System (EARS), which formed 85 

around 22-25 million years ago as the Nubian and Somalian plates started splitting apart. The 86 

most significant changes have been made in the Ethiopian region, with massive uplift and rifting 87 

having transformed this landscape over time, which added to the aridification in the wider region 88 

(Sepulchre et al. 2006). 89 

Ethiopia is a region with an abundance of fossil hominins, coupled with many decades of 90 

research and publication starting in the 1930s (reviewed in Alemseged 2023). Australopithecus 91 

afarensis was first found in this region in 1976 and published in 1978 (Johanson 1978). 92 

Ardipithecus was announced as a separate genus from Australopithecus in 1995 (White et al. 93 

1994; White et al. 1995), and then we have the earliest Homo, which has been recovered from 94 

Ledi-Geraru at 2.8 Ma (Villmoare et al. 2015). This is apart from the existence of Paranthropus 95 

aethiopicus, discovered in 1968 (Arambourg and Coppens 1968), which is another hominin 96 

species, but one not directly ancestral to early Homo. 97 

Ethiopia is also one of the few locations where there is evidence of hominins showing all three 98 

inferred types of bipedal behaviours: Ardipithecus (facultative), followed by Australopithecus 99 

(habitual), and finally, Homo (obligate bipedalism). Hominin bipedalism has also been inferred 100 

from the skeletal morphology of the femur in Orrorin tugenensis, from Tugen Hills in Kenya 101 

(Pickford et al. 2002), and from the Sahelanthropus tchadensis hominin individual from Torros 102 

Menalla, Chad (Daver et al. 2022). While these claims are widely cited, both identifications 103 

remain contentious. In our view, they lack broader contextual support, particularly due to the 104 

absence of associated hominin specimens that would indicate an evolving lineage in these 105 

regions. Moreover, the environmental reconstructions for both sites suggest relatively stable, 106 

forested ecosystems. These conditions, in our assessment, are unlikely to have supported the 107 

emergence of obligate or even habitual bipedality, given the selective pressures required to 108 

favour such a distinctive and initially disadvantageous mode of locomotion. 109 

While this study does not present new fossil material, our GIS-based geological and 110 

geomorphological synthesis provides a framework for interpreting long-standing gaps and 111 

patterns in the hominin fossil record. Our intention in this paper is not to focus on the hominins 112 

and their anatomy, but rather to focus on the landscapes and the impact that these would have 113 

had on the evolutionary opportunities for the resident hominins. In a closed environmental 114 

system, and given time, evolution will proceed by a series of adaptive experiments. Theoretically, 115 

these experiments may survive since closed environments frequently have stable (or reduced) 116 

predation, competition, and/or genetic exchange. Survival by fitness pressure may be reduced, 117 

thereby aiding evolutionary leaps. In a more open environmental system in which migration is a 118 
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significant factor, this will act to intensify selective pressures by introducing new predators, along 119 

with niche competitors. Closed environments (refugia) may favour radical evolutionary leaps, and 120 

potentially speciation, whereas the transition to more open systems winnows the results of those 121 

leaps. We apply this simple evolutionary perspective to the development of hominin bipedalism in 122 

relation to the landform development of Afar and Kenya (Figure 1). 123 

 124 

Our approach shifts the spotlight from climate or anatomical triggers to long-term 125 

geomorphological isolation as a key enabler of behavioural innovation. We suggest that closed 126 

landscapes, acting as evolutionary refugia, may have enabled otherwise risky traits like bipedality 127 

to emerge and persist before being subjected to selection pressures in more open systems. 128 

Even today, the Ethiopian landscapes possess a high level of endemic species (e.g., Asefa et al. 129 

2020; Demissew et al. 2021) due to their topographic diversity and high levels of tectonic and 130 

 

Fig 1. Landform evolution 20 Ma to 4.2 Ma. This conceptual diagram illustrates the temporal stages of landform evolution 
and how this would have influenced the ecosystems of Afar, compared with the Turkana Basin. In the earliest stages, 
around 20 million years ago, the rising Ethiopian Dome is not yet able to restrict migration into Turkana from further north. 
Then, for an extended period of time, this dome, in concert with other landform variables, acts to separate the Afar from the 
rest of Africa in a closed evolutionary system, which allowed hominin adaptations, such as obligate bipedalism, to occur in a 
relatively sheltered refugium. Finally, at the top, we see that the opening of the Main Ethiopian Rift after ca. 4.2 million years 
allows the bipedal hominins to migrate southwards to the Turkana Basin. 
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volcanic activity driven by the rifting of a triple junction (Sani et al. 2017). The thesis here is that 131 

this unique landscape evolution in Ethiopia may have created a closed, or semi-closed, 132 

environment over millions of years that favoured the development of hominin bipedalism in an 133 

ecosystem that provided relative safety. To illustrate this, we present GIS-based landform maps 134 

of key temporal stages and outline the effects of isolation and migration on ecosystems at each 135 

stage, before discussing the implications for hominin locomotion and bipedality. 136 
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2. OVERVIEW OF LANDFORM EVOLUTION IN AFRICA 137 

2.1. Temporal stage A: Island Africa ca. 110 Ma to ca. 25 Ma 138 
 139 

The initial stages are characterized by Afro-Arabia being an isolated landform with no avenues 140 

for faunal migration until around 20 million years ago (Figure 2). 141 

 142 

Fig 2. Temporal stage A: Island Africa ca. 110 Ma to ca. 25 Ma. Island Africa, 143 
also known as Afro-Arabia, prior to ca. 25 million years ago. Arrows denote 144 
migratory phases prior to and leading up to the Great Old-World Biotic Interchange 145 
(GOWBI) between Eurasia and Afro-Arabia at around 20 million years ago 146 
(redrawn after Seiffert, 2012). 147 
 148 

 149 

 150 

The “Island Africa” emerged after separating from South 151 

America roughly 110 Ma and, for reasons that are still 152 

unclear, exhibited poor species diversity from the outset 153 

(Gheerbrant and Rage 2006; Rage and Gheerbrant 2020). There was therefore very little faunal 154 

exchange with other continents and this species paucity, and the concomitant growth in endemic 155 

taxa, continued until the approaching closure of the Tethys Sea, which finished during the 156 

Miocene epoch. Little is known of the fauna inhabiting Africa during this period of isolation, but 157 

there was a clade of stem placental mammals, called Afrotheria and are represented by six living 158 

placental orders, namely Proboscidea, Sirenia, Hyracoidea, Macroscelidea, Tubulidentata and 159 

Tenrecoidea (Stanhope et al. 1998; Sen 2013). The timing of the appearance of this clade is 160 

between 74.4 and 96.5 Ma, according to molecular estimates (Meredith et al. 2011), but the fossil 161 

record of this time period is poor. From 56 Ma, Island Africa moved closer to Eurasia, at a rate of 162 

2-3 cm per year (McQuarrie et al. 2003; Seiffert 2012), and while these land masses were still 163 

isolated, important sweepstakes dispersals took place (rodents, primates, embrithopods and 164 

elephantids to name a few) into Island Africa. The so-called Gomphotherium landbridge formed 165 

when the two continents finally connected around 20 Ma, initiating a major faunal migration, 166 

known as the Great Old World Biotic Interchange (GOWBI) (Sen 2013; Rage and Gheerbrant 167 

2020; Mattingly 2022). Groups of animals that moved from Africa into Europe included 168 

proboscideans, hyracoids and tubulidentates (e.g., Sen 2013), while in the opposite direction, the 169 

pulses of vertebrate expansion into Afro-Arabia are thought to explain the evolutionary success of 170 

many of their descendant species in Africa today (Rage and Gheerbrant 2020). 171 
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Molecular divergence rates for primate clades give a Last Common Ancestor (LCA) for crown 172 

primates of around 66 million years ago (e.g., Seiffert 2012; Steiper and Seiffert 2012) and 173 

therefore suggest that they arrived in Africa from Laurasia (Europe + Asia). By 34 Ma, however, 174 

there existed a wide array of primate colonies on the Afro-Arabian continent that experienced 175 

multiple competitive phases due to migrations across the Tethys Sea during ‘chance dispersals’ 176 

before the GOWBI (Seiffert 2012). These dispersals were primarily into Africa; either via 177 

northwest Africa or Arabian routes (Figure 2). The main Palaeogene primate-bearing fossil sites 178 

in Morocco, Algeria, Libya, Tunisia, Egypt, Saudi Arabia, and Oman imply such possible 179 

migratory routes (Gheerbrant and Rage 2006; Seiffert 2012 and references within). 180 

  181 
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2.2. Temporal stage B: Plume uplift at 32 Ma 182 
 183 

This stage sees the incipient formation of the Kenyan and Ethiopian domes. Upwelling in the 184 

mantle beneath East Africa started and would eventually create the Ethiopian and Kenyan domes 185 

(Rogers 2006). Figure 3 shows a reconstruction of the Afro-Arabian region at roughly 32 Ma. 186 

 187 

The African Superswell uplifted the majority of the African continent to above 1 km in elevation 188 

during this time (Nyblade and Robinson 1994; Lithgow-Bertelloni and Silver 1998). The uplift and 189 

erosion initiated at this time have continued since, and Gani and Neupane (2018) suggest that 190 

the uplift of the Ethiopian Plateau continues to the present day. This uplift has been implicated in 191 

the development of grassland-dominated habitats thereafter (e.g., Sepulchre et al. 2006). Over 192 

the past 32 million years, there has been additional mantle plume uplift of between 1 and 2 km 193 

 

Fig 3. Temporal stage B: Plume uplift at 32 Ma. Reconstructed map of Afro-Arabia as it would have appeared 
at 32 Mya. The beginning of the Ethiopian and Kenyan domes can be seen (after Rogers, 2006). The future 
major rifting that would lead to the formation of the Red Sea and the Gulf of Aden is clearly marked. 
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(Sembroni et al. 2016a; Xue et al. 2018) supplemented by the deposits of up to 4 km of various 194 

volcanic layers (Mohr and Zanettin 1988; Ukstins et al. 2002). 195 

As these landform changes were taking place ca. 32 million years ago, it is reasonable to 196 

assume that suitable habitats for primates in Kenya and Ethiopia would largely have resembled 197 

key sites from this time period in Egypt, specifically the vertebrate fauna from the site of Birket 198 

Qarun Locality 2 BQ-2 (Seiffert et al. 2005a; Seiffert et al. 2005b; Murray et al. 2010; Gentzis et 199 

al. 2018). The evidence suggests that this was predominately a freshwater ecosystem, 200 

dominated by fish species (e.g. catfish, El-Sayed et al. 2020). The Jebel Qatrani formation (dated 201 

to 35.4 and 33.3 million years old in Seiffert 2006) is dominated by aquatic bird species such as 202 

the jacana, cranes and the shoe-billed stork (Olson and Rasmussen 1986), but also by primitive 203 

prosimians, such as Wadilemur elegans (Seiffert et al. 2005b). The fossil avifauna suggests 204 

similarities to modern Ugandan swamps bordered by forest and open woodland or grassland. 205 

The fish and reptile evidence from Jebel Qatrani indicates that the environment was dominated 206 

by catfish and lungfish, which suggests that it was being periodically inundated and desiccated, 207 

with spiny-tailed lizards similar to those still living in the area today (Murray 2004; Holmes et al. 208 

2010; Kampouridis et al. 2023). 209 

We propose that this represents the earliest habitat indicator for landscapes that would 210 

eventually accommodate hominins like Ardipithecus and Australopithecus, resembling habitats 211 

identified at subsequent hominin sites in Africa, which are distinguished by the presence of 212 

freshwater bodies as a vital element. (Vignaud et al. 2002; Reynolds 2007). 213 

  214 
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2.3. Temporal stage C: Active rifting at 27 Ma 215 
 216 

In this temporal phase, Africa moves closer to Europe, and the landscape processes are 217 

dominated by the active rifting in regions of the present-day Red Sea and Gulf of Aden (Figure 4), 218 

for which onset time estimates vary between 30 Ma (Schettino et al. 2019), while others suggest 219 

dates of 24 Ma (Reilinger and McClusky 2011). 220 

 221 

 222 

According to Zwaan et al. (2020a), rifting in the Gulf of Aden began as early as 35 Ma and was 223 

followed by oceanic spreading at 17-20 Ma before moving westward towards Afar. Erosion 224 

initiated the Blue Nile Canyon (Figure 4), probably as early as 25–29 million years ago (Gani et 225 

 

Fig 4. Temporal stage C: Active rifting 27 Ma. Reconstructed map of Afro-Arabia as it would have appeared at 
27 Ma. The locations of the Ethiopian and Kenyan plumes (domes) are shown (after Rogers, 2006). Rifting (red 
lines) emanating from the Triple Junction is beginning to partition the Ethiopian Dome to form what will 
eventually be the Red Sea, the Gulf of Aden, and the Ethiopian Rift Valley. The Afar does not yet exist; neither 
does the Danakil Block (Schettino et al., 2019). The approximate location of the eventual Central Awash 
archaeological sites is indicated. The white triangle signifies the area likely to become the Danakil Block. The 
small white star denotes the approximate Triple Junction location. The eventual locations of Lake Tana and Blue 
Nile are also shown. 
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al. 2007; Sembroni et al. 2016a; Sembroni et al. 2016b), which led to incisions/canyons of up to 226 

1.6 km deep and remains a major source of the River Nile even today. There remains some 227 

debate on the northerly route of the river over that timescale (e.g., Gani et al. 2007; Macgregor 228 

2012; Fielding et al. 2018; Abdelsalam 2021). 229 

Habitat conditions at 27 Ma are indicated by sites such as Chilga (1950 masl) to the north of 230 

Lake Tana, Ethiopia, which boasts an impressive faunal assemblage that is quite unlike the 231 

faunal communities of later time periods in this region. The fauna are dominated by a range of 232 

extinct proboscideans, hyracoids and a species of rhinoceros-like embrithopod, Arsinoitherium 233 

giganteum (Kappelman et al. 2003; Jacobs et al. 2005). The present-day Middle (Central) Awash 234 

region (Figure 4) was both inland and in an area dominated by active rifting, as the three plates 235 

(Arabian, Nubian and Somalian) are pulled apart. The Red Sea eventually develops to the east of 236 

(what will be) the Danakil Block (Figure 4). The Middle Awash region to the west of the Danakil 237 

Block would have contained features associated with active rift margins, which include wetlands, 238 

cliffs, and heterogenous environments, and would have provided habitat requirements of 239 

hominins, namely, sources of fresh water, a range of food resources and a source of predator 240 

refuge in the form of cliffs and roosts (e.g., King and Bailey 2006; Bailey et al. 2011; Reynolds et 241 

al. 2011). 242 

The Oligocene-Miocene boundary (ca. 23 Ma) is associated with important evolutionary changes 243 

where several current lineages of mammalian Orders, including Primates, emerged from sites in 244 

the Turkana Basin (Kappelman et al. 2003; Jacobs et al. 2005; Leakey et al. 2011). Multiple sites 245 

in the Lake Turkana area have been investigated (Leakey et al. 2011), and Oligocene sites such 246 

as Lokone are of a similar age to Chilga (Ethiopia) and Dogali (Eritrea), ca. 26-28 Ma. The 247 

Lokone mammals show strong taxic affinities to the material preserved at Fayum in Egypt, yet 248 

show less affinities to the younger (Miocene) material in the Turkana Basin or elsewhere in East 249 

Africa, which suggests that a later faunal turnover occurred (Leakey et al. 2011). Despite the 250 

presence of primates in the Lake Turkana basin, the well-stratified and fossil-rich Nawata 251 

formation at Lokone has no hominins before 5 Ma, as indicated by Leakey et al. (2011). Their 252 

view being “…it is surprising, and perhaps significant, that hominins are absent until a time close 253 

to 5 MYA. Monkeys, on the other hand, are relatively common in the Nawata Formation” (Leakey 254 

et al. 2011: 250). We infer that the appearance of hominins soon after 5 Ma might indicate the 255 

opening up of a migration route southwards, such as the opening of the Main Ethiopian Rift 256 

(MER), which we discuss later. 257 

  258 
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2.4. Temporal stage D: Danakil plate movements and initiation of 259 

Afar Depression at 14 Ma 260 
 261 

This temporal stage captures a pivotal tectonic shift, the gradual isolation of the Danakil 262 

Microplate from the Nubian Plate, which sets the stage for the eventual formation of the Afar 263 

Depression (Figure 5). 264 

 

Fig 5. Temporal stage D: Danakil plate movements and initiation of Afar Depression at 14 Ma. 
Reconstructed map of Afro-Arabia as it would have appeared at 14 Ma. The locations of the Ethiopian 
and Kenyan plumes (domes) are shown (after Rogers, 2006). Continued rifting (red lines) has 
extended the Gulf of Aden from the Indian Ocean, but the Red Sea has not yet formed. Rifting to the 
west of the Danakil Block has been replaced by more intense rifting to the east, and soon to become 
the Red Sea (Schettino et al., 2019). The Afar does not yet exist, but the Danakil Block has started 
distancing itself from the Nubian Plate. Prior to 14 Ma, the Danakil Microplate is attached to the 
Nubian Plate, with separation starting from the Arabian Plate at 13 Ma (Reilinger and McClusky, 
2011; Schettino et al., 2019). The approximate location of the eventual Central Awash archaeological 
sites is indicated. The white triangle signifies an area likely to become the Danakil Block. The small 
white star denotes the approximate Triple Junction location. The eventual locations of Lake Tana and 
Blue Nile are also shown. 
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 265 

Prior to 14 Mya, the Danakil Microplate was attached to the Nubian Plate (described as a ‘close 266 

fit’ by Schettino et al. 2019), with the separation from the Nubian Plate possibly starting ca. 13 267 

Mya (Reilinger and McClusky 2011; Schettino et al. 2019), or 11 Mya (Zwaan et al. 2020b). This 268 

separation of the Danakil Microplate from the Nubian Plate will eventually lead to the formation 269 

of, in time, the Afar Depression. Rifting in the Red Sea started at 30 Ma (Schettino et al. 2019) 270 

with seafloor spreading in the Central Red Sea and Southern Red Sea dated to around 5 Ma, 271 

though it might have started as early as 12 Ma (Zwaan et al. 2020a). In the Gulf of Aden, oceanic 272 

spreading started at 17.6 Ma (or possibly even 20 Ma in the far east of the Gulf of Aden) and then 273 

moved westward towards Afar. Rifting to the west of the Danakil microplate is replaced by intense 274 

rifting to the east. The short initial phase of N–S strike-slip fault at 27 Ma between Arabia and 275 

Nubia (to the west of the Danakil microplate) was replaced by the development of NW–SE 276 

normal faults to the east of the Danakil microplate (Schettino et al. 2019). The net result of these 277 

different phases of extensional and strike-slip faulting is the formation of the Afar Depression, and 278 

the eventual fusion of the Red Sea with the Gulf of Aden (Schettino et al. 2019). 279 

At this stage, the Danakil Block remains largely intact, but it has begun shifting position relative to 280 

both the Nubian and Arabian Plates. The Afar Depression has not yet formed, but the tectonic 281 

processes that will eventually create it are now underway. What will become a major topographic 282 

low is beginning to take shape, laying the groundwork for a landscape that, in time, will support 283 

isolation, endemism, and evolutionary experimentation, key conditions central to a refugial 284 

scenario for bipedalism in Afar. 285 

  286 
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2.5. Temporal Stage E: Birth of the Afar Depression at 13-5 Ma 287 
 288 

The rotation of the Danakil microplate (Figure 6) was initiated at 13 Ma and was completed by 5 289 

million years ago (Reilinger and McClusky 2011), although Zwaan et al. (2020b) suggested a 290 

slightly later start for this event at 11 Ma. 291 

 292 

 

Fig 6. Temporal Stage E: Birth of the Afar Depression at 13-5 Ma. Reconstructed map of Afro-Arabia as it 
would have appeared ca. 13 to 5 Ma. The locations of the Ethiopian and Kenyan Plumes (Domes) are shown 
(after Rogers, 2006). The rotation of the Danakil Block started at 13 Ma (Reilinger and McClusky, 2011) or 11 
Ma (Zwaan et al., 2020) and was completed by 5 Ma. The location of the Bab-el-Mandeb seaway land bridge 
and subsequent Bab-el-Mandeb seaway at 5.3 Ma is shown. The approximate location of the eventual Central 
Awash archaeological sites is indicated. The small white star denotes the approximate Triple Junction location. 
The eventual locations of Lake Tana and Blue Nile are also shown. 
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The formation of the Bab el Mandeb seaway provides the final piece of the puzzle, with the 293 

connection of the Red Sea to the Gulf of Aden, and this event sees the Afar region fully isolated 294 

from the Arabian Peninsula. Estimates for this event range from 6.2 to 4.5 Ma (Redfield et al. 295 

2003) to 5.3 Ma (Bosworth et al. 2005) when oceanic spreading in the Southern Red Sea 296 

initiated an influx of seawater into the Red Sea basin through the Bab-el-Mandeb seaway. 297 

Even prior to the Bab-el-Mandeb seaway incision, the Red Sea basin would have posed a 298 

formidable migration barrier to species. There has been a continual process of sea influx followed 299 

by water evaporation over the period 12–5 million years ago prior to this, making the environment 300 

one of extensive evaporite deposition (Orszag-Sperber et al. 2001; Bosworth et al. 2005; 301 

Fernandes et al. 2006), which would be a challenging area to cross for many species. There was 302 

little likelihood of species (such as primates) making such a crossing between 12 to 5 Ma. 303 

The existence of a land bridge between Afar and the Arabian Peninsula during this period 304 

explains the closely related taxa and species migrations between the Horn of Africa and Arabia in 305 

the Miocene (Redfield et al. 2003; Stewart and Murray 2017 and references therein; Grossman et 306 

al. 2019). Examples include various freshwater fish, gecko, monitor lizard, terrapin, extinct 307 

elephants, vipers and cobras. Studies of the late Miocene Baynunah Formation, Abu Dhabi, 308 

exposed a 6.5 to 8.0 Ma fossil guenon that represents the earliest cercopithecine (and only 309 

guenon) yet known outside of Africa (Gilbert et al. 2014; Gilbert and Hill 2022). The dispersal 310 

scenarios for cercopithecoid primates out of Africa and through Arabia suggest that the land 311 

bridge was a probable route into Asia. There is much speculation about where hominins 312 

originated (Africa, Asia or even Europe), but we concur with Harrison (2010) that hominins likely 313 

arose in Africa. 314 

At around 5.3 Ma, the Bab-el-Mandeb land bridge disappears, and the whole Afar Depression 315 

and the Central Awash area within would have become isolated (Redfield et al. 2003). The 316 

depression is bounded by steep, uplifted, rift flanks to the south and to the west, and by the 317 

Danakil Block and the Red Sea to the east (Figure 6). To the North lies the Levantine corridor, 318 

which is the only migration corridor between Africa and Eurasia (e.g., Grossman et al. 2019). By 319 

this time, the Central Awash region had been located in a region of active rifting for upwards of 25 320 

million years. The rifting would have increased the region’s geographic isolation, which was made 321 

even greater by the opening of the Bab-el-Mandeb seaway. 322 

The first hominins enter our story at this point with Ardipithecus kadabba appearing in the fossil 323 

record at around 6.3 Ma, with the descendant species Ardipithecus ramidus appearing at 4.4 Ma 324 

(White et al. 1994; White et al. 2009; Simpson et al. 2015). Palaeoenvironmental reconstructions 325 

indicate that the habitats associated with these earliest hominins were largely wooded in 326 

character (White et al. 2009; Simpson et al. 2015), although some isotopic studies suggest 327 
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greater openness (Cerling et al. 2011). Overall, the species most commonly recovered with 328 

Ardipithecus ramidus are generally other species of smaller monkeys and tragelaphin antelopes, 329 

which together suggest a wooded environment. The relatively low numbers of recovered 330 

carnivore species are of particular interest in the Awash region, as these were the potential 331 

predators of hominins and other medium-sized mammals. The Awash region between 13-5 Ma 332 

includes only two genera of saber-toothed cats, namely Dinofelis and Machairodus, two hyaenids 333 

(Ikelohyaena abronia and Crocuta cf. dietrichi), as well as the ursid genus Agriotherium and the 334 

canid genus Eucyon (Louchart et al. 2009). There are signs that the fossil remains associated 335 

with the Ardipithecus ramidus assemblage were carnivore-ravaged but with a relatively modest 336 

number of carnivore species represented (Louchart et al. 2009; White et al. 2009). This is in stark 337 

contrast to the larger numbers of predators at later hominin sites, such as Pliocene Sterkfontein 338 

(O'Regan and Reynolds 2009). The majority of the carnivoran guild at that time was composed of 339 

small viverrids and aquatic fauna, such as otters, which would not typically have preyed on 340 

Ardipithecus-sized mammals; the adult estimates for this are about 50 kg (Haile-Selassie and 341 

WoldeGabriel 2009; White et al. 2009). 342 

The thesis here is that the active tectonic faulting of the region and its isolation from Arabia and 343 

the rest of Africa, due to the Ethiopian Dome, may have provided a closed environment in which 344 

evolutionary experiments such as Ardipithecus could have taken place. The reduced carnivore 345 

diversity likely reflected this closed and isolated environment. 346 

  347 
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2.6. Temporal stage F: Formation of the MER at ca. 5 Ma 348 
 349 

This stage sees the Main Ethiopian Rift (MER) eventually open to allow faunal migration to the 350 

south. In the period leading up to 5 Ma, the region experienced continued mantle plume activity, 351 

which would have likely uplifted the Ethiopian plateau further (Gani et al. 2007). Given the varied 352 

tectonic timings/activities and the underlying lithospheric properties, the Main Ethiopian Rift 353 

(MER) is often viewed as 3 distinct sections: the Northern MER, the Central MER and the 354 

Southern MER (Figure 7). 355 

 

Fig 7. Temporal stage F: Formation of the MER at ca. 5 Ma. Reconstructed map of Afro-Arabia as it would 
have appeared around 5 million years ago. The Main Ethiopian Rift (MER) is composed of Southern, Central, 
and Northern sections. Hominin fossil sites are present in the Afar Depression at 5 Ma, but crucially, none have 
been found from the Turkana Basin until ca. 4.2 Ma; after the opening of the MER. 
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As such, explanations concerning the opening of the MER involve detailed consideration of each 356 

(Bonini et al. 2005; Abebe et al. 2010; Corti et al. 2013; Keir et al. 2015). There are varied 357 

interpretations on events and their timings, though Keir et al. (2015) and Abebe et al. (2010) 358 

suggest the Central MER was the last section to experience rifting and therefore the step that 359 

eventually allowed the opening of the MER (indicated in Figure 7). The exact estimates for the 360 

date of this event differ with authors; suggesting younger than 8 Ma ago (Abebe et al. 2010), 361 

between 5-6 Ma (Bonini et al. 2005), 5.2 Ma (Gani et al. 2007), and around 5 Ma (Macgregor 362 

2015). New geochronological data from the Central Main Ethiopian Rift (Franceschini et al. 2024) 363 

indicate a major phase of explosive volcanism in the early Pliocene, following a long interval of 364 

relative quiescence. This pulsed activity is broadly coeval with early hominin sites in Afar and the 365 

Turkana Basin, and supports the idea that the Central MER was the late developing segment 366 

whose tectonic and magmatic reorganisation helped turn the system into a continuous dispersal 367 

corridor linking Afar to the Turkana Basin. While future fossil discoveries or revised chronologies 368 

may eventually extend the timing of hominin dispersal slightly earlier than 4.2 Ma, this horizon 369 

currently marks the earliest unambiguous evidence of bipedal hominins outside Afar. 370 

By the Pliocene, the Kulal, Marsabit, Nyiro and Ndoto mountains formed a high-node chain, 371 

enhancing high-relief connectivity from the Ethiopian Plateau margin of the Central Main 372 

Ethiopian Rift into the northern Kenya rift-shoulder massifs (Bussmann 2002; Feibel 2011; 373 

Macgregor 2015). This configuration provides a plausible stepwise pathway for southward 374 

dispersal of montane, cover-dependent vertebrates (e.g., small mammals) that does not require 375 

basin-wide climatic humidification. 376 

  377 
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3. THE ENIGMA OF THE MURSI FORMATION 378 

The period prior to 4 Ma is important in hominin evolution, marking the transition from 379 

Ardipithecus to Australopithecus. If the former is indeed a direct ancestor of the latter, then a 380 

rapid speciation event likely occurred from 4.4 Ma to 4.2 Ma (Drapeau et al. 2014). The Mursi 381 

Formation in the Omo Valley spans this period and offers one of our best opportunities for 382 

analysis. This important site region falls outside of the Afar Ethiopian region and to the south of 383 

the Main Ethiopian Rift (MER) (Figure 8). Chronological estimates for the Mursi Formation vary: 384 

4.05 to 4.25 Ma (Butzer and Thurber 1969), greater than 4 Ma (Drapeau et al. 2014), 4.0 to 4.5 385 

Ma (Coppens 1978), and 4.5 Ma as the onset of the Mursi Formation's sedimentation (Brown and 386 

de Heinzelin, 1983, cited in Drapeau et al. 2014). A reasonable consensus places the formation 387 

therefore between 4.0 and 4.5 Ma. 388 

 389 

 

Fig 8. Major hominin and formation sites in Omo-Turkana Basin and Afar Depression. Present-day 
topographic map of East Africa showing locations of Ardipithecus and Australopithecus anamensis fossil sites, 
formation sites and paleoenvironment sites mentioned in the text. 
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Drapeau et al. (2014) reported 250 fossil specimens from Mursi; yet unexpectedly, no primates 390 

and, in particular, no hominins were identified. Given the abundance of hominin fossils in nearby 391 

areas of the Omo-Turkana Basin, this absence is striking. In contrast, Australopithecus 392 

anamensis, the oldest known hominin in the basin, is present at Kanapoi (4.2 to 4.1 Ma) and Allia 393 

Bay (3.97 Ma) (Figure 8), and the palaeoenvironments of those sites are well understood, 394 

forming useful comparators for GIS-based reconstructions of dispersal corridors. (Bobe et al. 395 

2020; Frost et al. 2020; Manthi et al. 2020; Dumouchel et al. 2021). 396 

To understand why Australopithecus anamensis appears at Kanapoi and Allia Bay but not at 397 

Mursi, Dumouchel (2018) conducted a comparative analysis of the three fossil localities. The 398 

prevailing explanation is that A. anamensis was more common in relatively open, seasonally dry 399 

habitats and absent in more humid or closed settings. Beasley (2016) offered an alternative 400 

interpretation, suggesting the absence of hominins at Mursi may result from sampling limitations. 401 

Dumouchel and Drapeau (2014) conducted yet further research with taphonomic analyses of the 402 

fossil fauna from the Mursi Formation and Member A of the Shungura Formation. They concluded 403 

that both environments are remarkably similar (Figure 8). Yet despite this, no hominins have 404 

been recovered from the Mursi Formation. The age ranges are also broadly consistent; the Mursi 405 

Formation spans 4.0 to 4.5 Ma and underlies the Shungura Formations (3.59-3.33 Ma), with 406 

Dumouchel and Drapeau concluding that fossils found within the Mursi Formation are indeed 407 

contemporaneous with those found in Member A of the Shungura Formation. 408 

We suggest that the first appearance of hominins in the later time period might not reflect climatic 409 

differences, but rather the opening of the southward dispersal corridor along the MER. If this is 410 

the case, the Mursi Formation represents a viable habitat that remained unoccupied simply 411 

because it lay beyond the dispersal range of early bipedal hominins evolving in isolation farther 412 

north. 413 

These observations suggest that the absence of hominin fossils in southern Ethiopia and Kenya 414 

prior to ca. 4.2 Ma may reflect a genuine biogeographic boundary, although preservation and 415 

sampling limitations cannot be ruled out. To reinforce this pattern, Table 1 summarizes known 416 

occurrences of fossil apes and early hominins across Ethiopia, Kenya, and Tanzania. The data 417 

illustrate a clear temporal and regional discontinuity, with Kenya and Tanzania hosting a rich 418 

record of Miocene apes but no confirmed hominins until after the likely opening of the Main 419 

Ethiopian Rift. 420 

 421 
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APE AND HOMININ SPECIES AGE (MILLION YEARS AGO) ETHIOPIA  KENYA TANZANIA 

     
HOMO SAPIENS (EARLY) >160 ka Omo Kibish, Herto (Middle Awash) Widespread Widespread 

HOMO ERECTUS / H. ERGASTER 1.8 - 0.8 Ma Melka Kunture, Konso Widespread Widespread 

HOMO HABILIS (FRAGMENTARY) 2.4 - 1.4 Ma Gona and Omo (tentative) Yes - Koobi Fora Yes, Olduvai Gorge 

AUSTRALOPITHECUS GARHI 2.5 Ma Bouri, Middle Awash Not Found Not Found 

AUSTRALOPITHECUS DEYIREMEDA 3.5 - 3.3 Ma Woranso-Mille Not Found Not Found 

AUSTRALOPITHECUS AFARENSIS 3.9 - 3.0 Ma Hadar, Dikika Yes Yes 

AUSTRALOPITHECUS ANAMENSIS 4.2 - 3.9 Ma Asa Issie, Middle Awash Kanapoi Not Found 

ARDIPITHECUS RAMIDUS 4.4 Ma Aramis, Afar Depression Not Found Not Found 

ARDIPITHECUS KADABBA 5.8 - 5.2 Ma Middle Awash Not Found Not Found 

CHORORAPITHECUS ABYSSINICUS ~8 Ma Chorora Formation Not Found Not Found 

SAMBURUPITHECUS KIPTALAMI 9.5 Ma Not Found Samburu Hills Not Found 

KENYAPITHECUS WICKERI 14 Ma Not Found Fort Ternan Not Found 

NACHOLAPITHECUS KERIOI 15 Ma Not Found Nachola (Northern Kenya) Not Found 

EQUATORIUS AFRICANUS 15.5 - 15 Ma Not Found Cheboit and Tugen Hills Not Found 

AFROPITHECUS TURKANENSIS 17 - 16 Ma Not Found Kalodirr (Lake Turkana Basin) Not Found 

TURKANAPITHECUS KALAKOLENSIS 17 - 16 Ma Not Found Kalodirr (Lake Turkana Basin) Not Found 

PROCONSUL MAJOR 18 Ma Not Found Mfangano Island Not Found 

PROCONSUL HESELONI 18 - 17 Ma Not Found Koru, Songhor Not Found 

NYANZAPITHECUS VANCOUVERINGORUM 18 - 17 Ma Not Found Songhor Not Found 

NYANZAPITHECUS PICKFORDI 18 - 17 Ma Not Found Songhor Not Found 

PROCONSUL NYANZAE 19 - 18 Ma Not Found Songhor Not Found 

PROCONSUL AFRICANUS 20 - 18 Ma Not Found Rusinga Island Not Found 

RUKWAPITHECUS FLEAGLEI ~25 Ma Not Found Not Found Rukwa Rift Basin 

NSUNGWEPITHECUS GUNNELLI ~25 Ma Not Found Not Found Rukwa Rift Basin 

     
Table 1. Distribution of selected Miocene ape and early hominin fossils in Ethiopia, Kenya, and Tanzania. Kenya and Tanzania preserve 
numerous Miocene ape species but lack evidence for early bipedal hominins before ca. 4.2 ma. In contrast, Ethiopia—particularly the afar 
region—shows a sequence from facultative to obligate bipedality, consistent with its role as an evolutionary refugium. 

422 
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4. TURKANA BASIN 423 

Between 5 Ma and 3 Ma, the Turkana, Omo and Chew Bahir rifts entered their main 424 

subsidence/sedimentation phase in the Omo-Turkana Basin (Feibel 2011; Feibel and 425 

Schwindinger 2012; Macgregor 2015). This rifting and the southward opening of basins after ca. 426 

4.2 Ma shifted habitats southward, reduced regional isolation, and converted the landscape into a 427 

more open system in which predation pressure increased. By the Pliocene, the Kulal, Marsabit, 428 

Nyiro and Ndoto mountains formed a high-node chain, enhancing high-relief connectivity from the 429 

Ethiopian Plateau margin of the Central Main Ethiopian Rift into the northern Kenya rift-shoulder 430 

massifs (Bussmann 2002; Feibel 2011; Macgregor 2015). 431 

Between 5 Ma and 4 Ma, the Turkana Basin was a dynamic environment that alternated between 432 

fluvial, deltaic, and lacustrine settings due to shifting flows of the Omo, Turkwell, and Kerio rivers. 433 

At 4.5 Ma, these ancient rivers created the "phantom" Turkana River in the Apak Plain, which 434 

flowed into the Indian Ocean in the southeast (Feibel 2011; Feibel and Schwindinger 2012). The 435 

Omo-Turkana basin filled with palaeo-lake Lonyumun about 4.14 Ma, pushing trees and 436 

grasslands to the basin's borders (Feibel 2011; Feibel and Schwindinger 2012; Bobe et al. 2020; 437 

Manthi et al. 2020). As Figure 9 demonstrates, at 5 Ma a passage along the cliffs-escarpment 438 

from the MER could have enabled hominin movement towards Fejej, Allia Bay, Kanapoi and 439 

Chemeron Formation at Tabarin. In our interpretation, this movement proceeded as short, cover-440 

buffered transfers between adjacent high nodes on the rift shoulder—via escarpment ravines and 441 

riparian strips—rather than as a continuous basin-floor traverse. 442 

Comparative studies of small mammals show actual dispersal from Ethiopia to Kenya in the late 443 

Pliocene to early Pleistocene (3–2 Ma) (Lavrenchenko et al. 2007; Šumbera et al. 2018; Dianat 444 

et al. 2024). While those authors emphasise basin humidification, we interpret the same spatial 445 

pattern as consistent with a stepwise, sky-island corridor linking the rift-shoulder massifs east of 446 

Lake Turkana, without requiring basin-wide humidification. 447 
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 448 

 449 

Once hominins dispersed from the MER and into southern Ethiopia and Kenya, they encountered 450 

new selective pressures. In this more competitive landscape, marked by a complete carnivore 451 

guild and open savannahs, natural selection would have favoured those individuals more adept 452 

at bipedality and predator avoidance. This increased pressure would have further refined 453 

bipedalism, reinforcing it not merely as a tolerated behavioural strategy, but as an adaptive 454 

advantage. 455 

While a few southerly sites have yielded fragmentary remains that some have interpreted as 456 

early hominins, most notably the Lothagam mandible (KNM-LT 329) and the Tabarin mandible 457 

(KNM-TH 13150), these specimens do remain taxonomically uncertain, as are their dates (Kissel 458 

and Hawks 2015). We therefore treat them as possible, but unconfirmed, early hominins that do 459 

 

Fig 9. Proximity of Australopithecus anamensis sites to rifting process. Showing the rifts in the Omo-
Turkana area at 5 Ma (Macgregor, 2015) superimposed on the present-day topographic map of the Turkana 
Basin. Shows the four major Australopithecus anamensis sites of Fejej, Allia Bay, Kanapoi and Chemeron 
Formation at Tabarin all lie on major rifts. 
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not necessarily contradict the broader pattern of secure bipedal hominin fossils appearing outside 460 

Afar only after approximately 4.2 Ma. 461 

 462 

5. BIPEDALISM AND CLIMATE CHANGE 463 

The process of adopting habitual bipedal behaviours would have been a dangerous and complex 464 

experiment for any hominin living within typical African ecosystems, where numerous predators 465 

were present. Yet Thorpe et al. (2014) suggest that some level of facultative bipedalism is 466 

remarkably common among primates and may arise quite naturally, and the fossil record 467 

supports this view. There are other genera of bipedal apes that evolved in various places around 468 

the world. 469 

The Miocene ape Oreopithecus represents one such case, having evolved terrestrial bipedality in 470 

the swampy forested islands of the Tusco-Sardinian region, likely facilitated by an absence of 471 

natural predators. (Rook et al. 1999; Hammond et al. 2020). This Late Miocene great ape 472 

inhabited Tuscany and Sardinia in Italy, which at that time were isolated from the European 473 

mainland (Sartori 2001; Rook et al. 2006a; Rook et al. 2006b) forming a distinctive faunal 474 

environment, the so-called Tusco-Sardinian palaeobioprovince. Oreopithecus exhibits a range of 475 

anatomical features that successive authors have described as “unique” or even “bizarre,” likely 476 

shaped by evolution under insular conditions (Köhler and Moyà-Solà 1997). Around 6.7 Ma, 477 

climate change and renewed connection to the mainland ended this insular phase. The influx of 478 

new fauna, including predators, likely contributed to the extinction of Oreopithecus (DeMiguel and 479 

Rook 2018). 480 

Various theories have been proposed over recent decades to explain a direct link between 481 

human/mammalian evolution and climate/aridity, such as pulsed turnover hypothesis (Vrba 482 

1993), aridity hypothesis (deMenocal 1995; deMenocal 2004), variability selection hypothesis 483 

(Potts 1998), and the pulsed climate variability hypothesis (Maslin et al. 2014). However, these 484 

ideas have been increasingly called into question. McKee (2017) argues that hominin bipedality 485 

predates the much-heralded climatic changes in the various climate theories, so other factors 486 

must have been responsible for this momentous hominin evolutionary step. He explains the 487 

process of hominin bipedalism as being autocatalytic, driven by self-generating feedback loops 488 

where one evolutionary step is a sufficient catalyst for the next, irrespective of changes in the 489 

external environment. Maxwell et al. (2018) similarly conclude that any apparent links between 490 

early hominin diversity and indications of climate instability are likely caused by the differences in 491 

rock exposure and collection effort. 492 
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These critiques align with the view presented in this paper: that tectonic and topographic 493 

isolation, rather than aridity or climate variability, created conditions in which risky traits like 494 

bipedalism could first emerge. In this paper, we build on this perspective by emphasizing the role 495 

of geomorphological refugia in enabling evolutionary experimentation, followed by selective 496 

filtering once dispersal corridors opened. 497 

 498 

6. DISCUSSION 499 

In brief, the above geological review suggests that the Afar region was at first open. Each stage 500 

of the isolation and opening of the region offered evolutionary opportunities to hominins 501 

experimenting with bipedal behaviours. The tectonic rifted landscapes provided a barrier to 502 

migration, and the evolutionary consequences of this are the high numbers of new mammal 503 

species identified in the Miocene Middle Awash deposits (Vrba and Haile-Selassie 2006), as well 504 

as high levels of endemism today in rodents and other mammals (Yalden and Largen 1992; 505 

Tefera 2011; Bryja et al. 2022), reptiles and fish (Wagner et al. 2013; Stewart and Murray 2017), 506 

and also in plant species (e.g., Friis et al. 2005; Wang et al. 2020). 507 

Our primary focus is on the importance of a prolonged refugial phase in Afar in shaping hominin 508 

evolution, specifically as a closed or partially closed ecosystem, at least for medium-sized and 509 

small mammals. The fossil record for this time indicates a reduced number of predators, and the 510 

lack of migration would have reduced niche competition. The emergence of facultative bipedal 511 

hominins and ultimately habitual bipeds occurred in this uniquely protected ecosystem. Though 512 

geographically constrained, Afar was likely ecologically varied. Rift activity and hydrology would 513 

have created a patchwork of habitats, offering hominins niche flexibility and routes for predator 514 

avoidance. Research in the Plio-Pleistocene Baza Basin of southern Spain shows that tectonic 515 

and hydrothermal processes created persistent wetland microrefugia that supported diverse 516 

mammal communities (García-Aguilar et al. 2024). Similar mechanisms may have operated in 517 

Afar, producing localized ecological buffers that helped early hominins avoid predation and 518 

exploit varied niches.  519 

As the East African Rift opened southward, creating a route through the Ethiopian Plateau, this 520 

system transitioned into a more open ecosystem in which migration, competition and predation 521 

pressures increased. Joordens et al. (2019) have highlighted the possible importance of a 522 

coastal refugium in possibly explaining movements southwards, but here our focus is on the 523 

inland migration routes via the MER. 524 

The rapid diversification of the australopithecines following the opening of this gateway south 525 

was likely driven by increased evolutionary pressures, in which some of the ‘Afar experiments’ 526 
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survived while others did not. In this refugial scenario, hominin bipedality is understood as a 527 

function of landscape, where barriers to migration created evolutionary space for risky traits to 528 

emerge and stabilize. We also propose that the relative isolation of Afar may have amplified the 529 

effects of genetic drift. In small or semi-isolated populations, novel traits, including early forms of 530 

bipedality, can become fixed even without strong directional selection. This process, operating 531 

alongside reduced predation and ecological opportunity, may have helped consolidate bipedal 532 

behaviours before they were subjected to harsher filtering in more competitive or open 533 

environments. 534 

The unique nature of the Afar region has been widely recognized before, with some authors 535 

referring to it as a refugium, which is not new, despite it being a vast region covering ca. 100,000 536 

square kilometres and with geomorphology that has been constantly changing over the past 30 537 

million years. The concept of ‘refugia-within-refugia’ (see Abellán and Svenning 2014) or 538 

‘microrefugia’ (Hylander et al. 2015) may help visualize how processes of endemism and 539 

speciation occurred at highly localized scales.  540 

We suggest that the constant volcanism and rifting is pushing the refugial environment to the next 541 

valley and allowing hominins to follow, possibly via cliff conduits. This is not dissimilar to the 542 

complex topography hypothesis (Winder et al. 2013; Winder et al. 2015), where it is suggested 543 

hominins developed substantial reliance on bipedalism from scrambling across/up/down hills and 544 

rock faces generated from the tectonic and rifting processes around it. The Hadar and Busidima 545 

Formations tuffs suggest highly localized “basin-scale geological processes” in Afar (Roman et al. 546 

2008); which further supports the idea of micro-scale refugia. Dikika, Gona, Hadar, and Ledi-547 

Geraru are only a few km apart, and whereas the sites are now on uplifted locations away from 548 

the active volcanism, they were once located near the rift valley floor (King and Bailey 2006), 549 

providing a confined setting for hominin innovation. 550 

 551 

7. CONCLUSION 552 

These traits, we argue, enabled evolution to proceed within a largely closed environment, which 553 

later opened and allowed hominins to disperse southwards. The preservation record of the 554 

African hominins and their adaptations appears to support the notion that bipedalism was 555 

widespread across both closed and open habitats (for Ardipithecus versus Orrorin and 556 

Sahelanthropus, respectively). Miocene ape bipedalism is not even an exclusively African 557 

phenomenon, with Oreopithecus bambolii also a well-known example of a bipedal, insular, 558 

hominoid species (Rook et al. 1999). 559 
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In this paper we propose a refugial scenario for bipedalism that places greater emphasis on 560 

tectonic isolation and geomorphological change as primary structuring forces, while recognising 561 

climate variability as an interacting factor in hominin evolution. This scenario is complementary 562 

to, rather than in opposition with, existing climate based frameworks (Bobe et al. 2002; 563 

Behrensmeyer 2006; Bonnefille 2010; deMenocal 2011; Maslin et al. 2014; Gilbert and Hill 2022). 564 

Specifically, we focus on the Ethiopian region as a region of interest, as it is the only African 565 

region with evidence of successive phases of bipedalism, namely facultative, habitual, and finally 566 

obligate bipedalism (Stamos and Alemseged 2023). Within this region, the opening of the Main 567 

Ethiopian Rift (MER), beginning around 5 million years ago, re-organised landscapes and 568 

dispersal pathways. This landscape transformation allowed well-adapted facultative hominins to 569 

leave the Afar refugial area and disperse southwards into Kenya, where they subsequently 570 

appear in the fossil record of the Turkana Basin. (Bonini et al. 2005; Abebe et al. 2010; Corti et al. 571 

2013; Keir et al. 2015). In summary, a corridor along the MER formed by about 5 Ma, with 572 

southward dispersal evidenced in the Turkana record by about 4.2 Ma. 573 

Previous studies have highlighted the important contrasts in the role of the African regions of 574 

eastern versus southern Africa, where eastern Africa appears to be an important centre of 575 

speciation and endemism while southern Africa preserved this biodiversity (Reynolds 2007). 576 

Now, it appears that the regions within East Africa were also playing subtly different roles. Recent 577 

palaeobiotic research shows that regional mammal communities across the East African Rift 578 

were much more distinct during the late Miocene and early Pliocene, only becoming 579 

homogenised after ca. 3 Ma (Rowan et al. 2024). This pattern of early endemism aligns with our 580 

hypothesis that Afar functioned as an ecological refugium, permitting evolutionary divergence in 581 

relative isolation. 582 

Ongoing research is integrating palaeontological data on vertebrates, primates, and hominins 583 

across successive time periods in these regions to further investigate these emerging patterns. 584 

Our findings suggest that it was the dynamic interplay between tectonic activity, landform 585 

evolution, and climate that created the unique environmental conditions necessary for the 586 

emergence and consolidation of bipedalism. GIS-based mapping of successive tectonic stages 587 

provides a reproducible framework for testing how rift structures, uplift, and basin isolation 588 

constrained movement and dispersal. Hominins did not move randomly but appear to have 589 

followed specific terrain logics, favouring complex landscapes shaped by cliffs, valleys, and 590 

refugial topography. Building on this framework, Least-Cost Path modelling can incorporate these 591 

preferences. It provides a predictive tool for identifying dispersal routes that directly link tectonic 592 

and landscape changes with evolutionary dynamics. 593 
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Rather than dismissing climate-based or anatomical models, this refugial scenario for bipedalism 594 

provides a clearer explanation of how and why early bipedality emerged where it did. By 595 

emphasizing the evolutionary impact of tectonic isolation, it helps address fossil distribution 596 

patterns that remain challenging for existing frameworks to explain. Geomorphological complexity 597 

may have enabled repeated cycles of isolation and reconnection that shaped hominin adaptation 598 

in ways under-recognised in current models. We acknowledge that some may view this 599 

hypothesis with caution given the patchiness of the fossil record, but our aim is to provoke 600 

constructive engagement by offering a geologically informed perspective that could integrate 601 

behaviour, ecology, and landscape history and thus enhance our overall understanding. As more 602 

fossil data and geomorphic reconstructions become available, this refugial scenario can be 603 

further refined and tested. If borne out, it may hold broader implications for understanding how 604 

topographic refugia function as cradles of evolutionary innovation. 605 

 606 
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