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Abstract  
 

Relating Early Human Evolution to Late Miocene - Early Pliocene Climate Change 

Tika van Galen 

 

Human evolution has been linked to climate change multiple times in the literature. One of the 

more well-known theories is the ‘savannah’ theory, which states that walking upright became 

an advantageous character when climate in Africa changed causing drier environments, 

changing woodlands to savannahs. Human ancestors could cross open fields more easily when 

walking upright, therefore it was thought that climate change could be a driving factor in the 

change to bipedal locomotion. Five hominin species were the basis of the study presented here, 

showing that change towards bipedal locomotion was a mosaic process with gradual change. A 

review of the relevant literature shows that the timing of change in fossils to bipedal locomotion 

and climate change do not coincide in the interval 6-3 Ma, therefore suggesting that climate 

change did not drive human evolution in this case. Changes towards open landscapes with C4 

grass dominance peaked at the Pliocene-Pleistocene boundary (2.6 Ma), while the first hominin 

species already walked completely bipedally before 3.5 Ma.  
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Popular science summary 
 

Relating Early Human Evolution to Late Miocene - Early Pliocene Climate Change 

Tika van Galen 

 

The evolution of humans has been studied extensively to understand ourselves better. One of 

the processes of interest is how our ancestors started to walk on two legs. Many hypotheses 

existed about this process, of which one was that climate change could have driven early 

human-like species to start walking upright on two legs. Trees are thought to have been replaced 

by open savannahs with lots of grass, where walking on two legs is much more advantageous. 

In this research, it was investigated when exactly ancient human species started walking upright 

based on the fossils that are found, and these were compared to climate data from local lake 

sediments, ocean sediments and biological minerals. When comparing the timing of change 

towards walking on two legs and the change from forest landscapes to more open grass 

landscapes, it was found that they do not coincide in time. In fact, early human species started 

the change towards walking on two legs some millions of years before climate change became 

apparent in the landscape. Climate change is therefore not considered to be a driver in the 

evolution of walking upright on two legs in early human species.  

 

Keywords: climate, evolution, climate change, hominins, bipedal locomotion, late Miocene, 
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1 Introduction 

1.1 Human evolution 

The split between the human lineage (defined here as hominins, see Figure 1) and our closest 

living relative, the chimpanzees (Pan genus), probably happened around 8-6 million years ago, 

based on several lines of molecular genetic evidence (Wood & Harrison 2011; Patterson et al. 

2006). Since then, hominins have undergone many steps in evolution and spread across the 

world. One of the first distinguishing characters in hominins was the change from walking on 

four legs to walking upright on two legs as bipedal locomotion (Richmond & Jungers 2008). 

The change of locomotion in early hominins happened over a time span of ~3 million years 

during the latest Miocene and early Pliocene, between 6-3 Ma, where the species 

Australopithecus afarensis is interpreted to 

be the first hominin species to be 

dominantly bipedal (Nagano et al. 2005). 

The change in locomotion type impacted 

the ecology of early hominins by changing 

their niche. Walking on four legs meant 

being adapted to climbing trees, while 

bipedal locomotion came with the ability to 

migrate to more open landscapes.  

 

1.2 The role of climate change in human evolution 

The link between climatic change and evolution has been an important and longstanding 

question in reconstructing past ecologies. In studying the interaction between organisms and 

their environment, increasingly more is known about their bidirectional relationship. Organisms 

can change their environment in major ways, and the environment and climate can in turn have 

an impact on species development and evolution (Maslin et al. 2014; Bonnefille 2010).  

East Africa is the cradle of human evolution and current evidence suggests that most hominin 

species lived there for the first few millions of years after their split with the Pan genus about 

8-6 Ma (Maslin et al. 2014; Wood & Harrison 2011; Patterson et al. 2006). Therefore, 

Figure 1. Hominini cladogram as assumed in this study. 

Red outline indicates hominins. 



2 

 

understanding climate in East Africa at that time is an essential part of understanding the life of 

early hominins and the backdrop to their early evolution. 

Multiple different evolutionary theories have been proposed to explain interactions between 

species and their environment. Some are more intuitively correct than others. Maslin et al. 

(2014) describe two hypotheses for a link between climate and evolution. The first is the 

turnover pulse hypothesis, which states that large and abrupt climate shifts drive adaptation and 

speciation in ecosystems. They hypothesize that specialized species are more impacted than 

generalists by climate change, therefore causing more extinction in specialists and an increased 

speciation rate in generalists. 

Another hypothesis described by Maslin et al. (2014) is the variability selection hypothesis. 

This hypothesis states that climate did not necessarily change much, but the variability of 

climate extremes increased therefore selecting for ecological flexibility in species. Emphasis in 

this theory lays on long-term climate that becomes more variable over time, possibly creating 

longer dry periods in East Africa. Dry climate favors expansion of grasslands instead of forest 

environments, creating new habitats for early hominin species to discover. Both hypotheses 

give an explanation for the changing early hominin clade related to climate change. 

 

1.3 Human-climate interaction  

Research on the interaction of early humans and their interaction with the environment is 

especially interesting since early human species dispersed themselves over large stretches of 

land, similar to many bird species, fish and molluscs (Zacaï et al. 2017). Many migrations 

characterize the evolution of hominins from their origin in Africa to the widespread species we 

are today. This means hominins changed the environment they lived in and adapted to multiple 

times in their evolutionary history, either being driven away by changing environments or 

actively searching for new land.  

An influential environmental theory that was linked to human evolution was the savannah 

hypothesis (Bender et al. 2012; Bobe & Behrensmeyer 2004) which was later reformulated to 

the aridity hypothesis (deMenocal 2004). This theory states that the persistence of bipedalism 

in human ancestors was caused by a change in environment from rain forests to more open 

savannah landscapes due to aridification at that time. Therefore, making climate change a 

driving factor of evolution in hominins.  
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1.4 Objectives of this study 

The main aim of this project is to investigate whether empirical evidence for climate change 

and major steps in human evolution can be correlated more precisely during the late Miocene-

early Pliocene. From there, I aim to test if existing hypotheses about the effects that 

environments have on species can explain these possible correlations, or potentially formulate 

new hypotheses. 

The main focus of this study is the skeletal changes in hominins regarding locomotion from 

6-3 million years ago. This direction is chosen because bipedal locomotion is an important 

difference between modern humans and our closest relative, the chimpanzee, and was therefore 

one of the first important distinguishing characters to evolve. Bipedalism creates all kinds of 

evolutionary opportunities for early hominins since it costs less energy to move in comparison 

to quadrupedal locomotion (Sockol et al. 2007), and consequently bipedal forms were likely 

able to migrate longer distances. Upright locomotion also frees the arms for other uses so that 

tools could be used more readily, allowing early hominins to develop hunting skills which 

changed their diet from largely plant-based to one that was more meat-rich (Domínguez-

Rodrigo et al. 2005). It is therefore thought that bipedalism was an important evolutionary step 

in hominin evolution. 

As described already above, it is hypothesized that climate and changing environments had 

an effect on human evolution. The goal of this research is to see whether changes in 

climate/environmental shifts coincided with evolutionary changes in hominin fossils which 

preserve locomotory structures (see  Figure 4). Testing how environments and climate changed 

over the timespan of early hominins (6-3 Ma) will be addressed by reconstruction of the 

vegetation cover in east Africa. Vegetation was the most important source of cover and food 

resources, either directly or indirectly, for early hominins which changed substantially over the 

last 6 million years (Bonnefille 2010).  

 

1.5 Regional setting and background  

East Africa has a dynamic tectonic background, which is important for the local and regional 

climate there. Currently, the formation of the East African Rifting System (EARS) is thought 

to be the major driver of climatic and therefore environmental changes in the area (Maslin et 

al. 2014). Formation of the EARS started in the late Eocene, between 38-35 Ma (Underwood 

et al. 2013) predated by volcanism in the area (Trauth et al. 2007). During the Miocene, high 
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relief formed around 18-13 Ma (Wichura et al. 2010) due to faulting. This likely created 

changes in the regional hydrological cycle since high relief, as an orographic barrier, may shield 

from rainfall in some areas or force rain to fall in other areas (Maslin et al. 2014). In the time 

of the early hominins, about 5.5-3.7 Ma, a horst-graben system was formed, giving way to the 

formation of lakes, some of which still exist today such as lake Turkana, lake Baringo-Bogoria, 

among others (Maslin et al. 2014). Volcanic activity in the area due to rifting has meant that 

East African sediments are rich in tuff layers that make direct dating and correlation of time 

possible by radiometric dating of, for example, K-feldspars (Maslin et al. 2014).  
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2 Methods 

This project primarily focusses on literature research and the analysis of pre-existing data for 

the time period of 6-3 Ma.  

Two categories of data were collected from pre-existing literature and databases for this 

study. The first category is hominin data based on fossils found on sites in East Africa. These 

sites are shown in Figure 2, comprising localities from Kenya (Kanapoi & the Lukeino 

formation) and Ethiopia (Middle Awash study area, Gona, Afar rift & Hadar). Many papers 

described new hominin species that were reviewed in Wood et al. (2016). Wood et al. (2016) 

show a thorough analysis of numerous specimens and the confidence with which researchers 

can distinguish different species. From this paper, five species were taken into consideration 

for the latest Miocene-early Pliocene. These species are based on the high/moderate confidence 

interval in the paper, since these seem the most reliable in comparison. Confidence intervals 

are based on comparisons of fossil evidence for taxic diversity between species in the same 

time interval. In the interval of 6-5 Ma, the selected species are Orrorin tugenensis and 

Ardipithecus kadabba. In the interval of 5-4 Ma, the selected species are Ardipithecus ramidus 

and Australopithecus anamensis. In the interval of 4-3 Ma, the selected species is 

Australopithecus afarensis. For each species, their first- and last occurence dates as seen in the 

fossils were plotted in Figure 3. The original morphological features indicating type of 

locomotion were compared between species.  

The second category is climatic data from various sources listed in Table 1. These sources 

consist both core data from drilling programs as well as terrestrial sources. Plant biomarkers, 

pollen, biogenic minerals and pedogenic carbonates were used as proxy for vegetation type 

interpretation. Studies were selected for time frame, availability and data type (proxy). Data set 

collection sites are shown in Figure 2.  
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Table 1.  Data and sources used in this study. DSDP = Deep Sea Drilling Project, ODP = Ocean Drilling Program 

Source Proxies Location 

Ségalen et al. 2007  ẟ13C pedogenic carbonates, 

palaeosols, teeth 

Land sites (East Africa, 32 

sites in total)  

Bonnefille 2010 Pollen,  ẟ13C plant wax DSDP 231  

Dupont et al. 2013 Pollen,  ẟ13C plant wax ODP 1085 

Vallé et al. 2014 Pollen, benthic ẟ18O , dust ODP 658, 659 

Feakins et al. 2007 ẟ13C plant wax, lake DSDP 231, Turkana Kenya 

Levin et al. 2004 ẟ13C plant wax, ẟ18O   Gona region, Ethiopia 

Feakins et al. 2005 ẟ13C plant wax DSDP 231 

Maslin et al. 2011 ẟ13C plant wax  ODP 1085 

Feakins 2013 ẟ13C plant wax, pollen DSDP 231 
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Figure 2. Map of Africa showing the sites of data collection used in this study 
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2.1  Proxies 

δ13C biomarkers - different types of plants 

One of the proxies used to reconstruct the types of vegetation in a certain area or time period is 

the value of δ13C in plant leaf wax tissue. Plants use three different pathways in photosynthesis 

to fix CO2 into sugars. Depending on which pathway is used, the fractionation of carbon 

isotopes during photosynthesis is different (Bush & McInerney 2013). All of these pathways 

use the enzyme rubisco to bind CO2 in the cells for use in the photosynthesis process. Rubisco 

can however also bind oxygen, which has no result in the photosynthetic process.  

The first and most basal pathway is the C3 pathway. Here, plants take CO2 from the 

atmosphere through the stomata and fix the CO2 in the mesophyll cells to C3 molecules using 

the calvin cycle. This process releases oxygen into the cells, which is released to the atmosphere 

through the stomata. When the stomata are opened, water vapour is being released along with 

the oxygen. When it is warm, the stomata close partially or completely in order to prevent too 

much water loss. This causes oxygen to build up in the mesophyll cells and CO2 concentrations 

to decrease in the plant. This causes a minor problem since oxygen starts binding to rubisco, 

and photosynthesis stagnates. It is because of the stomata-regulation that C3 plants do not fare 

well in very warm or dry conditions (Johnson 2016). 

The second pathway is the C4 pathway. Here, the CO2 from the atmosphere is transported 

through the mesophyll cells into the bundle sheath cells. CO2 is fixed in the mesophyll cells 

from where it is transported to the bundle sheath cells where the rubisco is located. By spatially 

separating oxygen and rubisco the process of photosynthesis is made more efficient. In this way 

the oxygen build-up in the mesophyll cells when the stomata are closed causes no stagnation of 

photosynthesis in plants. Plants using the C4 pathway are therefore more efficient in arid or 

low-CO2 conditions than plants using the C3 pathway (Johnson 2016).  

The third pathway is the CAM (crassulacean acid metabolism) pathway. This type of CO2 

fixation is typical for cacti and succulents and is especially beneficial in very dry conditions. 

The CAM plants store CO2 in the vacuoles during the night by fixing the CO2 in the form of 

malic acid. Direct fixation of CO2 in the Calvin cycle to sugars is impossible, because the Calvin 

cycle is driven by energy taken from the sun. During the day, when the stomata are closed, the 

malic acid is transported to the chloroplasts and CO2 is released there to be used in the Calvin 

cycle (Johnson 2016).  

The δ13C values of the leaf wax tissue in plants represent differences in fractionation for the 

two energy fixation pathways. A significant difference is found between C3 and C4 plants (-
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31.4‰ --> -24.6‰ ; -14.1‰ --> -11.5‰, respectively), whereas CAM metabolism lies 

somewhere in between (Feakins et al. 2007). C4 plants seem to have less negative δ 13C values, 

whereas C3 plants generally have more negative δ 13C values. C4 plants include many species 

of grasses and a little amount of plant species from trees and shrubs, whereas C3 plant species 

mostly consist of trees, shrubs and some grasses. It is therefore thought that more negative 

values in δ 13C represent a more closed and wet vegetational environment, while less negative 

values in δ 13C represent a more open and dry grassland environment (Bonnefille 2010). 

The δ 13C values of bulk organic matter in sediment of both marine and lake cores is not 

sufficient to see whether landscapes were more open and dry or more closed and wet. Multiple 

sources can contaminate the signal of δ 13C of terrestrial plants, such as algae and microbes in 

the water and sediments. Instead, specific biomarkers, such as n-alkanes are analyzed to 

determine whether organic matter is predominantly terrestrial. These biomarkers are n-alkanes 

(odd chain length) and n-alkanoic acids (even chain length), which have a strong odd-even 

predominance in terrestrial plant sources (Feakins et al. 2005). Also, chain length varies for 

different plant sources, ranging from C21 to C37 for terrestrial plants (Bush & McInerney 

2013). From these lengths it is already possible to indicate whether the source for plant material 

could be terrestrial, since microbial algae produce shorter chain biomarkers (Eglinton et al. 

1962).  

To first see whether the biomarker data has a terrestrial source, the CPI value is used. The 

CPI measure is defined as (Bush & McInerney 2013): 

 

CPI = [∑odd (C21-33)  + ∑odd (C23-35)] / (2∑even C22-34) 

 

This means it tests the odd-even predominance of biomarker chain length in a sample. If the 

CPI value is higher than 1, it is thought that the sample mainly contains terrestrial plant 

biomarkers (Bush & McInerney 2013).  

When a sample is determined to be from a terrestrial source, the δ 13C values were taken 

from that sample and plotted against time. A very negative δ 13C value of about -31.4 ‰ to -

24.6‰ (Feakins et al. 2005) indicate that the dominant vegetation type were C3 plants. Less 

negative values of about -14.1 ‰ to -11.5‰ (Feakins et al. 2005) indicate that C4 plants became 

more dominant in the area. C3 plants are more common in wetter conditions, therefore very 

negative δ 13C values show wetter climate conditions. C4 plants are adapted to dry 
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environments, therefore less negative δ 13C values are interpreted as representing drier climatic 

conditions.  

 

Pollen  

Pollen counts in both marine and lake sediment sources are an important way to see changes in 

vegetation types on different scales both spatially and timewise. Lake sediments show more 

local and high-resolution pollen data, whereas marine records lie farther from the source 

material, averaging data. Relative ratios of pollen species can be linked to relative occurrence 

of plant species in a certain area (Weng et al. 2006). Therefore shifts in vegetation type can be 

seen, such as changes to more open landscapes with grass/herbaceous species, or the occurrence 

of large forest areas with many tree species.  

 

Biogenic minerals 

Changes towards C4 biomes are thought to be related to 13C/12C stable isotope ratios in both 

terrestrial flora and fauna (see biomarkers). The occurrence of hypsodonty (high-crowned teeth) 

in mammals correlates strongly to grazing as the main food resource, therefore higher-crowned 

teeth tend to occur more in biomes with more grasses (Ségalen et al. 2007). Grasses are both 

C3 and C4 plants but, as seen in the plant biomarkers, their 13C/12C ratios are different. 

Depending on the plant diet of animals, this ratio is reflected in different biological products, 

such as teeth and shells (Ségalen et al. 2007).  

 

Pedogenic carbonates  

Plant tissue is preserved in soil in the form of organic matter (carbon). Plant organic matter is 

taken up in the soil, where it is broken down to calcium carbonate. The calcium carbonate 

recrystallizes as pedogenic carbonate material (Zamanian et al. 2016). Since original carbonate 

material has a plant source, the carbon signature from the pedogenic carbonates reflects isotopic 

values from C3 and C4 plants, making them a useful proxy in vegetation reconstruction 

(Ségalen et al. 2007).   
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3 Results  

3.1 Hominins 

All lower body fossil data (from the hip to the foot) used in this study is grouped in Table 2 and 

some fossils are shown in Figure 4. Species timelines are plotted in Figure 3. Data is grouped 

per species from earliest to latest.  

f 

Orrorin tugenensis 

O. tugenensis was first described by Senut et al. (2001) from remains collected from the 

Lukeino formation in the Baringo district in Kenya. From the femur bones they concluded that 

O. tugenensis was facultatively bipedal, meaning it had a mix of bipedal- and non-bipedal 

morphological features (Pickford et al. 2002). The femora show both plesiomorphic and 

apomorphic hominid features (Pickford et al. 2002). This means that O. tugenensis is thought 

to be more closely related to other hominin species than to the clade that leads to chimpanzees. 

It is therefore thought that this species was one of the first true hominins. The post-cranial 

remains of the locality in the Tugen hills show similarities to both the Homo and 

Australopithecus genus. Discussion remains to which of these genera O. tugenensis fossils are 

closest related (Pickford et al. 2002; Richmond & Jungers 2008).  

Its first appearance date lies between 6.14-6.0 Ma, and its last appearance date lies between 

5.7-5.52 Ma (Wood & Boyle 2016). The first appearance date is determined by the Kapgoywa 

Member where the first fossils were found. The member is bounded by two reversed polarity 

zones that were dated to 6.14-6.05 Ma (Hill 1985; Wei 1995). The O. tugenensis hypodigm was 

dated to 6.0-5.7 Ma by K/Ar dating and magnetostratigraphy (Deino et al. 2002; Sawada et al. 

2002). The youngest specimen that determines the last appearance date was found near the top 

of the Lukeino Formation, which has been restricted to 5.66 ± 0.14 Ma (Sawada et al. 2002). 

 

Ardipithecus kadabba  

A. kadabba was first described by Haile-Selassie (2001) and later re-evaluated to its current 

status by Haile-Selassie (2004, 2009). Remains were found in the middle Awash study area in 

Ethiopia. The mandibles and dentition found in the middle Awash show hominid features that 

seem derived relative to all known apes. Together with evidence from the proximal foot phalanx 

(AME-VP-1/71), it is thought that this species is truly hominin. The proximal foot phalanx 

shows early forms of bipedal locomotion (Haile-Selassie 2001).  
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Its first appearance date lies between 6.7-6.3 Ma, and its last appearance date lies between 

5.2-5.11 Ma (Wood & Boyle 2016). The first appearance date is determined by dating of the 

Bodele Tuff layers which lay right above the fossiliferous layer where specimens of A. Kadabba 

were found. This resulted in an age of 6.48 ± 0.22 Ma, therefore constricting the upper boundary 

to 6.7 Ma (Simpson et al. 2015). The lower boundary of the first appearance date stems from 

the lower end of the date of this Bodele Tuff layer, where specimen ABD1 (premolar) was 

found.  

The last appearance date comes from dating of the Kuseralee Member of the Sagantole 

Formation in the Amba East locality, which is restricted to 5.55±0.09 - 5.18±0.07 Ma by Ar/Ar 

dating (Renne et al. 1999).  

 

Ardipithecus ramidus 

A. ramidus was first described by White et al. (1994;1995) from remains found in the Aramis 

study area in Ethiopia. The specimens at this locality were dated by tuff layers right below the 

fossiliferous layer to 4.4 Ma. This expedition found mostly cranial remains and upper limb 

fragments.  

Foot fossils show that A. ramidus was still climbing trees but was also already walking 

upright when moving over land (Lovejoy et al. 2009). Pelvis fossils show some primitive 

adaptations to upright bipedal locomotion, but interpretation still leaves room for climbing to 

be the dominant form of motion, which is seen in muscle attachment sites. It is interpreted that 

although A. ramidus was more adapted to upright bipedal locomotion, it comprises only a small 

part of the lifestyle of A. ramidus (Lovejoy et al. 2009).  

Its first appearance date lies between 4.6-4.51 Ma, and its last appearance date lies between 

4.3-4.262 Ma (Wood & Boyle 2016). These dates are bound by magnetostratigraphy and Ar/Ar 

dating of tuff layers surrounding the fossiliferous layers where remains were found of A. 

ramidus (Renne et al. 1999).  

 

Australopithecus anamensis 

A. anamensis was first described by Leakey et al. (1995) from remains found in the Kanapoi 

area in Kenya, and from remains found in the middle Awash study area in Ethiopia (Patterson 

& Howells 1967). A. anamensis is thought to have been increasingly limited to bipedal 

locomotion. From the tibia fossils found in Kenya (KNM-KP 29285) it was concluded that A. 

anamensis was not facultatively bipedal anymore but obligated to walk upright (Leakey et al. 
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1995). The tibia is not recovered fully, so whether such strong conclusions can be made from 

one broken bone is debatable. The fossil was not included in the list of paratypes. 

Its first appearance date lies between 4.37-4.2 Ma, and its last appearance date lies between 

3.9-3.82 Ma (Wood & Boyle 2016). Appearance dates are bracketed by dated tuff layers at the 

different localities (Leakey et al. 1995).  

 

Australopithecus afarensis 

A. afarensis was first described by Leakey (1976). This hominin species is also known as 

‘Lucy’, the name given to the first fossil individual from this species that was found. It is seen 

as the most complete skeleton ever found from such an ancient species of Hominini, giving it 

great scientific significance. The Lucy skeleton shows large differences in the pelvic area as 

well as in the foot bones compared to similar fossils of earlier hominin species. It is thought 

that A. afarensis was the first species that was not facultatively bipedal anymore, but walked 

upright for the majority of the time although not for long distances (Jungers 1982). Fossilized 

footprints found in Laetoli provide hard evidence that A. afarensis walked bipedally, even 

though its gait might not be the same as modern humans (Leakey & Hay 1979; Hatala et al. 

2016).  

Its first appearance date lies between 3.89-3.7 Ma, and its last appearance date lies between 

3.0-2.9 Ma (Wood & Boyle 2016). The appearance dates are based on local dating of the 

sediment layers in which the fossils are found, or dating layers bracketing these fossils. This 

was done by radiometric dating, magnetostratigraphic correlation or by using biostratigraphical 

correlation methods (Kimbel & Delezene 2009).  

 

Table 2. Specification of lower body fossils found  

Species What 

remains 

Sample name Location Age 

(Ma) 

Source 

O. tugenensis Femur BAR 1002’00 Lukeino 

formation, 

Kenya  

6 Pickford et 

al. 2002  

O. tugenensis Femur BAR 1003’00 Lukeino 

formation, 

Kenya  

6 Pickford et 

al. 2002  
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O. tugenensis Femur BAR 1215’00 Lukeino 

formation, 

Kenya  

6 Pickford et 

al. 2002  

A. kadabba Proximal foot 

phalanx  

AME-VP-1/71 Middle 

Awash, 

Ethiopia 

5.2 Haile-

Selassie 

2001 

A. ramidus Proximal 

pedal phalanx 

fragment 

GWM1-P37 Gona, 

Ethiopia 

4.51-

4.32 

Semaw et 

al. 2005 

A. ramidus Talus ARA-VP-6/500-

023 

Afar rift, 

Ethiopia 

4.4 Lovejoy et 

al. 2009 

A. ramidus Medial 

cuneiform & 

first 

metatarsal 

ARA-VP-6/500-

088 

Afar rift, 

Ethiopia 

4.4 Lovejoy et 

al. 2009  

A. ramidus Intermediate 

cuneform 

ARA-VP-6/500-

075 

Afar rift, 

Ethiopia 

4.4 Lovejoy et 

al. 2009  

A. ramidus First 

metatarsal 

ARA-VP-6/500-

089 

Afar rift, 

Ethiopia 

4.4 Lovejoy et 

al. 2009  

A. ramidus Navicular ARA-VP-6/503 Afar rift, 

Ethiopia 

4.4 Lovejoy et 

al. 2009  

A. ramidus Lateral 

metatarsals 

ARA-VP-6/1000, 

ARA-VP-6/ 500, 

ARA-VP-6/505 

Afar rift, 

Ethiopia 

4.4 Lovejoy et 

al. 2009  

A. ramidus Proximal 

phalanx 

ARA-VP-6/500-

094 

Afar rift, 

Ethiopia 

4.4 Lovejoy et 

al. 2009  

A. anamensis Tibia  KNM-KP 29285 Kanapoi, 4.1-3.5 Leakey et 
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Kenya al. 1995 

A. anamensis Humeral 

fragment 

KNM-KP 271 Kanapoi, 

Kenya  

? Patterson & 

Howells 

1967 

A. afarensis Lower limb 128-1, 129-1a-c, 

129-52, 152-2, 

211-1, 288-1, 330-

6, 333w-(37, 40, 

43, 56), 333-(3, 4, 

5, 6, 7, 9, 39, 41, 

42, 61, 85, 95, 96, 

110, 111, 120, 123, 

126, 131, 132, 135, 

140, 142, 145, 147, 

154, 157, 158, 160, 

162, 163), 333x-

26, 545-3, 827-1  

Hadar, 

Ethiopia 

3.4-3.0  Kimbell & 

Delezene 

2009 

A. afarensis Foot 333w-25, 333w-

34, 333w-51, 333-

(8, 13, 21, 22, 26, 

28, 36, 37, 47, 54, 

55, 60, 71, 72, 75, 

78, 79, 102, 115a-

m, 145, 147, 167, 

168), 333x-21a,b.  

Hadar, 

Ethiopia 

3.4-3.0 Kimbell & 

Delezene 

2009 

A. Afarensis Fossil 

footprints 

- Laetoli, 

Ethiopia 

3.66 Leakey & 

Hay 1979, 

Hatala et al. 

2016 
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Figure 3. Species first- and last appearance date plotted on timeline (Wood & Boyle 2016). Yellow star: bipedal, but short distance and still able to climb. Light green star: 

facultatively bipedal. Green: bipedal.    
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Figure 4. Adaptation from sources; A: www.footeducation.com. B: A. afarensis proximal femoral size: A.L. 333-3 (left), A.L. 152-2 (center), A.L. 288-1 (right), scale=2 cm 

(Kimbel & Delezene 2009). C: AME-VP 1/71 lateral, plantar and dorsal views of foot phalanx A. kadabba, scale=1 cm (Haile-Selassie 2001). D: Cast of BAR1002’00 anterior 

view O. tugenensis (Pickford et al. 2001). E: Tibia KNM-KP 29285 anterior view, scale bar in cm (Leakey et al. 1995) F: ARA-VP-6/500 skeleton A. ramidus (White et al. 2005)
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3.2 Climate  

Climatic data was compiled from nine different papers (see Table 1). Findings from these papers 

are presented per time interval: before 6 Ma, 6-3 Ma and after 3 Ma (see Figure 5). Appendix I 

shows additional analysis of original data and figures.  

 

Before 6 Ma 

Dupont et al. (2013) found that grass pollen percentages increase from about 8% to about 45% 

between 9 and 6 Ma in sediments from ODP site 1085 indicating the emergence of a savannah 

landscape in southern Africa. C4 grasses were present in the late Miocene (±7 Ma) in East 

Africa as seen in biogenic material from large grazers and in pedogenic carbonate data (Ségalen 

et al. 2007).  

 

6-3 Ma 

At ODP Site 1085 pollen counts of grasses rise between 6.4 and 4.5 Ma. This likely indicates a 

first wave of grassland expansion across western South Africa. When combining this data with 

the stable carbon isotope data, C4 grass expansion occurred later and peaked around 5-4.5 Ma 

in southern Africa (Dupont et al. 2013). An increase in C4 content in pedogenic carbonate data 

from Pakistan is already recorded starting around 6 Ma, see Appendix 1.5 (Ségalen et al. 2007). 

East African data from pedogenic carbonates show a mixed environment in C3 and C4 

vegetation until after 3 Ma, see Appendix 1.5 (Ségalen et al. 2007). 

Biomarker data from DSDP site 231 show that late Miocene climate change was dominated 

by large high-amplitude shifts and was not unidirectional (Feakins 2013). Furthermore, ocean 

core data from DSDP site 231 suggests a drying trend seen in pollen assemblages that starts at 

5.5 Ma and peaks sharply at 2.5 Ma. Peaks are seen in grass pollen counts at 7 Ma and 5 Ma 

and large grassland expansion is thought to have happened from 5.5 to 4.5 Ma (Appendix 1.3) 

(Bonnefille 2010).  

Paleo-climatic data show a turning point at and around 4.5 Ma. The data in Appendix 1.5 

from Ségalen et al. (2007) shows that possible trends to wetter conditions level at the 4.5 Ma 

point. After that, the drying trend starts but only reaches significant change with C4 dominance 

after 3 Ma. Right before 4.5 Ma it is also seen that no species with a high confidence interval 

are found yet, meaning that the fossils found in that time period are not assigned to a species 

which stands apart confidently from other hominin species or there are simply no fossils found.   
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Pollen analysis from the Middle Awash study area in Ethiopia at around 4.4 Ma shows 

evidence of a grass cover of about 40-60%, with a 30-70% C4 content. Based on both pollen 

counts and pedogenic carbonate isotope signatures it is thought that a woodland biome was 

dominant in the area (Appendix 1.1, 1.2) (Bonnefille 2010). Pollen data from the Lower Awash 

valley in Ethiopia between 4-2.9 Ma show an abundance in herbaceous plant pollen, indicating 

an open landscape (Bonnefille 2010). Pollen assemblages from lacustrine sediments from 

Hadar in Ethiopia at around 3.4-2.95 Ma show swamp areas that dry occasionally, with 

dominantly herbaceous plants surrounding lakes (Bonnefille 2010).  

The moisture availability in East Africa is very different from that in South West Africa. 

South West Africa seems to have more stable and continuous trends over time according to 

biomarker data from ODP site 1085 (Maslin et al. 2011). East African biomarker data show an 

aridification trend after 4.0 Ma, but this could also be a trend towards increasing environmental 

variability, causing lands to become drier (Maslin et al. 2011).  

Data from both macrofossils and pollen at the Laetoli site in Tanzania between 3.7-3.5 Ma 

indicate a riverine forest coverage and woodlands in the area. Grass pollen were also abundant, 

showing even larger percentages than today. This shows that grasslands were already quite 

widespread in the area (Bonnefille 2010).  

δ13C values in lacustrine sediments suggest an increase in C4 vegetation in the Pliocene 

interval (3.40-3.45 Ma). At the same time, DSDP site 231 records suggest an increase in C3 

vegetation during monsoon maxima in the same time interval. It is therefore thought that the 

C4 vegetation expanded during monsoon minima (Feakins et al. 2007). 

Feakins et al. (2007) compared biomarker records from DSDP site 231 and from lacustrine 

sediments in the Turkana basin in Kenya. They conclude that lacustrine sediments show more 

local high-amplitude changes, where ocean core data show more general trends.  

 

After 3 Ma 

Large amplitude variability is seen in Eastern Africa from 3.8 Ma onwards in high-resolution 

biomarker data, which is thought to show wet-dry cycles over thousand year timescales 

(Appendix 1.4) (Feakins et al. 2005). Only in the late Pliocene-early Pleistocene does C4 plant 

vegetation become dominant and a major component in large herbivore diet. Biomarker records 

demonstrate that species in East Africa experienced changes in vegetation as abrupt and 

significant, even high-frequency (Feakins et al. 2005). Pedogenic carbonate data from east 

Africa shows a highly mixed to pure C4 vegetation shift after 3 Ma, see Appendix 1.5 (Ségalen 

et al. 2007).  
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δ13C values in pedogenic carbonates increase away from the Awash river channels in 

Ethiopia, showing a trend from forest environments close to the river to more open landscapes 

with more grass further away from the river channel about 2.7 million years ago (Levin et al. 

2004). This shows an increase in δ13C values towards the Plio-Pleistocene boundary, which is 

explained as C4 expansion. Pollen data from ODP sites 659 and 658 show similarities in a 

decrease in woodland cover after 2.6 Ma in Western Africa (Vallé et al. 2014).  

Even though C4 grasses are already present earlier, they are seen to have become a dominant 

dietary source for large grazers only after about 1.7 Ma in East Africa. The wide range in 13C 

pedogenic carbonate values at Gona is thought to represent heterogeneous vegetation of both 

C3 and C4 plants (Levin et al. 2004).  

Biomarker data shows a large variety in values, therefore a trend is not obvious. It is 

interpreted as an increase of aridity over the last 5 Ma. This trend is not easily distinguishable 

until after 1.5 Ma, since vegetation data shows more complex and dynamic change from forest 

to grasslands and back, and no unidirectional trend (see Appendix 1.3). After 3.4 Ma most 

proxies seem to agree on a mostly wooded vegetation with many dynamic fluctuations 

(Bonnefille 2010). Biomarker data shows that especially after 2 Ma the aridification trend in 

east Africa became apparent with more extreme wet/dry cycles on a thousand year timescale 

(Maslin et al. 2011). 
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4 Discussion  

Climate change is seen as one of the possible driving factors in hominin evolution, where the 

opening of landscapes from forests to savannahs may have caused bipedal locomotion to be 

advantageous (Bender et al. 2012; Bobe & Behrensmeyer 2004). Bipedal locomotion came with 

many advantages over quadrupedal locomotion such as freeing the arms for tool work, so the 

main aim of this research is to see whether climate change could have been a driving factor in 

bipedal evolution or merely another advantage after evolution occurred.  

The data compiled in this study could be arranged in three different timeframes, each 

showing different paleo-environmental and paleo-climate characteristics. The first timeframe, 

before 6 Ma, shows that C4 grasses were present and detectable in east Africa, although not yet 

a large component in the vegetation. An opening of landscapes with significant change towards 

C4 dominated vegetation did not yet happen. The early hominin species O. tugenensis and A. 

kadabba do show some adaptations to bipedal locomotion already before 6 Ma, possibly being 

able to walk bipedally but not yet for large distances. In the five hominin species discussed 

herein, it is seen that changes to bipedal locomotion were very gradual and mosaic. Therefore, 

adaptation to an upright walking lifestyle may have already started over 6 million years ago, 

right after the split between Pan and Hominini.  

The timing of C4 grass dominance occurs later, closer to the Pliocene-Pleistocene boundary 

(2.6 Ma). C4 grasses start to expand around 5 Ma, and peak later at about 2.5 Ma. The first 

mainly bipedal hominin species was A. afarensis, which has a conservative first occurrence date 

of 3.7 Ma. The change towards bipedal locomotion was already started much earlier, which 

shows that hominins already went through the transition from quadrupedal to bipedal 

locomotion before the time the landscape truly opened up. This means that climate change and 

vegetation change cannot explain, or be inferred as the driving factor in locomotory evolution 

in hominins.  

Even though climate data from drilling sites is widely available, east African climate tends 

to show different trends from global climate change. East Africa has undergone significant 

tectonic changes as a rifting system, where local tectonics impact climate by forming orogenic 

barriers or lake basins (Maslin et al. 2014). When combined, the drilling site data document 

broader-scale trends of climate change, but this is not specific enough to show the local changes 

on a smaller spatial scale that affects early hominin species. Lake sediments, however, are more 

local climate archives and could potentially shed light or provide a more detailed explanation 

as to why walking bipedally was advantageous at the time it started evolving. For now it seems 
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there is no climatic correlation, but other driving factors could have led to bipedal locomotion 

as an advantageous character over quadrupedal locomotion such as food availability. Foraging 

on four legs costs substantially more energy than foraging bipedally, so bipedal evolution could 

have been a major advantage over other apes (Sockol et al. 2007).  

Lake data in east Africa are not widely available and hard to recover. Evidence of paleo-

lakes are seen in the sedimentary records, but only persist for short periods of time. Lakes only 

formed when local climate and hydrology were wet when the wet/dry cycles became apparent, 

especially after 2 Ma as forced by the precessional cycles (Maslin et al. 2011). This creates a 

bias in data availability towards more recent times, with lake occurrence starting around 3.5 Ma 

(Appendix 1.6) (Maslin et al. 2014). It is therefore important to look at other proxies that hold 

local climate information and combine those with the lake sediment data, such as pedogenic 

carbonates and biomineral records.  

A bias towards more recent times is not only apparent in lake sediments, but also in hominin 

fossil data. As seen in Table 2, very few fossils are found from older species such as O. 

tugenensis and A. kadabba, while a lot of fossils are found for A. afarensis, of which a nearly 

complete skeleton was retrieved. More fossil data of especially older species would be an 

important part of further research, so that stronger statements about the evolution of bipedal 

locomotion can be made. For now, locomotory changes are based on little evidence showing a 

mosaic change in characters in the few fossils that were recovered.  

Paleo-climate data as compiled and presented in this research do not show the same timing 

of change with the change to bipedal locomotion in hominins, as was earlier hypothesized in 

theories such as the ‘savannah theory’ (Bender et al. 2012). This impacts the way researchers 

think about hominin evolution and how we should proceed from here. Bipedal locomotion is a 

complex change where many different bones and structures in the body have to change, which 

to me indicates there was a selection pressure towards it. What did drive the evolution of bipedal 

locomotion in hominins, if not climate? Could it have been food availability, predators hunting 

in the forest, maybe hominins were simply driven away by competing species. A research effort 

in documenting local migrations of species or early hominin dietary changes, by looking at 

tooth morphology for example, could shed light on the matter, or further exclude possible 

drivers for hominin evolution.  
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Figure 5. Visual interpretation of compiled climate data presented in this study. Yellow star: bipedal, but short distance and still able to climb. Light green star: facultatively 

bipedal. Green: bipedal. 
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5 Conclusion 

This study shows that the timing of C4 grass expansion and the evolution of bipedal locomotion 

during the latest Miocene and early Pliocene do not coincide in time. C4 grass expansion is 

thought to have become significant only after the Pliocene-Pleistocene boundary in east Africa, 

while early humans already adapted to bipedal locomotion around 3,5 Ma (Ségalen et al. 2007; 

Jungers 1982). It is therefore unlikely that climate change drove this evolutionary change in 

hominins, as was previously hypothesized (Bender et al. 2012). Globally, a trend is seen 

towards more dry conditions from 6-3 Ma, but East Africa had, and still has, a unique local 

climate that tends to show an opposite trend towards wetter conditions.  
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Appendix 1: Supplementary Figures 

1.1 Adapted figure of Figure 4 in Maslin et al. (2011). Original caption:  

Comparison of SW African ODP Site 1085 n-alkane δ13C values (this study) and East African 

soil carbonate δ13C values (light dots = Levin et al., 2004; dark dots = Wynn, 2004) on the 

same scale. Note that the moisture availability reconstructed for South West Africa is 

essentially flat, while in East Africa the range of variability increases from approximately 2 

millions years BP. 

 

 

 

Modification include the red line that indicates the end of the time frame looked at in this study. 

The green arrow shows a tentative trend towards more dry conditions after 4 Ma.   

https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S003101821100589X?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S003101821100589X?via%3Dihub
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1.2 Adapted figure of Figure 3 in Maslin et al. (2011). Original caption:  

Comparison of eccentricity variations (Berger and Loutre, 1991) with ODP Site 1085 n-alkane 

δ13C values (this study), East African soil carbonate δ13C values (light dots = Levin et al., 2004; 

dark dots = Wynn, 2004), East African lake occurrence (Trauth et al., 2005, Trauth et al., 2007) 

and Hominin Evolution Transitions (see full references in Trauth et al., 2007). 

 

 

 

Modification include the red box that indicates the time frame discussed in this research. In the 

C column, a clear drying trend is seen in South West Africa. In the D column, East African data 

shows a more varied pattern without a clear trend from 4-3 Ma.   

https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S003101821100589X?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S003101821100589X?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S003101821100589X?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S003101821100589X?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S003101821100589X?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S003101821100589X?via%3Dihub
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1.3 Adapted figure of Figure 8 in Bonnefille (2010). Original caption:  

Tree cover density in tropical Africa vegetation, estimated from percentages of tree and shrubs 

pollen (Arboreal Pollen AP) calculated versus total pollen sum in the Niger (western Africa) 

and the Gulf of Aden (eastern Africa) marine pollen sequences. Chronology of the East African 

core is regular (Age model as in Fig. 6), data and chronostratigraphy for the Niger core are 

redrawn from Morley (2000). N H G: North Hemisphere Glaciation, 2.9–2.6 Ma (Haug et al., 

2005), PC: Panama's closure, 4.7–4.2 Ma (Haug, 1998, Haug et al., 2001). MSC: Messinian 

Salinity Crisis, 5.9 to 5.3 Ma (Krijgsman et al., 1999, Duggen et al., 2003). 1, 2, and 3 are 

vegetation changes discussed in the text. 

 

 

 

Modification include the green box that shows the time frame of interest in this study. The red 

line shows an increasing trend in tree cover around the Niger in West Africa. East Africa shows 

no particular trend in tree cover density in the same time frame.   

https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0921818110000214?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0921818110000214?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0921818110000214?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0921818110000214?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0921818110000214?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0921818110000214?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0921818110000214?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0921818110000214?via%3Dihub
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1.4 Adapted figure of Figure 3 in Feakins et al. (2005). Original caption:  

Summary figure comparing records of northeast African vegetation and hominin evolution. A: 

Interval means and (1σ) standard deviations of C30n-alkanoic acid δ13C, for intervals >40 k.y. 

in duration (filled circles), and for intervals <40 k.y. in duration (open circles, dashed lines). 

B: Soil carbonate δ13C from Turkana Basin (northern Kenya), means and (1σ) standard 

deviations from individual stratigraphic layers (Cerling, 1992; Cerling and Hay, 1986; Wynn, 

2004). C: Phylogeny of major hominin lineages throughout Pliocene–Pleistocene (from sources 

in deMenocal, 2004) 

 

 

 

Modification include the red box that shows the time frame of interest in this study. In column 

A you see that plant wax biomarkers indicate a dominant woodland environment until 3.5 Ma, 

after which grassland starts to mix in. Datapoints are sparse however, maybe affecting the 

visibility of the trend. Conclusions should therefore be made carefully.   
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1.5 Adapted figure of Figure 2 in Ségalen et al. (2007). Original caption: 

δ13C values of pedogenic carbonates in Kenya Rift valley since 6 Ma and in Pakistan since 12 

Ma. Shaded areas indicate the δ13C ranges of variation for the C3 and C4 grasses. Modified 

after Cerling and Hay, 1986, Cerling et al., 1988, Quade et al., 1989, Cerling, 1992, Sikes, 

1994, Sikes et al., 1999, Plummer et al., 1999, Wynn, 2000, WoldeGabriel et al., 2001, Levin et 

al., 2004. 

 

 

 

Modification include the red box that shows the time frame of interest in this study. The dark, 

filled in signs represent East African data. This data shows values of pure C3 vegetation towards 

3 Ma from 6 Ma. From 6-3 Ma, C3 mixed with C4 vegetation is also seen, but C4 does not 

become dominant in East Africa until after 2 Ma. Data from Pakistan seems to show the 

opposite trend, increasing to C4-dominant vegetation already at 5 Ma.   

https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0047248407001534?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0047248407001534?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0047248407001534?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0047248407001534?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0047248407001534?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0047248407001534?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0047248407001534?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0047248407001534?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0047248407001534?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0047248407001534?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0047248407001534?via%3Dihub
https://www-sciencedirect-com.ezproxy.its.uu.se/science/article/pii/S0047248407001534?via%3Dihub
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1.6 Adapted figure of Figure 4 in Maslin et al. (2014). Original caption:  

Comparison of eccentricity variations (Berger and Loutre, 1991), East African lake occurrence 

(Trauth et al., 2005, Trauth et al., 2007, Shultz and Maslin, 2013) with Mediterranean dust flux 

(Larrasoaña et al., 2003), soil carbonate carbon isotopes (Levin, 2013), with Hominin 

Evolution Transitions (see references in Shultz et al., 2012) 

 

 

 

Modification include the red box that shows the time frame of interest in this study. From the 

East African soil carbonate data shown in column E, no clear trend is seen from 4-3 Ma. The 

dominant vegetation type is C3. The drying trend towards C4 dominant environments only 

becomes apparent after 3 Ma.  

 

 

 

https://www.sciencedirect.com/science/article/pii/S0277379114002418?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0277379114002418?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0277379114002418?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0277379114002418?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0277379114002418?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0277379114002418?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0277379114002418?via%3Dihub
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