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ABSTRACT 

 Three studies were performed in order to ascertain how climate variability in Africa may 

have influenced the speciation, extinction and dispersals of our early hominin ancestors since the 

Plio-Pleistocene. δ13C values from fish fossils from a Hominin Sites and Paleolakes Drilling 

Project Core (HSPDP) from Tugen Hills, Kenya were used to determine that local responses to 

climate shifts between 3.29 – 2.57 Ma were abrupt enough to limit the habitats of fish in the 

paleolake. Singular spectral analysis and correlation analysis on five paleoenvironmental records 

from Africa and one from NE Russia indicate that orbital parameters can explain most of the 

variance in climate records and that there are far reaching high-latitude teleconnections to 

African climate. An evolutionary algorithm run on reconstructed time-series from western, 

eastern and southern Africa allowed for environmental context of hominin evolutionary events to 

be made. Comparisons between the evolutionary model and the paleoanthropological record 

showed that during a period of relative stability in eastern Africa, 2.9 – 2.7 Ma, a drastic change 

in environment at 2.8 Ma would have elicited a response from a population of increased 

plasticity. This event coincides with a major turnover in the faunal assemblages as well as the 

first appearance of the genus Homo. New methods were developed in order to aggregate and 

compare paleorecords of different type and thereby quantify periods of high and low climate 

variability. Both the Standard Deviation Variability Method and the Accumulated Weighted Rate 

of Change Variability Method proved valuable in determining environmental variability in and 

around Africa over the last 400-ka. When the new methods were applied to environmental 

records and compared to the genetic, archaeological and fossil record, they indicated that the 

earliest appearance of the MSA occurred during a period of high variability in northern and 

eastern Africa. Furthermore, these methods showed that migrations within and out of Africa 
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occurred after the source region switched from a period of high variability to a stable 

environment.  

INTRODUCTION 

 The questions of if and how environment and climate shaped the process of hominin 

evolution have been hotly debated over the course of the last century. Many hypotheses have 

been put forth to explain the environmental forcing factors which could have given rise to the 

features that define the hominin lineage such as increased brain size, bipedalism and the use of 

tool technologies. Two of the leading hypotheses focus on the increased climate variability early 

hominins would have experienced. The variability selection hypothesis claims that a 

continuously changing environment would have selected for early hominins to evolve adaptive 

strategies, and the accumulated plasticity hypothesis adds to this by suggesting that species 

experiencing increased climate variability would have evolved phenotypic plasticity, a suite of 

characteristics and technology which allows for adaptation to a consistently changing 

environment. During periods of climate stability, these species might be outcompeted by species 

more adapted to one particular environmental regime (Potts, 1996, 1998; Grove, 2011, 2012, 

2014, 2015). In this case, the species with accumulated plasticity would be able to disperse into 

other regions where they would be able to survive in a variety of novel environments (Grove, 

2015).  

 Relating climate variability to human evolution has been difficult because of the lack of 

environmental records that are at the temporal and spatial resolution needed to make direct 

comparisons to known evolutionary milestones such as speciation, extinctions and dispersal 

events. The problem becomes further complicated as there are no direct measures of what 

constitutes a more variable environment, how different environments will react to various global 
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forcing mechanisms or exactly what sort of amplitude or temporal change in climate is required 

to elicit an evolutionary response in species. The purpose of the three studies appended to this 

manuscript is to address some of these concerns.  

 The Plio-Pleistocene is a period of major global climate reorganization as the earth 

moved from the warm Pliocene into the much colder, more variable Pleistocene at the onset of 

Northern Hemisphere glaciation. Records from deep sea drill cores as well as multiple terrestrial 

records indicate that during this period, the African continent became much more arid and 

climate became increasingly unstable, with fluctuations between wet/dry phases (deMenocal, 

1995; Deino et al., 2006; Kingston, 2007; Kingston et al., 2007; Maslin and Trauth, 2009; Trauth 

et al., 2009). During this period, the East African Rift Valley had large lakes which varied in 

water levels through time (Trauth et al., 2009; Shultz and Maslin, 2013). However, the timing, 

extent and synchronicity of most of these lake-level pulses is still weakly constrained. 

 In 2013, a 227 m drill core was retrieved from the Chemeron Formation in the Tugen 

Hills, Baringo Basin, Kenya as part of the Hominin Sites and Paleolakes Drilling Project 

(HSPDP-BTB13-1A). A robust age model dates this core from 2.57 – 3.29 Ma (Deino et al., 

2019). The site was selected because of its close proximity to many known fossil vertebrate 

(including hominin) sites, and because previous studies of outcrops in the area had shown that 

the lake fluctuated on precessional and millennial timescales (Deino et al., 2006; Kingston, 2007; 

Wilson et al., 2014; Cohen et al., 2016; Campisano et al., 2017). One of the defining 

characteristics of the BTB13-1A core is a series of five deep lake phases denoted in the 

sedimentary record by diatomites (Deino et al., 2006; Kingston et al., 2007; Westover et al., in 

review). Outcrop observations previously showed that these deposits lacked the abundant fish 
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fossils seen elsewhere in the paleolake record, raising questions about the timing and extent of 

the lake level high-stands and the nature of these lakes (Kingston et al., 2007). 

 The first study appended to this manuscript seeks to determine how fish communities in 

the Tugen Hills paleolakes responded to lake-level pulses by using the δ13C values obtained from 

the bulk organic matter preserved in fish fossils. δ13C values from fish reflect trophic resources 

and can be used to infer fish habitats (Bootsma et al., 1996; Reinthal et al., 2011). Benthic, 

shallow water species typically have much higher δ13C values than species with a pelagic food 

source allowing for inferences to be made about relative lake depth (Bootsma et al., 1996; 

Reinthal et al., 2011). We also compare our fish fossil record to the δ13C of modern (ca 1978) 

fish bones obtained from Lake Turkana as well as the values seen in a Lake Malawi drill core. 

The δ13C values of the fish from BTB13-1A (‒20 ‰ and ‒27 ‰ VPDB) are much more negative 

than those seen in Lake Turkana (‒ 16 ‰ and ‒ 24.6 ‰ VPDB) but overlap with the Lake 

Malawi values (‒7.2 ‰ to ‒27.5 ‰ VPDB). The lack of benthic, shallow water species in the 

BTB13-1A core suggests that the lake was deep during maximum transgressions and that the 

responses in the Tugen Hills paleolakes to climate change were abrupt enough to prevent shallow 

habitats from becoming established. The abruptness of environmental response may have greatly 

influenced hominins living in the region as resources on the landscape would have been affected 

by the presence or absence of a large lake. 

 The first objective of the second study appended to this manuscript is to determine how 

climate variability in Africa responded to variations in orbital parameters around the time of the 

onset of Northern Hemisphere glaciation. Many previous studies have shown that there are both 

orbital and high-latitude teleconnections in African climate; however, the amount of control 

these forcing have on the regional climate is still debated (deMenocal, 1995; Trauth et al., 2007; 
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Tierney et al., 2008; Wilson et al., 2014). Singular spectral analysis was performed on five 

climate records from Africa as well as one record from NE Russia in order to determine the 

defining empirical orthogonal functions (EOFs) above noise. This analysis indicated that a high 

percentage (61 % ‒ 86 %) of climate variability in all six records can be attributed to orbital 

parameters on Milankovitch timescale cycles of eccentricity, obliquity and precession. A 

reconstructed time-series of each record was created using the EOFs which were significant 

above noise. Correlation analysis of these reconstructed series indicated that there was 

significant positive correlation between the temperature record from NE Russia and the Tugen 

Hills record from Kenya, with eastern Africa becoming more arid during warm periods in the 

high latitude Northern Hemisphere.  

 The second objective of the second study appended to this manuscript was to determine 

how climate variability during the Plio-Pleistocene may have influenced hominin evolution. An 

evolutionary algorithm was run on the reconstructed time-series from eastern, western and 

southern Africa. The algorithm output is of the mean assigned environment, standard deviation 

around a mean environment and fitness to a particular environment of a constant population of 

1000 individuals (Grove, 2011, 2015). The standard deviation of the model population is related 

to the plasticity accumulated in response to environmental change, whereas fitness is related to 

the mean environment to which the species is adapted (Grove, 2011, 2015). In this sense, 

increased standard deviation in the population represents adaptations to more variable 

environments, whereas more stable environments lead to increased fitness and specialization 

(Grove, 2011, 2015).  

 The evolutionary algorithm showed that all three reconstructed time-series elicited both 

fitness and standard deviation responses in the population. When compared to the 
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paleoanthropological record, these predicted responses aligned well with known fossil and 

archaeological hominin milestones as well as species turnover events seen in both eastern and 

southern Africa.  

Between 3.29 Ma and 3.05 Ma relatively stable environments in eastern and western 

Africa correlate with increased model fitness in the hypothetical population. At 3.05 Ma, there is 

a shift in both records to more climate variability and a response in the modeled population of 

increased standard deviation. During this time interval, Australopithecus bahrelghazali (Chad) 

falls out of the fossil record, and Australopithecus afarensis (Ethiopia) experienced an increase 

in body size (Bonnefille et al., 2004; Campisano and Feibel, 2007; Lee-Thorp et al., 2007). At 

2.9 Ma, eastern African climate entered a more stable state, which initiated a model response of 

fitness. During this period, Australopithecus afarensis disappeared from the fossil record, 

perhaps suggesting that the new, stable environment was not suitable for this species. At 2.8 Ma, 

there was a brief but rapid climate transition in eastern Africa. This elicits a peak in standard 

deviation from the modeled population, which coincides with a massive faunal turnover in 

eastern Africa as well as the first appearance of our genus, Homo (Bobe and Behrensmeyer, 

2004; Bobe and Eck, 2001; DiMaggio, 2018; deMenocal, 2004). At 2.7 Ma, the climate in 

eastern Africa again became much more variable. In the model this elicits a standard deviation 

response, which coincides with the timing of the first appearance of Paranthropus aethiopicus 

and Oldowan tool technologies (Grove, 2012; Braun et al., 2019).  

In opposition to the dynamic changes seen throughout western and eastern Africa, 

southern Africa remains relatively stable between 3.27 – 2.7 Ma. Between 2.7 – 2.6 Ma, 

however, there was a drastic change in climate, which elicits a standard deviation response in the 

model population. This event coincides with a faunal turnover in South Africa (Vrba, 1993). The 
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relatively stable environment and the consistent response of the modeled population in southern 

Africa may lend credence to the theory that southern Africa was a refugium for various species 

throughout the Plio-Pleistocene, and could help explain why the massive faunal turnover seen in 

eastern Africa at 2.8 Ma is not recorded in the fossil record of southern Africa (Reynolds, 2007; 

Faith and Behrensmeyer, 2013). Comparisons between the predicted population response to 

environmental variability calculated by the evolutionary algorithm and known faunal and 

hominin events in Africa indicate that climate variability may be a driving factor in hominin and 

other mammalian evolution, supporting the concepts put forth by both the variability selection 

and accumulated plasticity hypotheses.  

Although we have shown that climate variability in Africa may elicit modeled responses 

in adaptive traits that correlate to known hominin milestones, what constitutes a high-variability 

climate has not previously been clearly defined. The third study appended to this manuscript 

aims to quantify paleoenvironmental variability. To do this, two new metrics were developed, 

which can be applied to any type of environmental paleorecord. The first method is the Standard 

Deviation Variability Method (SDV). In this method the variance of the detrended z-score data in 

any given time bin determines the range of variability within that bin. The second method is the 

Accumulated Weighted Rate of Change Variability Method (AWRCV). In this method, it is the 

summed absolute values of the duration-normalized slopes (or accumulated change) between 

detrended z-scores of data points in any particular time bin that defines variability. Explicit 

instructions for the application of these methods are included in Appendix C. When applied to an 

evenly spaced data record like insolation, both methods produce similar records of variability. 

By comparing values from individual bins and aggregating records from sites within regions, 

periods of higher climate variability for a given region can be determined.  
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These methods were then applied to 31 different paleoenvironmental records from 23 

different locations in and around Africa covering the last 400 ka. The purpose of this exercise 

was to get the full range of spatial and temporal environmental variability experienced by early 

anatomically modern humans and determine whether variability was likely to have been a 

driving factor in speciation, technology development and dispersals within and out of Africa. 

The individual records were then divided into five different regions based on prolonged climate 

similarities between the records (i.e. Blome et al., 2012). This analysis indicated that all five 

regions experienced periods of climate stability and climate instability, with periods of instability 

rarely overlapping between regions. Climate variability indicated by the new methods coincided 

with known environmental changes seen in other studies adding confidence to the methods.  

Comparisons between the records of variability and the human record show interesting 

correlations. First, the first appearance of Middle Stone Age technology at both Jebel Irhoud, 

Morocco and Olorgesailie, Kenya occur during periods of increased climate variability (Richter 

et al., 2017; Deino et al., 2018). Second, the appearance of multiple fossils containing 

anatomically modern features appear in the records shortly after periods of high climate 

variability in all five regions. Lastly, dispersals known and implied through genetic, 

archaeological and fossil records all occur as the source region of the dispersal shifts from a 

period of climate instability into a period of greater stability. Most importantly, the timing of 

plausible dispersal events out of Africa during MIS 5 occurred during or directly after a period of 

variability in northern Africa, while the 65-ka dispersal out of Africa occurred after a period of 

higher variability in northern Africa and an extended period of higher variability in eastern 

Africa. These patterns support the notions put forward by the accumulated plasticity hypothesis.  



15 

 

The three studies appended to this manuscript are aimed at determining climate 

variability in Africa since the Plio-Pleistocene in the context of human evolution. The first study 

shows that local responses to climate change can be relatively abrupt affecting the ability for 

species in any location to adapt to the changes. The second study indicates that during the Plio-

Pleistocene, high latitude and orbital forcing greatly influenced the pacing of climate variability 

in Africa. This study also demonstrated how using an evolutionary algorithm may help put 

hominin evolutionary milestones into an environmental context. The third study provides 

methods for quantifying environmental variability in paleorecords. Although the SVD and 

AWRCV metrics were developed here to address specific questions regarding anatomically 

modern humans and climate variability, they are equally applicable to addressing questions 

regarding environmental change and species’ responses for other taxa and/or time periods. 

Furthermore, these studies support the basic notions put forth by the variability selection and 

accumulated plasticity hypotheses, and the author hopes that they contribute to the conversation 

regarding how climate may have influenced human evolution.  

PRESENT STUDY 

 The papers appended to this document (A-C) are formatted for individual publication in 

scientific journals. Each paper gives a detailed description of the individual study’s motivation, 

location, methods, results and conclusions. Appendix A has been submitted for publication while 

appendices B and C are prepared for submission. I am the lead author and contributor on these 

multi-authored manuscripts. The following is a brief overview of each individual project.  

Appendix A 

 In this study we use the δ13C values from fish fossils in order to better constrain the 

timing and extent of lake level fluctuations in a Hominins Sites and Paleolakes Drilling Project 



16 

 

(HSPDP) core collected in the Tugen Hills region of Kenya. The 227-meter core from part of the 

Chemeron Formation dates from 3.29 – 2.56 Ma, encompassing the Plio-Pleistocene climate 

transition and the earliest appearance of Paranthropus sp. and Homo sp. (Deino et al., 2019). 

Previous studies of the region have shown that lake levels fluctuated significantly on 

precessional and millennial time-scales signifying periods of high climate variability (Deino et 

al., 2006; Kingston et al., 2007; Wilson et al., 2014). One of these periods of high climate 

instability (~2.58 – 2.7 Ma) is marked by the appearance of a series of diatomites formed during 

deep-lake phases, which were separated by fluvial and exposure surface deposits during lake-

level low stands (Deino et al., 2006; Kingston et al., 2007; Wilson et al., 2014). However, these 

deep lake phases lack the abundance of fish fossils seen in other depositional environments in 

outcrops, which raises the question of how fish communities may have responded to the timing 

and extent of deep lake-level pulses.  

 δ13C values of fish fossils reflect trophic resources and can be used to infer habitats of 

fish in the paleolakes (Bootsma et al., 1996; Reinthal et al., 2011). For this study, we compare 

the carbon isotope ratios of organic matter of fish fossils obtained from the Tugen Hills core to a 

previously published record of a Lake Malawi drill core (139 ka – present) and core top samples 

(modern ca 1978) from the water/sediment boundary of Lake Turkana, Kenya. This study shows 

that both Lake Malawi (‒7.2 ‰ to ‒27.5 ‰ VPDB) and Lake Turkana (‒16 ‰ to ‒24.6 ‰ 

VPDB) have δ13C values ranging from those found in near-shore, littoral species to those of 

deep-water pelagic species. However, the Tugen Hills fossil assemblage vary only between ‒20 

‰ and ‒27 ‰ VPBD, lacking the more positive values seen in near-shore, benthic fish. The 

absence of shallow water, benthic lacustrine fish fossils through the Tugen Hills lake cycles 

suggests that the rate of change from low-lake stands to deeper lake phases was very rapid, 
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preventing near-shore fish communities from becoming established. These results strongly 

suggest that lake level responses to climate variability in the Baringo Basin of the East African 

Rift were very abrupt during the Plio-Pleistocene transition.  

Appendix B 

 The Plio-Pleistocene was an important time in the earth’s history both climatically and in 

terms of human evolution. During this period, global climate shifted from a warm Pliocene to the 

cooler, more variable Pleistocene. As the world got colder, Africa experienced an increase in 

aridity and climate variability. There are many questions about how high-latitude climate change 

would influence African climates and to what extent orbital parameters would control the pacing 

of climate variability. Furthermore, how these changes influenced human evolution has been a 

constant point of discussion in paleoanthropology for more than a century. The unidirectional 

hypothesis suggests that we adapted to more arid and savannah-dominated landscapes, whereas 

others suggest that the features that define hominins evolved in response to more mosaic 

environments and increasing variability in the climate (Dart, 1925; Vrba, 1993; Potts, 1998; 

Kingston, 2007; Maslin and Trauth, 2009; Grove, 2011). Testing the links between hominin 

evolution and climate have proven difficult as it is unclear what responses climate may elicit in 

early hominins. 

In this study, we looked at five environmental records from Africa and one record from 

NE Russia spanning 3.29 – 2.57 Ma. We use singular spectral analysis and correlations to 

determine the pacing of climate variability and the influence of high latitude teleconnections. We 

used the significant explained variance from our analysis to create environmental time-series 

above noise. Correlations between the reconstructed time-series were used to determine 

relationships between regions in Africa and the Northern Hemisphere. An evolutionary algorithm 



18 

 

was run on the reconstructed time-series from eastern, southern and western Africa in order to 

determine possible species’ responses to the variability in each record (Grove, 2011, 2014, 

2015). The predictions were then compared to the fossil and paleoanthropological records of 

Africa to determine if evolutionary milestones corresponded to the predicted responses to 

variability.  

Our study shows that a high percentage of climate variability in each record can be 

explained by orbital parameters of Milankovitch cycles of eccentricity, obliquity and precession. 

We also show through correlation analysis that when the Northern Hemisphere was warm during 

the Plio-Pleistocene, our eastern Africa site experienced more arid conditions. We also conclude 

that the environmental changes across the continent are not synchronous, with periods of aridity 

and moisture varying between regions.  

The variability seen within the climate records is reflected in the modeled hominin 

responses created by the evolutionary algorithm. Periods of extreme environmental shifts elicit a 

response of increased standard deviation, i.e. a wider range of environments a species is adapted 

to, in the modeled population while relatively stable periods select for increased fitness in 

populations. Various hominin species’ populations from eastern, western and southern Africa 

would have been subjected to different abiotic forcing events, and the differences in the 

populations responses between each region indicates this.  

Eastern Africa experienced five periods where the environment was variable enough 

trigger model selection towards plasticity. The first of two of these periods, 3.05 – 2.9 Ma, 

correlates with a time period of increasing body size for Australopithecus afarensis in Ethiopia 

and the Last Appearance Datum (LAD) of Australopithecus bahrelghazali in Chad. The switch 

from high variability into a low stable environment coincides with the LAD of Australopithecus 
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afarensis. A drastic change in environment at 2.8 Ma occurred simultaneous with a massive 

faunal turnover in eastern Africa as the environment went from relatively arid to much wetter. 

This peak in standard deviation also correlates with the first appearance of our genus Homo. 

Between 2.7 -2.57, eastern Africa experienced increased variability which is associated with an 

increased standard deviation of the population. During this time, Paranthropus aethiopicus and 

Oldowan technology appear in the paleoanthropological record.  

Southern African climate did not vary as much as eastern or western Africa did. Although 

there were multiple fluctuations in the climate record, only one of these occurred quickly enough 

to elicit an increased standard deviation response in the model population. This one period, 2.7 – 

2.6 Ma, coincides with a pulse turnover event in South African bovids (Vrba, 1993). This stable 

climate and consistent response of the model population lends credence to the idea that southern 

Africa may have served as a refugium for many mammal species during the Plio-Pleistocene 

when conditions elsewhere in Africa were much more unfavorable.  

Our analysis has indicated that climate variability and the abiotic forcing it creates hold 

some explanatory power for understanding the timing of speciation and extinction events for 

hominins and other mammals in Africa during the Plio-Pleistocene transition. The correlations 

between climate variability, increased standard deviation in environmental range of a modeled 

population, and changes in the hominin and fossil record support the fundamental ideas outlined 

by the variability selection and the accumulated plasticity hypotheses.  

Appendix C 

 One of the enduring questions in paleoanthropology has been how climate and 

environment influenced the evolution and dispersal of our early human ancestors around and out 

of Africa. There have been many proposed hypotheses linking the environmental history and 
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human evolution. Some, such as the savanna hypothesis and the pulse-turnover hypothesis, focus 

on a unidirectional model of increased aridity and grasslands as a driving factor (Vrba, 1993; 

deMenocal, 1995) whereas others, such as the variability selection hypothesis, climate-pulse 

hypothesis and the accumulated plasticity hypothesis, focus on the heterogeneity of past 

environments and specifically the role of climate variability as selective agents for evolutionary 

novelty (Potts, 1996; Kingston, 2007; Grove, 2011, 2014; Maslin et al., 2014).  

Testing these hypotheses has been difficult because many paleoenvironmental records 

lack the spatial and temporal range to allow for direct comparison between past environmental 

changes and the paleoanthropological record on time-scales relevant to human evolutionary 

events. The problem is further complicated by the fact that it has proven difficult to determine 

exactly what constitutes a more variable environment. In this study, we develop two new 

methods for quantifying environmental variability and comparing those quantifications among 

different types of paleoenvironmental records. The first method, the Standard Deviation 

Variability Method (SDV), allows for the variance in detrended z-scores of any given time bin to 

be determined by the range of data for that time bin. The second, the Accumulated Weighted Rate 

of Change Variability Method (AWRCV), uses the summed and duration-weighted rates of 

change between sequential detrended z-score data points in a given time bin to determine the 

variability. Higher SDV and AWRCV values would indicate high climate variability, allowing 

for periods of climate/environmental instability to be distinguished from those showing little to 

no change.  

We applied these new methods to 31 different paleoenvironmental records obtained from 

23 locations in Africa, through the Levant, southwest Asia and southern Europe. These records 

cover the past 400 ka, a time period encompassing the evolution of anatomically modern humans 
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(AMH), the developments of Middle and Later Stone Age tool technology and the dispersal of 

AMHs out of Africa. The records were then divided into five subregions (Southern Europe and 

southwest Asia, northern Africa and southern Levant, eastern Africa, tropical Africa and 

southern Africa) in order to better compare our climate variability record to known dispersals 

and evolutionary events of AMHs. Our study shows that all five of these regions experienced 

periods of high and low environmental variability, and that these periods are not synchronous 

though the study area. This suggests important regional responses to external and global climate 

forcing. Although most periods of regional climate variability can be related to global climate 

events, such as the interglacial/glacial cycles and orbital forcing, the heterogeneous responses of 

each region to these forcing mechanisms indicates that regional topography, continentality and 

sea surface temperatures are also influencing regional variability.  

When our records are compared to known and implied hominin evolutionary events and 

dispersals, we see that the first appearance of the Middle Stone Age tool assemblages in 

Morocco and Kenya occur during periods of high climate variability in both northern Africa and 

the southern Levant and eastern Africa. Similarly, anatomically modern features in fossil human 

morphology begin appearing across the study area after periods of high variability in all regions. 

Dispersals events within and out of Africa seem to be timed when the source region for the 

population switches from periods of high variability to relative climate stability. Specifically, the 

dispersals out of Africa of 125 ka – 90 ka suggested by archaeological records occurred as 

northern Africa and the southern Levant experienced a period of extended variability from 130 – 

110 ka, whereas the 65 ka dispersal out of Africa inferred from molecular phylogenetic data 

occurred after an extended period of climate instability in eastern Africa, 90 – 60 ka, and 

northern Africa and the southern Levant, 70 – 60 ka. These loose correlations between our 
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climate variability records and known hominin events offers some support to both the 

accumulated plasticity hypothesis and the variability selection hypothesis.  
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Key Points 

1. The paleolakes of Baringo Basin, Kenya responded quickly to changes in climate during 

the Plio-Pleistocene transition.  

2. Lake level changes were abrupt enough in the Baringo Basin, Kenya through the Plio-

Pleistocene to prevent near-shore, shallow ecosystems 

3. δ13C values of fish fossils from HSPDP-BTB13-1A (2.56 – 3.29 Ma) indicate 

dependency on pelagic food sources  

4. Fish communities may have been extremely vulnerable to environmental changes, such 

as algal blooms.  

δ13C values of fish bones from Lake Turkana suggest that differentiation between benthic 

and planktonic feeders can be made in lakes with a shallowed photic zone 

 

Abstract 

The carbon isotopic ratios of organic matter in fish fossils from diatomites and other lake 

beds in the HSPDP drill core from Tugen Hills, Kenya (2.56 – 3.29 Ma) reflect trophic resource 

uses, and can indicate the dietary habitats of fish in the paleolake. This information offers insight 

into how fish communities responded to lake-level fluctuations during the Plio-Pleistocene in the 

East African Rift Valley. We have compared this record with fish fossil isotopes from both a 

previously published study of a Lake Malawi drill core (139 ka - present) and core top (modern 

ca 1978) samples collected at the water/sediment boundary from Lake Turkana (Kenya) of 

known environmental provenance. Both the Lake Malawi drill core fossils (‒7.2 ‰ to ‒27.5 ‰ 

VPDB) and modern Lake Turkana samples (‒16 ‰ to ‒24.6 ‰ VPDB) have δ13C values 

indicating a mix of near-shore and deep-water pelagic species. In contrast, the δ13C values for the 

Tugen Hills core fossils vary only between ‒20 ‰ and ‒27 ‰ VPDB. The absence of δ13C 

values greater than ‒19‰, suggests none of these fossils are derived from near-shore benthic 

habitats. The lack of shallow water, benthic lacustrine fish fossils through the Tugen Hills lake 

cycles may indicate that the rate of change from low-lake stands to deeper lake phases was very 

rapid, and shallow water communities were not established for long enough to leave a fish fossil 

record at the core site. These results strongly suggest that lake level responses to climate 
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variability in the Baringo basin of the East African Rift were very abrupt during the Plio-

Pleistocene transition. 

1. Introduction 

Isotopic records from fish have been used to determine many aspects of the environment 

such as the source water of lacustrine system, the functional redundancy and vulnerability of fish 

populations, the food partitioning within communities, and migration patterns (Bootsma et al., 

1996; Zazzo et al., 2006; Joordens et al., 2011; Reinthal et al., 2011; Gownaris et al., 2015). The 

isotopic composition of both extant fish and fish fossils can offer insight into their ecological 

strategies and how they responded to climate and environmental changes. As the biological 

processes that control the isotopic values of fish communities operate similarly in most lacustrine 

environments, comparisons can be made between basins in different geographical locations as 

well as through time.  

 In 2013, a 227-meter core spanning the Plio-Pleistocene transition was taken from the 

Chemeron Formation of the Baringo Basin in the Tugen Hills region of Kenya as part of the 

Hominin Sites Paleolake Drilling Project (HSPDP-BTB13-1A, hereafter BTB13-1A) (Cohen et 

al., 2016). The drill site was chosen because of the paleoanthropological significance of the 

basin, which includes the recovery of several hominin specimens as well as relevant 

paleoenvironmental data(Cohen et al., 2016; Campisano et al., 2017). Prior detailed outcrop 

studies of lacustrine deposits provide a well-dated context for the investigation of this core 

(Deino et al., 2006; Kingston, 2007; Wilson et al., 2014). This work had previously indicated a 

series of relatively large lakes occupying this portion of the central Kenyan rift during the Plio-

Pleistocene, which underwent lake level fluctuations driven by both precessional forcing and 

millennial-scale climate variability. 40Ar/39Ar dating of BTB13-1A core shows the core ranges in 
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age from approximately 2.56 – 3.29 Ma, encompassing the Plio-Pleistocene climate transition 

and the apparent adaptive radiation in hominin evolution, including the emergence of the 

Paranthropus and Homo lineages (Deino et al., this volume). Further details on the coring, 

project objectives and core stratigraphic context can be found in Cohen et al. (2016) and 

Kingston et al., this volume. Various records suggest that prior to ~3.05 Ma the deposystem was 

dominated by wetland, fluvial, and small-lake deposystems, whereas lacustrine conditions 

became more prevalent after that time (Scott et al., this volume; Westover et al., this volume; 

Yost et al., this volume). Gamma density, magnetic susceptibility, and total organic matter 

content records from the post 3.05 Ma part of the core show that the lake went through multiple 

transgressions and regressions, some of which were geologically rapid, interpreted to represent 

relative climate instability (Fig. 1). 

 One of these periods of instability is represented in the drill core by a series of five 

diatomaceous units between 10 and 55 m (~2.70 – 2.58 Ma). Prior investigations indicated that 

these diatomites formed during deep-lake phases, which were separated by fluvial deposits and 

paleosols deposited when the lake floor was exposed for extended periods during lake-level low 

stands (Deino et al., 2006; Kingston et al., 2007; Wilson et al., 2014). The five diatomite layers 

are dominated by two planktonic diatom genera, Stephanodiscus and Aulacoseira (Kingston et 

al., 2007; Westover et al., this volume). The assemblages and the condition of the diatoms 

suggest the lake was at least 40 m deep during these periods (Kingston et al., 2007). However, 

sediments from these deep-lake phases lack the abundance of fish bones seen within other 

depositional environments in outcrops, raising interesting questions about the responses of fish 

communities to the timing and extent of deep lake-level pulses.  
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For this study, we have investigated the record of δ13C changes in organic carbon isolated 

from fish fossils from the BTB13-1A core to determine the paleo-environments that the fish 

inhabited in the Plio-Pleistocene lakes of the central Kenyan rift. Species or genus level 

identifications of fossil fish material preserved in the cores is generally impractical because most 

of the fossil remains are too small. Fish fossils isotopic compositions have previously proven 

useful in establishing paleo-food web dynamics of aquatic environments (Bootsma et al., 1996; 

Genner et al., 1999; Reinthal et al., 2011). Fish communities of African rift valley lakes are often 

highly diverse, especially among members of the family Cichlidae, and have exhibited a 

remarkable capacity for speciation and adaptation to new ecological niches (Salzburger et al., 

2014). These morphological and behavioral adaptations often reflect evolutionary convergence 

in feeding specializations between lake systems (Burress, 2014; Salzburger et al., 2014). A 

variety of fish taxa occupy both benthic (demersal) and pelagic environments. In large lakes 

comparable to the Tugen Hills paleolakes at their maximum extent, benthic algal production (i.e. 

algae growing on the bottom of the lake or on rock surfaces) is an important trophic resource for 

many cichlid and non-cichlid fish species from 0 – 30 m water depth, whereas many offshore 

species obtain their food either directly from planktonic algae (i.e. algae grown within the photic 

zone of the water column), or by feeding at higher trophic levels on planktivores (Reinthal, 1990; 

Duponchelle et al., 2005).  

Benthic and pelagic algae typically differ in their δ13C compositions. Carbon in lakes is 

limited, and algae preferentially incorporate 12C during photosynthesis compared to 13C (Pardue 

et al., 1976). The amount of carbon available is influenced by the boundary layer of the algae. 

Pelagic algae have a smaller boundary layer and much more carbon available because of their 

smaller size and larger surface area/volume ratio, and grow in zones of the lake most influenced 
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by surface water/atmosphere interactions. Benthic algae grow on the bottom of the lake where 

the influence of atmospheric carbon dioxide is more limited. Benthic algae also preferentially 

take up 12C, but 12C becomes proportionately depleted within the boundary layer through its 

uptake. As time progresses, 13C is increasingly included in the photosynthetic process and 

benthic algae becomes enriched in 13C relative to pelagic algae (Bootsma et al., 1996). The 

difference between the two is substantial. Modern studies from Lake Malawi, a large 

Afrotropical lake, show δ13C values of benthic algae as positive as ‒6 ‰ whereas planktonic 

species may be as negative as ‒26 ‰ (Fig. 2) (Bootsma et al., 2016).  

There is little fractionation of carbon isotope values within a food chain and thus, isotopic 

values of higher trophic levels are reflective of the original autotrophic food source (Reinthal, 

1990; Bootsma et al., 1996). The difference in carbon uptake between pelagic and benthic algae 

allows for a spatial determination of the living environment of the fish (Melville and Connolly, 

2003; Devlin et al., 2013). Benthic algae are restricted by available light and relegated to the 

shallower portions of the lake, a pattern that is accentuated in more turbid lakes. Higher (less 

negative) δ13C values in fish fossils would suggest a benthic resource and a shallow habitat. 

Lower (more negative) δ13C values would suggest a phytoplankton resource and relatively 

deeper-water habitat (Fig. 2). Lake depth fluctuations through time would cause a migration of 

the benthic/pelagic boundary through the BTB13-1A core site. These migrations would then be 

recorded by the δ13C values of fish communities represented in the core. As the lake gets deeper, 

the food resources would become more pelagic with lower δ13C values. As the lake regresses and 

becomes shallower, the food resources become more benthic, reflected in higher δ13C (Reinthal, 

1990; Bootsma et al., 1996). 
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If the diatomites were deposited rapidly, we hypothesize that they would overwhelm the 

fossil record, producing fish fossil isotopes with similar values before and after deposition, most 

likely reflecting the lower values of pelagic food sources. If the diatomites were deposited in a 

series of algal blooms, similarly we would expect to observe lower δ13C values both before and 

after the diatomites; however, we would expect to observe an increase in abundance of fish fossil 

prior to deposition. If the fish community did not have time to respond to the lake level pulses, 

then there would only be a small range in δ13C values representing one preferred habitat type. 

For this study, we have compared δ13Corg values of fish fossils (bones, teeth and scales) 

from the BTB13-1A core with bones, teeth, scales, and flesh of modern fish samples as well as 

core top fish bones from Lake Turkana (northern Kenya) and Pleistocene samples from a Lake 

Malawi drill core (Fig. 3). Lake Turkana is a potential modern analog for the Chemeron 

Formation paleolakes, given its proximity and possible similar range of ecological conditions. 

Lake Turkana has experienced large scale fluctuations in lake levels, with approximately 100 m 

difference between high- and low-stands during the Quaternary (Owen and Renaut, 1986; Garcin 

et al., 2009). Modern trophic studies from Lake Turkana show some functional redundancy in 

the fish communities, but most species have relatively low isotopic overlap (Gownaris et al., 

2015). The lake is also turbid, which controls the depth of the photic zone, and therefore, may 

shift the δ13C boundary to shallower and more nearshore positions. 

 In 2005, core MAL-05 1C, was collected from Lake Malawi. This drill core, which 

penetrated to 89.9 mblf (6.51 m overpenetration) contains numerous fish fossils at all depths and 

spans from ~139 – 10 ka (Scholz et al., 2011; Ivory et al., 2016). Lake Malawi has the most 

diverse freshwater fish fauna of any lake in the world, overwhelmingly dominated by cichlid 

species. Many studies have focused on habitat and food partitioning in Lake Malawi, which has 
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generated an extensive data set relating δ13C values from its fish and their associated habitats and 

food webs (Reinthal, 1990; Bootsma et al., 1996). δ13C values of fish bones from the Lake 

Malawi drill core show that lower values are associated with deeper lake phases through the late 

Pleistocene, as would be predicted from modern habitat and trophic relationships (Reinthal et al., 

2011). This Malawi study indicates that despite their small size and thus our inability to precisely 

identify the BTB13-1A fish bones, the isotopic record can potentially provide insight into the 

rate of ecological and depositional changes within the paleolake’s history.  

2. Methods 

Magnetic susceptibility and gamma density were determined using a GEOTEK multi-

sensor core logger (MSCL) at the National Lacustrine Core Facility, University of Minnesota 

(LacCore). Gamma density data were screened to remove spurious low values caused by core 

voids (densities < 1.0 g/cm3). Subzero MS values were also removed from that data set because 

of the difficultly in distinguishing if these points represent drill water, organic material or a void 

in the core. Total organic carbon was determined using standard loss-on-ignition techniques at 

the University of Arizona (Bengtsson and Enell, 1986).  

The BTB13-1A core was sampled every 32 cm. The samples were then disaggregated by 

freezing and thawing or by using a kerosene treatment. There is no indication that the kerosene 

treatment influences the outcome of the isotopic analysis. The samples were screen washed using 

distilled water on a 120-micron sieve, and then examined using a Leica M165 stereomicroscope. 

Fish bones, teeth and scales were counted and calculated per dry gram weight. Close 

examination of the fossils showed that there was no apparent overgrowth or contamination of the 

bone structure. The fossils were selected for isotope analyses from different sediment 

compositions ranging from clays to coarse sands to ensure that all possible environments were 
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tested. The fossils were mainly bone fragments, but some teeth and complete vertebrae were also 

processed. Multiple fish fossils were run for three horizons in order to determine homogeneity of 

the δ13C values.  

We determined δ13C values of modern fish bones from 12 samples taken along three 

water depth transects in Lake Turkana, Kenya. The samples were taken from modern core tops 

(collected in 1978), sampling the water/sediment interface. The shallowest depth is 2 m whereas 

the deepest is 38 m. (Table 2). The samples were processed using the same procedures used for 

the BTB13-1A samples.  

Modern fish samples of Oreochromis niloticus (Nile tilapia) were raised in common 

culture at the University of Arizona Aquaponics Greenhouse. This modern analog was chosen 

because Oreochromis niloticus baringoensis is an endemic subspecies found in Lake Baringo, a 

freshwater lake with seven fish species near the core site. Bones, teeth, scales and flesh were 

removed and pretreated twice with a 2:1 chloroform/methanol solution in order to remove excess 

lipids which would influence the δ13C values. 

Stable isotope data were collected on a continuous-flow gas-ratio spectrometer (Finnigan 

Delta PlusXL). Samples were combusted using an elemental analyzer (Costech) coupled to the 

mass spectrometer. Standardization is based on acetanilide for elemental content and NBS-22 

and USGS-24 for δ13C. The following isotope ratios are assigned to these standards (δ13C 

VPDB): USGS24, ‒16.05 ‰; NBS 22, ‒30.03 ‰. Analytical precision is better than ± 0.08 for 

δ13C (1σ), based on repeated internal standards. Samples that were extremely small have a higher 

uncertainty: standards of equivalent size had a variability of ±0.25 ‰ (1σ). Because the amount 

of organic carbon in these samples was extremely small, extra care was taken to eliminate 

inorganic carbon contamination. On average, fossilized fish material contains 0.25 – 0.5 times 
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the amount of organic carbon as modern samples of similar size. Bone and tooth samples were 

acidified with sulfurous acid (H2SO3) in silver foil capsules to remove structural carbonate from 

the bone apatite. Two drops of acid were used followed by overnight drying in 60 ⁰C oven. This 

procedure was repeated once. The silver foil capsules were heated to ~500 ⁰C.  

3. Results 

3.1 BTB13-1A core samples 

Approximately 1,200 fish scales, teeth, and bone were counted from 592 samples taken 

throughout the BTB13-1A core. Most of the material is unidentifiable fragments; however, the 

fossils that can be identified come from the families Cichlidae and Cyprinidae. There are very 

few fish bones in the dominantly fluvial-wetland-shallow pond deposits in the lower portions of 

the core, below 132 mbs (3.04 Ma) (Fig. 1). Only two segments in the lower portion, at 183.6 - 

181.9 and 174.6 mbs (3.17 and 3.15 Ma respectively), contain fish material. Above 132 mbs, the 

samples that contain an abundance of fish fossils coincide with higher percentages of total 

organic content and lower values for gamma density and magnetic susceptibility. These intervals 

of the core are often clayey or silty, and are associated with lacustrine phases as inferred from 

both litho- and bio-facies analysis. A few samples towards the top are associated with sands 

which have been interpreted as being deposited in a delta front within the lake (Scott et al., this 

volume) (Fig. 1).  

δ13C values were determined for 36 fish fossils throughout the Tugen Hills drill core 

(Table 1). Values range between ‒20 ‰ to ‒27 ‰. The low δ13C values correlate with zones of 

low magnetic susceptibility and deeper water environments (Fig. 4).  
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3.2 Carbon isotopic fractionation in modern fish 

To supplement the interpretive isotopic framework for the fossil fish analyses, δ13C 

values for scales, bones, oral teeth and muscle (flesh) from the cichlid, Oreochromis niloticus 

(Nile tilapia) raised in common culture at the University of Arizona Aquaponics Greenhouse 

were determined. Four specimens were raised in the same habitat. Fish 1 and 2 are juveniles 

whereas fish 3 and 4 are adults. The δ13C values ranged from ‒17.0 ‰ to ‒23.1 ‰, with an 

uncertainty of ± 0.33 ‰ for all samples but the flesh from fishes 2,3 and 4 have an uncertainty of 

± 0.10 ‰. Fractionation seems to occur in individual specimens as well as different sample 

types. However, the range of δ13C average values between the four specimens are similar to 

ranges observed among modern cichlids from Lake Malawi, where fish populations can vary by 

approximately 1.5 ‰ (Bootsma et al., 1996) (Fig. 5). The fish flesh is significantly more 

negative than bone, teeth and scales because fish oils are depleted in carbon-13. 

3.3  Modern Lake Turkana 

δ13C values of core top samples range from ‒24.6 ‰ to ‒16.8 ‰. Higher values are found 

in samples from water depths shallower than 5 m. The lowest value occurs at 11.5 m (‒24.6 ‰), 

but this sample was collected relatively close to the shore, which may indicate it was reworked 

from previously deposited sediments from the nearby and much higher Early Holocene lake 

stand terraces that surround the lake today (Owen and Renaut, 1986; Garcin et al., 2009) (Fig. 6). 

δ13C values of samples from sediments deposited in deeper water are between ‒20.1 ‰ and ‒

21.6 ‰, which suggest a more planktonic food source than found at shallower water depths. The 

isotope values from this study are similar to those found in the living fish species of Lake 

Turkana, which range between ‒20.18 ‰ to ‒16.88 ‰ (Gownaris et al., 2015).  

 



38 

 

4. Discussion 

There are no δ13C values for fossil fish from the BTB13-1A core within the range of 

shallow lacustrine environments (i.e. benthic algivores) determined through modern fish δ13C 

ranges (‒7.0 ‰ to ‒19 ‰ VPDB (Fig.2) (Bootsma et al., 1996; Reinthal et al., 2011). It is 

possible, though unlikely, that this uniformity of results is a consequence of low sampling 

frequency in this study, meaning that not all environments were tested. Higher resolution 

sampling is needed to determine if benthic species are in other sedimentary units. A more 

probable explanation is that fluctuations between the core site exposure and deep lake conditions 

were sufficiently rapid at the core location that the lake was rarely shallow. This may be 

consistent with the observation that exposure surfaces with pedogenesis throughout the core 

typically lie directly below silty-clay profundal lacustrine flooding surfaces (Scott et al., this 

volume).   

 When compared with the diatom record from the core, we see that fish fossils are present 

in five horizons with an abundance of diatoms: 8.5 – 10.95 mbs, 17.08 – 22 mbs, 25.29 – 39.27 

mbs, 40.98 – 43.48 mbs and 50.67 – 52.29 mbs (Westover et al., this volume). However, the 

abundance of fish fossils is not consistent throughout the diatomaceous units within the core, and 

often large segments within these units have no fish material. This may suggest that the lack of 

fish fossils in the diatomaceous units of the outcrop may have resulted from an increased 

sedimentation rates of diatoms overwhelming the deposition of fish material.  

 The range of δ13C values found in the fish fossils from BTB13-1A are within the range of 

values seen in modern fish communities seen at Lake Malawi (Bootsma et al., 1996) (Fig. 7). 

The BTB13-1A values, when compared to modern fish communities studied in Lake Malawi, 

indicate pelagic food sources, suggesting that even during low-lake stands, the lake was deep 
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enough to preclude benthic algae as a significant food resource or a benthic fish community. 

However, published modern fish values were obtained from analysis of tissue rather than bone, 

and a number of factors could have influenced these values such as water chemistry, terrestrial 

input, post-depositional alterations, and life-cycles (Genner et al., 1999; Wurster and Patterson, 

2001; Bootsma et al., 2016). Reinthal et al. (2011) demonstrate δ13C isotope values in MAL 05-

1C follow the trend of modern fish communities of lower values coinciding with deeper lakes 

and higher values coinciding with shallower lakes despite the difference in material used. Our 

modern fish samples showed that a range of δ13C values can occur not only throughout fish 

communities but within different tissue types from individual specimens as well. However, the 

flesh exhibits significantly lower δ13C values than either the bone or the teeth. This means that 

the bone and teeth of the BTB13-1A fossil fish represent the highest δ13C values of the fish 

communities. Furthermore, there is little overlap between the δ13C values of the BTB13-1A 

samples and those from modern Lake Turkana (one-way ANOVA shows no substantial overlap, 

p = 7.96 x 10-10). This indicates that the fish living in the Tugen Hills paleolakes were more 

dependent on pelagic food sources than those currently living in Lake Turkana (Fig. 7). 

Environmental interpretations can become further complicated in situations where 

sediment and terrestrial carbon may be transported into the system from elsewhere. This can be 

seen in one of our Lake Turkana samples, where a nearshore, shallow environment contained a 

bone most likely deposited from the shoreline where fossils from an older, deeper lake can be 

found. However, our study does show that even in an environment such as Lake Turkana where 

the photic zone may be restricted in depth by increased turbidity, there is still a pattern of higher 

δ13C values in environment shallower than 5 m and lower values in deeper waters (Table 2; 

Figure 6).  
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 Fluvial systems may be difficult to differentiate from deep-water habitats solely on the 

δ13C values of fish fossils. In a fluvial or deltaic system, the water is usually turbulent, and both 

pelagic and benthic algae would have their boundary layer continuously replenished in carbon. 

Fish living in a river or near a delta environment have lower δ13C values than shallow lacustrine 

species at the same depth (Hoffman et al., 2010). Significant fluvial inputs from a nearby delta 

may explain the anomalous combination of low δ13C values and relatively high MS values for 

sediment horizon HSPDP-BTB13-1A-4Q-1, 32-34 cm. The sample is a relatively coarse-grained 

sandy unit, which has been determined through other lithologic methods (trace fossils, 

sedimentary structures and composition) to be a deltaic deposit (Scott et al., this volume).  

5. Conclusions 

 The isotopic analysis of fish fossils can be an important tool when determining how fish 

communities respond to climate and environmental variability, especially when the changes are 

dramatic and quick. We have investigated fossil fish abundances and carbon isotopes from a drill 

core record of paleolakes that occupied the central Kenyan Rift Valley during the Late Pliocene-

Early Pleistocene. This study of the HSPDP-BTB13-1A fossil record is the first application of 

δ13C analyses to fish fossils of this age in East Africa. The δ13C values are within the range of 

those seen in both modern fish community assemblages and fish fossils of Lake Malawi. The 

BTB13-1A values, however, are lower than those of modern Lake Turkana, which suggests that 

the fish of the paleolake were more dependent on pelagic food sources than those currently 

present in Lake Turkana. The lack of shallow benthic δ13C values for the fish fossils indicates 

that the transitions between shallow and deep lake conditions were abrupt. The narrow range in 

δ13C values also suggests high dependency on a phytoplanktonic food source that would make 

the fish communities more vulnerable to sudden changes in the pelagic community. This study 
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shows that the δ13C of fish fossils may be used in tandem with other environmental indicators as 

a tool to better understand the timing and extent of lake-level pulses as East African climate 

became more highly variable during the Plio-Pleistocene transition.  
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Figures 

 
Figure 1: Summary stratigraphy, physical properties and fish fossil abundance from a portion of 

the Chemeron Formation recovered in the BTB13-1A drill core from the Tugen Hills, Kenya. 

Increased magnetic susceptibility and gamma density coincide with periods of increased 

terrestrially derived sediments, such as siliciclastic sands and gravels, whereas higher total 

organic content (mostly in fine-grained silts and clays) is associated with more lacustrine phases 
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of the core record. Terrestrial and lacustrine depositional environments were determined using 

sediment and trace fossil analysis as well as other indicators such as diatoms (Scott et al., in 

prep; Westover et al., in review). 

 

 
Figure 2: δ13C values of potential food sources for fish (modified from Bootsma et al., 1996) 
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Figure 3: Lake Turkana (3.3830 N; 36.1167 E) and Lake Malawi (11.2933 S; 34.4358 E) are 

both positioned in the African rift system allowing for a good comparison between the Plio-

Pleistocene record of BTB13-1A (.5546 N; 35.9375 E) and modern lacustrine systems. (Source: 

Esri, DigitalGlobe, Geoeye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, 

AeroGRID, IGN and the GIS User Community) 
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Figure 4: δ13C values of fish fossils from the BTB13-1A plotted along with magnetic 

susceptibility. 63 % of our isotope values are at depths where the magnetic susceptibility falls 

below the mean (377.65) for the whole record. 
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Figure 5: δ13C values, with a mean of ‒19.05 ‰ ± 1.12, from four living, tank reared 

Oreochromis niloticus reveal that the isotopic values of material can vary over both individual 

specimens and sample types. The dark line represents median value, boxes represent the upper 

and lower quartiles, and whiskers represent the upper and lower values of each data set excluding 

outliers. 
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Figure 6: δ13C values relative to VPDB for modern Lake Turkana fish bones are plotted against 

lake depth (top) and distance from shore (bottom). 
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Figure 7: Summary plot of all δ13Corg values determined for the three lake/paleolake data sets: 

MAL-05 1C (Reinthal et al., 2011), Lake Turkana and the Plio-Pleistocene lakes of BTB13-1A. 

The dark line represents median value, boxes represent the upper and lower quartile, and 

whiskers represent the upper and lower values of each data set excluding outliers. 
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Tables 

 

Table 1: δ13C data from fish fossils from the HSPDP-BTB13A core. 
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Table 2: δ13C VPBD values were determined for 12 samples from Lake Turkana. 
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Key Points 

1. High percentages of climate variability in Africa can be attributed to orbital parameters 

on Milankovitch cycles of eccentricity, obliquity and precession 

2. A Northern Hemisphere temperature record (NE Russia) and an aridity record from 

Eastern Africa are significantly correlated 

3. Reconstructed time-series above noise are able to elicit modeled evolutionary responses 

4. Modeled evolutionary responses of plasticity align well to the paleoanthropological 

record, specifically at 2.8 Ma, where a peak in predicted plasticity occurs during the first 

occurrence of the genus Homo 

5. Southern Africa could have served as a refugium for many mammals when the 

environment was unfavorable in other regions 

 

Abstract 

A ~230 m drill core was collected from the Tugen Hills, Kenya as part of the Hominin Sites 

and Paleolakes Drilling Project (HSPDP). 40Ar/39Ar dates indicate that the core record spans the 

3.29 – 2.57 Ma interval, providing a rare high-resolution African terrestrial record of the 

important Plio-Pleistocene transition, when global climate began to cool and glaciation 

intensified in the Northern Hemisphere. This period was marked by C4 grass expansion in eastern 

Africa as the climate became more arid and variable. This time period brackets important 

hominin milestones such as the first appearance of both Paranthropus sp. and Homo sp., and the 

development of the Lomekwian and Oldowan technologies. Singular spectral analysis was 

performed on high resolution magnetic susceptibility from this core as well as four other African 

paleoenvironmental records and a temperature record from NE Russia. This analysis indicates 

that the eastern Africa record shows aspects of both high-latitude forcing and orbitally driven 

cycles, and that a high percentage of variability in all African records can be explained 

associated with orbital timescales. The resulting empirical orthogonal functions from this 

analysis were used to create a reconstructed time-series above noise. The reconstructed time-

series from eastern Africa, western Africa and southern Africa were used as the environmental 

input for an evolutionary algorithm. Comparisons of the modeled hominin responses to the 
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paleoanthropological record suggest that climate variability may have explanatory power for 

important hominin milestones during the Plio-Pleistocene transition, specifically the first known 

occurrence of our genus Homo at 2.8 Ma.  

1. Introduction 

The debate regarding whether and how climate influenced the evolution of early 

hominins has been ongoing in paleoanthropology for over a century and has generated many 

hypotheses. The savanna hypothesis states that hominins evolved to inhabit a more arid and 

grassland dominated environment (Dart, 1925). A unidirectional move from woodlands to 

grasslands could have created a step-wise turnover in faunal assemblages in which species go 

extinct and are replaced with those more adapted to the new environmental regime, referred to as 

the pulse-turnover hypothesis (Vrba, 1985). This unidirectional model has been updated to 

include increased variability between wet and dry phases while grasslands expanded, trends 

which are evident in both offshore paleoenvironmental records as well as faunal fossil 

assemblages (Bobe and Behrensmeyer, 2004; deMenocal, 2004; Trauth et al., 2009) 

 The variability selection hypothesis (VSH) suggests that hominin evolution is driven by 

consistent changes in the environment which create conditions requiring the multiple adaptive 

strategies seen in hominins, such as bipedalism, increased brain size and technological 

advancement (Potts, 1996, 1998). Similarly, the stable/instable hypothesis suggests that both 

instable and stable climates would have influenced hominin evolution (Grove, 2014; Maslin et 

al., 2015). The stable/instable hypothesis fits well with the accumulated plasticity hypothesis 

(APH), which postulates that a species that experiences increased temporal variation within its 

environment is selected to have more adaptive strategies, and that an increase in adaptive 

strategies would allow for dispersal into more novel environments (Grove, 2011, 2014, 2015, 
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2017; Grove and Burke, 2015). The suite of biological and technological adaptive strategies is 

referred to as plasticity.  

 Previous work relating hominin evolution to possible environmental forcing has mainly 

been focused in the East African Rift Valley. A multitude of hominin fossil sites and the geology 

of the region has allowed for environmental interpretation to be garnered from both outcrops, 

and more recently, paleolake drill cores (Bobe and Behrensmeyer, 2004; deMenocal, 2004; 

Deino et al., 2006; Campisano and Feibel, 2007; Kingston et al., 2007; Aronson et al., 2008; 

Magill et al., 2013; Shultz and Maslin, 2013; DiMaggio et al., 2015; Trauth et al., 2015; Cohen et 

al., 2016; Campisano et al., 2017). However, the full terrestrial extent of early hominins on the 

African continent is poorly known. Consideration has to be taken that any one locality may not 

be representative of the full geographical and environmental range of our hominin ancestors 

(Behrensmeyer, 2006). Also, many of these records may have been influenced by local 

processes, which may swamp the signal of regional to global climatic shifts (Behrensmeyer, 

2006). It is therefore beneficial to take a Pan-African approach when addressing climate in the 

context of human evolution.  

 A critical interval in human evolution occurred towards the end of the Pliocene and into 

the early Pleistocene. During this period, we see the last appearances of Australopithecus 

afarensis and Australopithecus bahrelghazali, and the first appearances of Paranthropus sp. and 

Homo sp. as well as the Lomekwian and Oldowan tool assemblages (Johanson and White, 1979; 

Brunet, 1997; Harmand et al., 2015; Villmoare et al., 2015; Campisano et al., 2017). The Plio-

Pleistocene has been defined in the global climate records by a decrease in global temperatures 

and the onset of Northern Hemisphere glaciation, with orbitally forced stadials and interstadials 

(Lisiecki and Raymo, 2005). It is important to determine the effects of these global climate 
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changes on the regional environments of Africa in order to understand the environmental context 

of hominin evolution, migration and extinction events. Dust records from deep sea drill cores 

have been interpreted by some researchers to indicate that this transition is marked by increased 

aridity across the African continent (deMenocal, 1995). This transition also represents an 

increase in climate variability punctuated by wet-dry transition phases which are not 

synchronous across regions of different latitudes (Maslin and Trauth, 2009; Blome et al., 2012; 

Shultz and Maslin, 2013; Maslin et al., 2014). Pollen records from deep-sea drill cores also show 

variability in the vegetation on the continent, with transitions occurring between woodlands, 

grasslands and arid/semi-arid flora being paced on orbital cycles (Dupont et al., 2011).  

 Most of the high-resolution environmental records from the Plio-Pleistocene have been 

developed using offshore drill cores. However, these may lack the spatial and temporal 

resolution needed to put climate in the context of human evolution. High resolution terrestrial 

records like those provided by paleolake drill cores are much more useful.  

In 2013, a 227-meter drill core was taken from the Baringo Basin in Tugen Hills, Kenya as 

part of the Hominin Sites and Paleolake Drilling Project (HSPDP) (Cohen et al., 2016; 

Campisano et al., 2017). The site was chosen because of the paleoanthropological significance of 

the basin as both hominin fossils and ancient tool assemblages spanning this time period have 

been found in the region (Deino and Hill, 2002; Hill, 2002; Kingston et al., 2007; Cohen et al., 

2016; Campisano et al., 2017). Furthermore, lacustrine deposits in the region that are mapped in 

detail and well-dated previously indicated precessional forcing as a pacing mechanism for lake-

level fluctuations (Deino et al., 2006; Kingston et al., 2007; Wilson et al., 2014). Detailed 

analysis of the Tugen Hills core show that the lake went through multiple transgressions and 

regressions, with deep-lake phases and exposure surfaces being present, and that these lake level 
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fluctuations were most likely rather abrupt (Deino et al., 2019; Billingsley et al., in press; Yost et 

al., submitted; Westover et al., submitted). The Tugen Hills core ranges in age from 

approximately 3.29 – 2.57 Ma, encompassing the important Plio-Pleistocene transition (Deino et 

al., 2019). This offers a rare, high-resolution terrestrial record of paleoenvironment during this 

period. There is a major environmental shift at approximately 3.05 Ma, which may suggest a 

teleconnection to high latitude forcing during the lead up to Northern Hemisphere glaciation.  

2. Methods 

2.1 Records Used  

Six paleoenvironmental records are used in this study (Figure 1). A high-resolution magnetic 

susceptibility record from the Tugen Hills, Kenya core is used as a terrestrial paleoenvironmental 

record for Eastern Africa. Magnetic susceptibility has been determined to be a good indicator of 

aridity through the core as low values correlate to deep-lake horizons and higher values indicate 

more terrestrial input and exposure surfaces (Billingsley et al., in press; Chen et al., 2013; 

Tamuntuan et al., 2015). The age model of this core is untuned and based on 40Ar/39Ar, 

magnetostratigraphy, tephrostratigraphy, sequence startigraphy and Bayesian age modeling 

(Deino et al., 2019). Magnetic susceptiblity measurements were taken every 0.5 cm with an 

average time-step of ~17yrs using a Geotek XYZ multisensor core scanner at the National 

Lacustrine Core Facility (University of Minnesota). A highly continuous, continental pollen-

derived temperature record obtained from Lake El’gygytgyn, NE Russia was used as an indicator 

of Northern Hemisphere climate changes (Brigham-Grette et al., 2013). The age model for the 

Lake El’gygytgyn core was based on magnetostratigraphic tie points and the tuning of various 

proxy data with marine isotope stratigraphy and summer insolation at 67.5° N (Brigham-Grette 

et al., 2013). The average time-step for this record is ~4.67 ka. Dust flux records from offshore 
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drill sites ODP 659, ODP 721, and ODP 967 were used as aridity indices for western Africa, 

eastern Africa and the Mediterranean, respectfully (Tiedemann et al., 1994; deMenocal, 1995; 

Larrasoana et al., 2003). The ODP 659 age model was based on magnetostratigraphy and tuning 

the δ18O record to marine isotope stages (Tiedemann et al., 1994). The average time-step for 

ODP 659 is ~4.26 ka. The ODP 721 age model was derived from integrated oxygen isotopic, 

biotstratigraphic and magnetic polarity data, which was tuned to orbital insolation (deMenocal, 

1995). The dust flux of ODP 721 was calculated every 0.5 cm, with an average time-step of 2.1 

ka. The age model for ODP 967 is based on the tuning of the sapropel occurrences to orbital 

precession and then constrained by nannofossil datums and oxygen isotope values (Kroon et al. 

1998; Larrasoana et al., 2003). ODP 967 dust flux was calculated at 1 cm intervals, with an 

average time-step of 494 yrs. A pollen derived precipitation record from ODP 1082 serves a 

paleoenvironmental record for southern Africa (Dupont, 2006). The age model for ODP 1082 is 

derived from stable isotopes of benthic and pelagic foraminifers and assignment to marine 

isotope stages as well as comparison tie points of other proxies between this core and the ODP 

1083 (Dupont et al., 2005; Dupont et al., 2006). Palynological analyses between 2.57 Ma and 2.9 

Ma were performed every 50 cm with an average time-step of 5.35 ka. Between 2.9 Ma and 3.27 

Ma, analyses were performed between 50 cm and 3 m with an average time-step of 13.36 ka 

(Dupont et al., 2006). 

2.2 Singular Spectral Analysis 

Original data was first normalized to z-scores and then linearly interpolated to 50-year time-

steps. A trajectory matrix was created for the data using a target cycle length of 100 kyr in order 

to encompass all possible orbital parameters of the climate record, specifically Milankovitch 

cycles of precession (23 kyr), obliquity (41 kyr) and eccentricity (100 kyr). A covariance matrix 
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was then created for the trajectory matrix. Single Value Decomposition (SVD) was performed on 

the covariance matrix. Explained variance was calculated by dividing the singular value by the 

sum of all singular values. The 95 % significance of empirical orthogonal functions (EOFs) 

above noise was determined by using 1000 Monte Carlo simulations. Signals were created by 

applying the left eigenvector (U) output to the original trajectory matrix. Reconstructed 

components were then calculated by convolution of the left eigenvector outputs and the signal 

matrix. Reconstructed time-series were created by summing all of the reconstructed components 

represented by EOFs above noise. Dominant periodicities in the time series were determined by 

spectral analysis using the smoothed periodogram. Correlations between records were 

determined using the correlation method first outlined by Ebisuzaki (1997) in order to determine 

statistically significant correlation between autocorrelated time-series. All analyses were done 

using MATLAB® 2018a. 

2.3 Hominin Response Model 

Hominin responses to our climate records were modeled using an evolutionary algorithm 

originally published by Grove (2014). Details about the approach can be found in that 

publication. The model operates on a fixed population size of 1000, with individuals assigned at 

random two values meant to simulate a single chromosome (Grove, 2014, 2015). One value is 

meant to represent the optimum environment for the individual. This is a value chosen from the 

range of environmental input (i.e. an individual z-score from our reconstructed time-series). The 

other assigned value is a determination of the individual’s adaptability, which is a randomly 

assigned standard deviation around the optimum environmental value (Grove, 2014, 2015). 

Larger standard deviation values imply that an individual has higher plasticity. For any given 

environmental input, an individual’s fitness is determined by the normal probability density 
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function and the individual’s assigned mean and standard deviation (Grove, 2014, 2015). 

Survival in any environment is determined by the individual’s fitness. In any given time-step, the 

500 weakest individuals “die” off and are replaced by the offspring of the 500 fittest individuals 

(Grove, 2014, 2015). Mutation is simulated in the model by adding a random variate uniformly 

at each interval of time to the standard deviation and mean of each offspring (Grove, 2014, 

2015). This process is repeated for each generational time-step. In order to apply this model to 

our records, the reconstructed time-series were first linearly interpolated to 20-year time-steps to 

create a generation time axis, with generation 1 being at the oldest date in any given record.  

3. Results 

3.1 Reconstructed Time-Series and Variance Explained 

The reconstructed time-series track the main variability in each of our climate records well, 

with major transitions in the original data being recorded (Figure 2). The Lake El’gygytgyn 

temperature record has 6 EOFs determined above noise allowing for a reconstructed time-series 

representing 80.93 % of the variance in the record. 39.86 % of this variance is within a 

broadband eccentricity signal, 25.72 % represents heterodynes between eccentricity and 

obliquity, and 15.33 % is obliquity.  

The dust record of ODP 659 has 9 EOFs above noise allowing for a reconstructed time-series 

representing 84.61 % of the variance in the record. 45.49 % of this variance can be explained by 

eccentricity, 5.46 % can be explained by heterodynes between eccentricity and obliquity, 12.8 % 

can be explained by obliquity, 3.70% can be explained by heterodynes between obliquity and 

precession and 17.15 % can be explained by precession.  



65 

 

The dust record from ODP 721/722 has 5 EOFs above noise allowing for a reconstructed 

time-series representing 76.69 % of the variance in the record. 62.69 % of this variance can be 

explained by eccentricity while 14.01% can be explained by precession.  

The dust record of ODP 967 has 7 EOFs above noise allowing for a reconstructed time-series 

representing 86.82 % of the variance in the record. 37.85% of the variance can be explained by 

eccentric, 3.93 % explained by heterodynes between eccentricity and obliquity, 29.29 % by 

obliquity, and 15.75 % can be explained by precession.  

 The pollen record of precipitation from ODP 1082 8 EOFs above noise allowing for a 

reconstructed time-series representing 82.70 % of the variance in the record. 43.46 % of this 

variance can be explained by eccentricity, 22.05 % can be explained by heterodynes of 

eccentricity and obliquity, 13.77 % can be explained by obliquity and 3.42 % can be explained 

by precession. 

 The magnetic susceptibility record from Tugen Hills, Kenya has 9 EOFs above noise 

allowing for a reconstructed time-series representing 61.36 % of the variance in the record. 23.96 

% of the variance can be explained by eccentricity, 11.97 % can be explained by heterodynes 

between eccentricity and obliquity, 16.43 % can be explained by obliquity and 13.82 % can be 

explained by precession. 

3.2 Hominin Responses to Climate Records 

The reconstructed time-series from ODP 659 (western Africa), ODP 1082 (southern Africa) 

and Tugen Hills Kenya (eastern Africa) were used as the environmental input for Grove’s (2014) 

evolutionary algorithm. These three records were used because they represent the environments 

closest to the known hominin sites located in southern Africa, the East African Rift Valley and 

Chad.  
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 In western Africa, there were eight periods when the standard deviation of the population 

increases: 3.2 Ma, 3.1 Ma, 3.06 Ma, 3.05 – 2.96 Ma, 2.95 – 2.92 Ma, 2.78 – 2.74 Ma, 2.73 – 2.69 

Ma and 2.66 – 2.60 Ma. The population’s fitness increases during nine intervals throughout the 

record: 3.29 – 3.19 Ma, 3.17 – 3.14 Ma, 3.12 – 3.08 Ma, 3.05 – 3.04 Ma, 2.97 – 2.94 Ma, 2.92 – 

2.77 Ma, 2.74 Ma, 2.68 – 2.66 Ma, and 2.61- 2.57 Ma. In southern Africa, there were two 

periods when the standard deviation of the population increases: 2.71 – 2.65 Ma and 2.61 Ma. 

There are three intervals when the population fitness increases: 3.29 – 2.71 Ma, 2.65 – 2.61 Ma, 

and 2.6 – 2.57 Ma. There is a substantial peak in population fitness at 2.84 Ma. There are six 

periods when population standard deviation increases in eastern Africa: 3.05 – 2.99 Ma, 2.96 – 

2.92 Ma, 2.82 – 2.80 Ma, 2.69 – 2.67 Ma, and 2.66 – 2.57 Ma. There are five periods when 

population fitness increases: 3.29 – 3.05 Ma, 2.99 – 2.96 Ma, 2.93 – 2.82 Ma, 2.81 – 2.69 and 

2.67 – 2.65 Ma.  

4. Discussion 

4.1 Orbital and High-Latitude Controls on Plio-Pleistocene Climate of Eastern Africa 

Previous studies of African climate during the Plio-Pleistocene showed increasing aridity as 

well as an increase in variability over time (deMenocal, 1995; Trauth et al., 2009). The controls 

on variability have been linked to orbital parameters such as eccentricity modified precession, 

teleconnections to Northern Hemisphere glaciation processes, and changes in ocean circulation 

and temperatures inferred to be related to the restriction of the Indonesian throughflow 

(deMenocal, 2004; Campisano and Feibel, 2007; Donges et al., 2011). Although connections 

have been made to orbital and global climate forcing in multiple climate records throughout 

Africa, the degree of influence global changes remains unclear (deMenocal, 1995; Leroy and 

Dupont, 1997; deMenocal, 2004; Cohen et al., 2007; Kingston et al., 2007; Maslin and 
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Christensen, 2007; Scholz et al., 2007; Donges et al., 2011; Rose et al., 2016). Regional 

influences such as tectonic uplift of in eastern Africa and local convection processes may 

influence how these global changes are represented in different records around Africa 

(Behrensmeyer, 2006; Maslin and Christensen, 2007). This matter is further complicated by the 

time scales and lags between terrestrial environmental changes and marine climate records 

(Behrensmeyer, 2006; Trauth et al., 2009).  

Lake El’gygytgyn reconstructed components suggests a long-term trend towards cooler 

temperature. The cooling at Lake El’gygytgyn should be expected over this period as the global 

climate cooled and Northern Hemisphere glaciation (NHG) initiated (Lisiecki and Raymo, 

2005). This trend is supported by analysis of the Lake El’gygytgyn drill core which shows a lack 

of calcite being produced in the lake after 3.3 Ma in response to permafrost developing in the 

region (Wennrich et al., 2014). Pollen records indicate that beginning between 3.1 – 3.03 Ma 

there is a sharp decrease in coniferous tree pollen and an increase tundra-steppe vegetation 

(Andreev et al., 2014). The ODP 967 dust flux record has a long-term trend towards increased 

aridity with an overlaid eccentricity signal. The trend of increased terrigenous dust in the 

Mediterranean is expected because North Africa became more arid during the onset of NHG 

(Larrasoana et al., 2003; Grant et al., 2017). Previous studies have also found long eccentricity in 

this record (Larrasoana et al., 2003). The Tugen Hills and ODP 721 display a 409 ka, a pattern 

seen in other Eastern Africa paleoclimate records (Trauth et al., 2009; Nie, 2018).  

The main variance seen within all records can be explained using orbital parameters of 

eccentricity, obliquity and precession (Thomas et al., 2016; Clemens et al., 2018). Each record 

has a different amount of variance explained by these parameters. This may suggest that 

latitudinal position and regionally complex relationships between topography, convection 
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processes and sea surface temperatures may play a role in regional responses to different orbital 

forcing (Thomas et al., 2016). For instance, higher insolation in the Northern Hemisphere during 

precessional minima has been shown to influence the extent of the West African Monsoonal 

system (Rohling et al., 2002; Tierney et al., 2008, 2011; Junginger et al., 2014). Higher sea 

surface temperatures in both the North Atlantic and the Indian Ocean have also been correlated 

to increased rainfall in Africa (Dupont, 2006; Weldeab et al., 2007; Blome et al., 2012; Ivory et 

al., 2016). The increase in higher frequency variability in in tropical Africa may be an indication 

of a more precession-controlled climate, bimodal rainfall and/or interhemispheric climate 

influences (Deino et al., 2006; Kingston et al., 2007; Verschuren et al., 2009; Clemens et al., 

2010; Singarayer and Burrough, 2015). Glacial expansion may limit the latitudinal extent of the 

tropical rain belt making these regions more susceptible to precession which may create mixed-

frequency peaks (Trauth et al., 2007; Ivory et al., 2016).  

Correlation analysis shows that the Tugen Hills, Kenya record is significantly (p=.03) 

and positively (r=0.33) correlated with the temperature record from Lake El’gygytgyn. This 

suggests teleconnections between the Northern Hemisphere and eastern Africa climate, which 

may have intensified during the lead up to and onset of NHG. NHG would have altered 

atmospheric and ocean interactions (Clark et al., 1999; Alley, 2002; Woodard et al., 2014). Ice 

sheets are topographic features which have been shown to change atmospheric circulation (Clark 

and Mix, 2000; Beghin et al., 2015). Expansive ice sheets in North America may have altered the 

placement of the Atlantic jet in the Northern Hemisphere (Löfverström et al., 2014). Antarctic 

ice sheet expansion and retraction have similar controls on atmospheric circulation in the 

Southern Hemisphere (Hall and Visbeck, 2002; Ogura et al., 2004). Temperatures and ice 

volume in Antarctica have also been linked to variations in atmospheric pCO2, perhaps caused by 
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the slowing or quickening of Southern Ocean ventilation paced by glacial extent or by the 

reduced formation of North Atlantic Deep-Water (NADW) during glaciation (Driscoll and Haug, 

1998; Ogura et al., 2004; Rohling et al., 2013; Brook and Buizert, 2018). The formation of 

NADW has also been linked to increased upwelling off the coast of Africa and increased climate 

variability (Rohling et al., 2013). Albedo changes caused by fluctuations of extensive ice sheets 

also influences global atmospheric circulation by increasing or decreasing latitudinal temperature 

gradients (Ogura and Abe-Ouchi, 2001; Blackport and Kushner, 2017). Furthermore, ice sheet 

volume controls sea level which also influences local climate and coastal topography (Raymo, 

2006; Cook et al., 2013; McKay, 2014; Wündsch et al., 2016).  

It is clear that the onset of NHG had significant influences on the reorganization of the 

global climate patterns. Our correlation analysis shows a positive correlation between the 

temperature record of Lake El’gygytgyn and the aridity record from Tugen Hills, Kenya. This 

correlation suggests that while the Northern Hemisphere was warmer Eastern Africa became 

more arid. This supports previous studies suggesting high latitude influences on eastern Africa 

climate (deMenocal et al., 1993; deMenocal, 1995; Hopley et al., 2007; Tierney et al., 2008; 

Caley et al., 2011, 2018).  

4.2 Modeled Hominin Responses to Climate  

Hominins during the Plio-Pleistocene experienced environments that were highly variable in 

both time and space. These different environments between regions in Africa would have 

allowed for larger populations to be separated by habitat fragmentation allowing for vicariance, 

genetic drift and allopatric speciation (Kingston, 2007; Reynolds, 2007; Blome et al., 2012; 

Maslin et al., 2015). Each environment would have provided differences in both abiotic and 

biotic forcing (Grove, 2011; Levin, 2015; Maslin et al., 2015; Potts and Faith, 2015).  
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Abiotic and biotic forcing have been invoked to explain speciation and extinction events 

(Benton, 2010; Grove, 2012; Voje et al., 2015; Žliobaitė et al., 2017). In the absence of extreme 

climate or other environmental changes (abiotic forcing), speciation and extinction would be 

controlled by biotic forcing mechanisms such as competition or predation (i.e. the Red Queen 

Hypothesis) (Van Valen, 1973). Species would be consistently evolving to adapt to biotic 

interactions they experience. This might lead to specialization in the context of a uniform 

environmental regime. This hypothesis has been shown to prove explanatory in fossil records as 

well as ecological experiments, in which environmental factors are stable or inconsequential 

(Kerfoot and Weider, 2004; Liow et al., 2011; Gibson and Fuentes, 2015; Voje et al., 2015).  

However, statistical analysis of the Red Queen scenario has determined that this evolutionary 

process would be difficult to distinguish from a stationary model where a species exhibit no 

evolutionary changes except in the cases of extreme physical environmental changes (Stenseth 

and Maynard Smith, 1984). In other words, biotic forcing may be a driving cause of evolution 

primarily in the absence of major perturbation to the environment (Barnosky, 2001; Benton, 

2009; Venditti et al., 2010). This scenario also has support in the fossil record where speciation 

and extinction can be correlated with extreme environmental overturn (Bobe and Eck, 2001; 

Bobe et al., 2002; Hernández Fernández and Vrba, 2006). Abiotic and biotic forces can both be 

drivers of evolution; however, these two processes may work on separate timescales and 

influence populations differently (Barnosky, 2001; Grove, 2012; Žliobaitė et al., 2017). In the 

presence of consistent abiotic forcing, a species may evolve primarily in response to 

environmental variability, as put forth by both the VSH and APH hypotheses. Population in these 

circumstances would be selected to favor generalists, whereas specialists would be favored 
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during periods of stable environments. Specialists may be ill-suited for extreme environmental 

variability and may suffer extinction in such scenarios (Grove, 2012).  

In order to predict the responses of hominins to the environmental change seen in Africa, we 

have applied an evolutionary algorithm to the reconstructed time-series from eastern, western 

and southern Africa (Figure 3). This algorithm has been used to demonstrate species responses to 

environmental variability in both synthetic and empirical climate data (Grove, 2011, 2014, 

2015). Using synthetic data the model indicates that directional shifts in the environment will 

elicit an increased standard deviation in the population (plasticity), whereas an invariant 

environment causes the mean of the population (fitness) to increase (Grove, 2011, 2014, 2015). 

An increase in the fitness value would correspond to an increase in specialization during a period 

of environmental stability. When applied to an environmental record from Lake Tana, Ethiopia, 

the algorithm showed that APH could be used to explain known early Homo sapiens dispersals 

from eastern Africa into the Levant (Grove, 2015).  

The eastern African model results show that from 3.29 – 3.05 Ma, a given species’ 

population’s fitness would have remained relatively high. The climate during this period was 

relatively stable, tending to be more arid than the mean of the whole time-series. This period 

coincided with a period of peak species richness (less extinction and more origination) occurring 

in eastern Africa (Werdelin and Lewis, 2005; Lewis and Werdelin, 2007; Macho, 2014). This 

interval also covers the last known appearance of (LAD) Australopithecus bahrelghazali (Chad), 

which disappears from the fossil record approximately 3 Ma (Grove, 2012; Lee-Thorp et al., 

2012). An environmental forcing of the disappearance of Australopithecus bahrelghazali may 

have been related to the extremely narrow diet inferred for this species (Macho, 2015).  
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At 3.05 Ma, the Tugen Hills record suggests there was rapid change in the environmental 

conditions in eastern Africa, which results in a model prediction of increased plasticity for the 

population. Although this record is from Tugen Hills, Kenya, high amplitude oscillations in 

climate have also been recorded in Hadar, Ethiopia between 3.15 – 3.05 Ma (Campisano and 

Feibel, 2007). This period coincides with a period of increasing body size for Australopithecus 

afarensis, possibly an adaptation to a changing environment (Lockwood et al., 2000; Drapeau et 

al., 2005; Campisano and Feibel, 2007).  

Between 2.9 and 2.67 Ma, the Tugen Hills record suggests a relatively stable climate in 

eastern Africa, and the model population fitness, or increased specialization, output reflects this. 

This time period also coincides with the LAD of Australopithecus afarensis. Interpretations of 

the environment of Australopithecus afarensis indicate that this species experienced many rapid 

environmental shifts over time (Bonnefille et al., 2004). The disappearance of a generalist during 

a period of climate stability may suggest that the new environment was outside the range of 

possible adaptations or Australopithecus afarensis may have been outcompeted by a more 

specialized species. However, interpretation of the precise timing of this extinction is hampered 

by the presence of a disconformity spanning 2.9 – 2.7 Ma at Hadar, where many of these fossils 

have been recovered. (Quade et al., 2004).  

2.9 – 2.67 Ma was a period of relatively stable climate in eastern Africa, except for a rapid 

transition from a relatively arid climate to one much wetter at 2.8 Ma. The modeled population 

experienced an increase in plasticity. The timing of this peak coincides with a major faunal 

turnover in eastern Africa among fossil mammals observed at Omo, Koobi Fora, Baringo, Hadar 

and the Middle Awash (Bobe and Behrensmeyer, 2004; Bibi, 2011; Reed and Geraads, 2012; 



73 

 

DiMaggio et al., 2015). Most importantly, this peak in standard deviation correlates to the 

earliest known fossil of our genus, Homo (Villmoare et al., 2015).  

Eastern Africa returns to a relatively stable and slightly more arid phase before becoming 

much wetter and more variable between 2.7 – 2.57 Ma. For this time period, the model predicts 

an increased plasticity of the population, similar to the earlier predictions by Grove (2012) using 

global climate records. This period coincides with high variability and deep lake phases seen in 

other records throughout Eastern Africa (deMenocal, 1995; Deino et al., 2006; Kingston et al., 

2007; Trauth et al., 2007, 2009; Donges et al., 2011; Shultz and Maslin, 2013; Maslin et al., 

2014; Maslin et al., 2015). It has been suggested that increased environmental variability during 

this period would have created a mosaic of environments, which in turn would have fragmented 

communities leading to dispersals and speciation (Kingston, 2007). Other noteworthy events in 

hominin evolutionary history during this interval include an increase in cephalization among 

hominin species, the FAD of Paranthropus aethiopicus and the first appearance of Oldowan tool 

technologies (Grove, 2012; Shultz et al., 2012; Braun et al., 2019). There is an amplified 

speciation pulse and possible turnover among fossil mammals between 2.7 – 2.5 Ma in eastern 

Africa as well (Reed, 1997; Behrensmeyer et al., 1997; Hernández Fernández and Vrba, 2006; 

McKee, 2017; Reed and Geraads, 2012; Rannikko et al., 2017; Maxwell et al., 2018).  

For southern Africa, the model results predict very little change in fitness or plasticity in 

reaction to the climate signal. The lack of any predicted relative response in the population 

during this time coincides with other observations that the expansions and contractions of 

woodland environments may not have been protracted enough to elicit a response in mammals 

on the landscape (Thackeray and Reynolds, 1997). This may also explain why an extreme faunal 

turnover has not been observed at ~2.8 Ma in southern Africa as is seen in eastern Africa (Maslin 
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and Christensen, 2007; Faith and Behrensmeyer, 2013). Similarly, it has been noted that, as a 

group, the pattern of mammalian species evolution differed between southern and eastern Africa, 

with changes in mammalian body sizes being much more extreme in eastern Africa ( Reynolds, 

2007). This may support the claim that southern Africa may have served as a climatically-stable 

refugium during the Plio-Pleistocene transition, while climate instabilities occurred elsewhere in 

Africa (Reynolds, 2007; Maslin et al., 2012). The persistence of Australopithecus africanus may 

also be a reflection of this climate stability.  

At 2.7 Ma, however, there are transitions in southern African climate between arid and wet 

environments. This yields three peaks of modeled plasticity between 2.7 – 2.6 Ma. The climate 

shift represents a period of much higher climate variability in the region as well as a lowering of 

sea level during the intensification of NHG, which may have controlled coastal biomes (Maslin 

et al., 2012; Stollhofen et al., 2014). This is also the period of time outlined as a possible pulse-

turnover event in African bovines (Vrba, 1993). However, it is important to note that this record 

of increasing aridity off the coast of Namibia differs from the climate reconstruction from ODP 

1085, where southern African climate has been interpreted as getting much wetter during the 

same time interval (Maslin et al., 2012). This may be the result of the two drill cores’ different 

locations in relation to both the Benguela current and the northern extension of the Southern 

Hemisphere westerlies, which would control the amount of precipitation on the landscape. The 

differences in the core records suggest Australopithecus africanus experienced regional spatial 

variability caused by local processes and topography which are difficult to determine from a 

single precipitation record. This variability in spatial environment may be the reason the species 

did not go extinct between 2.7 – 2.6 Ma as it was well adapted to multiple environments 

(Reynolds et al., 2011).    



75 

 

The amplitude of environmental change seen in southern Africa between 2.7 – 2.6 Ma is 

similar in range to another amplitude change between 3.05 – 3.10 Ma. However, the 2.7 – 2.6 

Ma generates a response in the population plasticity whereas the earlier one does not. The main 

reason for this relates to the rate of change in the environment. The 3.05 Ma change occurred at a 

slow enough pace that the model population was able to adapt to it without requiring any 

increase in plasticity (Grove, 2014). This implies that the duration or rate of environmental 

change is just as important, if not more so, than the extremes of amplitude change when 

considering climate variability’s impact on species.  

5. Conclusions  

Our study shows that most of the variance seen within the five climate records from Africa 

and one from NE Russia can be explained by orbital parameters. The similarities between the 

records as well as the significant correlation between Lake El’gygytgyn and eastern Africa 

suggest that the onset of Northern Hemisphere cooling may have had far reaching 

teleconnections, and that this change predates the earliest Pleistocene onset of extensive northern 

hemisphere glaciation. Pan-African climate was highly variable 3.29 – 2.57 Ma, and consistent 

with prior investigations covering much shorter time periods, that this variability was not 

synchronous across the continent.  

The variability seen within the climate records is reflected in the modeled hominin responses 

of population fitness and plasticity created by the evolutionary algorithm. Periods of extreme 

environmental shifts elicit a response of increased plasticity, while relatively stable periods select 

for a more specialized population. The populations of eastern, west and southern Africa would 

have been subjected to different abiotic forcing events, and the differences in the populations 

responses between each region indicates this.  
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Eastern Africa experienced five periods when the environment was variable enough to create 

strong selection for plasticity in our model. Periods of high environmental variability and 

increased modeled plasticity between 3.05 – 2.9 Ma correlate with increasing body size of 

Australopithecus afarensis in Ethiopia and the LAD of Australopithecus bahrelghazali in Chad. 

The increasing body size of Australopithecus afarensis may reflect an increase in plasticity as it 

evolved in response to an ever more variable environment. Australopithecus bahrelghazali, with 

its more specialized dietary limitations, may have been victim of rapid environmental changes.  

A switch from high variability into more stable environment coincides with the LAD of 

Australopithecus afarensis, which may have been ill-suited for the new environment or 

outcompeted by a yet unknown species more adapted to the new stable environment. A drastic 

change in environment at 2.8 Ma occurred coincident with a massive faunal turnover in eastern 

Africa as the environment transitioned from relatively arid to wetter conditions. This peak in 

plasticity also correlates with the first appearance of our genus Homo. Between 2.7 -2.57 Ma, 

eastern Africa experienced increased environmental variability, which is associated with an 

increased plasticity of the modeled population. During this time, Paranthropus aethiopicus and 

Oldowan technology appear in the record.  

The records we examined suggest that southern African climate did not vary as much as 

eastern or western Africa did over the study interval. Although there were multiple fluctuations 

in the climate record, only one of these occurred on the temporal scale rapidly enough and with 

sufficient magnitude to elicit increased plasticity in the modeled population. This one period, 2.7 

– 2.6 Ma, coincides with a pulse turnover event in African bovids (Vrba, 1993). The otherwise 

more stable climatic conditions and consistent model response of the population’s fitness lends 
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credence to the idea that southern Africa could have served as a refugium for many species 

during the Plio-Pleistocene while faunal turnover was occurring elsewhere on the continent.  

Our analysis has indicated that climate variability and the abiotic forcing it creates hold 

important explanatory power for understanding the speciation and extinction of hominins and 

other mammals in Africa. The increased plasticity in a modeled population in response to real 

environmental variability aligning with known evolutionary events in the hominin and faunal 

fossil record lends support to the fundamental ideas outlined by the variability selection and the 

accumulated plasticity hypotheses.  
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Figures 

 

Figure 1: Locations of the paleoenvironmental records used in this study. 
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Figure 2: Z-scores of the original data set plotted with the reconstructed time series developed 

using reconstructed components calculated through singular spectral analysis. 
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Figure 3: Results of the evolutionary algorithm run on reconstructed time-series from eastern, 

western and southern Africa plotted with the known span of human fossils and FADs of tool 
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technologies. The grey dashed line denotes the 2.8 Ma pulse-turnover event seen in the fossil 

record of Eastern Africa as well as the earliest occurrence of the genus Homo (Lewis and 

Werdelin, 2007; Werdelin and Lewis, 2005; Bobe and Behrensmeyer, 2004; Villmoare et al., 

2015). Increased standard deviation of a population denotes phenological plasticity while 

increased fitness indicates specialization. 
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Key Points 

 

1. New metrics were developed to determine paleoenvironmental variability using 

relatively continuous time series data on a temporal and spatial scale relevant to 

human speciation, technological advancements and dispersals and which can be 

compared and aggregated directly between various paleorecord types. 

2. Both the Standard Deviation Variability Method and the Accumulated Weighted Rate 

of Change Method recorded amplitude changes in detrended z-score time series of 

paleoenvironmental records which correlated with shifts seen in previous studies. 

3. A record of climate variability developed for five regions in and around Africa over 

400 ka shows that variability is not synchronous across the continent and region. 

4. The first appearance of the Middle Stone Age is during a period of high climate 

variability in North Africa and Eastern Africa. 

5. Dispersals in and out of Africa occur when the source region switches from high 

variability into a period of low variability.  

 

Abstract 

Numerous hypotheses have correlated key events in human evolution and dispersals with 

environmental changes. Some of these hypotheses operate within a unidirectional backdrop of 

environmental change whereas others, like the variability selection hypothesis, focus on the 

degree of environmental variability hominin species have experienced irrespective of the specific 

environmental conditions. The more recent accumulated plasticity hypothesis states that a 

species that experiences increased temporal changes in their environment develop adaptive 

strategies that allow for dispersal into multiple habitats. Comparisons between 

paleoenvironmental and paleoanthropological records have proven difficult for numerous 

reasons. There are large uncertainties in the timing of specific events in hominin evolution as 

well as the difficulty in objectively determining what qualifies as a period of high or low 

paleoenvironmental variability. In this study, we attempt to address the latter of these two 

problems by developing new metrics of paleoenvironmental variability. The Standard Deviation 

Variability Method (SDV) and the Accumulated Weighted Rate of Change Variability Method 

(AWRCV) are easily applied to most paleoenvironmental time series records. These new 
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methods allow for direct comparisons of degrees of paleoenvironmental variability between 

different records. The application of the metrics demonstrated here offer insight into the inter-

regional history of climate variability over the last 400 ka. Furthermore, the records span the 

African continent as well western Asia and southern Europe. These approaches to the analysis of 

climate variability provide a detailed spatial understanding of how multiple regions relevant to 

the rise and expansion of Homo sapiens responded to global climatic events.  

Our study shows that five separate climate regions experienced both periods of high and 

low climate variability, and that these periods are not synchronous across Africa, southern 

Europe and western Asia. Higher latitude regions are more susceptible to global climate forcing 

as is tropical Africa. Eastern Africa has a dampened response to glacial/interglacial cycles except 

for the transition out of MIS 5 and into MIS 4 and 3, which is a period of high climate variability 

for the region. The first appearance of anatomically modern human morphological features as 

well as the earliest recognized Middle Stone Age stone tools correlate with a period of high 

climate variability in both North and Eastern Africa. Furthermore, times of inferred major human 

dispersals occur after periods of increased climate variability in the source region, with the 

prolonged period of repeated migrations during MIS 5 occurring during a period of increased 

variability everywhere but eastern Africa. However, inferred dispersal at ~60 ka occurred after a 

period of extreme variability in eastern Africa.  

1. Introduction 

There have been many proposed hypotheses about how environmental history could have 

influenced hominin evolution through time. The ways in which environmental history might 

elicit evolutionary responses in organisms revolve around three broad scenarios: selection in the 

face of stable environmental forcing, as a result of directional environmental change, or as a 
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consequence of increasing levels of environmental variability. The first scenario incorporates a 

fundamental aspect of natural selection, selective consistency, in which a stable environment 

allows for selection towards fitness in one specific habitat, i.e. open grasslands or closed 

woodlands (Potts, 1998). The second scenario of directional change suggests that consistent 

selection occurred over time as the environment changes from one optimum to another. In the 

case of early hominin evolution in Africa, this scenario is exemplified by the savannah 

hypothesis, in which hominin adaptations of bipedality and perhaps other attributes evolved as a 

consequence of a broad directional shift from closed woodland environments to open grasslands 

(Washburn, 1960). The third set of hypotheses suggest that rather than adapting to any one 

particular environment, either to a stable, consistent environment or to a directional change from 

one environment to another, a species may develop a suite of adaptive strategies to deal with 

large and repeated variability in the environment (Potts, 1998). In this scenario, fluctuations in 

the environment create an inconsistency in the selection process which allows for habitat specific 

adaptations to be replaced by adaptive strategies selected to deal with a variety of novel 

environments (Potts, 1996, 1998). In hominin evolution this is has been referred to as the 

variability selection hypothesis (VSH) (Potts, 1996, 1998). The VSH has been widely discussed 

as a driver of human evolution as environmental records, specifically from eastern Africa, have 

indicated that the unidirectional move towards increased aridity and open landscapes is overlaid 

with a pattern of increased variability in the region since the Plio-Pleistocene (deMenocal, 1995; 

Potts, 1996, 1998; Maslin and Trauth, 2009). In addition to the VSH, the accumulated plasticity 

hypothesis (APH) proposes that populations that developed adaptive strategies suitable for more 

variable environments would be out competed by those more suited for any one particular 

environment as the environment becomes more stable (Grove, 2014, 2015). APH suggests that 
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those with accumulated plasticity (i.e. a suite of characteristics and technology capable of 

dealing with a variety of environments) could disperse into novel regions as the environment in 

the source region stabilized (Grove, 2014, 2015). 

Any discussion of the role of environmental variability as a driver of hominin evolution 

must consider how to define variability from the perspective of geological or 

palaeoclimatological records as well as how to determine a way to quantifying exactly what 

constitutes a more variable environment on a timescale relevant to human evolution. Previous 

attempts at solving this problem have implicitly assumed that environmental variability is 

registered in the range of variation expressed by orbitally-controlled insolation (Potts, 1998, 

2013; Potts and Faith, 2015). This approach is appealing because past insolation is readily 

calculated and has shown significant explanatory power in understanding the tempo of hominin 

evolutionary events. However, although orbitally forced insolation certainly plays a major role in 

controlling environment, its history of increased or decreased rates of change has two significant 

limitations as a metric of environmental variability. First, it varies over time frames that are 

rather large. Second, and most importantly, the record of insolation by itself does not encapsulate 

the entire range of variability experienced by hominins on the landscape. Specifically, it does not 

register the heterogeneous responses of climate to insolation caused by topographic, oceanic, 

glacial and continental influences and feedbacks. 

In this study, we develop new approaches to estimating past environmental variability 

directly from aggregated paleorecords. We introduce two new quantitative metrics in defining 

paleoenvironmental variability, which can be applied to any type of paleorecord, no matter what 

the initial indicator is or what the indicator represents (i.e. precipitation, temperature, etc.). We 

also introduce methods for stacking these variability metric time series to produce a master 
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record of the history of environmental variability at a regional scale. As an example of how this 

approach can be used, we applied these methods to a suite of 31 paleorecords from around Africa 

and in adjacent regions of Eurasia, spanning the last 400-ka, to develop a picture of 

paleoenvironmental variability throughout this region and time period. We then sorted these 

records into regional groups to explore possible relationships between climate variability and 

known or inferred events related to hominin evolution and dispersals. Going forward, these 

methods promise an improved way to measure environmental variability over even longer 

timescales, to directly compare human evolutionary milestones to variability at any given site, 

and thus allow us to understand better how climate and environmental variability could have 

influenced the evolutionary history of hominins. 

1.1 Regional Climate Variability Over the Study Area 

The spatial extent of this study is extensive and encompasses a vast range of 

environments, climates, and seasonality. The mechanisms that control spatial and temporal 

patterns of climate variability across this region are complex, with internal and external forcing 

and feedbacks playing a role in regional responses to global climate events, such as variations in 

orbital forcing and glaciations (Blome et al., 2012). Precipitation patterns, both today and in the 

past, are controlled by a variety of mechanisms such as the position of the Westerlies, the 

migration of both the tropical rain belt and the Congo Air Boundary (CAB), the inland extent of 

the West African Monsoon (WAM), local insolation and sea surface temperatures (Nicholson, 

2000; Nicholson, 2018). These climatological features respond to orbital forcing on the 

Milankovitch cycles of precession (19 kyr -23 kyr), obliquity (41 kyr) and eccentricity (100 kyr), 

and are often coincident with Northern Hemisphere stadial/interstadial patterns. There are also 

topographical controls on local convection processes. In order to simplify the complexity created 



105 

 

by multiple climate mechanisms, as well as determine climate variability at a spatial and 

temporal scale experienced by early AMH, a regional approach is needed, which guides our 

analysis and the geographic partitioning of data used below.  

1.1.1 Southern Europe and Southwest Asia 

The region of southern Europe and southwestern Asia incorporated in this study extends 

across the eastern Mediterranean between 35⁰ N and 45⁰ N and between 20° E and 43° E. There 

is a climatic difference between the northern Levant and the southern Levant created by the 

placement of atmospheric currents and topography which generate a distinct N-S and E-W 

gradient in precipitation and vegetation (Belmaker and Hovers, 2011; Gasse et al., 2015). The 

region receives most of its rainfall during Boreal winter with the southward displacement of the 

Westerlies. Therefore, the area experiences cold wet winters and hot dry summers (Rohling et 

al., 2013; Kwiecien et al., 2014). Over Pleistocene time scales, the climate in this region is 

strongly regulated by Northern Hemisphere glaciation events, with a southward displacement of 

vegetation and climate zones during glacial advances and increased moisture availability in the 

region during interglacials (Rohling et al., 2013; Kwiecien et al., 2014; Gasse et al., 2015). 

Periods of intense aridity correlate to colder temperatures in Europe (Stockhecke et al., 2014). 

Interglacials may also be marked by increased seasonality and spring/summer temperatures in 

the region (Francke et al., 2016a). There has also been an increase in climate variability in the 

region over the last 500 ka (Rohling et al., 2013). This variability represents switches from 

relatively arid to mesic habitats, with a precipitation swings from 550 mm/year to 1,700 mm/year 

(Blumenthal et al., 2017). Sea surface temperatures (SSTs) in the Mediterranean experience 

fluctuations on millennial scales correlating with Dansgaard-Oescheger and Heinrich events, 
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which influences moisture availability and local advection processes in the region (Rohling et al., 

2013). 

1.1.2 Northern Africa and the Southern Levant 

Northern Africa and the southern Levant region is defined in the study as the area from 

15⁰ N to 35⁰ N from the Atlantic Ocean to the eastern Mediterranean. The area is currently 

dominated by the extremely arid Sahara and is bounded on the south by the Sahel. The aridity is 

mainly controlled by the subduction of the northern arm of the Hadley cell, which prevents local 

convection processes and onshore moisture transport (Nicholson, 2000). In the past, however, 

there have been periods of humidity in the region during interglacials when more moisture has 

been documented on the landscape, specifically during the African Humid Period, approximately 

15 ka – 5 ka, and during MIS 5, 135 ka -115 ka and 105 ka – 75 ka (Drake et al., 2010; Blome et 

al., 2012a; Larrasoaña et al., 2013; Grant et al., 2017; Tierney et al., 2017a; Quade et al., 2018). 

These periods correlate to higher SST in the North Atlantic that allowed for an increased 

land/sea temperature and pressure gradient as well as higher moisture availability and 

development of a stronger monsoonal system (Grant et al., 2017). Vegetation on the landscape in 

this region varies on orbital scales, with Mediterranean forests expanding southward into Africa 

and grasslands expanding further north into the Sahara during interglacials (Dupont, 2011; 

Larrasoaña et al., 2013).  

1.1.3 Eastern Africa 

Eastern Africa is here defined as the area of the continent between 15⁰ N and 5⁰ S and 

east of 20⁰ E. It is differentiated from tropical and northern Africa by the presence of several rift 

systems that topographically and climatically isolate the region (Maslin and Trauth, 2009; 

Tierney et al., 2011). Most of the region currently has two rainy seasons controlled by the 



107 

 

migration of the tropical rain belt as it follows local insolation across the equator bringing 

moisture into the region from the Indian Ocean (Nicholson, 2000). Climate modeling coupled 

with studies of past lake level fluctuations indicate orbitally driven wet-dry climate cycles on the 

order of 800 kyr, 400 kyr, 41 kyr and 23 kyr (Kutzbach and Otto-Bliesner, 1982; Deino et al., 

2006; Kingston et al., 2007a; Campisano and Feibel, 2008; Maslin and Trauth, 2009; Maslin et 

al., 2015). Millennial, multidecadal and interannual scale variability has also been observed in 

some lake records (Shultz and Maslin, 2013; Wilson et al., 2014). The region has experienced 

increased aridity and climate variability since the onset of Northern Hemisphere glaciation 

(deMenocal, 2004; Maslin and Trauth, 2009).  

1.1.4 Tropical Africa 

In this study, we define tropical Africa from 5⁰ N to 15⁰ S from the Atlantic Ocean on the 

west to Lake Malawi in the east. It is separated from eastern Africa geographically by the East 

African Plateau and climatically by the meridional placement of the CAB (Nicholson, 2000, 

2018). The northern extent of tropical Africa is the Sahel, which separates tropical Africa from 

the Sahara. The climate of tropical Africa is mainly controlled by fluctuations in the West 

African Monsoon system (WAM), which is greatly influenced by sea surface temperatures in the 

equatorial East Atlantic as well as the intensification of solar radiation in the Northern 

Hemisphere (Lezine, 1991; Weldeab et al., 2007; Tierney et al., 2008; Shanahan et al., 2015). 

Dry intervals in tropical Africa are associated with periods of high-latitude cooling and a 

weakened Atlantic Meridional Overturning Circulation (AMOC) (Shanahan et al., 2015). The 

eastern extent of the region has also been shown to be influenced by SST in the Indian Ocean, 

with increased temperature assisting in local advection processes (Tierney et al., 2008).  
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There is a history of abrupt changes in precipitation in the region recorded in both 

offshore terrigenous input in the Atlantic and in onshore lake records (Adegbie et al., 2003; 

Tierney et al., 2008). Biomes in the region fluctuate latitudinally with changes in the 

intensification of the trade winds and the inland extent of the WAM as recorded in offshore 

pollen records, with interglacial periods correlating with humid forests and increased river input 

while glacial periods have increased aeolian transport and a more open, grassland vegetation 

(Lezine, 1991). Furthermore, vegetation in the region has been shown to correlate well with the 

interannual extent of the tropical rain belt, which is directly influenced by local insolation 

intensity (Kutzbach and Liu, 1997; Ivory et al., 2018). Much of this region, as well as parts of 

Eastern Africa, experienced episodes of extremely arid conditions between 135 – 90 ka, during a 

period of relatively high climate variability (Scholz et al., 2011a, 2011b).  

1.1.5 Southern Africa 

Southern Africa is defined here as the region of the continent south of 15⁰ S. The climate 

is greatly influenced by the cool Benguela current on the west, created by cold water upwelling 

off the coast, and the warm Agulhas current to the east, which brings warm water south from the 

equatorial Indian Ocean. The western part of South Africa receives most rainfall during the 

Austral winter, when the Westerlies move north over the continent, while the eastern part of 

southern Africa receives most of its rainfall during the summer months (Botai et al., 2018). Lake 

level records from Paleo-lake Makgadikgadi indicate that the region experienced punctuated 

humid periods over 140 ka, with arid periods occurring 145 ka – 140 ka, 125 ka – 122 ka, 110 – 

90 ka, and 50 ka – 45 ka (Burrough and Thomas, 2009). Pollen assemblages from ocean drill 

cores taken of southeastern Africa indicate that during interglacials the vegetation is mainly 

evergreen and deciduous forests while mountainous scrubland dominate during glacials (Dupont, 
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2011). Montane forests and C3 vegetation expanded during the warm, humid periods of 

interglacials when higher local insolation and increased SST of the Agulhas current allowed for 

more precipitation (Dupont et al., 2011; Castañeda et al., 2016). The area also experiences 

strengthened trade winds during glacial periods (Ning and Dupont, 1997).  

2. Methods 

Since we are interested in quantifying and comparing patterns of variability within and 

between paleorecords, it is important to initially remove any long-term trends in a data set that 

may impact the calculation of short-term variance that is of interest. Determining an appropriate 

approach to detrending a data set for this application is not straightforward because the removal 

of higher order (polynomial) trends could inadvertently remove some of the very patterns of 

internal variability we are interested in quantifying. As a result, we take a conservative approach, 

and only apply a first-order linear detrend to our data sets (Figure 1b). Since our ultimate goal is 

to aggregate and compare data sets of many different types, and with many different numeric 

ranges of variability, it is necessary to normalize all data as z-scores around the detrended means 

for each data set (Figure 1c). 

The next step is to determine appropriate time bin durations over which to examine the 

aggregated variability of the z-score data points. This decision must be based on both the 

question being asked and the available time series data density. This process may require some 

trial and error assessments of various bin durations in order to determine an adequate number of 

data points per bin. For the purposes of this study, we chose to parcel the z-scores into 10 kyr 

bins (Figure 1d-e). The selection of a 10 kyr bin allowed for the highest resolution to be achieved 

while retaining data adequacy in each bin. Smaller bin sizes often lacked data points in multiple 

bins in most of the time series preventing calculations of variability in those records for those 
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periods. Also, the VSH is a time-integrated selective process which requires environmental 

variability through multiple generations (Potts, 1998). Modeling of human population responses 

to climate variability suggests that maximum selection towards plasticity may be achieved within 

500 generations, implying that 10 kyr time bins of climate variability may be an objectively 

useful duration for comparison to hominin evolutionary events assuming a hominin generation 

time of ~20yr (Grove, 2015). In order to maintain continuity of the record for each bin, values 

were linearly interpolated for the time series at the bin breaks. For example, for our second 10kyr 

bin which begins at time step 10 ka and ends at time step 20 ka, values were calculated for those 

two time steps if values were not present in the original paleoenvironmental record. This allows 

for beginning and ending points for the calculation of variability in each bin. 

Variability embedded in a paleoenvironmental time series record could, in principle, be 

quantified in various ways. Here we develop two relatively simple approaches that are applicable 

to many data sets. Our first approach relies on the measurement of the variance of data within the 

defined bin by simply calculating the standard deviation of the data points for that bin. By 

comparing individual bins throughout the entire time-series, periods of high or low variability 

can be determined by the amount of variance within any given bin. To put it more simply, bins 

with higher standard deviations are assumed to represent periods of higher variability. In this 

method, it is the range of the data which defines the variability. We refer to this approach as the 

Standard Deviation Variability Method (SDV) (Figure 1e). This approach has the great 

advantage of simplicity in calculation but could be subject to sampling artifacts when the data 

points are not evenly distributed throughout the time bin or if there are too few data points to 

have a statistically significant standard deviation.  
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Our second approach to determining climate variability relies on the change occurring 

between sequential data points. In this method, the absolute value of the rate of change, or slope, 

is calculated between all points within a given time bin. These slopes are then weighted based on 

the duration of the bin (i.e. if the timing between two data points is 1 kyr and the bin duration is 

10 kyr, the slope is weighted 1/10 of the entire change over the duration of the bin). Weighting 

the slopes allows for appropriate representation of rates of change even in records with an 

uneven distribution of data. The calculated slopes, normalized for the bin duration, are then 

summed for each bin of the time series. We refer to this method as Accumulated Weighted Rate 

of Change Variability Method (AWRCV). In this method, it is the change between data which 

defines variability. It is assumed that bins with the highest values for accumulated rate of change 

are periods of higher environmental variability. This method is more useful than SDV when the 

data are unevenly distributed or if there are too few data points to accurately determine a 

standard deviation as a slope can be determined with less data and may represent the total 

variability across a bin.  

The mean, standard deviation and an accumulated weighted rate-of-change were 

calculated for each of the 10 kyr bins. Interpolated data was not included in the calculation for 

the SDV method. The records were then divided into five regions, and the AWRCV metric was 

calculated for each region for each 10 kyr bin. Each 10 kyr bin of the regional records were 

bootstrapped 1000 times using MATLAB® ‘bootstrap’ function. The mean and the standard 

deviation of the bootstraps were used to create the upper and lower limits of the confidence 

bands. Periods of higher variability were defined as those above one standard deviation of the 

mean variability for each region in any one bin similar to the previous approach to estimating 

environmental variability by Potts and Faith (2015). 



112 

 

For an evenly dispersed time series, the SDV and the AWRCV will produce 

proportionally very similar results, as shown by applying the methods to an evenly sampled 

portion of an insolation curve for the equator (Figure 1). For the remainder of this application we 

will only use the latter approach, the AWRCV. 

2.1 Methods Specific to This Study  

Time series data sets for this study consisted of terrestrial records from caves, lakes and 

outcrops as well as offshore ocean drill cores, encompassing a variety of indicators of climate 

and environmental processes (Table 1). This study uses 31 different climate reconstructions from 

23 locations (Figure 2). Because of the regional climate heterogeneity discussed previously, we 

wanted to explore our data subdivided geographically. Accordingly, each record was placed 

within one of five geographic regions: Southern Europe and Southwest Asia, Northern Africa 

and the Southern Levant, Eastern Africa, Tropical Africa and Southern Africa. The regions were 

determined following Blome et al. (2012), based on regionally consistent patterns of climate over 

extended periods (Table 1). Individual variability time series within a region were stacked by 

time bin by taking the means for each bin (Figure 3). 

The records incorporated in this study were chosen because they were both relatively 

continuous over the 400-ka time duration selected for this study and of a high enough resolution 

for our methods to be applied. The quantifying measures were run on the original data set when 

possible. For some complex, multivariate data sets such as pollen analyses, it is necessary to 

initially create a simplified univariate metric for analysis. We did this using correspondence 

analysis (CA) on the fourteen pollen records incorporated in this study, using the CA first axis 

eigenvalues as our transformed time series.  
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Correlation analysis was performed between the averaged summed rate of change per 10 

kyr of each region and the corresponding summed rate of changes for possible forcing 

mechanisms (sea surface temperatures, glacial/interglacial changes and insolation) using the 

Pearson r in the PAST 3.x analytical software. Significance was calculated using a two tailed t 

test with 2 degrees of freedom. 

3. Results 

3.1 Variability in insolation 

The “proof-of-concept” application of our metrics were initially analyzed using insolation 

from the Equator calculated at 1 kyr time steps over 400 ka (Figure 1). Initial detrending of the 

insolation time series removed a small directionality imposed by the arbitrary 400 – 0 ka cutoffs. 

The mean z-score for each 10 kyr bin tracked the amplitude changes in the original record well, 

with higher z-scores correlating with higher W/m2 (Figure 1d). Both the SDV metric for the bins 

and the AWRCV metric follow similar patterns, with the more extreme changes of amplitude of 

the original time series being reflected with increased values in both calculations (Figure 1e-f). 

The periods of 140 – 110 ka and 230 – 170 ka have the highest values for both standard 

deviation (1.17 – 1.07 and 1.19 – 1.44, respectively) and rate-of-change (0.293 – 0.359 and 0.288 

– 0.402, respectively). During these periods, insolation is oscillating between its highest and 

lowest values. 

3.2 Variability in regional records 

The mean of the z-scores for each bin of the 31 paleorecords used in this study follow the 

changes in amplitude of the original data. As seen in the insolation record reviewed above, the 

SDV and AWRCV metrics for each record are in concordance with each other, with increases in 

both occurring when there are major transitions in the amplitude of the original records. All of 
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the regions have periods of high variability, in which the averaged summed rate-of-change for a 

10 kyr bin is above one standard deviation from the mean (Figure 3).  

The range of AWRCV values for southern Europe and southwestern Asia is 0.108 – 

0.487, with a mean of 0.274 and a standard deviation of 0.059. There are three periods of high 

climate variability in this region, from 90 – 80 ka, 240 – 230 ka and 400 – 380 ka, when 

AWRCV values for the 10 kyr bins were above 0.333. North Africa and the southern Levant 

have a range of 0.131 – 0.705 with a mean of 0.464 and standard deviation of 0.179. There are 

four periods of high climate variability from 70 – 60 ka, 130 – 110 ka, 350 – 340 ka and 390 – 

380 ka, when the AWRCV was above 0.642. Tropical Africa has a range of 0.268 – 0.910 with a 

mean of 0.399 and standard deviation of 0.137. There were four periods of high variability from 

20 – 10 ka, 100 – 90 ka, 210 -200 ka, and 400 – 390 ka, when the AWRCV was above 0.536. 

Southern Africa AWRCV valued range between 0.104 – 0.807, with a mean of 0.456 and a 

standard deviation of 0.175. There were five periods of high variability from 10 – 0 ka, 140 – 

130 ka, 200 – 190 ka, 220 – 210 ka and 340 – 330 ka, when the AWRCV was higher than 0.632. 

Eastern Africa has an AWRCV range of 0.002 – 1.072 with a mean of 0.175 and a standard 

deviation of 0.233. There were three periods of high variability in this region, from 10 – 0 ka, 90 

– 60 ka, and 330 – 320 ka, when the AWRCV was higher than 0.408 (Table 2).  

The confidence bands for the AWRCV for the regional records are broader in regions 

with fewer records. This is most evident for the eastern African data where only two available 

data sets met our completeness criteria. There is also a notable decrease in confidence in the 

northern Africa and southern Levant record prior to 150 ka, where 6 of the 8 records are missing 

data. Our calculations fall within the range for confidence in all regions and times except for 

southern Africa between 400 – 315 ka, when the AWRCV of the region is beginning to be 
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determined by less individual records as two records do not extend to the full 400 ka. When the 

AWRCV is at the upper most limit of the confidence band, the average regional variability of the 

records is highly influenced by the extreme variability in one record. 

3.3 Correlations between regional variability and potential forcing mechanisms 

Correlation analysis indicates that there is a significant positive correlation, 0.3881, 

between high variability in southern Europe and southwest Asia and tropical Africa (Table 3). 

The tropical African record also displays a significant positive correlation with both insolation at 

the equator (0.3173) and at 35° S (0.32273). The southern African record is significantly and 

positively correlated with insolation at 65°N (0.35722), 35° N (0.355), the equator (0.31839), 

and 35°S (0.33301).  

4. Discussion 

4.1 New Methods for Quantifying Climate Variability and Possible Applications 

 One of the key questions in evolutionary studies is whether species are constantly 

evolving in stable environments under the influence of biotic selective forcing such as 

competition or escalatory predator-prey coevolution (i.e. Red Queen theory) or if speciation is 

occurring during infrequent, drastic physical environmental changes due to abiotic forcing 

(Benton, 2010). It has been suggested that the Red Queen theory of constant evolutionary 

advances during periods of environmental stability is valid on smaller timescales and in a 

localized spatial extent, but may lose significance on a larger geological timescale as it is 

overwhelmed by global climate changes and other large-scale events such as orogenesis and 

volcanic eruptions (Barnosky, 2006). Attempts have been made to model different evolutionary 

scenarios to determine if there is a steady state of change in species even during consistent 

environmental stability or if change only occurs during extreme physical reconstruction of the 
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environment. These hypothetical scenarios have been difficult to test in nature because of the 

practical difficulty in determining that there are no changes in the physical environment for a 

given time period and place (Stenseth and Smith, 2006; Benton, 2010). Specifically, it has been 

difficult to determine what constitutes extreme environmental variability in relation to a stable 

state. 

 The methods put forth in this study may offer a framework to help determine what 

selective process or combination of processes (abiotic or biotic) may be acting upon a species or 

ecosystem at any given time. Both the SDV and the AWRCV are helpful metrics in defining 

periods of environmental instability as well as periods of relative stability. The methods can be 

applied to local, regional and global paleoenvironmental records of any type of indicator 

allowing for full functionality when determining environmental variability. This can allow for 

direct comparisons of environmental variability to paleobiological and paleontological records in 

almost all settings. Although this study focuses specifically on the regional variability in and 

around Africa over the last 400 ka in the context of human evolution and dispersals, these 

methods can be modified and applied to other evolutionary questions regarding environmental 

variability on both smaller and larger spatial-temporal scales.  

4.2 Regional Climate Variability  

Our study indicates considerable change in the degree of environmental variability within 

and between regions around Africa over the past 400 ka. The periods of high variability are not 

synchronous across the area of study indicating regional differences in responses to external 

forcing factors. The pattern of regional differences indicates that changes in variability that 

hominins in the region experienced over this time period cannot be completely encompassed by 

variability in orbitally-induced insolation alone. Throughout all five regions, there are clear 
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responses to interglacial/glacial transitions, with the global climate shifts from one state to 

another creating increased variability in any given region (Figure 4). However, regional 

differentiation can be seen as periods of high variability rarely overlap, even in regions adjacent 

to each other. For example, eastern Africa experienced a long period of high environmental 

variability, 90 – 60 ka, during the transition from MIS 5 through MIS 4 (Lisiecki and Raymo, 

2005). Southern Europe and southwestern Asia, 90 – 80 ka, as well as northern Africa and the 

southern Levant, 70 – 60 ka, also experienced high environmental variability during this 

transition; however, the durations of the periods were shorter and did not overlap with each other 

(Lisiecki and Raymo, 2005). This suggests that although the overall pace of environmental 

variability in and around Africa is controlled by orbitally-influenced global climate events, 

localized feedbacks and responses cannot be ignored.  

Southern Europe and southwestern Asia experienced three periods of unusually high 

environmental variability over our study interval, between 400 – 380 ka, 240 – 230 ka, and 90 – 

80 ka. The first of these periods of high climate variability occurred as the global climate shifted 

from the warm interglacial MIS 11 into MIS 10, an interglacial termination occurring during a 

period of high obliquity (Huybers and Wunsch, 2005). This event coincides with the retreat of 

temperate forests around Lake Ohrid (Macedonia), Yammouneh (Lebanon) and the Tenaghi 

Philippon (Greece) regions, as well as a trend towards increased aridity and cooling throughout 

the eastern Mediterranean (Tzedakis et al., 2006; Gasse et al., 2015; Francke et al., 2016; Kousis 

et al., 2018). The second period of high climate variability for this region, 240 – 230 ka, 

coincides with a drastic drop in global temperature during MIS 7 (Lisiecki and Raymo, 2005). 

MIS 7, 246 – 186 ka, was a period of at least five warm-cool climate shifts in Europe, with the 

most pronounced being the transition from MIS7e into MIS 7d, ~230 ka – 215 ka, when again a 
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transition from temperate woodlands to steppe vegetation occurred (Roucoux et al., 2006; López-

García et al., 2014). During this period, the Mediterranean experienced much cooler 

temperatures and an increase in the intensification of the north-westerlies (Cortina et al., 2011). 

The final period of high climate variability for Europe and southwest Asia occurred during the 

cold period MIS 5b, when again the region transitioned from a warm, humid, forested regime to 

cooler temperatures, more open environments, and increased aridity (Helmens, 2014).  

Northern Africa and the southern Levant experienced four periods of high variability over 

our study interval. The first, from 390 – 380 ka, overlaps with a similar period in southern 

Europe and southwestern Asia. Northern Africa was more humid than present during MIS 11, 

with warmer SSTs in the North Atlantic and a northward displacement of the tropical rain belt. 

However, as the climate transitioned into MIS 10, North Africa became much more arid, as 

indicated by increased dust flux off the North African coast (deMenocal, 1995; Helmke et al., 

2008; Trauth et al., 2009; Kandiano et al., 2012). This aridity may also have been influenced by 

increased upwelling in the North Atlantic, which limits onshore transport of moisture and 

increases millennial scale variability (Kandiano et al., 2012; Rohling et al., 2013). The second 

period of high climate variability occurred between 350 – 340 ka, a period that coincides with 

the onset of MIS 9. This transition is marked in the North Atlantic by increasing SSTs, ice sheet 

collapses, and a decrease in North Atlantic Deep-Water (NADW) formation, which may have 

facilitated weaker NE trade winds off the coast of Africa in MIS 9 compared to MIS 10 creating 

climate instability during this period (Kostygov et al., 2010; Dupont, 2011). 

The onset of MIS 5 ushered in an extended period of climate variability for northern 

Africa and the southern Levant between 130 – 110 ka. The region experienced a substantial 

increase in precipitation at approximately 130 ka, as recorded in both the Pequiin and Soreq cave 
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records, followed by a drastic decrease at 115 ka (Bar-Matthews et al., 2010). Increased effective 

moisture and a greening of the Sahara also occurred during this time, when an increase in 

northern hemisphere insolation allowed for a more prominent and extensive WAM (Kutzbach 

and Liu, 1997; Ruddiman, 2006; Drake et al., 2010; Dupont, 2011). The last period of high 

climate variability for this region occurred 70 – 60 ka as the global climate became cooler 

transitioning from MIS 5 into MIS 4, and northern Africa and the southern Levant became much 

more arid and woodlands and tropical forests contracted southwards towards the equator (Bar-

Matthews et al., 2010; Dupont, 2011). 

Eastern Africa experienced three periods of high climate variability over our study 

interval, 10 –0 ka, 90 – 60 ka and 330 – 320 ka. During MIS 9, eastern Africa experienced a 

transition from arid to more humid conditions, as insolation at the equator increased. This 

allowed for a strengthening of the East African monsoonal system, and this transition was also 

marked by high variability in the region between 330 – 320 ka (Szabo et al., 1995; Owen et al., 

2018). The transition from MIS 5 to 4/3 coincides with a second period of high variability in 

eastern Africa, 90 – 60 ka. This period saw multiple lake level fluctuations at Chew Bahir and 

Lake Tana in Ethiopia as well as sharp decreases in SST and rainfall in the Gulf of Aden (Trauth 

et al., 2015; Tierney et al., 2017a; Viehberg et al., 2018). The termination of the African Humid 

Period, when the region experienced a severe drop in precipitation between 8 ka and 5 ka, 

created a period of high variability in eastern Africa, 10 – 0 ka (Tierney et al., 2011; Costa et al., 

2014; Owen et al., 2018).  

Tropical Africa experienced four periods of high climate variability during our study 

period, 20 – 10 ka, 100 – 90 ka, 210 – 200 ka, and 400 – 390 ka. The first period of high 

variability corresponds with the shift from interglacial maxima of MIS 11 into MIS 10 (Lisiecki 
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and Raymo, 2005). During this transition, tropical Africa shifted from a wet, warm landscape 

with lowland tropical forests into more open, arid wooded grasslands (Dupont, 2011; Ivory et al., 

2016). Similarly, the second period of high variability in tropical Africa is associated with the 

transition from interglacial to glacial. From 210 – 200 ka, during the transition from interglacial 

MIS 7 into MIS 6, there was a rapid change from a relatively wet to a very dry environment at 

Lake Malawi, with an accompanying decrease in lake level (Ivory et al., 2016, 2018). The west 

coast of Africa also saw an expansion of grasslands with a decrease in precipitation during this 

period (Dupont, 2011).  

Between 130 – 90 ka, tropical Africa experienced several periods of extended aridity, 

megadroughts, during which lake level at Lake Malawi fell as much as 600 m (Cohen et al., 

2007; Scholz et al., 2007). The third period of high variability, 100 – 90 ka, represents the 

transition of this region out of the megadrought (Ivory et al., 2016). During this period, Lakes 

Malawi and Tanganyika experienced increases in lake level, and there was an expansion of 

tropical forests in equatorial Africa (Dupont et al., 2001; Tierney et al., 2008; Burnett et al., 

2011; Dupont, 2011; Scholz et al., 2011a; Stone et al., 2011; Lyons et al., 2015). Our study 

indicates that relatively high variability persisted throughout the period from 150 – 70 ka when 

compared to the rest of the record. However, it is this major transition from hyperaridity into 

wetter conditions (~100 – 90 ka) which represents the most extreme change and, therefore, the 

highest variability. The Holocene was also a period of high environmental variability in tropical 

Africa. From 10 ka to present there have been many shifts between wet and arid climates, the 

most drastic of which is the rapid transition out of the African Humid Period (Tierney et al., 

2008; Shanahan et al., 2015). 
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There were five periods of high variability in southern Africa over the past 400 ka 

observed in this study: 340 – 330 ka, 220 – 210 ka, 200 – 190 ka, 140 – 130 ka, and 10 – 0 ka. 

The first of these intervals corresponds with the transition from MIS 10 to MIS 9 and coincides 

with an increase of offshore upwelling, which appears to have increase millennial scale 

variability and habitat fragmentation (Rohling et al., 2013). Furthermore, offshore records 

indicate that as the ice sheets retreated, southern Africa was getting wetter creating a landscape 

dominated by evergreen and deciduous forests rather than the mountainous scrubland seen 

during more arid glacials (Dupont, 2011; Caley et al., 2018). The next period of high variability, 

220 – 210 ka, corresponds with the transition from MIS 7d to 7c. The transition from MIS 7 into 

MIS 6, 200 – 190 ka, was marked by a more variable climate with landscape and hydroclimate 

change related to the restriction of the tropical rainbelt towards the Equator during glacial 

expansion and more arid environments in southern Africa (Castañeda et al., 2016; Caley et al., 

2018). The transition into the last interglacial was a period of high variability in southern Africa, 

140 – 130 ka. Similarly, the Holocene is a period of high variability in the region as well as 

southern Africa transitioned from relatively cooler temperatures into a warmer climate (Scott, 

1999).  

The new methods developed for this study allowed us to determine periods of high 

climate variability in each of the five regions in and around Africa. The periods of variability 

seen in this study also coincide with increased variability noted previously for individual 

paleoenvironmental records, which gives us greater confidence concerning our new metrics. 

Furthermore, this study shows that regions responded differently to global climate shifts based 

on local feedback processes, with variability in the potential forcing mechanisms not necessarily 

correlating with regional variability.  
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4.3 Potential forcing mechanisms and regional responses 

The lack of correlation of periods of highest variability between the regions, and thus 

single, explanatory and global forcing mechanism(s) is a noteworthy result of this study. The 

temporal changes in each region do align well to glacial/interglacial shifts, and many 

paleoenvironmental studies have shown that sea surface temperature, insolation, and ice sheet 

expansion have influences over environmental changes. As our study has been able to identify 

periods of high variability in both regional and global records, we need to consider plausible 

explanations for the lack of correlation between these widely investigated drivers of global 

climate and regional variability. One possibility lies with the duration of the time step bins used 

in this analysis 

As noted previously, a 10 kyr time bin was selected in part to explore landscape-scale 

environmental changes on timescales relevant to realistic models of hominin selective and 

dispersal responses to the environment. From this perspective longer duration bins might be less 

desirable because they would potentially encompass multiple forcing events. However, whereas 

a 10 kyr time bin is capable of capturing the full amplitude of the higher frequency events that 

could have significant selective implications for hominin populations, it may simultaneously be 

too short to capture the coherent changes in variability that exist in global scale processes. In 

part, this results from that fact that there are variably delayed responses in regional climate to 

most global forcing mechanisms (deMenocal et al., 2000; Abe-Ouchi et al., 2013; Shanahan et 

al., 2015). For instance, if there is a 3 kyr delay between the initial variability in the forcing 

mechanism and the regional environmental response, the peak variability for each element may 

end up in different temporal bins. To illustrate this, we can compare the effects of varying bin 

duration on the correspondence between variability metrics for the benthic foraminifera δ18O 
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isotope stack (Lisiecki and Raymo, 2005) and the dust flux record from ODP 721/722, collected 

off the coast of East Africa (deMenocal, 1995) (Figure 5).  

For the 10 kyr bin example from 10 – 0 ka, the dust flux record displays both high SDV 

and AWRCV values, whereas the Lisiecki and Raymo curve is relatively flat, with low SDV and 

AWRCV values. However, when the bin duration is expanded to a 20 kyr window, the analysis 

indicates that both records were experiencing a period of rapid change and, subsequently, higher 

climate variability. The expansion of the bin duration in this example captured the interval when 

the full range of amplitude change of the benthic δ18O stack could be tied to the full range of the 

amplitude change in the dust record. The higher SDV and AWRCV for both indicate this shift.  

It should be noted that expanding the window may dampen the signal of climate 

variability as drastic shifts tend to be diluted mathematically over time by steady states, as we 

see in the 50 kyr time bin. Here the SDV and AWRCV are lower than the values seen in the 20 

kyr bin. However, even at this bin size, periods of high variability can be differentiated from 

those of low variability. Perhaps not surprisingly then, when correlations are calculated over 

longer bin sizes, there are more significant correlations between the local records and global 

forcing mechanisms (Cohen et al., 2018 and in prep). But conversely, a single long duration 

bin’s measured variability may mask the “churning” evident from a series of sequential, shorter 

bin, high variability episodes that could take place over the longer bin’s duration. The takeaway 

message is that there is no one correct bin duration for a variability analysis. The choice must be 

made as a tradeoff between the needs for greater insights into regional impacts of variability 

versus an ability to infer potential global drivers of the same.  
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4.4  Climate Variability and Implications for Hominin Evolution and Dispersal 

Differences in environmental variability such as those quantified in this study suggest a 

landscape constantly changing, creating both pathways for hominin dispersals and interactions as 

well as environmental fractionation, which would isolate populations from each other for 

extended periods of time (Kingston, 2007b; Blome et al., 2012; Scerri et al., 2014, 2018; Potts 

and Faith, 2015). Multiple hypotheses have been put forward in order to understand how both 

climate variability and climate stability may have influenced the speciation, technological 

advancement and dispersal of early anatomically modern humans. The variability selection 

hypothesis (VSH) suggests that periods of high variability in the climate would provide the 

environmental background needed to spawn the biological and technological adaptations seen 

among adaptively flexible anatomically modern humans (AMHs) (Potts, 1996). Drawing 

correlations between hominin evolutionary events and climate fluctuations is made difficult by 

our still limited and often poorly dated hominin fossil and archaeological record, uncertainties in 

age constraints in the paleoenvironmental records and uncertainties concerning calibrations of 

genetic clocks. However, some comparisons can be made in order to develop a framework of 

how climate variability may have served as a backdrop to the development and expansion of 

AMH.  

Prior studies suggest that environmental corridors may have allowed AMHs to disperse 

across previously uninhabitable places (Drake et al., 2010; Blome et al., 2012b; Larrasoaña et al., 

2013; Scerri et al., 2018). The accumulated plasticity hypothesis (APH) suggests that increased 

environmental variability would have allowed for selection towards plasticity, defined as traits 

which would allow an individual the ability to adapt to changing environments rapidly (Grove, 

2014, 2015; Grove and Burke, 2015). In contrast, a stable environment would select populations 
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towards specialization (Figure 6) (Grove, 2015). Once a region switches from a period of high 

climate instability to a relative steady state, theory suggests that individuals with plasticity would 

be outcompeted in the new environmental regime, encouraging their dispersal into new 

territories, where they would be able to thrive given their previously accumulated plasticity 

(Grove, 2014, 2015).  

As summarized above, our 400-ka record of climate variability indicates that the five 

regions in and around Africa experienced both periods of climate stability and instability, with 

many of these periods differing between regions for any given time period. If the APH and the 

VSH were actually driving factors in human evolution and dispersal events over this timescale, 

then we would expect to see a relationship in time between these two types of data (e.g. Potts and 

Faith, 2015).  

Genetic studies indicate that AMH split from the Neanderthals approximately 500 ka, but 

the first fossil which shows morphologically modern facial features appears in Jebel Irhoud, 

Morocco approximately 315 ka with the MSA stone tools at the site dating to 374 – 337 ka 

(Hublin et al., 2017; Richter et al., 2017; Stringer and Galway-Witham, 2017). Northern Africa 

experienced two periods of high variability between 380 – 390 ka as well as 350 – 340 ka, which 

may suggest that both the evolution of AMH morphologies as well as the development of MSA 

technology documented at Jebel Irhoud at this time were in response to increased climate 

variability in the region. Similarly, the earliest appearance of MSA at Olorgesailie in eastern 

Africa dates to approximately 320 ka, which falls into a period of high climate variability for the 

region, 330 – 320 ka (Deino et al., 2018; Potts et al., 2018).  

By approximately 337 – 300 ka, Levallois technology was widespread across the African 

continent, following a period from 400 – 320 ka where all five regions experienced at least one 
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period of high climate variability (Richter et al., 2017). Furthermore, fossils with possibly 

transitional AMH-like features have been found at Kathu Pan, South Africa (~291 ka), Baringo, 

Kenya (~284 ka), Gademotta, Ethiopia (~275 ka), Florisbad, South Africa (~260 ka) and 

Maghreb (~254 ka) (Hublin et al., 2017; Richter et al., 2017; Stringer and Galway-Witham, 

2017). Although these first appearance datum (FAD) times do not fall within the regional periods 

of variability, the relatively simultaneous appearance of morphological similarities across 

multiple regions suggests that AMH morphology evolved in response to increased environmental 

variability.  

Genetic evidence suggests that ancient San people in South Africa separated from East 

Africans between 260 – 350 ka (Schlebusch et al., 2017). 340 – 330 ka was a period of high 

variability for Southern Africa, after which the region was relatively stable until 220 ka. This 

genetic split of two populations may suggest a dispersal from southern Africa into eastern Africa, 

which was experiencing a period of high variability between 330 – 320 ka.  

AMH were most likely established in eastern Africa around 195 ka, with fossil evidence 

at Herto, Ethiopia confirming full AMH morphology at 160 ka (White et al., 2003; Richter et al., 

2017). However, an archaic hominin fossil sharing affinities with AMH morphology from Lake 

Eyasi, Tanzania dates to 132 – 88 ka, which correlates with periods of high variability in eastern 

Africa (90 – 60 ka) and tropical Africa (100 – 90 ka) (Domínguez-Rodrigo et al., 2008). This 

suggests that there may have been regional persistence archaic hominin populations after AMH 

was fully established, perhaps facilitated by heterogeneous climate variability and stability 

patterns across the continent. After the initial appearance of AMH morphology and MSA 

technology, most of the regions in this study experienced extended periods of relative climate 

stability. During this period, between 160 ka and 110 ka, there is evidence for the predecessors 
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of San populations diverging from most other African populations (Henn et al., 2018 and 

references therein).  

The dispersal of AMH out of Africa is one of the more hotly debated topics in 

paleoanthropology. Genetic studies indicate an African origin for all extant populations outside 

of Africa, but the timing of the dispersals is still unclear (Reyes-Centeno, 2016). Genetic clocks 

indicate a relatively recent dispersal of the ancestors of modern AMH at approximately 65 ka; 

however, there are multiple lines of evidence suggesting much earlier occupations of the Levant, 

southern Europe, Arabia, India and Southeast Asia. The earliest AMH fossils found outside of 

Africa are a fossilized human cranium from Apidima Cave, Greece dated to 210 ka and a maxilla 

from Mislia Cave, Israel dated to 194 – 177 ka (Hershkovitz et al., 2018; Harvati et al., 2019). 

Both of these sites support genetic evidence for a dispersal out of Africa approximately 220 ka 

(Posth et al., 2017). The timing of this dispersal correlates to a period of high variability in the 

southern Europe and southwestern Asia (240 – 230 ka) determined by this study, while both 

north Africa and the southern Levant and eastern Africa were experiencing relative climate 

stability.  

Archaeological evidence can place AMH in Jebel Faya, UAE approximately 125 ka, and 

Nubian complex sites also show that by 106 ka AMH were in Oman (Armitage et al., 2011; Rose 

et al., 2011). The AMH sites of Skhul and Qafzeh in Israel date from 115 – 71 ka, with aDNA 

overlap restraining the two sites to an occupation between 95 – 90 ka (Grove, 2015). The earlier 

expansion during MIS 5 was most likely facilitated by optimal climate conditions and lower sea 

level allowing for passage through the Sahara or along the southern coast of Arabia (Armitage et 

al., 2011; Larrasoaña et al., 2013). Our study indicates that northern Africa and the southern 

Levant experienced an extended period of high climate variability between 130 – 110 ka 
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followed by a period of relatively stable conditions. This earlier dispersal out of Africa by AMH 

would then be consistent with both the VSH and the APH models, according to our data analysis.  

Evidence is accumulating showing that the 65-ka dispersal was one of several such 

events that had occurred since the late-Middle Pleistocene dispersals. Both fossil and 

archaeological data support multiple dispersals out of Africa, with the later one being 

simultaneous through the Levant and Eurasia (Reyes-centeno, 2016). As both eastern Africa, 90 

– 60 ka, and northern Africa and the southern Levant, 70 – 60 ka, experienced periods of high 

variability before this final push out of Africa, it may suggest that this later wave of dispersal 

was also influenced by the variability of climate in the population source region. Furthermore, 

archaeological evidence shows an increase in hominin occupations sites in eastern Africa during 

MIS 4 and 3 (70 – 60 ka) (Will et al., 2019). 

More recent human migrations such as the Arabian backflow into Africa between 12 ka – 

4 ka and the Bantu expansion out of tropical Africa into southern and eastern Africa starting at 5 

ka may have followed a similar pattern of climate variability driving human movement 

(Fadhlaoui-Zid et al., 2013; Grollemund et al., 2015). As the continent of Africa unevenly 

transitioned into and out of the African Humid Period, variability increased and habitats became 

fragmented which may have encouraged populations to move (Shanahan et al., 2015). Our study 

indicates that tropical Africa experienced high climate variability between 20 – 10 ka, while 

southern and eastern Africa experienced higher variability between 10 – 0 ka. The expansion of 

the Bantu into the new environments fits well then in the framework of the APH.  

Although direct comparisons between human evolutionary events and climate variability 

may be hampered by age model constraints in both fields allowing for diverse interpretations, 

our study shows that a more regional and temporally restrained assessment of climate variability 
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can offer a more nuanced framework for testing evolutionary hypotheses such as APH and VSH. 

When our variability records are compared to known hominin speciation and technological 

advances, such as the onset of the MSA, we can see a pattern where increased climate variability 

may be influencing adaptive strategies. Furthermore, changes from higher to lower variable 

environments may have been an important driving factor for divergence and dispersals of AMH 

out of (and at least once back into) Africa.  

5. Conclusions 

We developed two new metrics for assessing environmental variability over long 

paleoenvironmental times series and applied these in an analysis of records covering the last 400 

ka in and around Africa. The Standard Deviation Variability Method (SDV) uses the variance in 

data points in any given bin to define climate variability, with bins having a higher standard 

deviation representing periods of higher climate variability. This method is useful for 

paleoenvironmental records which have relatively high resolution and evenly spaced data, and is 

more easily applied as the calculations are relatively simple. The second method, the 

Accumulated Weighted Rate of Change Variability Method (AWRCV), uses the accumulated 

change, or slope, between sequential data points to determine climate variability. The more 

change occurring within any given bin will give a higher AWRCV value and therefore point to 

higher climate variability. This method may be more useful in records which have unevenly 

spaced data or lack enough data points to determine statistically meaningful standard deviations. 

In evenly spaced and high-resolution data sets, both the SDV and AWRCV produce 

proportionally similar results suggesting that both are valuable tools in the assessment of climate 

variability through time.  
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We applied these methods to analyzing 31 paleoenvironmental reconstructions from 23 

separate locations. We further subdivided our analysis regionally (southern Europe and 

southwestern Asia, northern Africa and the southern Levant, eastern Africa, tropical Africa, and 

southern Africa) to explore patterns of regional heterogeneity in environmental variability. Our 

analysis indicates that the five regions of this study experienced periods of both high variability 

and low variability. Periods of high climate variability identified in this study correspond well to 

known vegetation, temperature and precipitation changes in each of the regions indicating that 

both the SDV and AWRCV metrics for set time bins are capable of identifying specific elements 

of variability at a regional or landscape level that cannot be encapsulated by a global index of 

variability such as solar insolation by itself. The climate of each region in the study has 

responded differently to known forcing mechanisms such as glacial expansion, insolation and sea 

surface temperature, which would have enhanced the habitat fragmentation experienced by early 

AMH. When our record is compared to known evolutionary milestones such as the onset of the 

MSA, it indicates that climate variability could have been a key driving factor behind 

technological advances and adaptive strategies allowing for new environments to be inhabited by 

AMH and our near relatives. Furthermore, divergences in populations as well as the MIS 5 and 

65 ka dispersals out of Africa seem to have occurred as the environment in the source region 

switched from high to low environmental variability conditions. 
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Figure 1: Equatorial insolation for the last 400ka plotted with the results of the analysis. Periods 

of high variability are represented by both increased SDV and AWRCV. Both metrics 

demonstrate a correspondence of these periods with the largest changes in insolation. 
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Figure 2: Locations of individual records used in this study with the type of indicator used for the 

analysis. Geographic subdivisions used for regional records are indicated. More information 

regarding each record is in Table 1. 
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Figure 3 The mean AWRCV for each region are plotted with confidence bands and 1 sigma 

above mean for each region. Periods where the AWRCV are outside of the 1 sigma boundary are 

considered periods of high climate variability. 
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Figure 4: 400 ka AWRCV record for potential forcing mechanisms with periods of high regional 

climate variability highlighted. Colors represent the periods of high environmental variability in 

each region determined by the AWRCV method.  
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Figure 5: Comparison between the original time series and variability metrics for δ18O 

foraminifera benthic stack (Lisiecki and Raymo, 2005) and the ODP721/722 dust flux 

(deMenocal, 1995) for three bin durations (10, 20 and 50 kyr) indicating how bin size may 

influence calculations of variability and correspondence of variability among records. 
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Figure 6: Diagram showing where and how climate variability may influence selection processes 

on human populations. Periods highlighted in red represent an instable environment, when the 

environmental record is going through the most change. These periods would have the most 

potential for selection of plasticity. In contrast, the periods highlighted in yellow would have the 

least environmental change and therefore would most likely select towards specialization or 

fitness.  
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Figure 7: Map of fossil and archaeological sites mentioned in the text along with the timing of 

AMH dispersals. 



153 

 

Tables 

Table 1: List of all of the paleoenvironmental records used in this analysis. 
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Table 2: Results of the AWRCV analysis for each region. 

 

Table 3 Correlations between records and potential forcing mechanisms. Red indicates 

significant correlation between regions, green significant correlation between region and forcing 

mechanism, blue significant correlations between forcing mechanisms. 


