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a b s t r a c t

Characterizing eastern African environmental variability on orbital timescales is crucial to evaluating the
hominin evolutionary response to past climate changes. However, there is a dearth of high-resolution,
well-dated records of ecosystem dynamics from eastern Africa that cover long time intervals. In the
last 1 Myr, there were significant anatomical and cultural developments in Homo, including the origin of
Homo sapiens. There were also major changes in global climatic boundary conditions that may have
affected eastern African environments, yet potential linkages remain poorly understood. We developed
carbon isotopic records from plant waxes (d13Cwax) and bulk organic matter (d13COM) from a well-dated
sediment core spanning the last ~1 Myr extracted from the Koora Basin, located south of the Olorgesailie
Basin, in the southern Kenya rift. Our record characterizes the climatic and environmental context for
evolutionary events and technological advances recorded in the adjacent Olorgesailie Basin, such as the
transition from Acheulean to Middle Stone Age tools by 320 ka. A significant shift toward more C4-
dominated ecosystems and arid conditions occurred near the end of the mid-Pleistocene Transition,
which indicates a link between equatorial eastern African and high-latitude northern hemisphere
climate. Environmental variability increases throughout the mid- to late-Pleistocene, superimposed by
precession-paced packets of variability modulated by eccentricity. An interval of particularly high-
amplitude climate and environmental variability occurred from ~275 ka to ~180 ka, synchronous with
evidence for the first H. sapiens fossils in eastern Africa. These results support the ‘variability selection
hypothesis’ that increased environmental variability selected for adaptable traits, behaviors, and tech-
nology in our hominin ancestors.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Eastern Africa experienced dramatic environmental changes dur-
ing the Quaternary, and these high-amplitude climatic and environ-
mental fluctuations may have played a key role in favoring
evolutionary changes in our hominin ancestors (deMenocal, 1995;
Tierney et al., 2017). These include increased hominin mobility and
upien).
cognitive capacity that allowed some hominins to survive and repro-
duce in a wider range of ecosystems (Roberts and Stewart, 2018).
Understanding past variability in hominin habitats is crucial for testing
evolutionary hypotheses but is hampered by the lack of long, contin-
uous, well-dated environmental records that can resolve the full range
of environmental fluctuations potentially related to multigenerational
periods over which evolutionary changes occur.

mailto:rlupien@ldeo.columbia.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhevol.2021.103028&domain=pdf
www.sciencedirect.com/science/journal/00472484
http://www.elsevier.com/locate/jhevol
https://doi.org/10.1016/j.jhevol.2021.103028
https://doi.org/10.1016/j.jhevol.2021.103028


R.L. Lupien, J.M. Russell, A. Subramanian et al. Journal of Human Evolution 157 (2021) 103028
Previous work quantifying multimillion-year changes in eastern
African vegetation suggests that C4 grasslands gradually expanded
in the region since the Miocene (Feakins et al., 2013; Uno et al.,
2016a; Polissar et al., 2019). Soil carbonate carbon isotope data
(d13CSC) from the Tugen Hills (Cerling, 1992; Kingston, 1992), Afar
(Levin et al., 2004; Quade et al., 2004; Yellen et al., 2005;
WoldeGabriel et al., 2009; Cerling et al., 2011), Omo-Turkana (Levin
et al., 2011), Olorgesailie (Sikes et al., 1999), and Oldupai (formerly
Olduvai; Cerling and Hay, 1986) Basins document this regional
expansion (Levin, 2013, 2015), including during the last 1 Myr.
However, it is difficult to extract orbital-scale variability from these
records, and there are significant differences in the rates, ampli-
tudes, and timing of ecological change between these basins,
potentially because of local climate differences and/or the local
geomorphological evolution of each basin (Olaka et al., 2010). These
differences highlight the need for higher resolution records to
understand large-scale climate changes in eastern Africa during the
Quaternary and to examine the basin-scale environmental changes
experienced by early hominins.

Monsoon-driven hydroclimate variability is a key control on
ecosystem variability in eastern Africa (Kutzbach et al., 2020) and
has been shown to fluctuate primarily in response to variations in
low-latitude summer insolation (e.g., Kutzbach, 1981; Kutzbach
and Otto-Bliesner, 1982; Joordens et al., 2011; Colcord et al., 2018;
Lupien et al., 2018; Nutz and Schuster, 2018). Incoming solar radi-
ation (insolation) directly controls the monsoons at low latitudes
and also controls many components of the climate system
(Milankovitch, 1941) that may directly or indirectly influence the
monsoons (deMenocal, 1995), including high-latitude insolation-
driven ice volume (Hays et al., 1976), ocean circulation (Ruddiman
et al., 1989), greenhouse gas concentration (Petit et al., 1999), sea
surface temperature (SST; Herbert et al., 2010), and SST gradients
(Broccoli et al., 2006; Brierley and Fedorov, 2010). Many of these
climate system components have changed substantially over the
last 1 Myr, for instance, during the mid-Pleistocene transition
(MPT) ~1250e700 ka, when glacialeinterglacial variability transi-
tioned from obliquity-paced (~41 kyr; axial tilt) to lower frequency
(80e120 kyr) cycles while also increasing in amplitude (Clark et al.,
2006). Ice volume cycles and atmospheric greenhouse gas varia-
tions subsequently intensified again at the mid-Brunhes Event
(MBE) at ~430 ka (Jansen et al., 1986; EPICA Team Members, 2004).
There is evidence of changes in North African land surface pro-
cesses associated with high-latitude climate transitions
(deMenocal, 1995), yet we continue to lack adequate records from
tropical eastern Africa to examine low-latitude environmental re-
sponses in the locations where early hominins lived and evolved.

If African environments responded to both low-latitude inso-
lation forcing and high-latitude climate transitions, we would
expect hominin lineages to have experienced changes in regional
climate variability across seasonal to orbital time scales associated
with the East African Monsoon, as well as long-term or step
changes in mean climate and climate variability driven by high-
latitude teleconnections. Understanding these climatic and envi-
ronmental responses would make important predictions for envi-
ronmental factors that influenced human evolutionary history. To
quantify environmental variation in eastern Africa and to help
determine the controls on regional ecosystem change and hominin
evolution, we present records of carbon isotopes from both plant
waxes and bulk organic matter (OM) from a long, well-dated
sediment core from southern Kenya that spans the last 1 Myr.

1.1. Study site

The sediment core record presented here is from the Koora
Basin, an adjacent sedimentary basin to the famous fossil and
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archeological site of Olorgesailie. The Olorgesailie Basin (Fig. 1)
has a long history of paleontological and paleoanthropological
research that has recorded numerous archeological sites and tens
of thousands of stone artifacts and fossil animal remains (e.g.,
Isaac and Isaac, 1977; Potts et al., 1999; Potts et al., 2018). Outcrops
in the basin have provided unparalleled stratigraphic context for
hominin morphological and behavioral transitions, particularly
over the past 1 Myr (Deino and Potts, 1990; Potts, 1994;
Behrensmeyer et al., 2002, 2018; Potts et al., 2018). Olorgesailie
documents the earliest evidence of the transition from Acheulean
stone tools (e.g., large, bifacial handaxes) to the smaller, more
complex tools of the middle stone age (MSA) in eastern Africa by
~320 ka (Deino et al., 2018). Furthermore, evidence of long-
distance obsidian transfer and pigment use from this region
mark advances in social and cultural behavior (Brooks et al., 2018).
The changes toward these behaviors linked to early Homo sapiens
occurred between 500 ka and 320 ka, an interval of time not
captured by the outcrop record because of an erosional hiatus
(Behrensmeyer et al., 2018). Other issues associated with outcrop
archives, such as oxidation of organic compounds, have further
limited characterization of Olorgesailie paleoenvironments.

Drilling sites in the Koora Basin were located 24 km south and
downstream of Olorgesailie Basin outcrops in the southern Kenya
rift, and the two basins shared episodic depositional connectivity
(Fig. 1). Sediment cores were recovered in 2012 in the Koora Basin
as part of the Olorgesailie Drilling Project (ODP). The cores provide
a continuously deposited archive (ODP-OLO12-1A; 1.79 �S, 36.40
�E; Potts et al., 2020), including sediment spanning the 500e320 ka
outcrop hiatus. The 139-m drill core, hereafter OLO12, spans
~1084 ± 4 ka to 83 ± 3 ka and is remarkably well dated with 22
40Ar/39Ar dates (average 1s error ¼ 5.7 kyr) and the Brunhes-
Matuyama paleomagnetic reversal (Deino et al., 2019). The stra-
tigraphy of the core allows for direct correlation to the outcrop
record, providing further age constraint on sediment and hominin
assemblage data (Potts et al., 2020). Initial paleoenvironmental
reconstructions from OLO12 document a shift in resource base at
~470 ka potentially caused by an increase in tectonic activity and
associated basin compartmentalization and enhanced topographic
relief, leading to higher lake-level and vegetation variability start-
ing at 400 ka (Potts et al., 2020).

1.2. Evolutionary hypotheses

There are many hypotheses linking environmental change to
hominin evolution. The ‘savanna hypothesis’ is one of the earliest of
these and posited an impact of gradual reductions in tree cover and
grassland emergence on the anatomy and behavior of our early
human ancestors (Dart, 1925). More recent hypotheses proposed
linkages between the rate of environmental change and/or envi-
ronmental variability and human evolution. The ‘turnover pulse
hypothesis’ proposes that rapid, directional changes in habitat,
caused by climate or tectonic events, drive a range of evolutionary
responses by hominins and other large mammals on the landscape
(Vrba, 1985, 1993). This hypothesis would be supported by obser-
vations of a correlation between singular climatic shifts or events
and widespread evolutionary change. The ‘variability selection
hypothesis’ posits that climate and environmental variability,
rather than unidirectional shifts or events, creates selective pres-
sure for more generalist traits (Potts, 1996; Potts and Faith, 2015).
The emergence of high-resolution, quantitative proxy records in-
dicates that time intervals of high-amplitude climatic and envi-
ronmental variability may correspond with intervals of hominin
evolutionary change (e.g., Trauth et al., 2007; Lupien et al., 2018) in
support of this hypothesis, but there is a still a lack of long, high-
resolution, environmental records from hominin fossil locales,



Figure 1. (a) Eastern African study area and (b) regional Google Earth image indicating the Olorgesailie Basin, the downstream Koora Basin containing OLO12 drill site, and the
nearby Lake Magadi with drill core MAG14-2A in the southern Kenya rift.
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and thus, the climate and environmental impact on early humans
remains unclear.

Here, we examine stable carbon isotope ratios of plant wax
biomarkers (d13Cwax) to identify basin-scale C3eC4 vegetation
variability from ~1 Ma to ~90 ka in the Koora-Olorgesailie region
and d13C from bulk organic matter (d13COM), which provides a
continuous high-resolution (orbital-scale) record of ecosystem
fluctuations throughout this time and allows us to test these
various evolutionary hypotheses. The plant wax and OM carbon
isotope reconstructions presented in Potts et al. (2020) have rela-
tively low temporal resolution and contain gaps, whereas the new
records presented here provide the resolution to reconstruct
orbital-scale cycles and long-term trends needed to evaluate high-
and low-latitude influences on the local environment.

2. Materials and methods

Epicuticular waxes are produced by plants to reduce evapora-
tion and physical damage (Eglinton and Hamilton, 1967). These
waxes are ablated from plant surfaces, transported from the
catchment, deposited in sedimentary archives, and preserved over
geological time. Terrestrial plant waxes are composed of long-chain
hydrocarbons (Eglinton and Hamilton, 1967; Volkman et al., 1998;
Sachse et al., 2012), including n-alkanoic acids or ‘fatty acids’, which
we analyzed for their carbon isotopic composition in samples from
the OLO12 drill core. Plants with different metabolic pathways (C3
and C4) fractionate carbon differently during photosynthesis
(O'Leary, 1981), and thus the carbon isotopic composition of the
waxes (d13Cwax) can indicate plant type. In eastern Africa, C3 plants
are dominantly woody dicots (trees and shrubs), whereas C4 plants
are dominantly grasses (Tieszen et al., 1979; Cerling and Harris,
1999). The relative abundance of trees versus grasses is strongly
influenced by precipitation because of a variety of physiological
differences related to water stress, although vegetation can also be
3

influenced by rainfall seasonality, growing season temperature,
pCO2, herbivory, and fire (Sankaran et al., 2005; Bond, 2008; Asner
et al., 2009; Lehmann et al., 2014; Ivory et al., 2018; Dupont et al.,
2019). d13Cwax records from paleolake sediment have documented
that eastern African vegetation fluctuates throughout the entire
C3eC4 spectrum on orbital timescales (e.g., Magill et al., 2013;
Colcord et al., 2018; Lupien et al., 2018, 2021).

For plant wax isotope analysis, we sampled 59 sediment aliquots
from undisturbed faces of the split OLO12 core, stored at the National
Lacustrine Core Facility (LacCore). The samples integrate on average
6 cm of core depth (maximum 17 cm) or 558 years. Lipids from
freeze-dried sediment were extracted with dichlor-
omethane:methanol (9:1) using a DIONEX Accelerated Solvent
Extractor 350. The lipids were split into neutral and acid fractions
over an aminopropylsilyl gel column with dichlor-
omethane:isopropanol (2:1) and ether:acetic acid (24:1) as eluents,
respectively. The acid fractions were methylated with acidified
methanol at 60 �C overnight to produce fatty acid methyl esters
(FAMEs), which were purified via silica gel column chromatography
with hexane and dichloromethane as eluents. Compound-specific
FAMEs concentrations were quantified using an Agilent 6890 gas
chromatograph (GC) equipped with an HP1-MS column (30 m �
0.25 mm � 0.25 mm) and flame ionization detector. Distributions
were summarized using the average chain length (ACL; as in
Casta~neda et al., 2016) and the Carbon Preference Index (CPI; Bray
and Evans, 1961), which quantifies the odd to even chain length
preference to measure the degradation of the waxes, where petro-
leum sources have CPI values of 1, and higher plants have CPI values
above 3. Carbon isotopes of waxes (d13Cwax) were analyzed on an
Agilent 6890 GC equippedwith HP1-MS column (30m� 0.25mm�
0.10 mm) coupled to a Thermo Delta V Plus isotope ratio mass spec-
trometer (IRMS; combustion reactor at 1100 �C) at Brown University.
Samples were measured in duplicate with an average intrasample
difference of 0.24‰. The IRMS was run with three pulses of CO2
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reference gas standard before and after each injection and a FAMEs
laboratory standard with five FAMEs of known isotopic composition
(ranging from �26.8 to �30.1‰; n-C28 ¼ �27.6‰ was measured
every seventh injection). This ‘in-house’ standard mix was used to
monitor instrument performance and correct for drift, if needed.
These standards yielded a standard deviation (1s) of 0.24‰. In-
house standards were calibrated against a mixture of C20 fatty acid
ester Schimmelmann standards. All sample measurements were
corrected for the isotopic composition of the added methyl group
during methylation, where d13CMeOH ¼ �36.52‰. Sixty percent of
these d13Cwax data are reported in Potts et al. (2020).

To infer the relative abundance of C3 and C4 vegetation from
d13Cwax (Fig. 2), we use eastern African n-C30 fatty acid values
of �32.9‰ for C3 and �19.0‰ for C4 based on Uno et al. (2016b).
Because isotope homologs n-C30 and n-C28 used in this study
show negligible offset (Chikaraishi et al., 2004), including in this
region (Uno et al., 2016b), we use these endmember values to
infer 100% and 0% C3 plants, respectively. C3 plants can have more
negative d13Cwax values than this chosen endmember (Vogts et al.,
2009); yet, these 13C-depleted closed canopy forest plant types
are likely unsubstantial on this landscape, as demonstrated by the
multiproxy data in Potts et al. (2020). Crassulacean acid meta-
bolism plants, which have intermediate d13Cwax values, are also
unlikely to be present in high enough concentrations in this re-
gion (Potts et al., 2020) to necessitate inclusion in a mixing model
(Cerling, 2014). Furthermore, proximal or submerged C4 plants
could influence the measured isotope value (Liu et al., 2015) but
would have minimal effect because of the spatial and temporal
integration in our measurements. Our interpretation of the
d13Cwax record is further supported by phytolith-based records of
the abundance of tree and grass cover (Supplementary Online
Material [SOM] S1; SOM Fig. S1).

Our ability to measure d13Cwax in OLO12 was ultimately limited
by low plant wax concentrations. In addition to d13Cwax, we
analyzed the carbon isotopic composition of bulk sedimentary
d13COM to provide a more continuous indicator of ecosystem
change. Lake sediment preserves bulk OM from both aquatic and
terrestrial sources, and thus, d13COM records both aquatic carbon
cycling and terrestrial C3/C4 plant abundance (Meyers and Teranes,
2002). C3 vascular plants (i.e., trees and shrubs) and phytoplankton
(i.e., C3 algae) have similar carbon isotopic values when algae use
dissolved CO2 as a carbon source for photosynthesis, making these
sources difficult to differentiate. d13COM can become more 13C-
Figure 2. Bulk organic matter carbon isotope record (d13COM) in blue (y-axis on the left) a
organic carbon isotope records demonstrate general covariation as well as high-amplitude fl

references to color in this figure legend, the reader is referred to the Web version of this a

4

enriched through the input of C4 plants and through OM input
derived from phytoplankton that either metabolize bicarbonate
(HCO3

�), which occurs when CO2 is limited and alkalinity is high
(Hassan et al., 1997; Meyers and Teranes, 2002), or a dissolved
inorganic carbon source enriched in 13C because of recycling in a
closed-basin lake environment with a long residence time (e.g.,
Hollander and McKenzie, 1991; Bernasconi et al., 1997; Talbot et al.,
2006). Eastern African lacustrine d13COM has been shown to track
changes in terrestrial plant type, likely through a combination of
the processes described previously and inputs of terrestrial dis-
solved organic carbon that are subsequently used by phytoplankton
(Russell et al., 2009; Webb et al., 2016). In nearby Lake Turkana,
Lupien et al. (2018) recorded a significant correlation (r ¼ 0.43,
p < 0.0001, n ¼ 168) between d13COM and d13Cwax. Thus, positive
d13COM values commonly signify an arid (low lake level) lacustrine
and/or the abundance of grasslands within the lake catchment,
which often co-occur in this region.

A total of 294 samples was analyzed for d13COM. Samples were
acidified in 2N hydrochloric acid (HCl) for 1 hour at 80 �C to remove
carbonate minerals, rinsed in deionized water and centrifuged four
times to remove excess HCl, and then lyophilized and homogenized
before isotopic analysis. d13COM values were measured with a Carlo
Erba Elemental Analyzer coupled to a Thermo Delta Plus IRMS. The
analytical precision determined through replicatemeasurements of
internal sediment standards was 0.14‰. We report d13C from wax
and bulk OM in per mil (‰) relative to Vienna PeeDee Belemnite.
Forty percent of these d13COM data was reported previously in Potts
et al. (2020); our new dataset substantially increases the temporal
resolution of this record.

We calculated the Pearson correlation coefficient between
d13COM and d13Cwax in the OLO12 drill core using the closest d13COM
measurement within 10 cm of a d13Cwax measurement (SOM S1).
The time series of d13COM was analyzed for patterns and signifi-
cance of shifts in trend, variance, and periodicity using Excel v.16.48
and the Signal Processing Toolbox in MATLAB (MathWorks, 2020).
LombeScargle spectral analysis of nonuniformly sampled datawith
the ‘plomb’ function was performed conservatively on the interval
with highest resolution (no more than 10 kyr between datapoints,
mean of 2.3 kyr between datapoints), which spans over 300 kyr
from ~485 ka to 165 ka (SOM S1). This interval captures high and
low eccentricity, as well as glacial and interglacial periods; thus, we
assume this truncated window to be unbiased in capturing
boundary conditions. The higher data resolution in this interval is
nd plant wax carbon isotope record (d13Cwax) in orange (y-axis on the right). The two
uctuations in landscape and environment over the last 1 Myr. (For interpretation of the
rticle.)



Figure 3. Box and whisker plots of d13COM grouped by sediment type in OLO12
demonstrate little effect from lithology on carbon isotope values. The mean is indi-
cated by the ‘� ’, upper and lower quartiles with whiskers, middle two quartiles in the
box separated by the median (horizontal) line, and outliers as dots.
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because of the increase of sedimentation rate at ~400 ka, likely
caused by enhanced volcanoetectonic activity in the region, which
also results in better age constraint in this upper portion of OLO12
(Deino et al., 2019; Potts et al., 2020). We plot the spectral prop-
erties (SOM Fig. S2) between the frequencies of the Nyquist and 1/3
of the total study interval.

To investigate trends and variance in d13COM in OLO12, we
resampled the ~900 kyr-long record to 10 kyr resolution to mini-
mize data density biases (SOM S1; SOM Fig. S3). The moving vari-
ance was characterized using 7-, 9-, and 11-datapoint windows (70,
90, and 110 kyr, respectively); the effect of varying window size did
not change results. Trends in variance were extracted by fitting a
linear regression to the moving variance curve. The MATLAB
‘findchangepts’ tool identified changepoints or robust shifts in
standard deviation and mean through time. This function creates a
stepwise model with a cost penalty for each additional changepoint
to most effectively reduce the residual mean-squared error to find
the optimal timing and number of changepoints. To extract a robust
signal of long-term shifts, we applied a minimum threshold
constraint of the dataset's root mean-squared error for both mean
and variance changepoint analyses. The significance of the timing
and abruptness of the shift in mean were analyzed with a running
ManneWhitney U-test for central tendency (Mann and Whitney,
1947) using the MATLAB ‘ranksum’ function and windows of 10,
20, and 30 datapoints.

3. Results

We observe strong and significant correlations among the car-
bon isotopic values of long-chain n-acids (rC26-C28 ¼ 0.87, pC26-C28 <
0.0001, n ¼ 59; rC28-C30 ¼ 0.89, pC28-C30 < 0.0001, n ¼ 57), which
suggests the plant wax isotope homologs in the samples are
derived from a common source, likely vascular plants (Sachse et al.,
2012). Long-chain wax homolog distributions in OLO12 are
consistently dominated by n-C28, and in light of the positive cor-
relations among homologs, we use n-C28 to represent the d13Cwax
analyses. The ACL of long-chain alkanoic acid compounds (n-C26 to
n-C32) is 28.4, and average OLO12 CPI is 3.5, with a minimum of 1.9.
CPI and d13Cwax are significantly correlated (r¼ 0.74, p < 0.0001, n¼
59), yet degradation is not thought to strongly influence d13Cwax
(Huang et al., 1997; Nguyen Tu et al., 2004); this correlation can
arise from environmental processes that affect both plant wax
degradation and isotopic composition. For instance, aridification is
linked to low lake levels, which can result in decomposition of the
waxes because of exposure to oxidative conditions and thus a lower
CPI value, and aridification can also favor C4 grassland expansion
and thus 13C-enriched d13Cwax. OLO12 d13Cwax has a mean
of �25.7‰ and ranges between �34.5‰ and �18.5‰ (Fig. 2). Our
record documents a long-term average of equally mixed C3/C4
plants over the last 1 Myr, and the data span the entire range of
vegetation type between the C3 and C4 endmembers (Fig. 2), similar
to other long, orbitally resolved d13Cwax records from eastern Afri-
can lakes (e.g., Johnson et al., 2016; Lupien et al., 2018, 2021).

The d13COM averages �25.3‰ and varies between �29.2‰
and �18.4‰ (Fig. 2). The similarity in means between the two
carbon records, despite a systematic offset in the nearby Oldupai
Gorge (Magill et al., 2013), is likely due to the difference in sample
distribution of the two carbon records throughout the OLO12 core.
The relative 13C enrichment of the most negative d13COM values
relative to the most negative d13Cwax values could result from the
addition of 13C-enriched aquatic OM into the bulk sedimentary OM
(Meyers and Teranes, 2002) or the relative 13C depletion of waxes
comparedwith bulk tissue of terrestrial plants (Collister et al., 1994;
Magill et al., 2013). The correlation between d13Cwax and d13COM is
relatively weak, although significant (r ¼ 0.52, p ¼ 0.0038, n ¼ 29),
5

and the two are more closely correlated after 400 ka (r ¼ 0.69,
p¼ 0.0063, n¼ 14; SOM S1; SOM Fig. S4), where the data density is
high (Deino et al., 2019; Potts et al., 2020). There is negligible effect
of lithology on d13COM (SOM S1; Fig. 3). Based on the correlations
between d13Cwax and d13COM, the significant relationship of d13Cwax
with the phytolith tree cover index (SOM Fig. S1) and the effects of
lake level on d13COM, we interpret OLO12 d13COM as a general in-
dicator of climate and environment, incorporating signals of lake
level and terrestrial vegetation, wherein more positive d13COM
values signify a drier climate, expanded grasslands, and/or lower
lake levels.

After resampling the d13COM record at a 10 kyr-year step, we
observe a linear trend toward more positive values in d13COM
(r ¼ �0.54, p < 0.0001, n ¼ 93). This trend is marked by a shift
identified in our changepoint analysis at ~790 ka that more
significantly reduces the residual error (Fig. 4b). The significance of
the timing of this shift is also highlighted by the running
ManneWhitney test, which consistently documents this single
change across window sizes (Fig. 4c). The evenly resampled d13COM
also exhibits discrete packets of high variability, particularly from
~275 ka to ~180 ka (Fig. 4d), which is also an interval of consider-
able variability in d13Cwax. d13COM increases in variance through
time (r ¼ �0.34, p ¼ 0.0009, n ¼ 93; Fig. 4d) and changepoint
analysis suggests an increase in variance at ~790 ka (Fig. 4b), similar
to the shift in mean d13COM.

LombeScargle spectral analysis of the 485e165 ka interval of
d13COM, during which sampling resolution is appropriately and
consistently high enough for the application of spectral analyses,
documents significant periodicities at 23 kyr and at 123 kyr (SOM
Fig. S2), although the low-frequency result should be interpreted
with caution because of its spectral position near half the length of
the study interval.We also find spectrally dense bands at 19 kyr and
12e13 kyr (SOM Fig. S2).



Figure 4. (a) Time series analyses of the 10-kyr resampled bulk organic matter carbon isotope record (d13COM) compared with the benthic foraminifera oxygen isotope stack with
marine isotope stages during the mid-Pleistocene transition noted (Lisiecki and Raymo, 2005); (b) Changepoint analysis of mean (m) and standard deviation (s) document a
significant shift toward aridification and increased variability at ~790 ka; (c) A running ManneWhitney U-test of significance of shift in median d13COM documents a robust change
~790 ka using three window sizes (7-, 9-, and 11-point windows in dashed lines. (d) A running standard deviation test using three window sizes (10-, 20-, and 30-point windows in
dashed lines) exhibits packets of high variability that generally correspond to (e) orbital eccentricity (Laskar et al., 2004), superimposed on the linear trend of increasing variability
through time.
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4. Discussion

Vegetation reconstructions based on the carbon isotopic
composition of pedogenic carbonates (Cerling and Hay, 1986;
Wynn, 2000, 2004; Levin et al., 2004, 2011; Quinn et al., 2007;
Cerling et al., 2011; Levin, 2015; Quinn and Lepre, 2020), fossil teeth
(Uno et al., 2011; Cerling et al., 2015), plant waxes in marine sedi-
ment (e.g., Feakins et al., 2013; Uno et al., 2016a; Polissar et al.,
2019), and pollen assemblages (e.g., Bonnefille, 2010; Hoetzel
et al., 2013) indicate a gradual expansion of C4 grasslands in Af-
rica beginning during the late Neogene and continuing in the
Quaternary. Reconstructions of vegetation that are able to resolve
orbital-scale cycles have generally demonstrated precession-driven
climate oscillations in eastern Africa (Magill et al., 2013; Rose et al.,
2016; Colcord et al., 2018; Lupien et al., 2021), albeit over shorter
time intervals than the span of soil carbonate records. Some of
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these higher-resolution records are also long enough to document
discrete packets of high-amplitude variability that coincide with
the eccentricity modulation of precession (Lupien et al., 2018).
However, vegetation records from eastern African lake basins that
span the mid- to late-Pleistocene exhibit an array of basin-scale
environmental trajectories, including progressive aridification
(Owen et al., 2018; Fig. 5b) and even trends toward wetter envi-
ronments (Johnson et al., 2016; Fig. 5c). Indeed, recently published
multiproxy compilations from the Magadi Basin (Owen et al., 2018)
and Koora Basin (Potts et al., 2020) disagree on the trajectory of
environmental change despite being less than 20 km apart (Fig. 1b).
Owen et al. (2018) infer a progressive drying beginning ~575 ka,
whereas Potts et al. (2020) infer an increase in environmental
variability after ~400 ka with little shift in long-term trend. How-
ever, both datasets suggest that orbitally driven insolation changes
played a limited role in driving regional vegetation shifts relative to



Figure 5. Carbon isotope and pollen records from eastern Africa that span the last 1 Myr demonstrate long-term changes in trend and variance. (a) The d13COM (left, blue) and
d13Cwax (right, orange) from this study compared with the (b) wet/dry first principal component from Lake Magadi (MAG14-2A) pollen (Owen et al., 2018); (c) d13Cwax from Lake
Malawi (Johnson et al., 2016) and (d) d13CSC across multiple eastern African basins, which documents a gradual C4 expansion, denoted by linear regression (Levin, 2015 and ref-
erences therein). PCA ¼ principal component analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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either global climate or basin geometry, despite the dominant ef-
fect of seasonal insolation forcing on the African monsoon and
paleoenvironments documented in other records (e.g., Feakins
et al., 2007; Tierney et al., 2017; Lupien et al., 2018).

Potts et al. (2020) infer an increase in environmental variance in
OLO12 diatom, XRF, XRD, phytolith, paleosol, electrical conductiv-
ity, and initial d13Cwax and d13COM indicators, which capture
different spatial and temporal scales and processes of environ-
mental change. The phytolith indices of woody cover and tall versus
short C4 grasses, through time and especially from 330 ka to 220 ka
(Fig. 6c and d), demonstrate an increase in vegetation variability,
complemented by the increase in the frequency of soil formation
periods that interrupted lacustrine phases of the Koora Basin
(Fig. 6a). The authors conclude that at ~400 ka, there was a change
in variance (i.e., greater instability) of vegetation and freshwater
availability, likely caused by a combination of tectonic, hydrological,
and ecological changes. Our new record builds on this study using
high-resolution geochemical datasets spanning the entirety of the
OLO12 core from 1 Ma to 90 ka. This increased resolution and more
7

detailed comparisons between landscape proxies reflecting varying
spatial and temporal scales (organics, phytoliths, and paleosols)
also allow us to better understand the timing and amplitude of
change, and thus, better constrain the potential impacts on homi-
nins in the Olorgesailie Basin throughout the past 1 Myr.

4.1. Orbital insolation influences on eastern African
environmental fluctuation

The seasonal distribution and intensity of solar insolation
contribute to landesea temperature and pressure gradients, which
in turn control monsoonal wind and rainfall. The East African
Monsoon system is thought to have strengthened and weakened
with the redistribution of insolation caused by precession and
amplified by eccentricity (Kutzbach et al., 2020). Reconstructions of
hydroclimate (Joordens et al., 2011; Colcord et al., 2018; Lupien
et al., 2018, 2021) and lake level (Kingston et al., 2007; Trauth
et al., 2009; Nutz et al., 2017; Westover et al., 2021) in eastern Af-
rica commonly exhibit orbital precession (~21 kyr) and eccentricity



Figure 6. d13Cwax and d13COM records from this study (b), along with other terrestrial environment records of the Koora Basin from the OLO12 sediment core published in Potts et al.
(2020) show an increase in ecosystem variance, including (a) paleosols in pink, (c) phytolith-derived indices of tree cover (D/P; Alexandre et al., 1997; Bremond et al., 2008), and (d)
average grass height. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(~100 kyr and ~400 kyr) cycles that highlight the importance of
seasonal insolation to regional hydroclimate. Precession-band
variability of terrestrial vegetation has been documented in the
Omo-Turkana (Lupien et al., 2018; Yost et al., in review), Baringo
(Lupien et al., 2021), and Oldupai (Magill et al., 2013; Colcord et al.,
2018) Basins, as well as in offshore records (Dupont, 2011; Rose
et al., 2016), suggesting that monsoon strength is a significant
driver of ecosystem change. Although this process causes eastern
African vegetation change at orbital frequencies, most of the
existing high-resolution records that span hundreds of thousands
of years are from the Pliocene and early Pleistocene. There are far
fewer quantitative and highly resolved vegetation records from the
last 1 Myr in equatorial eastern Africa, when glacialeinterglacial,
atmospheric CO2, and tropical SST cycles were stronger and
potentially more influential on tropical ecosystems.

We observe large oscillations in basin-scale vegetation, and
although it is unlikely that large-scale regional vegetation fully
reached 100% of one photosynthetic pathway at large scales (i.e.,
the catchment), complete C3eC4 oscillation is documented, none-
theless, in other eastern African records (Magill et al., 2013; Colcord
et al., 2018; Lupien et al., 2018) and suggests very large environ-
mental changes. Running standard deviation analyses (Fig. 4d)
indicate patterns that roughly correspond to eccentricity variations
(Fig. 4e). This supports the spectral analysis of d13COM, which shows
significant coherence with eccentricity and precession (SOM
Fig. S2) and even identifies both the 19 kyr and 23 kyr precession
cycles. Furthermore, the strong spectral density near a half-
precession periodicity (~11.5 kyr) may indicate that the landscape
is potentially sensitive to both the southeasterly and northeasterly
monsoons (Verschuren et al., 2009). Obliquity-band (~41 kyr) fre-
quencies are weak, as are the impacts of obliquity on tropical
8

insolation, suggesting that low-latitude insolation is the dominant
external driver of environmental fluctuation at the orbital scale, at
least during the interval from 485 ka to 165 ka, consistent with
other datasets in the region.

The spectra of the OLO12 d13COM record demonstrate that
despite the strong glacialeinterglacial cycles of the mid- to late-
Pleistocene, low-latitude insolation was a very strong influence
on eastern African environmental change, as has been observed in
Pliocene and earlier Pleistocene records (Kingston et al., 2007;
Colcord et al., 2018; Lupien et al., 2018, 2021). Although the dura-
tion over which we calculate spectral properties of Olorgesailie
vegetation variability is only 320 kyr (i.e., three eccentricity cycles),
the peak in spectral density near the 100-kyr band implies eccen-
tricity modulation of precessional-scale variability. Similar packets
of hydroclimate variability are found in various hydroclimate and
lake-level records (deMenocal, 2004; Trauth et al., 2007; Potts,
2013; Potts and Faith, 2015; Lupien et al., 2018) and may docu-
ment the direct influence of eccentricity on insolation-forced
monsoon changes. However, our new records of vegetation and
ecosystem change also suggest that high-latitude-driven processes
and tectonics influenced regional eastern African environments
during the last 1 Myr.

4.2. Glacial–interglacial influences on eastern African
environmental change

The Quaternary is characterized by large swings in glacial and
interglacial climate that have far-reaching effects on the global
climate system. Although lake and sapropel records provide evi-
dence for the strong influence of low-latitude insolation on African
hydroclimate, the influence of glacialeinterglacial cycles (Lisiecki
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and Raymo, 2005) on low-latitude wetedry oscillations is less
secure. Terrestrial dust records from marine drill cores appeared to
show such an influence (deMenocal, 1995, 2004), but further
analysis called into question whether the dust record, which could
be related to variations in vegetation, soil moisture, and wind, is
linked to any appreciable extent with a glacialeinterglacial signal
(Trauth et al., 2009; Skonieczny et al., 2019). A plant wax hydrogen
isotope record (dDwax) spanning the last 210 kyr from the Gulf of
Aden does demonstrate, nevertheless, the influences of both glacial
boundary conditions and low-latitude insolation on eastern African
hydroclimate (Tierney et al., 2017). Furthermore, numerous records
of African climate during and since the Last Glacial Maximum
(LGM) indicate strong impacts of the LGM, Heinrich Events, and the
Younger Dryas (e.g., Tierney et al., 2008, 2010; Costa et al., 2014) on
eastern African climate, documenting teleconnections between
high-latitude and African climate. Thus, although there is evidence
of influence from both high-latitude climate and low-latitude
insolation on hydroclimate in terrestrial eastern Africa, our long
record spanning the mid- to late-Pleistocene can help to clarify the
relative influence of each of these factors during a time when high-
latitude climate variability shifted in frequency and amplitude.

Soil carbonate records from eastern Africa document gradual
Plio-Pleistocene 13C enrichment (Cerling and Hay, 1986; Wynn,
2000, 2004; Levin et al., 2004, 2011; Quinn et al., 2007; Cerling
et al., 2011; Quinn and Lepre, 2020, Fig. 5d) signifying C4 expan-
sion, but the temporal resolution of these records is low, and soil
carbonates typically form in dry seasons (e.g., Breecker et al.,
2009), potentially biasing these records. Owen et al. (2018) used
fossil pollen data to document drying and C4 expansion in the
Magadi Basin (Fig. 5b), close to our Koora Basin (OLO12) record in
the last 1 Myr, although as noted previously, this trend differs
from the lack of secular change in hydroclimate inferred from
previous analyses of OLO12. Johnson et al. (2016) document a
prolonged trend toward increased C3 vegetation over the last 1.5
Ma in the Malawi Basin (11�S; Fig. 5c), although this trend may be
influenced by changes in the basin configuration and is not
replicated in soil carbonate records (Lüdecke et al., 2016, 2018).
Higher-resolution d13Cwax and pollen records in the Limpopo
River catchment in southeastern Africa document variation
consistent with ice volume and SST cycles from 800 ka to present
(Casta~neda et al., 2016; Caley et al., 2018; Dupont et al., 2019), in
contrast to earlier records from eastern and northeastern Africa
that demonstrate predominantly precessional variability in the
early to mid-Pleistocene (Rose et al., 2016; Colcord et al., 2018;
Lupien et al., 2018, 2021). Various other records of d13Cwax that
span the last few thousand years also document landscape fluc-
tuation in concert with high-latitude-driven oscillations on these
finer timescales (e.g., Garcín et al., 2014).

Our ~900 kyr-long record from the Koora Basin cannot resolve
all of these discrepancies, but it is sufficiently temporally resolved
to capture orbital-scale variability and sufficiently long to capture
shifts in ecosystem sensitivity to global or regional boundary
condition changes. The weak but significant trend toward 13C
enrichment in bulk OM is consistent with Pleistocene records
elsewhere in eastern Africa documenting C4 plant expansion and a
drying climate (Cerling and Hay, 1986; Wynn, 2000, 2004; Levin
et al., 2004, 2011; Quinn et al., 2007; Cerling et al., 2011; Quinn
and Lepre, 2020). Changepoint analysis detected a shift in mean
d13COM at ~790 ka toward more 13C-enriched values (þ2.4‰) after
the MPT (Mudelsee and Schulz, 1997, Fig. 4b), an interval during
which ice volume and greenhouse gas concentrations also
increased in amplitudes of variability (EPICA Team Members,
2004; Lisiecki and Raymo, 2005). This changepoint in d13COM,
specifically at MIS 20 (Fig. 4a), is supported by the running
ManneWhitney analysis, which documented a highly significant
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change in mean at this event in a variety of window sizes (Fig. 4c).
The carbon isotopic shift appears to have been driven predomi-
nantly by a progressive increase in 13C-enriched values, inter-
preted as intervals of expanded grassland ecosystems. The
enriched values and grassland expansion also likely drove the
stepwise shift toward increased variability during the MPT tran-
sition (~790 ka) and at the MBE (~430 ka). The weak covariation
between the running standard deviation of d13COM (Fig. 4d) and
eccentricity (Fig. 4e) indicates that this progressive increase in
variance (Fig. 4b) dominates the character of landscape variability
in the Koora Basin and its catchment.

Some d13Cwax and associated biomarker proxy records from
southern sub-tropical Africa show similar vegetation changes,
including the presence of environmental responses to the high-
latitude climate changes during the MPT and MBE (Casta~neda
et al., 2016; Johnson et al., 2016). There are inconsistencies, how-
ever, in the direction of the long-term trend throughout the Pleis-
tocene (Fig. 5c). Pollen analysis, including the counts of grass versus
aquatic pollen and the pollen principal component analysis from
the Magadi Basin (Owen et al., 2018; Muiruri et al., 2021), located
near the Olorgesailie Basin (Fig. 1b), also exhibit an aridification
response near the MBE (Fig. 5b), as does phytolith evidence of
woody cover from Olorgesailie outcrops (Kinyanjui et al., 2021).
Although the mechanisms behind the increased amplitude of
glacialeinterglacial cycles at the MBE are debated (e.g., Clark and
Pollard, 1998; Tziperman and Gildor, 2003), similarities in the
timing of the stepwise increase of temperature extremes in global
climate records and the Koora d13COM imply the existence of a
teleconnection between the high latitudes and tropical ecosystems,
possibly by way of changes in the tropical rainbelt position (Lee
et al., 2015), atmospheric greenhouse gases and mean air temper-
atures (Otto-Bliesner et al., 2014), and/or SST-driven moisture
advection (Tierney et al., 2011). A cooler climate could have caused
eastern Africa to experience less humid air and shallower atmo-
spheric convection, reducing precipitation and promoting less
dense vegetation and/or grassland expansion. Furthermore, the
presence of larger northern hemisphere ice sheets following the
MPT likely shifted the rainbelt southward during glacials (Otto-
Bliesner et al., 2014), triggering aridification in equatorial Africa.
A transition toward larger Eurasian ice sheets (e.g., Valla et al., 2011)
and weaker thermohaline circulation (Pena and Goldstein, 2014;
Hodell and Channell, 2016) during glacial periods in response to
gradual cooling has been documented during the MPT and could
have promoted tropical aridification and C4 plants by way of
reduction in global temperature, atmospheric CO2 concentrations
(EPICA Team Members, 2004), and southward rainbelt displace-
ment (Lee et al., 2015) during these intervals.

Geomorphic changes, such as changes in accommodation space,
basin topography, or hydrological connectivity in the Koora Basin,
may have also contributed to marked increases in landscape vari-
ability during the late Quaternary and driven a change in the
environmental imprint on the sediment archive. d13Cwax of long-
chain n-acids, a purer tracer of terrestrial vegetation type than
d13COM, documents no long-term trend in mean or variance, and
thus, it is possible that the 13C enrichment and increased variability
we find in d13COM indicate a reduction in the catchment area and
thus an increase in sensitivity to external drivers because of tec-
tonics or hydroclimate. In particular, the increase in the most
positive values at ~480 ka toward higher ecosystem variance cor-
responds with other proxy records from OLO12 (Fig. 6), particularly
the increase in the number of paleosols (Fig. 6a), which generally
correspond tomore 13C-rich values fromwaxes and OM (Potts et al.,
2020). These changes in the Koora Basin also correspond with
proxy records from the Magadi Basin (Owen et al., 2018, Fig. 5b).
Notably, there was increased volcano-tectonism in the region
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around 480 ka that may indicate strong geological impacts on local
environments (Behrensmeyer et al., 2018; Deino et al., 2019).
However, the occurrence of these transitions in multiple basins at
the time of the MBE is striking, and the earlier (and in the Koora
Basin statistically more robust) landscape shift at ~790 ka does not
appear to relate to local tectonic change. Thus, overall, we infer that
the increase in environmental variance over the last 1 Myr, and
shifts at MPT and MBE boundary condition transitions, reflect
extratropical (i.e., not low-latitude mean summer insolation) ef-
fects influencing eastern African ecosystems.

4.3. Hominin evolution

Taken together, the carbon isotopic and associated lithological
and paleoenvironmental data from the Olorgesailie-Koora Basins
document shifts toward more open landscapes and greater land-
scape variability ~790 ka (near the end of the mid-Pleistocene
global climate transition) and ~430 ka (the Mid-Brunhes global
climate transition). Our results, which are at a higher resolution
than previously published for eastern Africa, may imply that the
combination of highly variable ecosystems coupled with at least
two key intervals (MPT and MBE) of drier grassland expansion may
also be found in other highly resolved environmental datasets from
eastern Africa. Orbital-scale variability in our record (~8‰) is,
however, of much greater amplitude than the secular 13C enrich-
ment in d13COM (~2.5‰), which implies that environmental vari-
ability over such time scales likely had the larger and more
proximate impact on terrestrial habitats, selection, and evolution.

Our data provide new constraints on evolutionary hypotheses as
they represent well dated, high-resolution analyses of sites directly
adjacent to fossil localities. Although our d13COM data cannot fully
constrain terrestrial processes, the new records presented here are
in agreement with the OLO12 multiproxy compilation (Potts et al.,
2020) that shows a rise in ecological disruptions during a period of
concentrated human and faunal adaptive change. Our expanded
isotope evidence thus supports the interpretation that the land-
scape resource base becamemore variable and less dependable due
to environmental instability.

Our d13COM record further indicates that ecosystem responses to
insolation and seasonal monsoon strength included intervals of
high and low variability in the environments in which hominin
populations lived. Potts and Faith (2015) hypothesized that
repeated, high-amplitude ecosystem fluctuations would exert
evolutionary pressure on large mammals in the region and that
~100 kyr-long intervals, or packets, of highly variable environments
were associated with transitions in human evolution. Maslin and
Trauth (2009) similarly recognized that 85% of hominin evolu-
tionary transitions occurred during high orbital eccentricity that
included ‘deep lake’ intervals. Lupien et al. (2018) also linked os-
cillations between extreme aridity and humidity in the early
Pleistocene with enhanced evolutionary transitions. However,
appearance dates and artifacts in the hominin fossil record are
associated with known, large age uncertainties (the Signor-Lipps
effect; Signor and Lipps, 1982), highlighting the need for more
comparisons and better temporal constraints and resolution on
both fossil and paleoclimate records.

A potential misunderstanding about relating evolutionary
change to climate and ecological variability is that an organism's
reproduction and survival are tied to Earth's orbital time scales.
Orbitally driven oscillations are, however, intimately tied to sea-
sonal variability, for example, the East African Monsoon. Such os-
cillations induce shifts in the timing, length, and intensity of rainy
and dry seasons, thus resulting in large increases or reductions in
moisture, thereby changing the local-to-regional ecological con-
texts that influence the selection and the consequent evolution of
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adaptive strategies. Orbital-scale variability is thus ultimately
linked to seasonal abundance and availability of food, water, and
other resources (e.g., shade, shelter) that are critical to organisms.
Long-term shifts in seasonality and environment because of orbital
insolation variability result in longer-term climate patterns, such as
packets of high or low climate variability (deMenocal, 2004, 2011;
Potts and Faith, 2015), and also in the overall direction of change to
drier or wetter conditions. It is by these effects on the ecological
surroundings that orbital oscillations provide a proxy for shifting
seasonality, resources, and fitness conditions affecting populations
over evolutionary time (Potts, 1998a; Potts and Faith, 2015).

Our d13C records from the Olorgesailie-Koora region contain an
interval with exceptionally high-amplitude and sustained vari-
ability (i.e., more than a single excursion) from ~275 ka to ~180 ka.
This packet, associated with high eccentricity and amplified pre-
cessional insolation cycles (Fig. 4e), corresponds with the appear-
ance of morphological traits of H. sapiens in eastern African by at
least ~196 ka in the Lower Omo Valley, Ethiopia (McDougall et al.,
2005), suggesting a potential link between an externally driven
varying resource base over a broad area of eastern Africa and the
evolution of morphological traits. The earliest dispersals of modern
humans beyond Africa also may have occurred in this time interval
(Harvati et al., 2019), indicating that the high instability of eastern
African environment may relate to population expansion to other
locales. Our data are consistent with the ‘variability selection hy-
pothesis’ (Potts, 1996; 1998a,b) in that this lengthy interval of high
ecological resource instability is associated with high eccentricity
(Potts and Faith, 2015) and the proliferation of African MSA adap-
tations commonly associated with early H. sapiens (Tryon and Faith,
2013; Blinkhorn and Grove, 2018). It is unclear, however, why high-
amplitude variability packets are not apparent during each high
eccentricity interval in the Olorgesailie-Koora record, as well as in
the early Pleistocene of the Turkana Basin (Lupien et al., 2018).
Generating more records spanning multiple eccentricity cycles, as
well as records that more directly record climate, will help tackle
this question.

Because of the increase in high-resolution sampling of organic
carbon isotopes throughout OLO12, we provide a more temporally
nuanced view of the variation in resource base that hominins
experienced and show that there was an increase in environmental
variability around the time that Potts et al. (2020) suggest, that is,
~400 ka but also earlier at ~790 ka. Potts et al. (2020) hypothesized
that this later increase in ecological resource variability led to the
demise of the Acheulean in the southern Kenya rift and its
replacement by MSA adaptations, including social networks that
increased survivorship by mediating resource risk in progressively
unstable resource base (Brooks et al., 2018; Potts et al., 2020). A
roughly concurrent turnover in the fauna included the decline of
megagrazers and the emergence of traits in mammal herbivores,
such as smaller body mass, mixed (browser-grazer) feeding, and
water independence, which appear likely to have been advanta-
geous in a tectonically fragmented and fluctuating landscape (Potts
et al., 2018). The general agreement between OLO12 plant waxes,
bulk OM, phytoliths, and paleosols (Fig. 6), which record different
spatial scales, indicates that food, water availability, and habitat
structure became increasingly unreliable across the basin, partic-
ularly evidenced in the d13Cwax record during the high-amplitude
packet driven by eccentricity ~275e180 ka.

The gradual increase in environmental variance in the Olorge-
sailie region was likely driven by enhanced glacialeinterglacial
cycles and regional tectonovolcanism. The mid- to late-
Pleistocene increase in variability has also been recognized in
millennial-scale changes in global methane and Chinese speleo-
them d18O (Thirumalai et al., 2020). These high-frequency cycles
were directly related to orbital-scale insolation variation, which
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suggests that environmental changes on time scales pertinent to
hominin evolution may have also increased in amplitude through
the mid- to late-Pleistocene in eastern Africa. Lupien et al. (2020)
found no inherent link between orbital cycles and millennial-
scale precipitation variability but did demonstrate relatively
stronger, high-frequency variability during an extremely arid
(isotopically more positive) interval. Thus, the progressive 13C
enrichment of d13COM arid maxima in the OLO12 record may have
occurred in the context of increasingly unstable environments for
the hominins living in and near the Olorgesailie Basin. Further-
more, this increase in landscape instability would also have
increased the likelihood for high-amplitude, abrupt ecological
changes (Lupien et al., 2020), which have been emphasized in
agent-based models as a dominant cause of behavioral change in
hominins (Grove, 2014). Simulations of evolutionary plasticity
further suggest that high-amplitude, frequent, and abrupt envi-
ronmental changes are drivers of hominin behavioral changes, such
as geographic relocation, dietary change, and other adaptations
because of a shifting resource base (Grove, 2014).

5. Conclusions

Long, high-resolution records of ecosystem change in the Koora
Basin document trends, amplitudes, and cycles of terrestrial envi-
ronmental change over 10 eccentricity cycles and 900 kyr of
glacialeinterglacial fluctuation. We tested a range of hypotheses
relating environmental trends and variance with hominin evolu-
tion and adaptation and global climate perturbations. We find that
the precessional fluctuations between woodland and open grass-
land endmembers are stronger than the long-term trend, are
bundled into packets associated with high orbital eccentricity, and
increase in amplitude through the mid- to late-Pleistocene.
Although the pacing of terrestrial ecosystem variation is
controlled by regional monsoon intensity tied to tropical seasonal
insolation, the stepwise carbon isotope shift at the MPT and the
increase in variance suggest that processes related to the northern
high latitudes influence terrestrial ecosystems in eastern Africa.
Furthermore, the d13C maxima become more positive near the end
of the MPT and at the MBE, similar to glacial cycles, thermohaline
circulation, and tropical SSTs.

New d13COM and d13Cwax reconstructions of environment and
vegetation, respectively, demonstrate that major evolutionary
events, including the first evidence of traits associated with
H. sapiens in eastern Africa, occur in the context of large landscape
and resource fluctuations. The progressive increase in variance could
indicate that hominins and other species experienced an increasingly
unstable resource base over the last 1 Myr, culminating in the se-
lection of generalist morphologies and traits of plasticity. It is
possible that the combination of progressively extreme
glacialeinterglacial cycles and consistent precession-driven
monsoon fluctuation could result in more frequent, pronounced,
and sudden landscape alterations. With more high-resolution,
quantitative records of past climate and ecosystem change from Af-
rica, we can continue to refine our understanding of how the evo-
lution of hominin ancestors was linked to their environment.
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