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ABSTRACT

Vegetation in East Africa is generally thought to have shifted from forests to more open grasslands and savannas as
global climate cooled and high-latitude ice sheets expanded during the Plio-Pleistocene. Such a shift would have
greatly influenced landscape resources, and potentially hominin evolution as well. Existing records of African
vegetation spanning these time-scales are generally derived from offshore marine records that record continental-
scale changes, or paleosol carbonate records that record very local vegetation changes during the short time
intervals of soil carbonate formation. Here we present a new record of basin-scale vegetation change from the late
Pliocene (~3.3-2.6 Ma) derived from a drill core from the Chemeron Formation, located in the Baringo Basin/
Tugen Hills region of the Kenya Rift Valley. Specifically, we present a new record of the relative abundance of C,
grasses and C; vegetation based on the carbon isotopic composition of leaf wax biomarkers (8'3Cyqy), which
captures a signal of regional vegetation change. These data demonstrate that vegetation in the Baringo Basin varied
greatly between Cj forests and C, grasslands, and that vegetation exhibits both long-term (secular) trends and
orbital-scale variations. The contribution of C; plants was lower than estimates based on low-resolution carbon
isotope data from paleosol carbonates and organic matter in the basin. C; plants averaged ~53% of the vegetation
during the late Pliocene, from ~3.3 to ~3.04 Ma, after which time §'°C,,, indicates more open vegetation and
~41% C3 plants. This transition may have been driven by changes in basin geomorphology, but also possibly
occurred as part of larger-scale drying and expansion of C4 vegetation in East Africa. In addition to this secular
change, we observe high amplitude variability in the §'°C,,., record including oscillations between ~80 and ~0%
Cs plants. These vegetation changes are correlated with changes in precipitation inferred from §?H,., and lake
level oscillations inferred from sedimentary facies, implying that high-amplitude, orbital-scale variations in pre-
cipitation drove significant changes in vegetation resources during the late Pliocene in the Baringo Basin. These
variations have important implications for changes in terrestrial resources in light of the evolutionary innovations
in the hominin fossil record related to changes in foraging strategies.

1. Introduction

precise spatiotemporal characteristics of changes in rainfall, vegetation,
East African landscapes, and hominin evolution are still poorly con-

Understanding the mechanisms linking hominin and mammalian
evolution to past climate change is an enduring challenge. Vegetation
provides critical nutrition, shelter, and other ecosystem services, and is
thus perhaps the most critical environmental variable linking climate to
human ecologies. It has been repeatedly suggested that hominin turn-
over, dispersal, and new technologies coincide with changes in climate
and vegetation (Vrba, 1985; e.g. Potts and Faith, 2015); however, the

strained, allowing for a range of hypotheses about the processes driving
hominin evolution (Kingston et al., 2007). Paleobotanical records in-
dicate gradual expansion of C4 grasslands starting in the late Miocene
and continuing through the Pliocene and Pleistocene in East Africa
(Cerling and Hay, 1986; Cerling, 1992; Bobe et al., 2002; Bobe and
Behrensmeyer, 2004; Bonnefille, 2010; Levin et al., 2011; Uno et al.,
2016a; Polissar et al., 2019). Multiple datasets (deMenocal, 2004;
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Campisano and Feibel, 2007; Maslin and Christensen, 2007; Trauth
et al., 2007, 2010; Maslin and Trauth, 2009; Lupien et al., 2018) and
hominin evolutionary modelling studies (e.g. Grove, 2014, 2015) have
also explored variability in the amplitude of East African climate and
vegetation at orbital time-scales (10* years) and their potential links to
human evolutionary change (Potts, 1996, 1998). Despite these ad-
vances, we still lack high-resolution paleoenvironmental records from
most of the basins in which hominin fossils are found, limiting our
ability to test paleoanthropological hypotheses.

The most comprehensive evidence for the long-term expansion of C,4
grasslands in East Africa is from pedogenic carbonate carbon isotope
(8'3Cgc) records. Levin (2015) compiled datasets from numerous East
African sedimentary basins and documented trends towards less negative
8'3Cg¢ values, taken to indicate more open, C4-dominated ecosystems
over the past 10 million years. This C4 expansion has often been inter-
preted to reflect large-scale changes in Plio-Pleistocene climate, and in
particular gradual drying in East Africa linked to global cooling
(deMenocal, 1995, 2004; Cerling et al., 1997; Maslin et al., 2014; Uno
et al., 2016a). However, the amplitude and timing of shifts in the 8"3Cg¢
records vary considerably by basin, perhaps suggesting a series of ve-
getation changes driven by more local environmental conditions (Levin,
2015). Soil carbonates also record vegetation type only during time in-
tervals and sites of soil carbonate production, i.e. soil types during
warmer seasons and phases of orbital-scale climate cycles causing semi-
arid conditions (Breecker et al., 2009; Cerling et al., 2011), and thus may
not constrain the full range of vegetation changes occurring across basins
and through time. Marine records of terrestrial vegetation derived from
fossil pollen and leaf wax carbon isotope data (8'3Cyqy) are consistent
with inferences from §'>Cg (Feakins et al., 2005, 2013), although some
records also suggest minimal change in vegetation during the Plio-
Pleistocene (Rose et al., 2016). Moreover, the marine records generally
lack the continuity and temporal resolution to determine the timing and
magnitude of vegetation changes. These limitations hamper our ability to
evaluate the linkages between long-term, global climate change, East
African climates and vegetation, and human evolution.

Even fewer records provide an opportunity to evaluate variability in
vegetation at orbital to sub-orbital timescales. This stands in contrast to
records of East African paleohydrology, where there are now records
from lake levels, marine sedimentation, isotopic composition of meteoric
waters, and other proxies that document variability in water resources
and their links to orbital forcing (e.g. Rossignol-Strick, 1983; Deino et al.,
2006; Kingston et al., 2007; Joordens et al., 2011; Tierney et al., 2017;
Lupien et al., 2018). Although we still lack continuous orbitally resolved
records of continental paleohydrology spanning the Plio-Pleistocene, the
existing records generally highlight the importance of orbitally forced
insolation changes, and orbital precession in particular, in controlling
East African hydroclimate. For instance, diatomaceous sequences within
the Chemeron Formation of the Baringo Basin, located in the central
Kenya Rift, suggest dramatic precessional-paced oscillations in lake le-
vels during the late Pliocene (Deino et al., 2006; Kingston et al., 2007).
Using high-precision “°Ar/3*°Ar ages, these studies demonstrated that the
paleolake's water level varied in concert with mean summer insolation at
30°N between 2.7 and 2.55 Ma, demonstrating links between insolation
and East African hydroclimate during this time period of transition and
onset of Northern Hemisphere glaciation (NHG). However, variability in
lake levels does not necessarily equate directly with variability in vege-
tation and other landscape resources.

The Baringo Basin (Fig. 1) is of particular interest because of its
abundant and diverse fossil vertebrate record, which spans the last 16
Myr, providing an opportunity to explore causal links between en-
vironmental change and the evolution of hominins and their commu-
nities. The Tugen Hills succession has yielded a number of hominoid
fossils (Hill and Ward, 1988; Ward et al., 1999; Rossie and Hill, 2018),
including hominins (Hill, 1985; Hill et al., 1992; Sherwood et al.,
2002). Outcrop 8'3Cgc records from Baringo indicate a gradual ex-
pansion of C4 grasses over the last 10 Myr, similar to other regional
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Fig. 1. Map of the modern day Baringo Basin in Northern Kenya in East Africa
with the drill site of BTB13 in maroon and modern watershed outlined in black.
Modern canopy cover percentage per 500 m pixel from MODIS land cover data
(Hansen et al., 2003).

records (Kingston et al., 1994; Kingston, 1999). However, this gradual
trend occurs with large ranges of 8'Cg¢ from discrete horizons, which
could suggest the presence of mixed C; and C, vegetation and/or
temporally variable terrestrial ecosystems and soil carbonate formation
(Kingston et al., 1994; Kingston, 1999). Higher-resolution measure-
ments of late Pliocene vegetation trends and oscillations in the Baringo
Basin could better document changes in past landscapes related to
hominin evolution and broader global climate events.

The Baringo Basin provides one of the few high-resolution sedi-
mentary successions in Africa spanning the onset of NHG at ~2.8 Ma
(Zachos et al., 2001; Lisiecki and Raymo, 2005), along with critical
transitions in hominin evolution (Deino et al., this issue). As part of the
Hominin Sites and Paleolakes Drilling Project (HSPDP), paleolake
Baringo was drilled to reconstruct regional paleoenvironments across
the Plio-Pleistocene boundary. To investigate past vegetation and its
response to orbital-scale rainfall oscillations during the late Pliocene,
we present a novel record of %C3-%C,4 vegetation based upon carbon
isotopic composition of terrestrial leaf waxes derived from this core,
with new hydrogen isotopic data from the same waxes (Fig. 2).

2. Regional setting and methods

The 228 m-long HSPDP-BTB13-1A drill core, hereafter BTB13, was
taken from the Baringo Basin to the west of modern day Lake Baringo in
central Kenya (0°33’16.56”N, 35°56’15.00”E) with a recovery of 94%
(Cohen et al., 2016; Campisano et al., 2017). The lower portion of
BTB13 provides lithologic evidence of fluviolacustrine and floodplain
environments, whereas the upper portion contains a sequence of dia-
tomites, mudstones, and other sediments similar to the outcrop records
of deep lake cycles linked to orbital precession and eccentricity (Deino
et al., 2006; Kingston et al., 2007; Cohen et al., 2016; Campisano et al.,
2017). Age constraints for the core are based on “°Ar/3>?Ar dating of
tephra deposits (Deino et al., this issue), tephrochronology (Garello
et al., this issue), paleomagnetic reversals (Sier et al., this issue), and
links with outcrops (Deino et al., this issue). A Bayesian stratigraphic
age model incorporating these age constraints provides reference ages
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Fig. 2. Leaf wax isotope data from the BTB13 drill core from the Baringo Basin, Kenya, including 8'3C,,., (left axis, black) and 8?H,,.y (right axis, blue). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

and uncertainties for the entire core length (Deino et al., this issue). The
core spans ~710,000 years, from 3.29 to 2.58 Ma, a period encom-
passing the mid-Piacenzian Warm Period (mPWP), the onset of
Northern Hemisphere permanent ice and glacial cycles, the Plio-Pleis-
tocene boundary, and origins of the Paranthropus and Homo lineages.

We analyzed the carbon isotopic composition of leaf wax bio-
markers to obtain a record of the relative abundances of C; and C4
vegetation in the 3.3-2.6 Ma interval (Table S1). Plants produce waxy
cuticles on their surfaces to limit leaf evaporation and physical damage
(Eglinton and Hamilton, 1967). These waxes may be ablated and
transported by wind or water to lake sediments, where they are pre-
served over geological time. Plant epicuticular waxes include long-
chain n-alkanoic acids, which were analyzed in this study, and are
primarily derived from waxes of higher terrestrial plants, rather than
aquatic sources (Eglinton and Hamilton, 1967; Volkman et al., 1998;
Sachse et al., 2012). C3 and C4 plants produce distinct carbon isotopic
compositions of leaf waxes during plant metabolic activities (O'Leary,
1981), providing a means to utilize isotopic analyses to infer their re-
lative abundances through time.

We obtained 65 sediment samples from undisturbed faces of split
BTB13 cores; the samples integrate up to 10 cm of core depth (aver-
aging ~330 years). Samples were obtained from throughout the core
and sampling resolution varied between 0.4 kyr and 82.5 kyr, allowing
us to examine both orbital-scale variability as well as secular (longer
than orbital) trends. Lipids were extracted from freeze-dried and
homogenized bulk sediment using a DIONEX Accelerated Solvent
Extractor 350 with dichloromethane:methanol (9:1). The lipids were
separated into neutral and acid fractions over an aminopropylsilyl gel
column using dichloromethane:isopropanol (2:1) and ether:acetic acid
(24:1). The acids were methylated using acidified methanol and the
resulting fatty acid methyl esters (FAMEs) were purified via silica gel
column chromatography using hexane and dichloromethane as eluents.
Relative abundances of the FAMEs were quantified using an Agilent
6890 gas chromatograph (GC) equipped with a HP1-MS column (30 m
X 0.25mm X 0.25um) and flame ionization detector. Carbon isotopes
were measured on an Agilent 6890 GC equipped with HP1-MS column
(30m x 0.25mm x 0.10 um) coupled to a Thermo Delta V Plus isotope
ratio mass spectrometer (IRMS) with a reactor held at 1100 °C at Brown
University. The IRMS was run with CO, as the internal standard, and a
FAMEs internal standard (—17.61%o0) was measured every 7th injection
and yielded a standard deviation (10) of 0.17%o. Carbon isotope ratios
were measured in duplicate on each sample with a mean inter-sample

difference of 0.20%o. Hydrogen isotopic (8°Hyay) measurements (22)
were also performed according to measurement procedures from
Lupien et al. (2018). The FAMEs standard (—163.85%o0) had a 1o of
1.38%o0, and 10 samples were measured in triplicate with a 1o of
1.19%o, and 12 samples were measured as single injections due to low
sample concentration. All carbon and hydrogen measurements were
corrected for the isotopic composition of the added methyl group,
where 8'3Cyeon = —36.52%0 and 8*Hyeon = — 123.7%0. We report
8'3Cyayx relative to Pee Dee Belemnite (PDB) in per mil (%o) notation
and 82H,,.x relative to Vienna Standard Mean Ocean Water.

To infer the relative abundance of C; and C,4 vegetation, we use a
two end-member mixing model that assigns a 8'3C to n-Cso acids of
—32.9%0 for the C; endmember and a 8'3C of n-C acid of —19.0%o
for the C4 end member (Equation S(1)). These n-C3, values are based on
nearby Nachukui outcrop measurements from the Turkana Basin and
obtain the same (within error) average as n-Cog from the same samples,
and thus do not require a isotope homologue correction (Uno et al.,
2016b). It is unlikely that CAM plants, which have 8'3C,,.x values in-
termediate between C; and C,4 plants, were present in high concentra-
tions, and therefore we do not include them in the mixing model
(Kingston, 1999).

We interpret the §H,y,y to reflect changes in precipitation amount
by way of the ‘amount effect,” through which times of stronger tropical
rainfall cause ?H-depleted precipitation (Dansgaard, 1964; Rozanski
et al., 1993). H-enriched water is preferentially lost from atmospheric
water vapor during times of stronger rainfall as a result of a series of
Rayleigh fractionation processes (Dansgaard, 1964). Terrestrial plants
utilize soil water for photosynthesis and their leaf waxes record the
Sszrecip with a linear offset (Sachse et al., 2004; Garcin et al., 2012).

In addition to carbon isotope data from leaf waxes, bulk organic
matter (OM) carbon isotope analyses (8*3Cop) were performed at the
University of Arizona to provide more continuous OM records through
intervals in which leaf wax data were unavailable or occur at lower
temporal resolution. Dried sediments were powdered and acidified in
beakers with 1 N HCI acid. Reaction was deemed complete when pH
after the reaction was less than 7. Sediments were then filtered with
0.4 um filters and rinsed with distilled water. §'3C, as well as §'°N and
carbon and nitrogen content (Table S2), were measured on a con-
tinuous-flow gas-ratio mass spectrometer (Finnigan Delta PlusXL).
Samples were combusted using an elemental analyzer (Costech) cou-
pled to the mass spectrometer. Standardization is based on NBS-22
(—30.03%0) and USGS-24 (—16.05%0) for 8%Copm. 8'%Com is also
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Fig. 3. Cross-plot correlations of §'*Cy.y and ACL (a) and CPI (b).

presented in per mil notation relative to PDB. The bulk organic matter
incorporates carbon from both the landscape and the lake itself, and its
isotopic composition incorporates a variety of signals of both aquatic
and terrestrial environmental processes (Meyers and Ishiwatari, 1993;
Meyers and Lallier-Verges, 1999; Meyers, 2003; Talbot et al., 2006;
Eglinton and Eglinton, 2008; Russell et al., 2009; Webb et al., 2016).
Correlation between §'3Coy and §'3Cyay was performed by using the
nearest 8'°Coy measurement within 500 years of a 813C,,ax measure-
ment.

Time series and statistical tools were used to analyze trends and
patterns within the isotope record. Data was resampled to an even time-
step and used the findchangepts tool from the Signal Processing
Toolbox in MATLAB (MathWorks, 2018a) to determine statistically
robust change points in the record, i.e. the timing of changes in the
mean of the 8'3Cyay and 8'3Coy; records. This function creates a step-
wise model with a cost penalty for each additional change point in
order to most effectively reduce the residual mean squared error to find
the optimal timing and number of change points. To avoid overfitting
the data, we employed minimum bounds on the residual error and the
number of points between each step.

3. Results

8'3C values of different leaf wax homologues were strongly posi-
tively correlated (Cyg and Co¢ r = +0.87, p < 0.01, n = 61 with two
Coe outliers removed; Cyg and C3pr = +0.90, p < 0.01, n = 62) de-
monstrating that these waxes are derived from a common source (i.e.
higher plants) in the BTB13 sediment samples. We use the 8'3C,,.x and
8%H,ax Of Cog n-alkanoic acid for all analyses because of its high
abundance, which results in a lower analytical error and higher number
of measurements. 8°Hyyax averages — 115.2%o and varies from —67.9%o
to —161.7%o, a range of nearly 100%o.

8'3C,ax averages — 24.7%o in the BTB13 record, and the values range
from —15.4 to —30.6%o (Fig. 2), similar to the range of the 8'3Cyyax Of 11-
Cyg acids in C; and C4; endmembers (Chikaraishi and Naraoka, 2007).
The Average Chain Length (ACL) of the long chain n-alkanoic acids
(C24-Cs3p) is 27.4, similar to modern East African lake sediment samples
(Fig. 3a; Vogts et al., 2009; Garcin et al., 2012; Uno et al., 2016a). The
Carbon Preference Index (CPI; Bray and Evans, 1961) values averaged
3.6 (C16—Cs), well above highly degraded hydrocarbons (oil) values of 1
(Fig. 3b). Throughout our core, CPI and 8'3C,., values are uncorrelated

(r = +0.17, p > 0.05, n = 65), suggesting degradation has little effect
on the isotopic composition of these waxes. Long chain ACL (C34—Cs5)
and 8'3C,., are significantly, yet weakly, correlated (r = +0.38,
p < 0.01,n = 65), in keeping with previous work suggesting that grasses
produce longer chain lengths (e.g. Cranwell, 1973).

Our 8'3C,,.x record implies vegetation ranged from 0% to ~83% Cs.
We observe some samples with 8'3C,,ax values more enriched than the
C, endmember value that yield negative %C; values, and manually
adjusted these to as 0% Cs. Many of these have §'3C,,., values near the
C,4 endmember, but three samples have 813C,ax near —16%o, outside of
this range. It is possible that these three samples may have contained
waxes from aquatic plants, though their ACL and CPI values do not
support this. These values are removed in the resampling procedure and
do not affect our statistical analyses.

813Coym averages —23.12%o in the BTB13 record, and the values
range from —7.80%o to —28.75%o, values that are more enriched than
our long-chain 813C,,ax values. The 8'3C of bulk organic matter is often
more enriched than 8'3C,,.x. This can result from more enriched aquatic
signature incorporated into the sedimentary organic matter (Meyers,
2003), although it should also be noted that the §'3C bulk terrestrial
plant biomass is enriched relative to the 8'3C of co-occurring waxes
(Collister et al., 1994).

The correlation between 8§%Hy,yx and 8'3C,,.y through the Chemeron
Formation 2.7-2.55 Ma is highly significant (r = +0.88, p < 0.01,
n = 8; Fig. 2). The correlation between §'3C,,., and §'3Coy throughout
the core is less strongly significant (r = +0.50, p < 0.05, n = 22), but
the two show generally similar patterns and trends in the core (Fig. 4). We
use the 8'3Coy, data (228 samples) to compare statistical analyses of the
highly resolved record and the lower resolution 8'3C,, record (Fig. 4).

4. Discussion
4.1. C4 expansion in the Baringo Basin

Multiple studies of terrestrial vegetation have shown that C4 grass-
lands gradually expanded since the Miocene in East Africa (Cerling and
Hay, 1986; Cerling, 1992; Kingston et al., 1994; Kingston, 1999; Bobe
et al., 2002; Bobe and Behrensmeyer, 2004; Feakins, 2013; Liddy et al.,
2016; Uno et al., 2016a). Paleoenvironmental records from leaf waxes,
soil carbonates, and pollen also indicate that Pliocene landscapes in East
Africa were more wooded and contained less C, grasses than today
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Fig. 4. Linearly resampled carbon isotope records from eastern African soil
carbonate (a; Levin, 2013 and references therein), BTB13 bulk organic matter
(b; this study), and BTB13 leaf wax (c; this study). Resampling was necessary
for change point analysis, which resulted in change with stronger significance
than a simple linear regression in the 8'3Coy and §'3Cy,ay records, whereas the
East African 8'Cgc compilation record demonstrates a highly significant trend
towards C, plants. Change point analyses of the §'3Coy and 8'3Cyqy records
produce single shifts (purple dashed line) at the same time ~3.04 Ma, signifying
a robust change in Baringo Basin vegetation type at this time. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

(White, 1983; Cerling et al., 2011), consistent with interpretations from
offshore records of long-term regional drying (deMenocal, 1995). The
expansion of C4 grasses in Africa is generally thought to be gradual
(Cerling et al., 1997; Feakins et al., 2005; Feakins, 2013; Levin, 2015;
Uno et al., 2016a), although many of the existing records have a low
temporal resolution that cannot capture abrupt changes or the nature of
the transition. High-resolution marine dust records suggest step-wise
shifts towards aridity at specific intervals, including a transition at
~2.8 Ma, which suggest a potential link between landscape changes and
the onset of Northern Hemisphere Glaciation (NHG; deMenocal, 1995).
Given the significance of this transition in global climate as well as im-
plications for hominin and bovid evolution, it has been proposed that a
step change towards more arid-adapted vegetation in Africa may have
occurred as a coordinated pulse at this time (Vrba, 1985, 1995;
deMenocal, 1995, 2004; Maslin and Trauth, 2009). However, more direct
measurements of Pliocene vegetation structure (e.g. Rose et al., 2016)
vary in their resolution and source area, complicating our interpretations
of C4 expansion and its relationship to global climate.

East African 8'3Cgc records demonstrate a significant (p < 0.01)
trend toward more C, vegetation between 3.3 and 2.6 Ma (Fig. 4a; Levin,
2013 and references therein). The long-term, gradual C; expansion
documented by these data since ~4 Ma demonstrates little connection to
the relatively rapid onset of NHG at 2.8 Ma (Levin, 2013 and references
therein). However, when basins are examined individually, most have at
least one step-wise shift towards C4 grasses in the Plio-Pleistocene, in
addition to or even rather than a gradual secular trend. These basin-scale
8'3Cyc shifts occur at different times (e.g. the Afar shifts at ~3 Ma, Omo-
Turkana at ~1.9 Ma; Levin, 2013 and references therein) suggesting that
basin-specific attributes dictate the timing and nature of vegetation re-
sponses. If so, these records could suggest C, grasses expanded when
local climates crossed critical thresholds within individual basins, as
global climate cooled, became drier, and decreased in CO, (Polissar
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et al.,, 2019). Marine records of terrestrial vegetation, which integrate
much larger continental-scale source areas than paleosol carbonates,
vary during this interval. These data indicate either a gradual trend to-
wards a more open environment since ~4 Ma, well before the onset of
NHG (Feakins et al., 2013), or little change in vegetation between the
Pliocene and Pleistocene (Rose et al., 2016).

Carbon isotopic records from paleosol carbonates and organic
matter in the Baringo Basin suggest that the rift valley floor in this
region was covered by ~70% Cjs forests in the late Pliocene, and then
gradually shifted to more open grasslands that are present in the area
today (Fig. 5c; Kingston et al., 1994; Kingston, 1999). Whereas the
8'3Cgc from the Baringo Basin is currently too sparse to characterize or
identify the exact timing of changes over the study interval, the Plio-
cene was interpreted as a consistently heterogenous landscape prior to
hominin turnover events and the onset of NHG occurring at the Plio-
Pleistocene boundary (Kingston et al., 1994; Kingston, 1999). Our
8'3Cyax record documents significant changes in the relative abundance
of C3 and C,4 vegetation during the late Pliocene and early Pleistocene in
the Baringo Basin. Although there is no statistically significant linear
trend (p > 0.7), change point analyses indicate a shift in 813C,uy at
~3.04 Ma (Fig. 4c). C3 abundances prior to 3.04 Ma averaged 53% but
averaged 41% afterwards. The absolute %C; values are sensitive to the
endmembers chosen for §!3C,,.y, and the low temporal resolution of our
sampling could limit the ability to determine the precise timing of the
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Fig. 5. BTB13 813Cyax (b) compared to mean summer 30°N insolation (a; Laskar
et al.,, 2004) containing the characteristic diatomaceous sequence from the
Chemeron Formation (light grey bands) in the Baringo Basin (Deino et al.,
2006; Kingston et al., 2007). Wax isotopes are further contextualized with
8'3Cgc measurements (c) from the Baringo Basin (green circles; Kingston et al.,
1994; Kingston, 1999) and the East African compilation (grey circles; Levin,
2013 and references therein). C; and C; endmembers (dashed lines) and
modern value from the Baringo Basin demonstrate that the late Pliocene was on
average more Cs-dominated than today (c). Vegetation reconstructions from the
ratio of tree:grass phytoliths (triangles; Yost et al., this issue) produce an index
of tree cover D/P° (d). The D/P° index (Bremond et al., 2008) is a proxy for tree
canopy cover in Africa and has been applied to determine vegetation structure,
with vegetation formation classifications after White (1983). The changepoint-
derived shift in vegetation at ~3.04 Ma is denoted in purple dashed line. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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shift, but the analysis indicates that a significant mean shift occurred.
83Cow exhibits a moderately significant trend (p < 0.05) towards less
negative values, and it exhibits a change point toward less negative
values at 3.04 Ma (Fig. 4b), the same time as the 8'°C,, . shift. Although
the 8'3Com responds to multiple environmental processes, including
carbon cycling in aquatic and terrestrial ecosystems (Meyers and
Ishiwatari, 1993), the similarity of 8"3Cy.x and 8'3Coy changepoints
suggests major changes in aquatic and terrestrial paleoenvironments in
the Baringo Basin at ~3.04 Ma. Moreover, phytolith analyses show a
change in vegetation structure at about this time (Fig. 5d; Yost et al.,
this issue). Specifically, the ratio of tree:grass phytoliths (D/P° index;
Bremond et al., 2008; Yost et al., 2018) shows evidence of woody ve-
getation in the Baringo Basin before 3.1 Ma, and more open grasslands
and a lack of forested vegetation after 3.04 Ma (Yost et al., this issue.
Limited pollen data from BTB13 also support this finding (Yost et al.,
this issue).

Although the timing of vegetation change in the Baringo Basin at
~3.04 Ma is close to the timing of the onset of NHG at ~2.8 Ma, the
shift appears to predate it by ~200 kyr. This offset is not an artifact of
the BTB13 age model, which is tightly controlled in this interval by
“OAr/°Ar ages from core and outcrop (Deino et al., this issue), and
paleomagnetic reversal stratigraphy (Sier et al., this issue). Median
model uncertainties are *+0.03Maat the 95% confidence interval
(Deino et al., this issue). The age of the transition is well-constrained
with a Bayesian age model that provides a 95% confidence interval of
less than 100 kyr (Deino et al., this issue). Thus, our record suggests
that vegetation change in this region predated the onset of NHG. This
could indicate that climate in this region shifted prior to the onset of
NHG, perhaps associated with the termination of the mPWP, but it is
also possible that the change in vegetation is related to basin-specific
geomorphic processes and/or threshold responses of vegetation to long-
term changes in East African climate.

Sedimentological evidence from BTB13 suggests that there was a
major change in basin geometry beginning about the same time as the
paleoecological shift in 8'3Cyax. For instance, the first diatomite in
BTB13 occurs at 3.04 Ma (Westover et al., this issue). This sedimento-
logical marker indicates a change in the types of lake deposits, shown in
part by magnetic susceptibility (Scott et al., this issue) and a reduction
in sedimentation rate (~3.04-2.7 Ma; Deino et al., this issue), and
culminates in regular diatomite sequences by ~2.7 Ma which may re-
present a stable basin with greater accommodation space for deep lakes
to occur during strong monsoons (Fig. 5a; Deino et al., 2006; Kingston
et al.,, 2007). The change in zeolite facies at ~3 Ma also indicates a
change in the water chemistry of the paleolake system (Minkara et al.,
this issue). Increased basin subsidence could promote more extensive
low-lying, flood-prone land in the Baringo Basin, and thus more C,4
grasses or sedges contributing to the 8'3C,,, signal. Similar shifts have
been observed in Lake Tanganyika and Lake Malawi (Ivory et al., 2016;
Ivory and Russell, 2016), where lake lowstands and basin re-
configurations promote sedge expansion on low-lying areas and con-
tribute '®C-enriched waxes to the sedimentary record.

Alternatively, it is possible that the shift in vegetation was caused by
a rapid shift in climate at ~3.04 Ma. If so, climate changes in this region
may predate the onset of NHG, and instead result from other climate
forcings, such as the termination of the mPWP (De Schepper et al.,
2014). The clearest evidence for climate as the main control on 8'3C,.
derives from data in the upper ~40 m of the BTB13 core, where 8'3Cyax
exhibits clear relationships with orbital-scale lake level variations
marked by diatom-rich layers (Fig. 5a; Westover et al., this issue; Scott
et al., this issue; Deino et al., this issue) and also exhibits a strong,
positive correlation with §?Hyay (r = +0.88, p < 0.01, n = 8). The
8%Hyax record thus indicates that increased rainfall is associated with
expansion of Csz-dominated ecosystems (Fig. 2). This coupling suggests
that the vegetation changes in the Baringo Basin at orbital time-scales
are controlled, at least in part, by changes in precipitation. Although
this suggests climate could also control the shift at ~3.04 Ma, it is not
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clear whether the processes controlling vegetation change at orbital
time-scales are the same as those operating on long time-scales. Because
of low wax concentrations near 3.04 Ma, we were unable to generate
8%Hyax data over this transition and across the crucial interval of the
onset of NHG. More 82Hprecip data is needed to test the climatic impact
on the Baringo Basin.

It is also possible that the 8'3Cyyqax signal records a relatively rapid,
non-linear vegetation change in response to gradual climate forcings.
The gradual CO, decline (Kiirschner et al., 1996; Raymo et al., 1996;
Tripati et al., 2009; Pagani et al., 2010; Seki et al., 2010; Bartoli et al.,
2011; Badger et al., 2013), aridification (deMenocal, 1995), or cooling
(Herbert et al., 2010) during the Plio-Pleistocene could all drive en-
vironmental changes in East Africa. pCO5 and temperature have a large
effect on plant metabolic pathways, and could result in step-changes in
the relative abundance of C3 vs. C4 plants (Hatch, 1987). Another
possibility is an increase in rainfall seasonality (longer dry season) at
this time. C4 grasses are better suited for a strongly seasonal rainfall
than C; plants (Ivory et al., 2012), such that increased seasonality could
trigger a response in vegetation that would not be predicted from
changes in mean annual precipitation amount alone (Hély et al., 2006).
Indeed, the appearance of diatomites in the BTB13 succession at this
time (~3.04 Ma) would, to first order, suggest a wetter climate that
would likely favor C; vegetation, not C,4 grasses.

The shift toward C,4 vegetation recorded by 8'3C,,.x at ~3.04 Ma likely
reflects a variety of environmental and climatic signals experienced by the
Baringo Basin, including tectonically driven changes in basin geomor-
phology and long-term changes in East African and global climate, which
may have been acting in concert. The onset of NHG post-dates this en-
vironmental transition, although global cooling prior to and across the
Plio-Pleistocene boundary likely played a role. Future high-resolution re-
constructions of precipitation may shed light on these processes.

4.2. Highly variable vegetation at orbital timescales

An emerging body of hydroclimate records have begun to document
the amplitude and periodicity of rainfall variations in East Africa during
the Plio-Pleistocene. Long, continuous records of Mediterranean sa-
propel formation (Rossignol-Strick, 1983, 1985; Grant et al., 2017) and
East African lake levels (Trauth et al., 2005; Kingston et al., 2007;
Maslin and Trauth, 2009; Nutz et al., 2017) show that hydroclimate
variability correlates strongly with orbital precession during the Plio-
cene and Pleistocene, just as it did during the last deglaciation and the
late Pleistocene/Holocene African Humid Period (deMenocal et al.,
2000; Otto-Bliesner et al., 2014; Shanahan et al., 2015). Geochemical
records of monsoon strength from leaf waxes (Rose et al., 2016; Lupien
et al., 2018) and strontium isotopes (Joordens et al., 2011) also indicate
that the 21-kyr precession cycle dominates these hydroclimatic records.

In contrast, records of vegetation change typically lack the resolution
to evaluate orbital-scale vegetation changes. The 8'3Cg records typically
have very large ranges within single stratigraphic horizons, limiting their
utility at orbital timescales. Records that are able to resolve orbital cycles
demonstrate precession-band variability in vegetation type (e.g. Rose
et al., 2016). However, existing records disagree on the amplitude of
variability: marine cores suggest fluctuations of ~20% between C; and
C,4 vegetation on orbital timescales (Feakins and Eglinton, 2007; Rose
et al., 2016), whereas terrestrial records demonstrate ~70% fluctuation
between C; and C4 endmembers (Magill et al., 2013; Lupien et al., 2018).
Most of these records are from the early Pleistocene, with the late Plio-
cene prior to the onset of NHG left understudied.

Previous studies of Baringo Basin vegetation have been limited to
low-resolution paleosol organic matter and carbonate 8'3C (Fig. 5c;
Kingston et al., 1994; Kingston, 1999). Similar to 8'3Cg¢ from other
basins, the Baringo Basin demonstrates a large range of lateral varia-
bility. This variability has been interpreted to reflect a heterogenous
landscape with mixed C3/C; vegetation (Kingston et al., 1994;
Kingston, 1999). However, it is also possible that these carbonate
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nodules formed at similar depths in soil horizons but at different times,
such that the range of values reflects high-amplitude changes in vege-
tation at short time-scales.

Indeed, we observe very high-amplitude 8'3Cyax fluctuations, in-
dicating variations from 80% to 0% Cs in the BTB13 core (Fig. 4c). Prior
to the mean shift at ~3.04 Ma, 8'3C,,, fluctuated between ~80% and
~20% Cj3 plants, and after ~3.04 Ma, the vegetation ranges from ~60%
to 0% Cs. Indeed, near the shift in mean at ~3.04 Ma, there is a very
large oscillation from ~80 to 0% Cs. As discussed above, the covaria-
tion of 8'3Cy,ax With 82H,,,y strongly implicates climate as the trigger of
these vegetation shifts. Moreover, higher-resolution analyses of 8'3Cax
values through the diatomaceous facies alternations in the upper Che-
meron Formation (Fig. 5a; top 40 m of BTB13), which have been linked
with variations in lake level and changing monsoon strength at the
precession band (Deino et al., 2006; Kingston et al., 2007), show that C3
plants were more abundant during lake highstands. Additionally, the
phytolith record from BTB13 indicates that C4 grass community com-
position shifted between mesic- and xeric-dominated taxa at preces-
sional periodicity (Yost et al., this issue). This demonstrates that ve-
getation change was closely linked with hydroclimate and that, in the
latest Pliocene, climate and environment fluctuated at a ~21-kyr per-
iodicity. Although the sampling resolution of our leaf wax records prior
to the D1 diatomite interval is relatively low, we postulate that pre-
cession-band variation likely occurred throughout this interval, dra-
matically oscillating between Cs- and C4-dominated ecosystems.

By coupling carbon and hydrogen isotopic analyses from waxes, we
show that vegetation in the Plio-Pleistocene Baringo Basin was highly
sensitive to hydroclimate change. Following the onset of NHG at
~2.8 Ma, glacial-interglacial cycles began to vary at the obliquity band
(Lisiecki and Raymo, 2005). Although our 8'3C,,ax record lacks the
length and resolution to exclude obliquity-based variations, we show
large vegetation changes accompanied precession-band changes in East
African hydroclimate. Moreover, the amplitude of vegetation changes
at orbital timescales is much larger than the secular change we see at
~3.04 Ma, whether the shift was caused by basin geomorphic changes
or even nonlinear responses to gradual climate change.

4.3. Hominin evolution in the late Pliocene

Early hominins relied on vegetation for shelter, food, hunting, tech-
nological resources, and migration passages (Vrba, 1985). Physiological
changes, such as expansion of the cerebral cortex (Tobias, 1995; Shultz
et al., 2012) and technological advances such as the first butchery sites
(Asfaw et al., 1999), occurred in the late Pliocene. A major turnover in
hominin lineage from Australopithecus to Homo and Paranthropus appears
to have occurred during the late Pliocene (Potts, 2013 and references
therein), although first and last appearance dates (FADs and LADs) of
hominin species are still poorly constrained. Fossil evidence from a Homo
mandible puts the FAD of the genus at ~2.8 Ma (Villmoare et al., 2015),
but stone tools that are typically associated with Homo were recently
discovered and dated to ~3.3 Ma (Harmand et al., 2015). Although this
latter find is not direct fossil evidence of hominin material, a number of
these transitions in hominin evolution coincide with major increases in
animal diversification (Bobe et al., 2002), suggesting evolutionary re-
sponses of multiple mammalian lineages to major environmental changes
(deMenocal, 1995; Potts, 1996, 1998).

The long, continuous record of vegetation described here enables a
more comprehensive understanding of the environmental context in
which our hominin ancestors lived. Hypotheses reliant on changes in
mean climate state posit that long-term (savannah hypothesis; Dart, 1925;
Dominguez-Rodrigo et al., 2013) or short-term (turnover pulse hypothesis;
Vrba, 1985, 1993) secular trends/shifts towards open vegetation drive
hominin evolution. Others point to the amplitude of paleoclimate
variability, such as orbitally driven transitions between humid and arid
climates, as the driver of hominin turnover and dispersal (Potts, 1996).
The variability ~selection hypothesis posits that high-amplitude
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environmental variability selects for species that are better-equipped to
live in or travel to a variety of environments (Potts, 1996, 1998; Maslin
and Trauth, 2009; Potts and Faith, 2015). All hypotheses are in part
supported by existing data from paleoenvironmental records.

In the BTB13 core leaf wax record, the ~10% increase in C4 vege-
tation at ~3.04 Ma could indicate an environmental change of sufficient
magnitude to generate selective forces leading to some of the key ho-
minin evolutionary events. However, our record is noteworthy for the
very large environmental changes and temporally heterogeneous land-
scapes that characterized the Baringo Basin during both the late Pliocene
and early Pleistocene. Moreover, although our 8'3Cax record senses
vegetation differently than 8'3C. records do, it suggests that vegetation
transitions were not synchronous across East Africa. Whereas our 83Crax
record indicates a pulse of C4 expansion at about 3.04 Ma, §'*Cg records
from Awash and the Turkana basin suggest C, expansion beginning at
about 2.7 and 2.0 Ma, respectively. Such regional heterogeneity seems
inconsistent with the turnover pulse hypothesis. The lack of high resolution
throughout the BTB13 record prevents us from directly testing the
variability selection hypothesis, yet it is clear from the §'3C,,., record that
orbital-scale (or shorter) variability was much larger than long-term se-
cular changes. Such extreme environmental oscillations would likely play
a large role in hominin evolution.

5. Conclusions

New 8'3Cyax and 8H,,y records from the Baringo Basin, Kenya
provide new terrestrial vegetation and hydroclimate information from
the late Pliocene (3.3-2.6 Ma). The reconstructions characterize East
African environmental trends and oscillations and provide a means of
testing hominin evolutionary hypotheses. The §'°C,,., record indicates
that mixed C3 and C, vegetation existed in the Baringo Basin through
much of this time interval. A ~10% increase in C, vegetation was
documented at ~3.04Ma, which predates the onset of Northern
Hemisphere Glaciation. This transition could have been the result of
geomorphic evolution of the Baringo Basin, or by a nonlinear response of
vegetation to changes in pCO,, temperature, precipitation, or precipita-
tion seasonality at this time. 8"3Cyay, 8°Hyax, and diatomaceous se-
quences show strong correlations in the upper part of the BTB13 core and
indicate that precipitation cycles forced by orbital precession caused
large changes in the relative abundance of C;3 versus C4 vegetation. The
relative amplitude of orbital-scale variability is much larger than the
secular shift in vegetation occurring at ~3.04 Ma, suggesting that orbi-
tally driven insolation changes had a much larger impact on East African
climate and environments than gradual changes in global climate.

The shift in mean vegetation at ~3.04 Ma, and the persistently high
environmental variability throughout our record, suggest that high-
frequency, high-amplitude changes in vegetation could have been the
environmental stressor that drove hominin evolutionary transitions.
Whereas conclusive support for a particular evolutionary hypothesis is
lacking, there is more room for reconstructions of continuous and
highly resolved climate records to address questions about global and
local influences on environment and hominins. The BTB13 archive of
hydroclimate and vegetation provides crucial understanding of Plio-
Pleistocene climate and evolution of East African ecosystems.
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