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Climate is thought to play a critical role in human evolution; however, this hypothesis is difficult to test
due to a lack of long, high-quality paleoclimate records from key hominin fossil locales. To address this
issue, we analyzed organic geochemical indicators of climate in a drill core from West Turkana, Kenya
that spans ~1.9—1.4 Ma, an interval that includes several important hominin evolutionary transitions. We
analyzed the hydrogen isotopic composition of terrestrial plant waxes (8Dwax) to reconstruct orbital-
timescale changes in regional hydrology and their relationship with global climate forcings and the
hominin fossil record. Our data indicate little change in the long-term mean hydroclimate during this
interval, in contrast to inferred changes in the level of Lake Turkana, suggesting that lake level may be
responding dominantly to deltaic progradation or tectonically-driven changes in basin configuration as
opposed to hydroclimate. Time-series spectral analyses of the isotopic data reveal strong precession-
band (21 kyr) periodicity, indicating that regional hydroclimate was strongly affected by changes in
insolation. We observe an interval of particularly high-amplitude hydrologic variation at ~1.7 Ma, which
occurs during a time of high orbital eccentricity hence large changes in processionally-driven insolation
amplitude. This interval overlaps with multiple hominin species turnovers, the appearance of new stone
tool technology, and hominin dispersal out of Africa, supporting the notion that climate variability played
an important role in hominin evolution.
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1. Introduction 2004) and soil carbonate (Levin et al., 2004) records, it has

proven difficult to associate individual transitions in specific locales

Understanding the link between human evolution and envi-
ronmental change is one of the most enduring challenges in the
Earth Sciences. An early idea, dubbed the savannah hypothesis
(Dart, 1925), posited that global cooling during the Plio-Pleistocene
led to gradual drying of Africa, which in turn altered vegetation
structure from closed-canopy forest to open savannah, and trig-
gered anatomical and behavioral changes in early hominins
(Cerling, 1992; Cerling and Hay, 1986; deMenocal, 1995; Feakins
et al., 2005; Levin et al,, 2011; Uno et al., 2016b). Although there
is clear evidence for the development of drier conditions in Africa
over the Plio-Pleistocene from paleoceanographic (deMenocal,
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in the hominin fossil records with these gradual, continental-scale
environmental changes. More recent hypotheses suggest much
more complex connections between hominins and their environ-
ment that account for abrupt changes and high variability evident
in African paleoclimate records. The turnover pulse hypothesis
(Vrba, 1980, 1989, 1995) suggests that rapid shifts between envi-
ronmental extremes, caused by climatic or geologic events, force
evolutionary changes, whereas the variability selection hypothesis
posits that changes in environmental variability select for traits that
lead to adaptability in hominin lineages to cope with highly vari-
able landscapes (Bobe and Behrensmeyer, 2004; Grove, 2014, 2015;
Maslin et al., 2014; Maslin and Trauth, 2009; Potts, 1996, 1998a, b;
Potts and Faith, 2015; Trauth et al., 2010). Each of these hypotheses
makes a specific prediction about the timing, rate, or pattern of
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African environmental change, which would be best tested against
paleoenvironmental records obtained from the basins where our
hominin ancestors lived.

African climate change during the Plio-Pleistocene occurred in
the context of large changes in global climate boundary conditions
and forcing. Over the course of the Pleistocene, global climate
cooled and the northern high latitude ice sheets expanded and
oscillated at 41 and 100 kyr periodicities (Lisiecki and Raymo, 2005;
Zachos et al., 2001). Closure of the Indonesian seaway could have
induced African aridification as early as 3—4 million years ago (Cane
and Molnar, 2001) and the enhancement of tropical latitudinal
temperature gradients (Walker Circulation) at ~1.7 Ma (Ravelo
et al., 2004) may have driven changes in African rainfall (Brierley
et al,, 2009). These influences, as well as cyclic changes in insola-
tion driven by orbital precession, are all thought to modulate Af-
rican rainfall (Brierley et al., 2009; deMenocal, 2004; Pokras and
Mix, 1987). Paleoclimate reconstructions from marine sequences,
including inferences of tropical sea surface temperature (SST) and
African dust accumulation, document environmental fluctuations
that appear to be in phase with northern hemisphere glaciation
(NHG; deMenocal, 1995; Herbert et al., 2010). On the other hand,
changes in the magnitude of tropical insolation resulting from
Earth-orbital precession, may strongly influence African monsoons;
many paleoclimate records show strong ~21 kyr periodicity,
particularly in North and East Africa (Hilgen, 1991; Joordens et al.,
2011; Kingston et al.,, 2007; Lourens et al., 1996; Maslin et al.,
2014; Maslin and Trauth, 2009; Rossignol-Strick, 1985; Trauth
et al., 2007). Unfortunately, existing terrestrial records are gener-
ally of low temporal resolution, and are often short and discon-
tinuous, and are therefore unable to determine the large-scale
controls on tropical African rainfall. In contrast, marine sediment
cores provide long, continuous climate histories but generally re-
cord environmental changes at the continental scale, thus ill-suited
to investigate the environmental history of the specific regions in
which hominins evolved.

The Hominin Sites and Paleolakes Drilling Project (HSPDP) is an
international collaboration that drilled long cores from six paleo-
lakes in the East African Rift System (EARS) to characterize the
palecenvironments in which our human ancestors lived and
evolved (Campisano et al., 2017; Cohen et al., 2009, 2016). Because
of fast sedimentation rates in these lacustrine basins, and a more
limited sediment source area than offshore marine sites, these
cores can provide environmental records with high temporal and
spatial resolution to test the predictions of theories linking human
evolution to climate change. Here, we present records of climate
from the West Turkana Basin, Kenya, based on deuterium (D) to
hydrogen (H) isotope ratios from terrestrial plant waxes (8Dwax)
preserved in HSPDP core HSPDP-WTK13-1A (hereafter WTK13).
The Turkana Basin has been well-characterized geologically and is
the source of ~500 hominin fossil discoveries and contains over 100
archaeological sites (Wood and Leakey, 2011), including the earliest
and most complete skeletons of Homo rudolfensis and H. erectus and
Acheulean stone tools (advanced hand axes; Lepre et al., 2011). Our
record spans almost 500 kyr of the early Pleistocene, from 1.86 to
1.37 Ma, which witnessed a critical evolutionary transition marked
by the demise of H. habilis and H. rudolfensis and the rise of
H. erectus. Our dDyax record provides new insight into the patterns
and causes of climate change during this important time window.

2. Regional setting

The Turkana Basin is comprised of half-graben subsiding blocks,
extends from central Kenya northward into southern Ethiopia in
the eastern branch of the EARS, and today houses Lake Turkana, the
world's largest desert lake (Feibel, 2011). It receives less than

200 mm of precipitation annually, with rainfall occurring in two
rainy seasons associated with the seasonal migration of the Inter-
tropical Convergence Zone (ITCZ) across the equator (Yang et al.,
2015; Yuretich and Cerling, 1983). The Congo Air Boundary (CAB),
which separates Atlantic and Indian Ocean-derived moisture
sources, currently lies well to the west of Lake Turkana over Central
Africa. Modern Lake Turkana is fed mostly by the Omo River, which
forms a large delta at the northern end of the lake. During the early
Pleistocene, Lake Lorenyang filled much of the Turkana Basin
(Fig. 1), with numerous fossils, including hominins, preserved in its
lake-marginal and terrestrial sediment fill (Harris et al., 1988;
Roche et al.,, 2003). Because of ongoing rifting, sediment deposition
is and was highly dynamic, and was also impacted by extensive
volcanism, fluctuating deltaic systems, and dramatic lake level
changes (Feibel, 2011; Feibel et al., 1989). We focus on paleolake
sediments drilled from west of modern Lake Turkana in the
Nachukui Formation (~4°N, ~36°E; Fig. 1).

3. Material and methods

Core WTK13 was taken in 2013 from a borehole oriented at 10°
from vertical, and achieved 94.1% recovery (Cohen et al., 2016). The
bottom ~155 m of the 216.47 m core is mostly comprised of dark
green fine siltstones, signifying deep lake environments, intermit-
tently overprinted by weakly developed paleosols. Sediments
above 61 m below the surface (mbs) are generally coarser red silts
and sands, signifying a shift to shallower, more oxidizing lacustrine
and deltaic environments. We determined a chronology for WTK13

37°E

Fig. 1. The present-day Lake Turkana Basin (Google Earth) with paleolake Lorenyang
~1.9 Ma outlined in blue (Brown and Feibel (1991). The location of core WTK13 that
sampled the Nachukui Formation is indicated by a white circle. (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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based upon correlation of tephras in the core with tephras of
known age in the region, direct “°Ar/>?Ar dating of a new tephra
discovered in the core, and paleomagnetic reversal stratigraphy
reported in Sier et al. (2017).

Plants produce waxy cuticles on their surfaces to prevent
evaporation (Eglinton and Hamilton, 1967). These waxes may be
ablated and transported by wind or water to lake sediments, where
they are preserved over geological time. These epicuticular waxes
include long-chain n-alkanoic acids, which we used to evaluate
paleohydrologic changes. Samples of 2—5.5cm thickness (mean
2.9 cm, or ~70 years) were taken every ~1 m throughout WTK13,
providing an average sampling resolution of ~3 kyr. Procedures for
lipid extraction, purification, and isotopic analyses are based upon
those of Konecky et al. (2011). Lipids were extracted from freeze-
dried and homogenized bulk sediment using a DIONEX Acceler-
ated 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), respectively. The acids were
methylated using acidified methanol, and the resulting fatty acid
methyl ethers (FAMEs) were purified via silica gel column chro-
matography. Relative abundances of the FAMEs were quantified
using an Agilent 6890 gas chromatograph (GC) equipped with a
HP1-MS column (30 m x 0.25 mm x 0.25 pm) and flame ionization
detector. 159 and 198 samples contained compound concentrations
adequate for hydrogen (3Dwax) and carbon (8'3Cyax) isotopic anal-
ysis, respectively, and were analyzed at Brown University.
Hydrogen isotopes were measured on an Agilent 6890 GC, equip-
ped with HP1-MS column (30 m x 0.32 mm x 0.25 um), coupled to
a Thermo Delta Plus XL isotope ratio mass spectrometer (IRMS)
with a reactor temperature of 1445 °C. D/H ratios were measured
using H, as an internal standard with He as the carrier gas, and
corrected using a FAMEs standard, run every seventh injection.
[sotopic analyses of the standard had a standard deviation (o) of
2.4%0. The H3 factor was 2.43 (16 =0.14) throughout these ana-
lyses. Measured isotopic values were accepted if the voltage was
between 2.5 and 8 V. Carbon isotopes were measured on an Agilent
6890 GC, equipped with HP1-MS column (30m x 0.25mm x
0.10 pm) coupled to a Thermo Delta V Plus IRMS with a reactor at
1100 °C. For 3C/'2C ratios, the IRMS was run with CO; as the in-
ternal standard, with a FAMEs standard deviation of 1.1%.. All
measurements were corrected for the isotopic composition of the
added methyl group, where dDpeoq=—123.7% and
33Creon = —36.52%0 (Tierney et al., 2011).

The hydrogen isotopic ratio was measured on most samples in
triplicate and carbon isotope ratios in duplicate where possible;
however, small sample sizes dictated that some samples were
measured using single injections. Samples measured in triplicate
had an average standard deviation of 1.33%o. and a maximum of
4.49%o for dDyax, Whereas samples run in duplicate had an average
inter-sample difference of 1.70%o and a maximum of 8.08%o. Carbon
isotope ratios were measured in duplicate on each sample with an
average inter-sample difference of 0.13%.. We found one outlier in
3Dwax at 48.36 mbs, which was measured as a single injection due
to limited sample amount, and this sample was excluded from
further discussion and analysis. Similarly, one outlier in 313C wax
exists at 61.38 mbs and this sample was also excluded from further
discussion. We report dDwax and 3D of precipitation (8Dprecip)
relative to Vienna standard mean ocean water (VSMOW) and
313Cwax relative to Pee Dee belemnite (PDB) in per mil (%o) notation.

Different types of plants (e.g. C3 trees versus C4 grasses) frac-
tionate hydrogen to different degrees during leaf wax synthesis as a
result of differing metabolic pathways and plant physiologies. This
causes different apparent fractionations between leaf waxes and
precipitation (ewax-p), Which can affect paleoclimate records based

on dDyayx if vegetation changes (Sachse et al., 2012). We calculated a
‘vegetation correction’ based upon 3'3Cyax values to correct dDyax
for these differences, as previously described by Konecky et al.
(2016). We use 33Cyax endmember values for C3 and C4 plant
types previously described from the Nachukui outcrop (Uno et al.,
2016b), in which the 3'3C of n-Cso acids is —32.9%o for the C;
endmember and the §'3C of n-Csg acid is —19.0%o for the C4 end
member. We adjust these values by +2.2%o to account for observed
differences between n-Csg and n-Cpg acids (Gao et al., 2014),
thereby using —30.7%o and —16.8%o as the C3 and C4 endmembers.
Samples with 3'3Cyax values more enriched than this C4 end-
member value (n = 10) are treated as 100% C4. After applying this
C3/C4 mixing model to our 3"3Cwax data, we then applied ewax-p
values of —112.8%o and —124.5%. for C3 and C4 vegetation with a
25%o correction for C,; n-alkane to Cyg n-acid (Chikaraishi and
Naraoka, 2007; Konecky et al., 2016; Sachse et al., 2012) to cor-
rect for ‘vegetation effects’ on 3Dwax and estimate dDprecip (Fig. 2).

Because of limited sample size, not all samples could be
measured for both 8Dyax and 83Cyax, so this ‘vegetation correction’
limited the number of 8Dprecip data points. As a result, and because
dDprecip and dDyax are strikingly similar (Fig. 2), our discussion and
analysis below relies largely on 8Dyax. The 3"3Cyax from WTK13
shows complex relationships with 8Dy ax, including both in and out
of phase relationships at different core intervals. The nature of the
relationship between 313Cyax and dDyax can be complicated in
desert environments such as Lake Turkana, where 3'3Cy.x can have
a more complex relationship with climate than is typically
assumed. One explanation could be that C4 grassland expansion
occurs at the expense of more xerophytic vegetation in response to
wetter conditions, which has been previously documented
(Achyuthan et al., 2007; Ivory and Russell, 2016; Thomas et al.,
2014). Alternatively, African vegetation is known to respond to a
variety of climate and environmental forcings, including precipi-
tation seasonality, fire, and other drivers not recorded by our 3Dyyax
data (Ivory and Russell, 2016). Full analyses of the 8'3Cyax record
will be presented in a future paper that incorporates other paleo-
ecological indicators.

Statistical analyses were performed on 3Dyax to characterize the
patterns of past climate change in the Turkana Basin. Spectral an-
alyses of detrended dDya.x using the Lomb-Scargle method were
used to identify significant frequencies of variability (Trauth, 2015).
A wavelet evolutionary spectrum (performed on linearly resampled
ODwax) Was used to determine how spectral properties changed
through time. We also calculated changes in the variance of dDyax
and other data within a moving ~50 kyr window to estimate the
timing of changes in the amplitude of variability within the record.
The top 60 m of the core have lower sampling resolution due to low
lipid concentrations, and because of very low sample resolution
between ~1.50 (60 mbs) and ~1.43 Ma (46 mbs), spectral and
wavelet analyses were only performed on the deeper section of
core (1.86—1.50 Ma).

4. Results and interpretive framework

An age model for WTK13 was developed using teph-
rocorrelation of the Chari Tuff (1.388 Ma), Etirr Tuff (1.45 Ma), and
Ebei Tuff (1.48 Ma) (Table S2; Fig. S2), an “CAr/3°Ar single-crystal
sanidine age measured on a previously unknown tuff (1.497 Ma),
paleomagnetic identification of the top of the Olduvai Subchron
(1.778 Ma; Sier et al., 2017), as well as the inferred depth of the KBS
tuff. The KBS tuff (1.875 Ma; Feibel et al., 1989) is found throughout
the region, but is not present in WTK13. Based on correlations to
outcrops and appropriate sedimentation rates, we estimate that it
lies very close to the base of the core; the bottom age of the core
was therefore estimated at 1.870 Ma. Due to the relatively small
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Fig. 2. a) 0Dprecip in black is plotted with measured dDyax in blue. b) The 3'3Cuax (green) was used to correct for ‘vegetation effects’ on dDy.x as outlined by Konecky et al. (2016).
Black circles represent age constraints based on tephrochronology and the black triangle represents age constraint based on magnetostratigraphy. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)

number of chronostratigraphic control points to develop our age
model, we employ a simple three-segment linear regression
encompassing the core. The segments yield sedimentation rates of
58.3, 33.3, and 71.2 cm/kyr from top to bottom (Table S1; Fig. S1).
Additional information about the age model is provided in the
supplementary material.

Cy6, Cag, and C3g n-acids were the most abundant long-chain
wax homologues found in the West Turkana samples. These long-
chain waxes are primarily derived from higher terrestrial plants,
rather than aquatic sources (Eglinton and Hamilton, 1967; Sachse
et al., 2012; Volkman et al., 1998), and their dDya.x values were
strongly positively correlated (Cpg-Cag 12 = 0.84; Cpg-C3g 12 = 0.75;
Cy6-C30 1% =0.82) demonstrating that these waxes are derived from
a common source (i.e. higher plants). Here we report the dDy.x of
C,g n-alkanoic acid because of its high abundance in our samples,
which resulted in a lower analytical error and more frequent
measurements in the core.

The dDwax of n-Cs ranges between —58 and —181%. and
averages —110%o (Fig. 3). Application of the 3'3Cyax vegetation
correction to dDwax generates a 8Dprecip record that is very similar to
the dDwax record, with an average dDprecip Of —17%0 and a range

-160
-140

-120

oD, . (%)

-100

-80

‘ * oo ‘

of —110%o (Fig. 3). The 813Cyay averages —22%o, and the values range
from —31 to —15%, similar to the full range of observed 3'3Cyax of
C; to C4 plants (Chikaraishi and Naraoka, 2007).

The Average Chain Length (ACL) of the n-alkanoic acids (C16-C32)
is 27.6, similar to modern East African lake sediment samples
(Garcin et al.,2012; Uno et al., 2016a; Vogts et al., 2009). The Carbon
Preference Index (CPI Cy5-Csp; Bray and Evans, 1961) values aver-
aged 5.1 in our samples. Modern plant material generally has n-
alkanoic acid CPI values of at least 6, whereas highly degraded
hydrocarbons (up to oil) have values of 1. The CPI values observed in
WTK13 are thus well above those of highly degraded organic
matter and indicate generally good preservation of n-alkanoic
acids. Samples from the coarser-grained, oxidized upper ~60 m of
core have lower CPI values (average of 2.67), reflecting more
degraded leaf waxes. However, in this interval, and throughout our
core, CPI and dDyax values are uncorrelated (n=159, r>=4.9 x
1079), suggesting degradation has little effect on the isotopic
composition of these waxes. ACL and dDy.x are also not correlated
(n =159, r* = 0.02), indicating that any changes in wax source do
not strongly affect their isotopic composition. Thus, we interpret
the ODwax Mmeasurements to represent ODyax at the time of

1
1.4 1.45 1.5 1.55 1.6

1.65 1.7 1.8 1.85

Age (Ma)

Fig. 3. dDywax from core WTK13 from Lake Turkana, Kenya. The orange dotted line is a least-squares linear regression of the dDy,.x data on time. The grey region denotes the range of
ODywax variation from the last glacial maximum (~20 kyr BP) to the present for comparison (Morrissey, 2014). Age constraints as in Fig. 2. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)



R.L. Lupien et al. / Quaternary Science Reviews 186 (2018) 225—235 229

deposition.

Previous studies have shown that 8Dy.x is strongly correlated
with mean annual 3Dpecip (Garcin et al., 2012; Hou et al., 2008;
Polissar and Freeman, 2010; Sachse et al., 2004; Schefuf et al.,
2005). In the tropics, the ‘amount effect’ is the dominant influ-
ence on 0Dpyecip variation (Dansgaard, 1964; Rozanski et al., 1993;
Scholl et al., 2009; Vuille et al., 2005). The amount effect describes
the inverse correlation between rainfall amount and isotopic
composition, and is driven by removal of isotopically enriched va-
por during condensation and reduced evaporation of raindrops
falling through a humid atmosphere. Other factors such as moisture
source, transport distance, temperature, and an array of cloud-scale
processes may also influence dDprecip (Dansgaard, 1964; Konecky
et al, 2011; Vuille et al., 2005). For instance, in tropical East Af-
rica, CAB movement could alter the balance between Indian Ocean-
sourced and Atlantic Ocean-sourced moisture, which differ isoto-
pically due to differing transport pathways and evapotranspiration
histories (Costa et al., 2014; Joseph et al., 1992; Levin et al., 2009;
Sonntag et al, 1979). Although we generally assume that the
amount effect is the primary influence on our dDpyecip record, the
potential influence of these processes will be discussed below.

5. Discussion: Paleoclimate of the Turkana Basin
5.1. Orbital-scale controls on early Pleistocene African climate

Many records indicate strong influences of high latitude climate
on African paleoclimate and paleoenvironments. Marine records of
North African dust flux have documented transitions from pre-
cession- to obliquity- to eccentricity-dominated variability during
the Plio-Pleistocene that match the frequency and timing of high
latitude glacial cycles, suggesting strong controls of global ice vol-
ume and high latitude climate on North African aridity (deMenocal,
1995). Although statistical analyses have called these results into
question (Trauth et al., 2009) and other marine dust records pre-
sent conflicting climate signals (e.g. Larrasoana et al., 2003), records
of tropical Indian Ocean SST, which should impact moisture avail-
ability and rainfall patterns on the African continent (Nicholson,
1996), also show strong correspondence to global ice volume dur-
ing the Plio-Pleistocene (Herbert et al., 2010). Indeed, there are
hundreds of records from tropical Africa that indicate drying during
the last glacial maximum (~21 Ka) relative to the present, demon-
strating the importance of global climate boundary conditions
associated with glaciation to African climate in recent time (Gasse,
2000). Northern high latitude glaciation could affect African rainfall
via many pathways, such as changes in interhemispheric temper-
ature gradients and orographic forcing by the ice sheets that alter
the position of the tropical rain belt (e.g. Shanahan et al.,, 2015).
Alternatively, these correlations could indicate links between high
latitude climate and tropical African rainfall through tropical SSTs
and African continental temperature, both of which are likely
controlled by atmospheric pCO, variation, which could alter pre-
cipitation rates within the tropical rainbelt itself (Otto-Bliesner
et al., 2014). Thus, East African rainfall, ITCZ location, and
monsoon strength can vary in response to forcing from the high
latitude ice sheets and atmospheric greenhouse gas boundary
conditions.

Other East African paleoclimate records point to a dominant role
for changes in seasonal insolation in the tropics in driving the Af-
rican monsoon. Mediterranean sapropel deposits, which record
freshwater runoff from North Africa, show strong signals from
eccentricity-modulated precession, with intervals of strong sum-
mer insolation in the northern tropics linked to high rainfall and
runoff (Lourens et al., 1996; Rossignol-Strick, 1985). Geochemical
reconstructions from Mediterranean deposits agree with this

interpretation of a precession-band driver of hydroclimate and
vegetation (Rose et al., 2016). Some reconstructions from the EARS
have identified repeated cycles of deep and shallow lake levels that
show evidence of insolation forcing from orbital precession
(Kingston et al., 2007; Lepre et al., 2007; Shultz and Maslin, 2013).
This includes reconstructions from West Turkana, where an iso-
topic record of chemical weathering shows strong ~21 kyr cyclicity
from orbital precession between ~1.85 and 2 Ma (Joordens et al.,
2011), slightly older than the base of the WTK13 core. Although
lake levels may be influenced by tectonic basin activity (Carroll and
Bohacs, 1999; Lepre, 2014), there are key questions as to whether
the large-scale patterns of lake evolution within the EARS are
driven by changes in fault activity or climate (Trauth et al., 2007).
Astronomically-driven changes in seasonal insolation, rather than
glacial-interglacial cycles, may be the primary driver of East African
paleoclimate.

Our age model is anchored by a limited number of data points
and therefore precludes us from examining the timing of specific
precession-scale events in the WTK13 record. However, Lomb-
Scargle time series spectral analysis of our dDy.x data shows
strong spectral density (Fig. 4a) at both 41 kyr, similar to orbital
obliquity, and ~18 kyr, which is similar to, but slightly shorter than,
orbital precession. A wavelet analysis of Turkana dDyax confirms
these signals, indicating relatively persistent high frequency vari-
ation from ~18 to 20 kyr. We also observe high spectral density
during a shorter interval centered at ~1.71 Ma (133 mbs) at a period
of ~38 kyr (Fig. 4b). Peaks in spectral density, at ~18 kyr in partic-
ular, are noisy (Fig. 4a), potentially because of variable sampling
resolution or age model inaccuracies. However, the presence of
significant periodicities at ~38—41 and ~18—20 kyr suggests the
influence of orbital obliquity (41 kyr) and precession (21 kyr) in the
WTK13 record.

The presence of a dDyax signal compatible with orbital preces-
sion, during a period in which glacial-interglacial cycles were pre-
dominantly every 41 kyr, supports previous suggestions of the
importance of insolation forcing of the African monsoon (e.g.
Lourens et al., 1996; Rose et al., 2016; Rossignol-Strick, 1985),
including reconstructions from within the Turkana Basin itself
(Joordens et al., 2011). In more recent times, the water level of Lake
Turkana has also been demonstrated to vary with insolation (Butzer
et al., 1972; Garcin et al., 2012; Morrissey and Scholz, 2014; Owen
et al., 1982), suggesting that orbital forcing is a strong influence
on regional hydroclimate. Our record confirms and extends this
signal over much of the early Pleistocene.

We also observe a brief interval (~1.76—1.66 Ma) during which
ODwax varies at ~32—40 kyr, near the pace of orbital obliquity. As
tropical insolation varies only slightly due to obliquity, this peri-
odicity has typically been interpreted to reflect a high northern
latitude influence on African hydrology (deMenocal, 1995). Both
tropical SST and global ice volume show strong obliquity variation
during this time period (Herbert et al., 2010; Lisiecki and Raymo,
2005), and it is possible that the early Pleistocene obliquity-band
variability observed in West Turkana signifies a local response to
tropical SSTs or remote responses to changing high latitude glaci-
ation. However, neither the benthic 3'®0 record of ice volume
(r=0.04, p=0.02) nor western Indian Ocean SSTs (r?=0.03,
p =0.04) are strongly correlated with our dDy.x record during this
time interval (Fig. 5), and the mechanisms that would link obliquity,
ice volume, and tropical SSTs with East African rainfall during only
the 1.8—1.7 Ma interval are unclear.

There are several factors that lead us to question whether the
obliquity signal is robust. There is relatively low sampling resolu-
tion in our record during this interval because of low core recovery,
with up to 8 kyr between samples. This may account for a loss of
high-frequency variation, i.e. weakened precession-band variability
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(Fig. 4b). Additionally, the ~32—40 kyr periodicity is largely driven
by three pronounced 8Dyy,x minima that occur during this interval
with a spacing of ~35 kyr. It is also possible that sedimentation rates
changed during this time interval, but our limited number of age
control points precludes testing this possibility. To examine the
potential that the age model and/or low sampling resolution may
have affected our spectral results, we tuned the dDy,.x record to
June 215 mean insolation at 20°N (the latitude at which insolation
controls the tropical monsoon system), as was previously done for
older sediments in the Turkana Basin (Fig. 6a; Joordens et al., 2011).
This tuning requires adjusting the ages of individual data points
within this interval by an average of only 2.2 kyr, and after tuning,
Lomb Scargle and wavelet spectral analyses detect a dominant ~21
kyr periodicity with minimal 41 kyr variation (Fig. 6b). We do not
imply that this tuning and age model are necessarily correct;
however, this analysis shows that the obliquity signal can be
completely removed with very slight adjustments of the age model
and dDy.x record, suggesting that the presence of this period de-
pends strongly on the age model. We therefore suggest that

insolation forcing at the precession band is likely the dominant
control on regional Turkana Basin hydroclimate during the early
Pleistocene.

5.2. Long-term trends in Turkana paleohydrology from 1.9 to 1.4 Ma

Many records indicate that East Africa has become progressively
drier through the Plio-Pleistocene. This scenario is the foundation
for the savannah hypothesis (Dart, 1925), and evidence for a shift
from a warm, wet Pliocene to a cool, dry late Pleistocene is evident
in many records of African climate including soil carbonate iso-
topes, faunal assemblages, and leaf wax biomarker records from
marine sediment (Cerling, 1992; Cerling and Hay, 1986; Uno et al.,
2016b). However, drying over the Plio-Pleistocene was not neces-
sarily a continuous process, and not all 500 kyr (the amount of time
spanned by WTK13) intervals within the Plio-Pleistocene exhibit a
drying trend. The early Pleistocene in West Turkana presents an
interesting case to investigate long-term directional trends in Af-
rican climate. During the early Pleistocene, Lake Lorenyang, Tur-
kana's longest-lived lake, expanded, and eventually gave way to
more discontinuous fluvial deposits (Feibel, 2011). Although this
transition could suggest a drying climate, tectonically-driven
changes in basin configuration, and outlet position or simply
deltaic progradation in the absence of any changing climate or
tectonic forcing could complicate the climatic interpretation of this
apparent lake regression.

The WTK13 core straddles this transition, and its lithology in-
dicates a shift from the deep lake facies of Lake Lorenyang to the
shallow lake and fluvial sediments of the Omo Group. Interestingly,
however, our 3Dy.x record shows no statistically significant trend
nor shift in long-term mean over this ~500 kyr span (Fig. 2).
Similarly, we see no shift in 8'3Cyax, suggesting little to no change
in vegetation type driven by changes in rainfall or moisture balance.
Although this is surprising in light of the lithologic evidence for lake
level regression and faunal evidence for ecosystem changes at this
time, our result is consistent with oxygen isotopic analyses of tooth
enamel in the Turkana Basin (Blumenthal et al., 2017) as well as Sr-
isotopic analyses of basin hydrology spanning the interval from 2 to
1.85 Ma (Joordens et al., 2011). Moreover, key drivers of East African
climate, namely local mean summer insolation, global ice volume,
and Indian Ocean SSTs, also do not show significant trends during
this time window that would have forced large directional changes
in African climate (Fig. 5). We do observe that the average dDyax in
our record is ~25%o more depleted than waxes deposited in recent
(late Holocene) sediments from modern-day Lake Turkana
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(Morrissey, 2014), suggesting Turkana was generally wetter during
the early Pleistocene than in the present. This is in keeping with the
globally cooler and likely locally drier conditions that developed
from the early to late Pleistocene.

Rather, our data suggest that the shift in sediment facies in the
WTK13 core is driven by changes in delta progradation, fault mo-
tion, subsidence, outlet level, or similar processes that influenced
Turkana's depositional environments. Our dDax record primarily
responds to changes in atmospheric circulation and processes
governing rainfall, and should therefore be less sensitive than
sediment lithology to local, perhaps tectonically-driven changes in
basin morphology. It is possible that 8Dy.x was influenced by
processes other than the amount effect on this timescale, such as
changes in moisture source or transport pathway. However, we
would expect to see some shift in dDyax driven by atmospheric
circulation changes if the lake level regression were related to
regional precipitation, unless the effects of changes in moisture
source, transport, and other processes perfectly balanced the ef-
fects of changes in precipitation amount on dDy,x. Moreover, the
313Cyax record from West Turkana shows no trend over the length
of our record, implying that mean vegetation composition changed
little over this ~500 kyr time period. This is somewhat surprising in
light of the development of large deltaic complexes in the upper
part of the core, which might be expected to alter local vegetation
and affect §'3Cyax. However, because plant waxes can be sourced
from large areas (e.g. the Turkana Basin), the influences of local
sedimentary environments may be weak. It is alternatively possible
that there were substantial changes in vegetation structure that are
not recorded in our 3'3Cyax record, such as changes of plant types
within C3 and C4 groups. Whatever the case may be, taken together,
our data argue for very limited change in the mean precipitation of
the Turkana Basin during the interval from 1.9 to 1.4 Ma.

5.3. High amplitude climate variation from 1.8 to 1.7 Ma

Mediterranean sapropel and geochemical records indicate that
both the timing and amplitude of wet phases in North Africa are
tied to orbital precession and the amplitude of insolation change in
summer, which is paced by eccentricity modulation of precession
(Lourens et al., 1996; Rose et al., 2016; Rossignol-Strick, 1985).
Generally, terrestrial records are too short to test this finding;
however, deep paleolake intervals in the Baringo Basin appear to be
restricted to intervals of high eccentricity (Deino et al., 2006;
Kingston et al., 2007). Maslin et al. (2014) suggest that these “deep

lake intervals” are synchronized across East Africa and develop
during intervals of highly variable insolation (i.e. high eccentricity;
Maslin et al., 2014; Trauth et al., 2005; Trauth et al., 2007). However,
not all intervals of high eccentricity during the Plio-Pleistocene lead
to deep lake intervals, and many of these deep lake intervals
coincide with the timing of global climate transitions, such as wet
conditions during the onset of the NHG captured by the Baringo
Basin record (Kingston et al., 2007). Moreover, although lake high-
stand deposits and sapropels can record much wetter conditions
during insolation maxima, lake depth records derived from out-
crops exhibit a binary response to climate (i.e. lake vs. no lake),
making it difficult to investigate the extent of aridity during inso-
lation minima. Thus, our understanding of changes in climate
variability in response to varying insolation remains incomplete.
The WTK13 core captures ~500 kyr of climate variability, which
includes one of these deep lake intervals, and our dDya.x should
record both positive and negative changes in precipitation.

We calculated changes in the variance of our 8Dyax and 8'>Cuax
datasets using a moving, ~50-kyr window (n = 17 and 21 for 3Dyax
and 83Cyax respectively) to examine the relationship between
environmental and insolation variability during the early Pleisto-
cene (Fig. 7). This calculation does not require the variability in our
record to be periodic. We observe a distinct peak in the variance of
dDwax and d'3Cyax at ~1.73 Ma (139 mbs) associated with prominent
positive and negative excursions in both 3Dwax and 8">Cyax, sug-
gesting this was a time interval marked by both much wetter and
much drier conditions than average. We calculated the variance in
different windows (from 100 to 18 kyrs), and found that the timing
and amplitude of the increase in 3Dy variability at ~1.73 Ma (the
maximum variance) is insensitive to the size of the moving win-
dow, suggesting the finding is robust.

The interval of high variability in our data corresponds to one of
several intervals of high orbital eccentricity and insolation vari-
ability in our record. Moreover, the variability in 8Dyax during this
interval is significantly higher than that of the last 20 kyr, a time of
low eccentricity that includes significant environmental change
associated with the African Humid Period (Fig. 3; Morrissey, 2014).
Despite the association between high eccentricity and dDyy.x vari-
ance at ~1.73 Ma, other eccentricity maxima are not correlated with
changes in the variance of 8Dyax nor 3'3Cyayx, suggesting this time
interval may have been uniquely sensitive to insolation forcing.
There are various regional and global climatic changes that may
contribute to this sensitivity, yet no one explanation is particularly
robust. Indian Ocean SST oscillated dramatically at about this time
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(Herbert et al., 2010), and the Pacific Ocean zonal SST gradients
began to increase between 1.8 and 1.7 Ma, marking the develop-
ment of the strong Walker circulation that exists today (Wara et al.,
2005). Ravelo et al. (2004) suggest that climate became more
sensitive to insolation forcing after the onset of the Walker circu-
lation due to the sensitivity and global hydroclimatic reach of the
Wialker circulation itself. This could explain why 8Dyy,x variation is
high in our record during the eccentricity maximum following, but
not prior to, 1.78 Ma. Unfortunately, our record is poorly sampled
due to low organic preservation 1.50—1.45 Ma during the next ec-
centricity maximum, making this difficult to test. However, the
WTK13 record clearly demonstrates that increased variance in
climate during this time interval occurred in the context of high
eccentricity and insolation variability. Moreover, our record in-
dicates strong intervals of drying as well as wetter conditions
during this time period, suggesting a more variable, rather than
generally wetter, climate during a time of high eccentricity.

6. Hominin evolution

Paleohydrological changes could affect hominin species by
altering vegetation structure, habitat, and/or resource availability
(Vrba, 1985). Alternatively, large lakes and dry valleys can act as
physical barriers to human migration, whereas transitions between
these two endmembers can enable population mixing, all of which
could respond to precipitation changes and plausibly enhance
evolutionary change (Maslin and Christensen, 2007; Trauth et al.,
2010). Although first and last appearance dates contain great un-
certainty, the interval of high variability in dDy.x (~1.77—1.67 Ma) in

Lake Turkana overlaps with various hominin evolutionary transi-
tions (Fig. 7). H. rudolfensis and H. habilis went extinct, while
H. erectus appeared and later dispersed out of Africa (Anton, 2012;
Anton et al., 2014; Feibel et al., 1989, 2009; Ferring et al., 2011;
Gathogo and Brown, 2006; Joordens et al., 2013; Leakey et al., 2012;
Potts et al., 2004; Spoor et al., 2007, 2015), suggesting potential
links between hydroclimatic variations and hominin evolution.
Indeed, a relatively high number of species occurred at this time as
a result of increased species turnover from speciation and extinc-
tion (Foley, 2016).

Our paleoclimate record can contextualize these evolutionary
transitions and test prominent hominin evolutionary hypotheses.
The savanna hypothesis posits gradual evolutionary changes during
a slow climate change over millions of years, but a lack of trend in
our dDyay is discordant with this hypothesis for the ~1.9—1.4 Ma
interval. The larger body size of H. erectus is thought to have
allowed migration and thereby continued access to resources dur-
ing extreme climate shifts (Antén, 2012). H. erectus also had
increased cranial capacity (Holliday, 2012; Pontzer, 2012), and new
Acheulean stone tool technology was developed during this same
interval (Lepre et al., 2011), both of which may have facilitated the
development of more complex behaviors in response to a more
variable environment. The turnover from H. habilis and
H. rudolfensis to H. erectus, as well as the innovation of more
advanced hand axes, thus suggests that the evolutionary transitions
favored more adaptability, rather than one specific environment or
climate. This analysis lends support to the variability selection hy-
pothesis (Potts and Faith, 2015), which is consistent with the
relationship between hominin evolution and regional climate
offered by our observations of paleohydrology in the Turkana Basin.

7. Conclusions

Our new dDy,ax reconstruction from West Turkana, Kenya allows
us to investigate orbital-scale changes in East African paleohy-
drology from a key locus of the hominin fossil record in the early
Pleistocene. African paleoclimate records show a clear transition
from C3- to C4-dominated environments over the Plio-Pleistocene,
but during the ~500 kyr interval we study our records show no
statistically significant trends toward a drier environment in the
Turkana Basin. Global climate drivers, such as ice volume and SST,
also do not exhibit trends during this 500 kyr window. Time series
spectral analyses of our untuned data indicate a relatively consis-
tent ~20 kyr periodicity in dDyax, consistent with orbital precession,
and moving variance tests on 3Dyax and 8'3Cy.x demonstrate high
variability at ~1.73 Ma, during a time of high orbital eccentricity.
This evidence strongly suggests that changes in summer insolation
are the primary factor driving early Pleistocene hydrologic change
in this region.

The time interval from ~1.8 to 1.7 Ma is marked by extremely
high amplitude hydrologic change that greatly exceeds the variance
observed during the last ~20 kyr, including the well-known African
Humid Period. Although we do not observe a consistent relation-
ship between high eccentricity and high-amplitude variations in
dDwax, the ~1.8—1.7 Ma interval coincides with multiple shifts in the
hominin fossil record in the Turkana Basin and the H. erectus
dispersal out of Africa. We suggest that the rapid, extreme climate
shifts may have driven these changes in fossil hominins towards
enhanced adaptability.
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