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In this study, we synthesize terrestrial and marine proxy records,
spanning the past 620 ky, to decipher pan-African climate variabil-
ity and its drivers and potential linkages to hominin evolution. We
find a tight correlation between moisture availability across Africa
to El Nifio Southern Ocean oscillation (ENSO) variability, a manifesta-
tion of the Walker Circulation, that was most likely driven by changes
in Earth’s eccentricity. Our results demonstrate that low-latitude inso-
lation was a prominent driver of pan-African climate change during
the Middle to Late Pleistocene. We argue that these low-latitude
climate processes governed the dispersion and evolution of vege-
tation as well as mammals in eastern and western Africa by increas-
ing resource-rich and stable ecotonal settings thought to have been
important to early modern humans.

African paleoclimate | hominin evolution | Walker and Hadley circulation |
orbital forcing

he role of climatically driven environmental change in trig-

gering key stages of hominin evolution over the last 6 My has
long been recognized (1-3). More recently, environmental changes
across Africa have been implicated in major shifts in the population
structure of hominins over the last half of a million years—the key
demographic context for the emergence of Homo sapiens (4-8).
However, evaluating the impact of environmental changes and
their possible effects on hominin evolution and demography is
difficult, as high-resolution climate archives are temporally and
spatially sparse (9-11). Further problems are introduced by the
fact that available proxy studies usually detail climate variability
of only one study site or region (3, 12, 13), which makes it difficult
to study its consequences for evolutionary processes across large
spatial scales. Here, we provide a pan-African view on climate
change during the Middle to Late Pleistocene in order to construct
a framework for understanding hominin evolution within this
timeframe. To achieve this, we have combined 11 terrestrial lacus-
trine and marine sedimentary archives (Fig. 1 and SI Appendix,
Tables S1 and S2; see details on site selection criteria in the S7
Appendix) detailing wet—dry variability of eastern and western Africa
during the last 620 ky—the time interval of the emergence of H.
sapiens in Africa and its subsequent out-of-Africa dispersal (Fig. 1
and SI Appendix, Table S1).

Today, the climate of tropical Africa is governed by convection,
with the seasonal migration of the tropical rain belt dictating the
pattern of precipitation (9). Changes in seasonal positioning of the
rain belt relate to insolation variability, with rainfall occurring in
northern/southern Africa during boreal/austral summer (14). In
addition, observational data suggest that the African climate is
highly sensitive to changes in the Walker circulation (WC), which
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is manifested via the El Nifio Southern Oscillation (ENSO) (15,
16; see SI Appendix for more details). ENSO originates from sea
surface temperature (SST) anomalies in the equatorial Pacific
Ocean, and these changes impact the atmospheric WC, which in
turn alters the location and strength of tropical convection cells
(Fig. 1) (17). Through this coupled ocean—atmosphere system,
ENSO events are propagated around the globe by Kelvin and
Rossby waves (16), eventually reaching the African continent
(see SI Appendix for more details). Here, changes in ENSO state
alter the east-west trending moisture gradient across Africa (18-20).
This leads to opposing dry and humid conditions between eastern
and western Africa so that, during La Nifa, eastern Africa experi-
ences drier conditions than western Africa and vice versa during El
Nino events. For instance, during El Nino years, eastern Africa ex-
periences positive precipitation anomalies of up to 60% (or 200 mm
per year) relative to the yearly precipitation budget during non—El
Nifio years, while western Africa experiences a 20 to 40% precipi-
tation reduction (21, 22). Besides these modern driving mechanisms,
spatiotemporal precipitation changes in Africa on much longer time
scales have also been attributed to changes in Atlantic meridional
overturning circulation, global atmospheric CO, concentrations
(pCOy), and/or the waning and waxing of global ice sheets (23-26).

Significance

Our results identify the prime driver of climate variation in
Africa’s low latitudes over the past 620 ky—the key time frame
for the evolution of our species. Warming and cooling of the
tropical Pacific Ocean paced by insolation changes modulated
the tropical Walker circulation, driving opposing wet-dry states
in eastern and western Africa. We show that the effects of
glacial/interglacial cycles were not the predominant source of
environmental change in most of the continent. Africa’s envi-
ronmental patchwork driven by low-latitude climate processes
should therefore be a critical component in conceptual models of
human evolution and early demography over the past 620 ky.
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Fig. 1. Suite of study sites and the global WC. (A) Location map of marine and terrestrial proxy records used for the reconstruction of African climate. Note that

the black dots associated with marine sites (small gray dots) are referred to their respective hinterland region. SAH = Ocean Drilling Program (ODP) Site 659;
LIB = ODP663; BOS = Lake Bosumtwi; CON = ODP Site 1075; NAM1 = GeoB1028-5; NAM2 = ODP Site 1082; LOM = MD96-2048; MAL = Lake Malawi; MAG = Lake
Magadi; CHB = Paleolake Chew Bahir; and MED = ODP Site 967. The full list of references and coordinates for all sites is provided in S/ Appendix, Table S1. Blue
dots mark marine sites used for the reconstruction of the WC (S/ Appendix, Table S2). (B) SST anomalies and resulting changes in tropical heating and convection
(related to WCQ) under El Nifio conditions (positive ENSO phase). (C) SST anomalies and resulting changes in tropical heating and convection (related to WQC)
under La Nifa conditions (negative ENSO phase). For more details on the effect of El Nifio/La Nifia on African precipitation, see S/ Appendix. Blue areas = cooling

relative to normal conditions; red areas = warming relative to normal conditions; and black arrows indicate transport direction.

However, the interplay of these various driving mechanisms on
orbital time scales and their pan-African impact on precipitation
remains ambiguous.

Results

Our study elucidates the spatiotemporal variability of the African
hydroclimate and its driving forces by providing a comprehensive
analysis of pan-African climate change during the last ~620 ky.
To parametrize pan-African climate variability, we performed a
piecewise principal component analysis (pwPCA; see Materials
and Methods for details) of the selected datasets (see Figs. 1 and 2)
to account for differences in temporal length of the records. The
resulting first principal component (PC1), capturing the maximum
variance of the data, accounts on average for 30% of the variance
observed in all the datasets and clearly depicts an east-west dipole
of the studied sites (Fig. 2B). Remaining principal components
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(PCs) account individually for less than 10% of the remaining
data variance. This suggests that the observed east—west dipole is
the predominant mode of signal variability on a pan-African scale
during the last ~620 ky. In detail, the eastern African sites (CHB,
MED, MAG, and LOM, reflecting the negative PC1 branch; Fig. 1)
oppose western African sites (SAH, BOS, LIB, CON, NAM1, and
NAM2, reflecting the positive PC1 branch; Fig. 1). MAL located in
southeastern Africa is weakly in phase with the western African sites.
Note here that the applied age model for MAL is one of several
possibilities. Please see SI Appendix for the PC1 comparison based
on different MAL age models.

The reconstructed pan-African climate variability, represented
by PCI, clearly depicts four phases during the last ~620 ky that
have been constrained by breakpoint analysis (Fig. 2C; see
Materials and Methods for details). Phase I lasts from ~620 to
~525 ky and is characterized by more humid conditions in eastern
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Fig. 2.

Pan-African climate variability during the last ~620 ky. (A) Orbital eccentricity (Left) and precession (Right) (59). (B) Average PC1 loadings derived from

the pwPCA. (C) PC1 derived from the pwPCA. n = number of datasets used in each iteration. (D) Comparison between PC1 and the SST gradient (ASST; red line)
between eastern Pacific Ocean Drilling Program (ODP) Site 806 (32) and western Pacific Ocean ODP Site 846 (33). Designation of El Nifio- and La Nifa-like
conditions follows ref. 30. Breakpoints and their error bounds of PC1 (black boxes), ENSO (red boxes), and Earth’s eccentricity (gray boxes) are marked.

Africa and more arid conditions in western Africa (i.e., PC1 shows
more negative values). This pattern reverses during the subsequent
Phase II between ~525 and ~279 ky, when above average humid
conditions prevail in western Africa, while eastern Africa experi-
ences more arid conditions (i.e., PC1 shows more positive values).
Notably, Phase II encompasses two subphases with a transition at
around ~400 ky. However, the median over the entire variability
of Phase II is significantly more positive in its PCA loadings than
Phases I and III. Based on this difference, we decided to group
both subphases into Phase II. During Phase III, between ~279 and
~128 ky, this relationship once again reverses with pronounced
humid conditions prevailing in eastern Africa and arid conditions
in western Africa. Late Phase III aligns, within the limitation of the
age uncertainties, with the well-documented wet phase associated
with the last interglacial (~129 to 119 ky) (12). During the last
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~128 ky (Phase IV), more humid conditions prevailed in western
Africa, in contrast to a drier eastern Africa.

Discussion

In order to decipher the mechanism behind the observed pan-
African moisture pattern, we first considered low-latitude insola-
tion changes as a strong contributor, given the well-documented
sensitivity of tropical climate to insolation changes (27). Thus, we
first compared the PC1 to precession and orbital eccentricity
variability for the studied time interval (Fig. 24). PC1 clearly fol-
lows the distinctive ~400 and ~100 ky beats of eccentricity, which is
further supported by the near synchronicity of the breakpoints
calculated from PCl1 and orbital eccentricity forcing (Fig. 2). This
coherent pattern suggests that on geological time scales, precipi-
tation changes in tropical Africa are in large part paced by inso-
lation changes (28). However, by itself, eccentricity only has a small
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net effect on the annual mean insolation (<0.5%). Instead, it
exerts a strong pull on the amplitude change of orbital precession
(29). The difference in precession amplitude can amount to ~10% of
the annual mean insolation (20). Changes in the annual insolation
budget, and thus increased/decreased regional convection above the
African continent, could potentially explain the difference between
northern and southern Africa, as it does today on seasonal time-
scales. However, it does not fully explain the east-west moisture
dipole apparent in PC1. To explain this conundrum, we thus require
an insolation-sensitive mechanism that generates zonal changes in
precipitation. We hypothesize that ENSO-like variability might be
the key to unravel this enigma. It has been demonstrated that ENSO
modulated Earth’s climate during the geological past (28, 29). Also,
it has been shown that ENSO variability is sensitive to insolation
changes (17), with high/low eccentricity (increased/decreased inso-
lation) aligning with El Nifio/La Nifia-like conditions (30). Finally,
modern ENSO-related modifications in the WC (31) result in a
westward/eastward shift of convection over Africa (15, 18).

To ground truth the potential role of ENSO-like fluctuations
for generating the observed zonal precipitation gradients, we
compared PC1 to the east-west SST gradient of the Pacific Ocean
(ASSTg6_g46; Fig. 2D) during the last ~620 ky (32, 33). A strong
positive ASST indicates a warmer west Pacific relative to a colder
east Pacific Ocean, similar to modern La Nina conditions. On the
other hand, a strongly reduced ASSTgys_s46 SUggESts @ warming in
the east Pacific Ocean and thus resembles modern El Nifo con-
ditions (30). The comparison shows a strong resemblance between
PC1 and ASSTgye_s46 throughout the last ~620 ky, which is further
supported by similar timed breakpoints in both records (Fig. 2).
This implies that the dominant climate signal follows a paleo-
ENSO beat, with contrasting effects in eastern and western Africa.
This suggests that traces of the hypothesized WC shifts induced by
ENSO variability during the last ~620 ky should also be preserved
in proxy records from the Atlantic and Indian Ocean. Indeed, the
analysis of the SST variability of Arabian Sea Ocean Drilling
Program (ODP) Site 722 clearly depicts a strong warming during
the proposed El Nifio-like condition of Phase III (33), in line with
our expectation (SI Appendix, Fig. S2). The simultaneous forma-
tion of the Atlantic cold tongue, as previously proposed, is also
visible in the SST cooling during Phase III of tropical Atlantic
Ocean site V30-40 (34). This provides further strong indication of
the sensitivity of the pan-African moisture budget to changes in the
WC during the last ~620 ky (SI Appendix, Fig. S2).

The results we present here provide a framework for under-
standing East-West contrasts in Africa’s climatic history on geo-
logical time scales, which has important implications for testing
hypotheses regarding human evolution and the dispersal of early
modern humans. For this, we have outlined the spatiotemporal
effects of ENSO-like variability during Phases II to IV, comprising
a full ~400 ky eccentricity cycle in Fig. 3. We find that during ec-
centricity minima and ensuing La Nifia-like conditions (i.e., Phases
IT and IV) regions of low topographic complexity (35) from the
Sahel to Namibia were preconditioned to wetter conditions (Fig. 3 D
and F). In contrast, eccentricity maxima, and thus El Nifio-like
conditions (i.e., Phase IIT), favored a moisture increase across the
topographically more complex and geographically smaller eastern
Africa (Fig. 3E) (35). Although our analysis does not allow for the
quantification of the observed relative humidity changes, these
paleoclimatic changes and their effects on terrestrial ecosystems are
likely to have impacted human dispersal and evolution. While the
association between climate and the human record is typically nei-
ther simple nor direct, key linkages can be identified through proxy
archives of vegetation changes, as well as the mammalian record
(36). In fact, our inferred paleo-ENSO-driven humidity changes
coincide with major changes in vegetation across the African conti-
nent during the last ~500 ky. At the available terrestrial, landscape
scale (i.e., tens of kilometers), pollen-based reconstructions of past
vegetation change at Lake Bosumtwi (western Africa) during the last
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~540 ky indicate oscillations between open forest and wooded
savanna during La Nina-like conditions (Phase IV and II) and
treeless savanna coinciding with El Nifio-like conditions (Phase
IIT) (37). The reverse is true for Lake Magadi (eastern Africa),
where abundant Afromontane and woodland elements dominate
during the El Nifio phase (Phase III) and the expansion of the
savanna during the La Nifia phases (Phase II and IV) (3). Addi-
tionally, marine pollen records, which integrate a vegetation signal
from a wide geographic area (i.e., hundreds of kilometers), suggest a
major perturbation on a pan-African scale at around ~128 ky (38).

The impact of the inferred paleo-ENSO-induced reorganiza-
tion of the African climate system and associated changes in veg-
etation likely also had a profound ecological impact on mammal
species across Africa. While the genetic diversity of many mammals
is known to strongly reflect ecoregion biogeographic history and
fragmentation, the driving factors for these community-wide pat-
terns of vicariance are usually assumed to relate to environmental
changes driven by climatic variability (39, 40). Interestingly, basal
divisions during the Middle to Late Pleistocene between taxa re-
peatedly followed an oblique divide between western—central Af-
rican populations and eastern—southern African populations that
corresponds well with the rainfall dipole in our conceptual model
(39-43). In addition, several studies attempting to constrain the
timing of divergence in African mammals suggest that splits are
out of phase with glacial-interglacial cycles and instead linked
population isolation and habitat fragmentation with pronounced,
insolation-driven oscillations between wet and dry conditions (41,
42). These time estimates for divergence correspond well with our
proposed climatic phases. For example, the transition between
Phase II and III, which saw the shift from wet to arid conditions in
western—central Africa, dovetails with a general radiation of gi-
raffe (Cervus camelopardalis), lion (Panthera leo), and hartebeest
(Alcelaphus buselaphus), particularly with estimated split times
between west/north and east/south clades (41, 42, 44). Addition-
ally, the transition from Phase III to IV, which featured the return
of wet/dry conditions in western—central/eastern—-southern Africa,
corresponds with successive branching and population increase
among giraffe, lion, and hartebeest in both regions (41, 42, 44).
Many other taxa exhibit similar patterns, including African buffalo
(Syncerus caffer), roan (Hippotragus equinus), waterbuck (Kobus
ellipsiprymnus), kob (Kobus kob), warthog (Phacochoerus africa-
nus), topi (Damaliscus lunatus jimela), and bushbuck (Tragelaphus
scriptus) (40, 41, 43, 45). Specifically, phylogenetic patterns indi-
cate the presence of refugial zones for savannah and grassland
species in western Africa, southern Africa, and a refugial mosaic/
suture zone in eastern Africa. These areas likely played a key role
in fragmenting savannah and grassland species during the alter-
nating periods of forest expansion associated with wetter condi-
tions in western—central Africa or eastern Africa (42, 43, 46-48).

Although no ancient African DNA from these time frames is
available for humans, it seems likely that hominin populations
have followed a similar pattern. Our findings are in fact consistent
with previous studies that have indicated that archaeological site
abundances in eastern Africa and elsewhere in tropical Africa are
both inversely related up to 60 ka and do not strongly align with
glacial-interglacial cycles (49). Increases in abundance seem to
correlate with periods of decreased humidity (e.g., between ~115
to 90 ka in tropical Africa), while decreases seem to correlate with
increased humidity (e.g., between ~110 to 95 ka in eastern Africa),
both of which fall within our Phase IV (49). The effects of the
reconstructed paleo-ENSO variability likely caused forest frag-
mentation in eastern and western Africa during dry phases, which
would have increased the size of ecotonal regions, that have long
been argued to represent resource rich and, therefore, preferred
habitats for hominins (49-51). Ecotonal areas may have provided
important zones of habitat stability and population growth during
the identified phases (Fig. 3) and, critically, are also linked to the
success of other African generalist mammals (40). These spatial
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Fig. 3. Pan-African climate variability relative to the fossil evidence for hominin evolution during the Middle and Late Pleistocene. A and B show the
Spearman correlation coefficients for the months October to April from years 1891 to 2016 of the NINO3.4 index and the Global Precipitation Climatology
Centre (V2018 land) precipitation data in a 0.5° grid. Positive correlation coefficients = humid conditions; negative correlation coefficients = arid conditions.
The spatial correlation shown is significant with P > 10%. Analysis and visualization can be found at the following: https://climexp.knmi.nl/start.cgi. C displays
the location of the study sites used for the reconstruction of pan-African climate variability. The full list of abbreviations, references, and coordinates for
all sites is provided in S/ Appendix, Table S1. D-F present the spatiotemporal distribution of moisture during Phases II, Ill, and IV, thus encompassing a full
~400-ky eccentricity cycle. The designation of humid/arid (blue/red) for each study site (circle) derives from the calculation of the proxy median for the respective
time slice relative to the reference median value of the entire data population across the last ~620 ky (see Materials and Methods for details; S| Appendix,
Table S3). The list of key hominin fossil sites traces are marked by black triangles (see S/ Appendix, Table S4 for references). Photographs in D are from Ryan

Somma/Wikimedia Commons. Photographs in E from the top, modified from ref. 60, are from Addis Ababa National Museum/Wikimedia Commons.

patterns may explain past population structures, reflecting deep
regional subdivisions that are likely to have been even more
pronounced in the Middle and Late Pleistocene (7, 8, 48, 52-54).

Conclusion

Our results highlight a tight correlation between moisture availability
in Africa and WC changes, most likely induced by paleo-ENSO
variability. This process causes a distinct east-west dipole, with hu-
mid condition on one side of Africa and arid conditions on the other.
We argue that the pacing of this low-latitude process governed
the dispersion and evolution of vegetation, as well as mammals,
in eastern and western Africa and likely also drove shifts in the
degree of structure, population density, and core habitation areas
of hominins. These results, therefore, provide a framework to test
a range of conceptual models regarding the multiregional rise and
subsequent dispersal of hominins (8), in which glacial-interglacial
cyclicity can no longer be uncritically invoked as the predominant
climatic driver.

Kaboth-Bahr et al.
Paleo-ENSO influence on African environments and early modern humans

Materials and Methods

pwPCA. PCA detects linear dependencies between variables and replaces groups
of linear correlated variables with new, uncorrelated variables referred to as the
PGs. Since the PC1 contains the highest variance and the PC2 the second highest
variance, the last PCs are ignored to reduce the dimensions of the data. The
principal component loadings (i.e., the coefficients of the linear combination of
the initial variables from which the principal components are constructed) can be
used to interpret the PCs and hence to identify (or display) dominant variability
patterns in time series. Prior to the application of the pwPCA, all datasets were
resampled at 1 ky resolution. All data were standardized to unit variance using
their individual mean and SD. Prior to standardization, we also log transformed
the datasets of CHB, LOM, SAH, BOS, LIB, CON, NAM1, and NAM2 (see S/ Ap-
pendix, Table S1 for acronyms) to account for outlier-induced data skewing and
thus more closely approximate a normal distribution for these datasets. For the
pWPCA, the entire dataset was separated into three timeframes, fitting to the
individual shortest dataset of each timeframe (Fig. 2). This leads to a decrease of
datasets and thus an increase of uncertainties with increasing time. PCA was
conducted using the built-in function princomp in R (55). Loadings and
explained variance of the PC1 was averaged over all time steps of the pwPCA.
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Breakpoint Analysis. The breakpoints derive from a fitting of a linear regression
model to the dataset, as implemented in the strucchange package in R (56). The
algorithm tests deviations from stability in a classical linear regression model,
with a preset of maximum m = 5 breakpoints. The integrated optimization
algorithm provides the optimized location of the breakpoints, as well as their
2.5 and 97.5% confidence intervals.

Median Calculation. To analyze long-term changes in the moisture of each in-
dividual site, we calculated the median over the full length of the respective
dataset as a cutoff value between humid and arid conditions. Subsequently, we
calculated the median for Phase Il to IV only, following the age designation of PC1
as stated in the main text, and compared it to the overall cutoff value. Following
the individual interpretation of the proxy records (S/ Appendix, Table S1), we
assigned each phase to overall humid or arid conditions. For MED and BOS cutoff,
values of 0 and 57 were already defined in the respective publication (57, 58).
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