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ABSTRACT

Eastern Africa and Arabia were major hominin hotspots and critical crossroads for migrating towards Asia during
the late Pleistocene. To decipher the role of spatiotemporal environmental change on human occupation and
migration patterns, we remeasured the marine core from Meteor Site KL 15 in the Gulf of Aden and reanalyzed its
data together with the aridity index from ICDP Site Chew Bahir in eastern Africa and the wet-dry index from ODP
Site 967 in the eastern Mediterranean Sea using linear and nonlinear time series analysis. These analyses show
major changes in the spatiotemporal paleoclimate dynamics at 400 and 150 ka BP (thousand years before 1950),
presumably driven by changes in the amplitude of the orbital eccentricity. From 400 to 150 ka BP, eastern Africa
and Arabia show synchronized wet-dry shifts, which changed drastically at 150 ka BP. After 150 ka BP, an overall
trend to dry climate states is observable, and the hydroclimate dynamics between eastern Africa and Arabia are
negatively correlated. Those spatio-temporal variations and interrelationships of climate potentially influenced
the availability of spatial links for human expansion along those vertices. We observe positively correlated
network links during the supposed out-of-Africa migration phases of H. sapiens. Furthermore, our data do not
suggest hominin occupation phases during specific time intervals of humid or stable climates but provide evi-
dence of the so far underestimated potential role of climate predictability as an important factor of hominin
ecological competitiveness.

1. Introduction

2020), southern Africa (Chan et al., 2019) and more recently Arabia
(Groucutt et al., 2021; Bretzke et al., 2022) initiated a lively discussion

For several decades, eastern Africa was considered the origin of
H. sapiens, documented by the oldest fossil finds from Omo Kibish (233
+ 22 ka BP, McDougall et al., 2005; Vidal et al., 2022) and Herto
(160-154 ka BP, White et al., 2003), from where our direct ancestors are
thought to have spread across the rest of the continent and beyond.
However, recent finds of human fossils, related stone tools and in several
parts of Africa between roughly 315 and 75 ka ago, i.e., northwest Africa
at Jebel Irhoud (Hublin et al., 2017), eastern Africa (Roberts et al.,
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on a pan African structured population model of the origin, evolution,
and spread of H. sapiens (Scerri et al., 2018, 2019; Bergstrom et al.,
2021).

The Arabian peninsula is hereby a key region of hominin expansion,
occupation, and a major network vertex (occupation hotspot) that
connected African and Eurasian hominin groups during less arid phases
of the late Pleistocene (Gebregiorgis et al., 2021). This region may have
been the primary crossroad for the hominin out of Africa dispersal by
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either the northern route, the Nile-Levantine corridor (Breeze et al.,
2016), or the southern route, the Strait of Bab-al-Mandab (Armitage
etal., 2011). At times, windows of opportunity (Rosenberg et al., 2011; Ao
et al., 2024) with favorable conditions may have enabled demographic
expansion, occupation, and the activation of Arabia as a hominin hot-
spot and African-Eurasian crossroad (Parton et al., 2015; Beyer et al.,
2021; Scerri et al., 2021). Nevertheless, in the context of expansion and
migratory movements, the debate continues as to whether it was more
humid (e.g., Trauth et al., 2005; Castaneda et al., 2009; Asrat et al.,
2018) or dry conditions (e.g., Carto et al., 2009; Stewart and Fenberg,
2018), or a spatio-temporal complex pattern of both (e.g., Trauth et al.,
2010; Timmermann and Friedrich, 2016; Tierney et al., 2017;
Kaboth-Bahr et al., 2021; Schaebitz et al., 2021; Foerster et al., 2022),
that favored human mobilization and expansion.

The causes of climate change in eastern Africa including the spatio-
temporal differences are largely understood. In this context, it is
considered certain that solar radiation in the lower latitudes controls the
intensity of the African-Asian monsoon on orbital time scales (Trauth
et al., 2003; Kutzbach et al., 2020). This fundamental mechanism is
superimposed by the influence of sea-surface temperatures (and their El
Nino-Southern Oscillation and Indian Ocean Dipole related anomalies)
of the neighboring oceans (e.g., Kaboth-Bahr et al., 2021; Palmer et al.,
2023). The importance of atmospheric greenhouse gas concentrations
and, even more, the influence of northern ice sheets, however, is
passionately debated (e.g., Otto-Bliesner et al., 2014; Beck et al., 2018;
Kutzbach et al., 2020; Trauth et al., 2021a; Gosling et al., 2022). Here,
well-known connections between external forcing and regional vs. local
response of environmental conditions still encounter a distinct
Amero-Eurocentric perspective of glacial-interglacial forcing of low
latitude climate with respective windows of opportunity for human
occupation (Bretzke et al., 2022).

Whatever the causes, the currently available climate data suggest
that favorable living conditions for humans did not prevail concurrently
(e.g., Nicholson et al., 2020; Foerster et al., 2022; Trauth et al., 2021b;
Kaboth-Bahr et al., 2021). A predominantly linear response of regional
climate to orbital forcing is modulated by nonlinear vegetation feedback
(Claussen and Gayler, 1997;Fischer et al., 2021), an amplification effect
due to the local topography (Trauth et al., 2010), orographic vegetation
displacement (Coetzee, 1964), and nonlinear states of atmospheric cir-
culation (Palmer et al., 2023). A lack of chronologically continuous and
well-resolved paleoclimate records of Arabia and, until recently, of
eastern Africa has led to a gap in profound paleoclimate dynamic
comparisons between these major hominin sub-regions. For instance,
the unstable political situation in the region, namely widespread piracy
in the Arabian Sea, the Red Sea, and the Gulf of Aden, has largely pre-
vented deep-sea drilling over the past three decades. Therefore, paleo-
climate research in the region is largely based on old core material from
the 1970s and 1980s.

Here we present new data and analyses of such a core from the Gulf
of Aden, the R/V Meteor core KL 15 collected in 1987, compared with
the lacustrine record of eastern African climate from ICDP Site Chew
Bahir (Foerster et al., 2022) and the northern African wetness index
from ODP Site 967 (e.g., Grant et al., 2017) (Fig. 1). First, these three
records are analyzed for correlation on orbital and millennial time scales
to test the null hypothesis that changes have the same temporal sign and
a similar magnitude. We then analyze all these records for prominent
environmental shifts and changes in the style of variability as possible
influences on human evolution, dispersal, and migration. Furthermore,
we examine the nonlinear dynamics with the help of recurrence plots
(RPs) and recurrence quantification analysis (RQA) (Marwan et al.,
2007, 2021). Here, linear correlations help to evaluate the possible ex-
istence of network edges (or hominin expansion pathways), linking
eastern Africa with the northern African and Arabian hominin occupa-
tion hotspots, respectively, vertices of the network. Additionally,
nonlinear recurrence analysis helps to understand what environmental
opportunities or stimuli humans in the studied areas were exposed to,
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Fig. 1. Map of the study area with location of the records, important
geographical and anthropological sites: ODP Site 967 (Grant et al., 2017), ICDP
Site Chew Bahir (e.g., Foerster et al., 2022), Meteor Site KL 15 (this study), Omo
1 and 2 fossils (McDougall et al., 2005; Vidal et al., 2022), Herto (White et al.,
2003), KAM4 and Jevel Umm Sanman (Groucutt et al., 2021), Jebel Faya
(Bretzke et al., 2022), Gademotta (Sahle et al., 2014).

and either had to adapt to or escape from. Together with the recent
findings of the Hominin Stes and Paleolakes Drilling Project (HSPDP,
Cohen et al., 2016), during which several cores were collected from
paleolakes (including the paleolake Chew Bahir) in proximity of known
hominin fossil sites in the East African Rift System (EARS), the Green
Arabia project (Lawler, 2014; Petraglia et al., 2015), this study provides
the first high-resolution study along the African-Eurasian crossroad
during the time of the emergence and dispersal of H. sapiens.

2. Setting and treatment of the new paleoclimate archive KL 15

The marine core KL 15 was drilled in 1987 during R/V Meteor cruise
5/2 at station 259 (12.85738°N, 47.41707°E) in the Gulf of Aden (which
connects the Indian Ocean with the Red Sea) from a water depth of 1636
m (Nellen et al., 1996). The wind regime in the northwestern Indian
Ocean is governed by a biannual reversal due to the monsoonal winds
with SW monsoon winds from May to October and the NE winds during
boreal winter. However, the Gulf of Aden’s landlocked position puts it
off the SW monsoon (Almogi-Labina et al., 2000). During boreal sum-
mer, Shamal winds with dust outbreaks occur. The drill site is located 80
km offshore Yemen, where no major rivers flowing into the sea.

The piston corer of 200 mm diameter initially recovered a total
length of 22.12 m. The unfavorable storage conditions, which led to the
core material almost completely drying out, made sampling difficult.
The core was therefore first carefully moistened to soften the sediment
before the samples were taken. The archive half was shrink-wrapped in
film tubes, sealed, and slowly soaked with demineralized water. After
three to four days, excess water was carefully removed. The uppermost
sediment layer was then scraped with a spatula to remove possible
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mingling during watering. After this procedure, the surface of the
archive half revealed the original sedimentary structures, and, apart
from shrinking, there was no evidence of disturbances compared to the
original core photos. Subsequently, the sediment was transferred to U-
channels for further analysis.

Age control was provided by AMS 'C dating for the upper 3 m of the
core and stable oxygen isotopes for the lower 19 m of the core. 21 AMS
14C analyses were conducted at the Institute of Ion Beam Physics at ETH
Ziirich. Specimens of planktonic foraminifera species G. ruber were
picked from the >300 pm fraction, carefully cracked to open chambers,
and cleaned ultrasonically in highly purified water. After cleaning for
30 s, the samples were rinsed and dried in an oven at 40 °C. Radiocarbon
years were calibrated to calendar years using the MARINE13 calibration
curve (Reimer et al., 2013). Marine reservoir correction of AR = 187
years was calculated from the weighted mean of the eight closest sta-
tions of published reservoir ages (Cember, 1988; Southon et al., 2002).
One outlier was identified from 21 AMS 'C ages, showing an age
reversal, possibly due to bioturbation (see Fig. S1). The lower 19 m of
the core were dated by tuning 243 samples of the 580 record of G. ruber
from Almogi-Labina et al. (2000) to the LR04 benthic stack (Lisiecki and
Raymo, 2005). A standard age-depth model based on 21 AMS “C ages
and 243 stable oxygen isotope ages was constructed using a smooth
spline regression with the R package Clam (Blaauw, 2010). Here, we
used the one-sigma errors of the radiocarbon samples as provided by the
AMS lab and a +2 ka error for 5'80 tuning according to Lisiecki and
Raymo (2005).

Loss of the original pore water led to the shrinking of the sediment.
Shrinking was mainly at the top and base of the respective sections,
while the middle of sections rarely show cracks. A new depth was
measured from top to bottom without gaps to obtain a continuous depth
scale. The resulting discrepancy of new depth positions of the lower 19
m of the core relative to their original position in the core was correlated
using original full-scale core photographs acquired before shrinking.
Each sample position for isotope analysis was referenced using the
working half and transferred to the new composite depth. Isotope
analysis samples were taken approximately every 8 cm. In total,
shrinking led to a shortening of 45 cm length (corresponding to ~2% of
the original length) or approximately 2 cm for each section on average.
XRF scanning was conducted on U-channels with a 10 mm resolution
using the Avvatech XRF Core Scanner III (Serial No. 12) at MARUM
(Bremen, Germany) with a slit size of 10 mm down-core and 12 mm
cross-core. A first run with 30 kV/0.6 mA and 7 s count time with a lead
(thick) filter was measured for bromine, rubidium, strontium, and zir-
conium. A second run at 10 kV/0.04 mA and 7 s count time with no filter
was measured for aluminum, silicon, sulfur, potassium, calcium, tita-
nium, and iron. The sediment surface was covered with a 4 pm thick
SPEXCerti Prep Ultralenel foil to avoid contamination of the XRF
measurement unit and desiccation of the sediment. All data were
inspected, and outliers associated with cracks or uneven sediment sur-
faces were marked using quality flags (Fig. S2).

3. Setting and data of established paleoclimate archives

The ICDP Site Chew Bahir (CHB) composite core HSPDP-CHB14-2
was collected as part of the HSPDP during deep drilling campaigns in
the EARS in 2013-2014 (Cohen et al., 2016), providing two 280 m long
cores with a composite depth of ~293 m from the Chew Bahir playa lake
in southern Ethiopia (4.76125°N, 36.77278°E). The ~293 m long
composite core was dated using radiocarbon, 40Ar/*°Ar, and optically
stimulated luminescence combined with geochemical correlation to a
known-age tephra, and the Bayesian age-depth model developed using
these ages gave an age of ~620 ka (Roberts et al., 2021). The sedi-
mentary record shows alternations of blue-green facies due to anoxic
conditions and a second facies that is characterized by light brown and
reddish-brown silts. The hydroclimate within the catchment is docu-
mented by the potassium (K) content of the sediment, measured by X-ray
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fluorescence core scanning (Foerster et al., 2012). During dry climates
and associated increasing lake- and porewater alkalinity and salinity,
the K concentration in the sediment increases as a result of an authigenic
transformation of smectites to illites (Foerster et al., 2018; Gebregiorgis
et al., 2021). Therefore, the K concentrations in the sediment are a
sensitive  aridity = indicator = mainly  controlled by  the
paleo-hydrochemistry of the lake (Foerster et al., 2022). A new com-
posite age model based on the Chew Bahir short core data (Foerster
et al., 2012) for the uppermost part, the Bayesian age model of the
HSPDP-CHB14-2 core for the middle section (Roberts et al., 2021) and a
tuned age model for the lowermost section of the same long core, the
~293 m composite core shows an average sedimentation rate of 0.5 m
per ka (Trauth et al., in review).

The marine core at ODP Site 967 at 34.068°N and 32.725°E, located
in the eastern Mediterranean, northern Eratosthenes Seamount, at a
water depth of 2252 m, was obtained during ODP Leg 160 (Emeis et al.,
1996). The record has a length of approximately 90 m with sediments
from the Pliocene to the Holocene. The sediment consists of hemipelagic
bioturbated nannofossil oozes and nannofossil clays, including 79 sap-
ropels and several thin turbid layers (Larrasoana et al., 2003). We used
the wetness index from Grant et al. (2017) as a record of wetness in the
source regions of Saharan and northern African dust and, beyond this, as
a record of the influx of the river Nile since the wetness index is a
measure that combines both runoff and dust signals. This wetness index
is based on a newly calibrated XRF dataset and its combined first and
second principal components representing detrital input and a sapropel
signal. This allows observing the effects of both the expansion and
intensification of the northern and northeastern African monsoon
(manifested as increased runoff) and its retreat and weakening (man-
ifested as increased dust) (Grant et al., 2017).

4. Data analysis methods

The XRF data set of the KL 15 core includes 2167 data points with a
resolution of one mm, corresponding to 546,000 years. We carefully
preprocessed the data before we tested for correlation with the neigh-
boring data sets from eastern Africa and the eastern Mediterranean using
linear and nonlinear methods. One of the preparations (and preliminary
considerations) concerns possible dilution effects (so-called closed sum
effects) typical for compositional data. This effect describes that each
possible combination of all existing n elements of the XRF dataset (e.g.,
potassium, iron, titanium, calcium, and others) forms the simplex of the
n-dimensional data space. Each measure is located on that simplex,
leading to dependent measurements due to the dilution effect.

Such dilution effects are certainly to be expected in the marine core
KL 15, as the high content of calcium in particular leads to an apparent
negative correlation between carbonate and all other elements. One
technique to overcome the problems due to the nature of compositional
data is the log-ratio transformation (Aitchison, 1982). The logarithm of a
simple (and symmetric) ratio between two components (element counts)
is a straightforward type of transformation. Here, the transformed data
inherits the dynamics of the two elements forming the ratios but discards
the dissolution effects of the other n-2 components. This reduced data set
allows the analysis of temporal system-inherent patterns if
well-correlated projections of the underlying climate process on the
proxies have been identified.

In contrast to core KL 15, such dilution effects are not to be expected
with the composite core from ICDP Site Chew Bahir, as no element
(especially not calcium) reaches concentrations such that it could dilute
other elements. Nevertheless, log-ratios were used in some studies (e.g.,
log(K/Zr) in Schaebitz et al., 2021), even if this was not absolutely
necessary, and in the case of the more stochastic Zr concentrations it
may even have an unfavorable effect on the signal-to-noise ratio of the
signal. For this reason, log-ratios were avoided in studies in which the
application of sophisticated statistical methods were in focus (e.g., in
Trauth et al., 2021b), as it is the case in the present study.
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To understand what processes lead to the chemical composition of
the sediment mapped in the XRF dataset and to find a suitable proxy of
the Arabian Peninsulas hydroclimate, we used a pairwise Euclidian
distance matrix, created a hierarchical cluster tree, and presented it in a
dendrogram (Fig. 2). Low values between pairs of observations
(elemental counts) of this symmetrical matrix indicate a low distance
within the n-dimensional data space and, hence, a proposed processual
link. The hierarchical cluster tree is calculated using the Ward method
(Ward, 1963) and agglomerates the distances hierarchically. Based on
this dataset exploration, we compared log(Ca/Ti) and log(Ti/Al) with
the grain size data from core KL 15 from Fleitmann (1997) to identify a
proxy for the Arabian Peninsula’s hydroclimate. We then correlate this
proxy record with those from the other two sites, ODP Site 967 and ICDP
Site Chew Babhir, to decipher regional from supra-regional and global
signals, facilitating an understanding of the spatio-temporal variation of
environmental change and its causes. The Spearman rank correlation
coefficient (Spearman, 1904) is a simple non-parametric method to es-
timate the correlation between pairs of observations, e.g., time series.
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We use the Spearman coefficient with a window size of 50 ka (to avoid
aliasing effects) to analyze the pairwise cross-correlation between the
three records representing the eastern African, Nile-Mediterranean, and
Arabian hydroclimate.

Besides the correlation of the climate proxies using correlation
techniques, the temporal dynamic of the system with its state variables
(i.e., the interacting components such as wind, precipitation, tempera-
ture, vegetation, and others) is of interest, as it may capture the system’s
inherent mechanisms (Trauth et al., 2021b). The phase space of the
system’s state variables can be reconstructed using the proxy-based
one-dimensional projection of the original phase space. This recon-
struction is done by time delay embedding (Packard et al., 1980), which
unfolds the phase space portrait, as explained in detail by Marwan et al.
(2007) and Trauth et al. (2019, 2021). By principle, a single proxy (such
as log(Ti/Al) or K counts) that represents a mixed signal of the hydro-
climate is used to reconstruct continuously the relative proportions (the
so-called phase space) in between the original state variables (e.g., wind,
precipitation, temperature, vegetation). Analyzing the phase space
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portrait is done by visual inspection of the resulting recurrence plot (RP)
together with a recurrence quantification analysis (RQA), foremost
using the measures recurrence rate (RR) and determinism (DET) (Mar-
wan et al., 2007; Trauth et al., 2019). Hereby, an RP is a binary matrix
based on the thresholded comparison of the (for example) Euclidian
distance between the reconstructed phase space states.

A visual inspection of occurring patterns may allow inferences
regarding the system’s inherent mechanisms, e.g., cyclic, static, or sto-
chastic, and regarding significant transitions and other discontinuities
within those climate dynamics (Trauth et al., 2019). RR and DET are
calculated using windowed sections of the RP. Herein, RR, as the pro-
portion of recurring states in relation to all states within a given window,
describes the probability of recurring states (Trauth et al., 2021b). DET
is the proportion of recurring states forming diagonal lines out of all
recurring states, describing (but without actually claiming) the pre-
dictability of the system, as diagonal lines in an RP mark episodes with
cyclic (but not necessarily sinusoidal) behavior. RR and DET provide
complementary information about the underlying system dynamics,
with high values characterizing a recurrent and deterministic system. In
contrast, low values indicate a more stochastic system, meaning no or
less recurring of states and non-predictable dynamics. We first chose the
most suitable embedding parameters to calculate the RP, as explained in
Marwan et al. (2021) and Trauth et al. (2019, 2021). Here, we use the
parameters m = 5 and T = 10, which equals a time of 1 ka at a given
temporal resolution of 100 years. We then calculate the RP and their
respective RR and DET of the three records for a sliding window of 50 ka
(again to avoid aliasing effects with the precession). Finally, we compare
major climate phases (based on the linear and non-linear time series
analysis) with milestones in human evolution, migration, and in-
novations to draw conclusions and to postulate ideas about the
spatio-temporal shifts in climate between our three sites and how they
could have influenced human livelihood.

5. Data analysis results

In this study, we have examined the cores of three sites. The (Meteor
Site KL 15 is examined by us, the records of the ICDP Site Chew Bahir
have been extensively published, but we have re-examined the pub-
lished data for this study. We also re-examined the published records of
the ODP Site 967 (Grant et al., 2017).

The marine core from Meteor Site KL 15 covers the past 546 ka with
an average sedimentation rate of ~4 cm/ka based on our updated age
model. The dendrogram of the pairwise Euclidian distances of the XRF
dataset reveals three major groups (Fig. 2): The first group includes the
subgroup of aluminum and silicon, potassium, iron and titanium, zir-
conium, and rubidium. The second group is strontium and calcium, and
the third group, with the highest Euclidian distance to the rest of the
dataset, includes only bromine. Bromine shows a weak correlation with
atmospheric COy from EPICA (Bereiter et al., 2015). The log-ratio of
calcium and titanium is negatively correlated with the coarse silt and
positively correlated with the fine silt. The log-ratio of titanium and
aluminum shows the same tendency as the median grain size but with
higher variability.

Sediment composition at Meteor Site KL 15 is predominantly
controlled by carbonate, as suggested by the high carbonate contents of
ca. 56% on average and their variability of 45 to 65% (Stein et al., 2007).
Furthermore, heavy minerals and organic matter contribute signifi-
cantly to the composition, grain size distribution, and overall character
of the sediment. These three groups (carbonates, heavy minerals and
organic materials) are clearly visible in the dendrogram of the Euclidian
distance. Bromine, representing the third and smallest group, is inter-
preted as a productivity proxy (e.g., Ziegler et al., 2008). The correlation
with the EPICA atmospheric CO; in sections emphasizes the sensitivity
of the marine environment of the Gulf of Aden to variations in green-
house gas concentrations. The loss of this correlation in some sections
may indicate another factor, for instance, the effect of the northeastern
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winter monsoon (Almogi-Labina et al., 2000).

Using the correlations of titanium and calcium with grain size,
however, either as raw counts or in log-ratios with other elements to
correct Ti counts for the dilution by Ca in terms of an Aitchison log-ratio
transformation, it becomes clear that Ca is mainly present in the fine silt
fraction, while titanium is mainly found in coarse silt. Presumably,
foraminifera shells are by far the most important carrier of the Ca signal,
although lateral displacement of the shells by deep water currents and
the associated grain size sorting can distort the primary signal (McCave
and Hall, 2006; Mesa-Fernandez et al., 2022). Since Ti is primarily found
in coarse silt, typically the grain size of wind-blown terrigenous detritus,
we hypothesize dust transport is the dominant process behind the Ti
signal (Fleitmann, 1997; Nicholson et al., 2020). We hence use Ti, in a
log-ratio with aluminum (Al) to correct for dilution effects due to Ca, as
a proxy for aeolian input and, hence, as an aridity index, which is further
supported by the fact that both are part of the major subgroups of the
terrigenous input within the Euclidian distance dendrogram (Fig. 2),
whereby aluminum is allocated close to silicon and titanium close to
iron (e.g., Calvert and Pedersen, 2007; Jimenez-Espejo et al., 2008;
Konijnendijk et al., 2014, Ehrmann et al., 2024).

Testing for correlation of the KL 15 aridity index with the Chew Bahir
aridity index, we find positive correlations between 400 and 150 ka BP
(Fig. 3). After ~150 ka, we find a negative correlation. Still, a significant
gap due to core loss in the Chew Bahir record reduces the statement’s
reliability for the middle part of this interval. Correlating the KL 15
record with the ODP Site 967 record is hampered by the low sedimen-
tation rate of 2—-4 cm/ka in the eastern Mediterranean Sea (Grant et al.,
2017). The wetness index from ODP Site 967 shows much less sub-
millennial variability than the records of KL 15 or Chew Bahir,
possibly due to climate signals modulated by a combined effect of a
larger distance to a huge catchment area with low relief and different
climatic influences, some of which cancel each other out. Correlations
with the other records occur in episodes, both positive to KL 15 and
Chew Bahir between ~400 and 150 ka, and either positive or negative
correlations occur before and after this time interval.

The analysis of RPs, showing both similarities and differences be-
tween the three sites, helps us to understand the climate dynamics in
northeastern Africa and Arabia (Fig. 4). Particularly striking is a major
shift in the RPs of all three records at ~400 ka, whereby the character of
this transition differs greatly from all other shifts in the RP due to the
occurrence of different, mostly blocky structures before and after it.
Secondly, the fragmented nature of the RPs of ODP Site 967 and Chew
Bahir is obvious, in contrast to the RP of KL 15. In the RPs of ODP Site
967 and Chew Bahir, major transitions separate two distinct blocky
structures not present in the RP of KL 15. Third, the RPs of Chew Bahir
and ODP Site 967 show distinct shifts at ~130 ka, whereas the RP of KL
15 shows a similar transition at ~70 ka. For the time period between
~150 and 50 ka, the RPs contain similar features, with a blocky struc-
ture in the RP of ODP Site 967, a two-part blocky structure with
millennial-scale cyclicities in the RP of Chew Bahir, and a relatively
unstructured first half and a blocky second half of the RP of KL 15.

RQA helps with a deeper understanding of the structures of the RPs,
in our example, by using the RQA measures DET and RR. Before ~400
ka, ODP Site 967 shows a higher DET than in the epochs later and
recurring diagonal lines at intervals of a few millennia, indicating an
oscillating, and thus predictable, climate on this time scale. In contrast,
the RP of Chew Bahir indicates relatively stable phases, separated by
abrupt shifts on precession time scales. KL 15 has short periods of
oscillating climate before ~400 ka BP with a similar precession cyclicity.
Here, the ~400 ka BP transition is less pronounced, marked by a change
in the frequency of recurring events and a generally high DET. In
contrast, the RP of Chew Bahir shows a shift with a decrease in DET that
is followed by a period from ~400 to 350 ka BP with a higher RR. At
ODP Site 967, the highly deterministic time ends at the ~400 ka BP
transition, followed by ~150 ka BP with a low DET. Chew Bahir has
periods of increased RR from ~400 to ~350 ka BP and, then again, at
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Fig. 3. Time series of the analyzed records with (from top to bottom) marine isotope stages (Railsback et al., 2015), LR04 benthic stack (Lisiecki and Raymo, 2005),
eccentricity with labeled minima and respective shaded background (Laskar et al., 2004), precession and boreal summer insolation at 30°N (Laskar et al., 2004), ODP
Site 967 wetness index (Grant et al., 2017), Meteor Site KL 15 aridity index based on log(Ti/Al) (this study), ICDP Site Chew Bahir aridity index based on K counts
(this study), equatorial spring and autumn insolation (Laskar et al., 2004), ODP Site 722 sea surface temperature reconstructions (Herbert et al., 2010), Epica COgz atm
concentrations (Bereiter et al., 2015), and cross-correlations with a 50 ka window between records from ODP Site 967 and ICDP Site Chew Bahir, Meteor Site KL 15
and ODP Site 967, and Meteor Site KL 15 and ICDP Site Chew Bahir (this study). Blue, orange, and purple bars mark time sections of relevant changes in the
determinism (Fig. 04). Red arrow, green curve, and red/green dashed line mark major time sections of relevant correlations between the records from Meteor Site KL
15 and ICDP Site Chew Bahir. (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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and the determinism is 500 data points or 50 ka.

~250 and ~180 ka BP.

The climate shifts between recurring diagonal lines with millennial
spacing (e.g., KL 15) and more prominent blocks with distinct shifts in
the RP of Chew Bahir. Following the ~250 ka BP transition, as visible in
the RPs, all three sites show increasing recurrences, as indicated by the
occurrence of distinct diagonal lines in their respective RPs. Hereby, KL
15 has the highest frequency (lowest distance between the diagonal
lines) and shows multiple separated blocks with similar internal struc-
tures. Chew Bahir has a long-lasting time of consistent recurring patterns
that ends at around ~130 ka BP. The DET of ODP Site 967 increases after
~250 ka BP and is then disrupted at ~200, ~160, and ~100 ka BP.
Chew Bahir has high DET (compared to the time before and after) from
~300 to ~200 ka BP and then again, for a short period of time, at around
120 ka BP. The low DET in the RP of Chew Bahir between ~100 and ~50
ka BP is accompanied by increased DET in the RP of KL 15 and, with time
delay, in the RP of ODP 967.

6. Discussion

Using the newly established hydroclimate proxy from Meteor core KL
15, we correlated three key archives to reconstruct environmental

changes during the past ~550 ka. The three sites are lined up in pairs
along two possible expansion trajectories of H. sapiens (e.g., Armitage
et al., 2011). When comparing the environmental conditions along this
S-N axis (ICDP Site Chew Bahir, ODP Site 967) and NE-SW axis (ICDP
Site Chew Bahir, Meteor Site KL 15), our null hypothesis is that changes
have the same sign and a similar magnitude, which would be expressed
in a positive correlation and similar dynamics in the RQA measures of
the respective RPs (Figs. 3 and 4). Such synchronization is plausible
because of the regional climate’s response to orbitally controlled solar
radiation, which is latitude-dependent. Differences in the magnitude
and sign may occur, especially along the ~3300 km long N-S axis be-
tween ICDP Site Chew Bahir and ODP Site 967. It has been shown that
the local solar radiation is of greater influence at times of maximum
eccentricity. In contrast, at times of low eccentricity, the boreal summer
insolation dominates (e.g., Trauth et al., 2003; Clement et al., 2004;
Kutzbach et al., 2020). This happened most recently during the ~10 ka
BP boreal summer insolation maximum in the current phase of low ec-
centricity, when hydroclimate had changed in northern Africa in phase
on orbital (but not shorter) time Scales (Kutzbach and Street-Perrott,
1985; Pausata et al., 2020). Together with strong positive vegetation
feedback, this constellation led to the last Green Sahara Phase, when
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today’s arid to hyper-arid Sahara was widely populated by humans
living along extensive systems of rivers and lakes (e.g., Kuper and
Kropelin, 2006; Drake et al., 2011).

The direct correlation between hydroclimate proxies from different
sedimentary records inherits uncertainties and potential failures due to
the nature of paleoenvironmental research. Among a wide range of
factors such as site-specific proxy processes and different scaling, this
includes (1) limited sample sizes of usually only a few cm2, and (2) age
models that are based either on direct ages or tuned proxies. While the
first problem can be potentially countered by an increase in sample sizes
(limited by funding or the number of parallel investigated destructive
proxies), the latter can be tested using different solutions of the age-
depth relation. Here, we compare three archives: two from a marine
environment with tuned age models and one from a terrestrial fluvio-
lacustrine archive with a directly dated Bayesian age model. The
terrestrial archive, ICDP site Chew Babhir, has a two-sigma range of ca. 40
ka, especially for the section between 75 and 234 m core depth.
Therefore, parallel to this study, we developed a new tuned age model
(Trauth et al., in review) to acknowledge the variety of sedimentation
rates due to the nature of a fluctuating lake environment at the Chew
Bahir basin and used this tuned age model for comparison. As shown in
Fig. S5, the complementary solution for the correlation experiment does
show the same overall correlation pattern. Still, the precession-scaled
hydroclimate variability is in parts off-phase to the record from the KL
15 site.

Examining the pairwise correlation of the three sites, a predomi-
nantly positive correlation between ICDP Site Chew Bahir and Meteor
Site KL 15 is noticeable in the period between ~400 and ~150 ka BP
(Fig. 3). These correlations are most prominent in times of high eccen-
tricity — and thus a dominance of regional-seasonal vs. Boreal summer
insolation. As the two sites are only 8 degrees of latitude apart from each
other, this is not surprising. The resulting temporal difference between
the local insolation maxima at times of solar zenith is thus only ca. 2 ka
and thus shorter than the time scales considered here. The relationship
between these sites and ODP Site 967 is more complex. Although, within
the uncertainties of the respective age models, there are indeed simi-
larities in the long-scale variations, but the obviously much more muted
response of the site to influences shorter than eccentricity leads to an
alternation of positive and negative correlations with the other sites. As
the southern sites are largely synchronized between ~400 and ~150 ka
BP, the correlation of ODP Site 967 with these sites shows some simi-
larities, as expected.

There are alternative explanations for the evolution of the wetness
index of ODP Site 967. It should be noted that this index integrates over
several latitudes from the equator across the eastern Sahara to the Nile
delta: it is a moisture index of northern Africa, quite different from the
other two sites with comparatively smaller climate signal integration.
This could be the reason for the smooth curve, which is expressed in a
strong time-scale dependent correlation with the detailed curves from
the southern sites. However, looking beyond the orbital forcing, we find
a good match between ODP Site 967’s wetness index and the atmo-
spheric CO, concentration (CO2 am): it is wet in northern Africa when
CO2,atm is high. This is what we expect since CO2 am is one of the main
factors influencing vegetation (and therefore also, along with humidity,
a green Sahara). The strong vegetation feedback amplifies the effect, so
the increase in vegetation cover shifts the climate towards even wetter
conditions (Otto-Bliesner et al., 2014; Kutzbach et al., 2020). Supposing
this interpretation of the different sites and the corresponding proxies is
correct, the ICDP Site Chew Bahir and Meteor Site KL 15 reflect the
conditions at possible destination areas and major network vertices of
hominin expansion and occupation. ODP Site 967, on the other hand,
integrates the conditions on the way north and the possible destination
area of expansion there.

The good agreement between the southern sites between ~400 and
~150 ka BP is absent in the period earlier than ~400 ka BP when there
is no simple pattern, with partly opposing trends in humidity. Positive
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correlations occur, but often only for a short time of a few millennia, and
are doubtful due to the increasing uncertainty in the age models as core
depth increases. A possible reason could be the low eccentricity and,
thus, the low amplitude of the precession, which reduces the role of the
local orbitally driven insolation on the water cycle (Trauth et al., 2003).
Instead, in ODP Site 967, as thereafter, an influence of CO2 4m may play
some role, while there are interesting correlations of the southern sites
with Indian Ocean surface water temperatures. Some of the rapid
dry-to-wet transitions there, e.g., at ~420 ka BP, could be due to a rapid
increase in sea-surface temperatures (SSTs, Herbert et al., 2010),
although this correlation may well be a coincidence, and this interpre-
tation is more speculative. However, should these differences between
sites be real, they are certainly important factors affecting the expansion
of humans, for example, when there are opposing trends such as be-
tween Chew Bahir (towards drier conditions) and KL 15 (wetter condi-
tions) before ~470 ka BP, as clearly indicated by the pronounced
negative correlation in our results.

The importance of the ~400 ka BP transition is supported by the
nonlinear analysis of the climate system, as it is clearly visible in the RPs
(Fig. 4). The regime in the more northern-located sites (ODP Site 967
and Meteor Site KL 15) shifts from a deterministic behavior to more
erratic blocks, which represents a less deterministic and less recurrent
climate dynamic. In contrast, ICDP Site Chew Bahir changes from a less
deterministic (~430 to ~400 ka BP) to a more deterministic, highly
recurrent, and, in this case (but not necessarily), also more stable (~400
to ~350 ka BP) hydroclimate pattern. Though speculative, the decrease
in amplitude of the precession weakens the primary controlling factor
close to the equator where insolation is greatest, whereas CO2 atm Or
SSTs govern the hydroclimate in the more northern areas. After the
~400 ka BP transition, CO2 atm and Indian Ocean SST decrease, reducing
the controlling factors of the northern sites and de-forcing equatorial
hydroclimate (ICDP Site Chew Bahir) to a more deterministic state.
Then, from ~280 to ~200 ka BP ICDP Site Chew Bahir shows more
deterministic climate dynamics, contrary to the Arabian hydroclimate
signal from Meteor Site KL 15. Here, Chew Bahir’s hydroclimate might
be controlled again by the precessional heartbeat of the tropics, leading
to a variable but deterministic (more predictable) hydroclimate until
eccentricity reaches a maximum at around 200 ka BP.

The time after ~150 ka BP also shows an inconsistent picture, which
has other influencing factors than orbitally-controlled insolation varia-
tions, again possibly due to the reduced eccentricity. In the first half of
this period, approximately between 150 and 75 ka BP, a clear precession
cyclicity can be seen, but in opposite directions between the southern
sites, which is expressed in a negative correlation. After ~75 ka BP, this
pattern gets less clear. The precession-driven oscillation of the climate
weakens, while all three sites show a clear trend towards arid climates,
starting slightly earlier in the north than in the south, before all three
sites show a clear African Humid Period/Green Sahara. This trend is
accompanied by a decrease in climate determinism in the more equa-
torial ICDP Site Chew Bahir, whereas Meteor Site KL 15 shows an in-
crease in DET. The differences between 150 and 75 ka BP, a time when
the influence of the eccentricity is still visible, are due to differences in
the influence of local insolation (e.g., Trauth et al., 2003). While the
precipitation seasonality is bimodal (Mai-April and
November-December rains) close to the equator, the Sahara-Nile rain-
fall is unimodal (boreal summer rain) (Palmer et al., 2023). The
modern-day partly hyper-arid Arabian Peninsula received unimodal
precipitation due to a northward shift of the African rain belt during
times of low precession and, hence, increased northern hemisphere
summer insolation (Kutzbach et al., 2020). In contrast, tropical rainfall
may be enhanced during precessional-caused increased insolation dur-
ing spring and autumn, doubling the frequency with a phase lag to the
increased boreal summer insolation cycle (Trauth et al., 2003; Ver-
schuren et al., 2009). So then, if the precessional amplitude surpasses a
threshold, the orbital pacemaking weakens, causing asynchronously
enhanced precipitation.
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The correlation of climatic conditions at the three vertices of the
triangular network reveals important links between eastern Mediterra-
nean, eastern Africa, and Arabia, facilitating hominin migratory move-
ment at times, and/or hampering it at other times. The three areas show
intermittent synchronized climate dynamics on orbital time scales, at
the same time when synchronization does not necessarily exist on
shorter (millennia, centuries) time scales (Fig. 5). However, a link be-
tween major vertices that facilitates migratory movement due to
favorable conditions (e.g., Beyer et al., 2021) is more likely to be
established during times of synchronized climate dynamics, even if it
may only last for a few centuries to millennia. The pattern of spatio-
temporal synchronization between the three vertices of the triangular
network fundamentally changed after 150 ka BP when the synchronized
climate dynamics between eastern Africa and Arabia that had lasted
from 550 to 150 ka BP ended. Then, a variable network link availability
between the eastern Mediterranean, eastern African, and Arabian areas
was established. This is indeed fascinating because this change from
relatively stable conditions to great variability coincides with the second
out-of-Africa migration via the northern Nile-Levantine route, when an
increased availability of links between eastern Africa and the eastern
Mediterranean from 130 to 100 ka BP is observable (Fig. 5). Further-
more, our data corroborate an increased availability of spatial links in
the Levantine-Arabian subregions from 100 to 40 ka BP when stone tools
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indicate occupation in Arabia (Groucutt et al., 2018, 2021, Fig. 1), and,
presumably, an unsuspected extended period of genetic adaptation of
H. sapiens occurred (Tobler et al., 2023).

The validation of the proposed model, which explains changes in
human behavior through spatiotemporal changes in climate dynamics at
spatially connected regions, is difficult because fossil- and artifact finds
are naturally incomplete, often inaccurately dated, and hence tentative
(Bergstrom et al., 2021; Faith et al., 2021). Both fossil- and tool finds
often show a bias due to a preservation artifact, i.e., finds are more likely
to be preserved in fluviolacustrine sediments, formed during rather
humid climates (Maslin and Trauth, 2009; Hopley and Maxwell, 2022;
Faith et al., 2021). This widely leads to attempts to explain human
behavior governed by climate change alone and, particularly in this
context, with wet-dry transitions. For instance, the occupation at the
mountainous site Jebel Faya seems to have been by far more continuous
than earlier anticipated and not necessarily tied to wet-dry changes
(Bretzke and Herkert, 2023). The simple one-to-one causality of climate
change and human behavior is also countered by the well-known
adaptive capacity of humans: behavioral flexibility may allow adap-
tion to multiple climate states, dynamics, and ecological niches (Potts,
1998; Grove, 2014; Maslin et al., 2014, 2015). This is aggravated by the
fact that mountainous regions offer a much wider range of niches due to
the orographic stratification of biomes, whereas lowland biomes are

Synthesis of the time series analysis with time section based on correlation results between KL 15 and
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clearly disadvantaged in the availability of water and food (King and
Bailey, 2006). It is, therefore, conceivable that climate shifts in lowland
regions only allow for behavioral flexibility and continuous occupation
in times when climate changed rather gradually, following recurring
(cyclic or more complex repetitive) patterns and, therefore, was more
predictable. If the climate is characterized by recurring patterns on a
centennial time scale, behavioral strategies could have been developed,
allowing H. sapiens to adapt to changes, either through experience (or
memory) of similar patterns from the past, or through ideas for new
strategies for survival.

In our study, we see a clear correlation between a predictable climate
and accompanying environmental living conditions, within the afore-
mentioned uncertainties, recognizable by higher DET values in the RPs
of the corresponding paleoclimate time series (Figs. 1 and 5). Higher
DET values do not necessarily mean that the climate was particularly
stable or particularly humid. Predictability can certainly mean vari-
ability. For example, at KAM4 and Jebel Umm Sandman in Arabia,
major occupation phases, such as during 200, 120-75, and 55 ka BP
(Groucutt et al., 2021) coincide with times of increased DET in Arabia.
The Omo 1&2 fossils (McDougall, et al., 2005; Vidal et al., 2022), the
Herto fossils (White, et al., 2003), and the Gademotta stone tools (Sahle
et al., 2014) in eastern Africa cohere with phases of increased DET but
not with times of a stable or wet climate (Figs. 1 and 5). Also, the pro-
posed 30 ka adaption time, presumably in Arabia, would cohere with a
time of increased DET in Arabia (Tobler et al., 2023). Though still
speculative, a predictable climate, even if it is variable, described by an
increase in the DET in the RPs, would provide opportunities or even
stimuli, favoring or vice versa disfavoring occupation, migration, and
expansion throughout the different occupied hominin network vertices,
such as eastern Africa and Arabia.

7. Conclusion

Analyzing the new aridity index from Meteor Site KL 15 together
with the established aridity index from ICDP Site Chew Bahir and the
well-known wet-dry index from ODP Site 967 using linear correlation
and nonlinear recurrent analysis for the past 540 ka revealed three
major phases of spatiotemporal dynamics within this triangular
network. We observe major shifts in the climate dynamics at 150 and
400 ka, presumably governed by changes in the amplitude of the orbital
eccentricity. We see positively correlated network links concordant to
supposed major migration phases of H. Sapiens. Furthermore, we do see
rather an accordance of human settlement rather during times of a
predictable climate than during specific of humid climates.
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