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a b s t r a c t

The Chew Bahir Drilling Project (CBDP) aims to test possible linkages between climate and hominin
evolution in Africa through the analysis of sediment cores that have recorded environmental changes in
the Chew Bahir basin (CHB). In this statistical project we used recurrence plots (RPs) together with a
recurrence quantification analysis (RQA) to distinguish two types of variability and transitions in the
Chew Bahir aridity record and compare them with the ODP Site 967 wetness index from the eastern
Mediterranean. The first type of variability is one of slow variations with cycles of ~20 kyr, reminiscent of
the Earth’s precession cycle, and subharmonics of this orbital cycle. In addition to these cyclical wet-dry
fluctuations in the area, extreme events often occur, i.e. short wet or dry episodes, lasting for several
centuries or even millennia, and rapid transitions between these wet and dry episodes. The second type
of variability is characterized by relatively low variation on orbital time scales, but significant century-
millennium-scale variations with progressively increasing frequencies. Within this type of variability
there are extremely fast transitions between dry and wet within a few decades or years, in contrast to
those within Type 1 with transitions over several hundreds of years. Type 1 variability probably reflects
the influence of precessional forcing in the lower latitudes at times with maximum values of the long
(400 kyr) eccentricity cycle of the Earth’s orbit around the sun, with the tendency towards extreme
events. Type 2 variability seems to be linked with minimum values of this cycle. There does not seem to
be a systematic correlation between Type 1 or Type 2 variability with atmospheric CO2 concentration.
The different types of variability and the transitions between those types had important effects on the
availability of water, and could have transformed eastern Africa’s environment considerably, which
would have had important implications for the shaping of the habitat of H. sapiens and the direct an-
cestors of this species.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Some hypotheses about the relationship of climate and human
evolution suggest that episodes of increased climate variability (e.g.
Potts, 1996, 2013; Maslin and Trauth, 2009) or prominent
uth).
transitions (e.g. Vrba, 1985, 1993, 1995) may have enhanced rates of
speciation, dispersal and technological innovation. Examples on
long time scales are the termination of the permanent El Ni~no and
the establishment of the modern Walker/Hadley circulation be-
tween 3.5 and 2.0 Ma, possibly linked to the closure of the Indo-
nesian sea way (Cane and Molnar, 2001; Ravelo et al., 2004; Trauth
et al., 2009), and the intensification of the Northern Hemisphere
Glaciation at 2.75 Ma (e.g., Trauth et al., 2009; Bonnefille, 2010),
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Fig. 1. Map of northeastern Africa and adjacent areas showing the location of the Chew
Bahir basin (4�45040.5500N 36�4600.8500E, ~500 m above sea level), the ODP Leg 160 Site
967 in the eastern Mediterranean Sea (34�40600N 32�4303100E, ~2254 m water depth),
and the river Nile with its two tributaries the White and Blue Niles connecting both
regions. Coastline and river polygons from the Global Self-consistent, Hierarchical,
High-resolution Geography Database (GSHHG) (Wessel and Smith, 1996). Topography
from the 1 arc-minute global relief model of the Earth’s surface (ETOPO1) (Amante and
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both being subject to lively discussions during the last four decades
(Vrba, 1985, 1993, 1995; deMenocal, 1995, 2004; Brovkin and
Claussen, 2008; Kr€opelin et al., 2008a,b; Trauth et al., 2005,
2009). As the most recent example of a major climate shift in the
tropics, in particular in Africa, the termination of the African Humid
Period (AHP, ~15e5 kyr BP) has also been intensely investigated, in
particular the extent to which it was abrupt or gradual (deMenocal
et al., 2000; Kuper and Kr€opelin, 2006; Tierney and deMenocal,
2013; Trauth et al., 2018), which is important for potential migra-
tion scenarios within and across the Sahara and cultural trans-
formations (Kuper and Kr€opelin, 2006).

Revived by these debates, statistical methods have recently been
used to make quantitative statements about the degree of vari-
ability and character of transitions. According to their analysis, the
most important transition during the long-term trend towards a
more arid climate was at ~1.9 Ma, at about the time of the estab-
lishment of the modern Walker/Hadley circulation (Ravelo et al.,
2004; Trauth et al., 2009; deMenocal, 2012), and not, as sug-
gested earlier by deMenocal (1995, 2004) during the intensification
of the Northern Hemisphere Glaciation (INHG). Similarly, the
termination of the AHP at ~5 kyr BP was tested for its relative
abruptness comparing observed and theoretical probability distri-
butions of paleoclimate time series from multiple locations in and
around Africa (Tierney and deMenocal, 2013). According to their
analysis, the wet-dry transition occurred within centuries, which
agrees with the results of Trauth et al. (2018) using a change point
analysis to determine a ~880 yr interval within which this impor-
tant climate shift occurred.

More sophisticated approaches to classifying variability and
transitions were used by Trauth et al. (2019) with recurrence plots
together with a recurrence quantification analysis on six short
(<17 m) sediment cores collected during the Chew Bahir Drilling
Project (CBDP) from the Chew Bahir basin (CHB) in southern
Ethiopia, reaching back to ~47 kyr BP. Recurrence plots (RPs) are
graphic displays of recurring states in the environmental system
(Eckmann et al., 1987; Marwan et al., 2007). Quantitative de-
scriptions (measures of complexity) have been developed to com-
plement visual inspection of recurrence plots (RPs) and for
recurrence quantification analysis (RQA) (e.g. Zbilut and Webber
1992; Marwan et al., 2007; Marwan 2008). Trauth et al. (2019)
presented and discussed results from such an RQA on the envi-
ronmental record of the CHB short cores. The different types of
variability and transitions in these records were classified to shed
light on our understanding of the response of the biosphere to
climate change, particularly the response of humans in the area.

One of the most interesting transitions examined with the RP/
RQA was once again the termination of the African Humid period
(Trauth et al., 2018, 2019). The rapid (~880 yr) change of climate in
response to a relatively modest change in orbital forcing appears to
be typical of tipping points in complex systems such as the Chew
Bahir basin (Lenton et al., 2008; Ditlevsen and Johnsen, 2010). If this
is the case then 14 dry events at the end of the AHP, each of them
20e80 yrs long and recurring every 160 ± 40 yrs as documented in
the Chew Bahir cores could represent precursors of an imminent
tipping point which, if properly interpreted, would allow pre-
dictions to be made of future climate change in the Chew Bahir
basin (Trauth et al., 2018, 2019). Compared to the low-frequency
cyclicity of climate variability before and after the termination of
the AHP, this type of cyclicity occurs on time scales equivalent to a
few human generations. In other words, it is very likely (albeit
speculative) that people were conscious of these changes and
adapted their lifestyles to the consequent changes in water and
food availability. A deeper analysis of our data is however required
to understand whether the wet-dry climate transition in the area
2

was due to a saddle-node bifurcation in the structural stability of
the climate, or whether it was induced by a stochastic fluctuation.

Here we present a RP/RQA-based analysis of two long (~290 m)
cores collected in 2014 in the Chew Bahir basin (4�45040.5500N
36�4600.8500E), spanning the time from ~620 kyr to present (Fig. 1).
The Chew Bahir basin is situated in a transition zone between the
Main Ethiopian Rift and the Omo-Turkana basin, adjacent to the
Lower Omo Basin, where some of the oldest known fossils of
anatomically modern humans were found (McDougall et al., 2005).
According to recent archeological findings, the adjoining highlands
in the area may have been a refuge area for groups of H. sapiens
during times of climatic stress (Ambrose et al., 1998; Brandt and
Hildebrand, 2005; Vogelsang et al., 2018; Ossendorf et al., 2019).
Eakins, 2009).
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We compare the Chew Bahir record of environmental change
during the past ~620 kyr with the wetness index for the wider
northeastern Saharan/North Africa from Ocean Drilling Program
(ODP) Site 967 (Grant et al., 2017) (Fig. 1). The site was drilled
during ODP Leg 160 in the eastern Mediterranean (34�N, 34�E,
2252 m water depth), where Saharan and North African dust and
Nile riverine input are the primary contributors of sediment. The
ODP Site 967wetness index is a combined run-off and dust signal in
a single metric, reflecting the effects of both strengthening/north-
ward migration (increased run-off) and weakening/southward
retreat (increased dust) of the northern and northeastern African
monsoon (Grant et al., 2017). The catchment of the Nile River with
its two tributaries, the White Nile and the Blue Nile, extends from
southeastern Africa to parts of the northwestern Ethiopian high-
lands. In the very wet phases, the Lakes Abaya-Chamo-Chew Bahir-
Turkana system with its connecting rivers drained into the Nile
catchment (Junginger et al., 2013). Therefore, both the upper Nile
catchment and the Chew Bahir catchments are in spatial proximity
and are most likely exposed to similar climate fluctuations and
their causes. Humid conditions, recorded in both ODP Site 967 and
CHB cores, could indicate the regional significance of a wet phase.
Similar patterns in the types of variability and transitions could be
indicative of the effect of a similar climate dynamic.

As a contribution to the reconstruction of environmental con-
ditions for eastern Africa based on long terrestrial sediment re-
cords, our CHB record is firstly used to classify variability down core
in order to identify recurring episodes of stable wet or dry, of cyclic
or more complex but deterministic variability, and of random
variability. Second, we classified types of transitions, including
episodes with no change, linear/gradual shifts with different rates
of change, as well as different types of rapid transitions such as
tipping points. As soon as a classification of variability and transi-
tions is available, one can discuss possible reasons for the similarity,
e.g. similar boundary conditions such as global ice volume, local
insolation, atmospheric CO2 levels and ocean sea-surface temper-
atures. Finally, we hypothesize which types of variability and
transitions may have affected the biosphere including hominins.

2. Materials and methods

2.1. The middle PleistoceneeHolocene paleoclimate record of the
Chew Bahir basin

The sediment cores described herein were collected in the
western part of the Chew Bahir basin in the southern Ethiopian Rift
(4.1e6.3�N, 36.5e38.1�E, ~500 above sea level; Fig. 1). Chew Bahir is
a tectonic basin, separated from the Lower Omo basin to the west
by the Hammar Range, which is the source of most of the sediments
at the coring site. This range to the west and the highlands to the
north and north-east consist of Late Proterozoic granitic and mafic
gneisses, whereas the eastern part of the catchment is dominated
by Miocene basaltic lava flows. Oligocene basalt flows with subor-
dinate rhyolites, trachytes, tuffs and ignimbrites cover the Pre-
cambrian basement units in the distal north-eastern, northern, and
north-western parts of the catchment (Moore and Davidson, 1978;
Davidson, 1983). Being a closed basin, Chew Bahir forms a terminal
sink for weathering products from its 32,400 km2 catchment.

The present-day climate in eastern and northeastern Africa is
influenced by a number of major air streams and convergence
zones, with their effects superimposed on regional influences
associated with topography, large lakes, and the oceans (Nicholson,
2017). Rainfall in the Chew Bahir catchment is associated with the
passage of the tropical rain belt, resulting in a strongly bimodal
annual cycle. Most of the moisture reaching the Ethiopian high-
lands in JuneeAugust comes from the Mediterranean and Red Sea
3

(55%), and from the Indian Ocean (31%) (Viste and Sorteberg, 2013).
Short-term (annual to decadal) fluctuations in the intensity of
precipitation relate to E-W adjustments in the zonal Walker cir-
culation associated with the El Ni~no-Southern Oscillation (ENSO)
and the Indian Ocean Dipole (IOD), possibly as a direct response to
sea-surface temperature (SST) variations in the Indian and Atlantic
Oceans, which are in turn affected by the ENSO and the IOD
(Nicholson, 2017).

The paleoclimate of Chew Bahir was first reconstructed using six
short cores, up to ~17 m long and collectively spanning ~47 kyr,
which were collected in 2009e2010 (Foerster et al., 2012, 2015;
Trauth et al., 2015, 2018, 2019). In the context of the Hominin Sites
and Paleolakes Drilling Project (HSPDP) to drill at key fossil homi-
nin and archeological sites (Cohen et al., 2016; Campisano et al.,
2017), we collected parallel, duplicate cores: HSPDP-CHB14-2A
(4�45040.3200N 36�4600.4800E) and 2B (4�45040.6800N 36�4601.2000E)
in the Chew Bahir basin, 266.38 and 278.58 m long, respectively, in
NoveDec 2014. A 292.87 m long composite core of the Chew Bahir
Drilling Project (CBDP) with more than 90% recovery was created
from the duplicate cores.

The composite core was developed by merging the two parallel
cores 2A and 2B by core-to-core correlation using MSCL logs, core
images, lithological description and XRF data sets. Radiometric age
constraints were based on 14C dating of ostracodes, optically
stimulated luminescence (OSL) dating of fine-silt sized quartz
grains, and single-crystal total-fusion (SCTF) 40Ar/39Ar dating of
feldspars from tuffaceous zones within the core. In addition, a
volcanic ash layer identified in the core has been correlated on the
basis of major and minor element geochemistry to a dated tephra
found in the outcrop at Konso, in the southern Main Ethiopian Rift,
namely the Silver Tuff (Roberts et al., submitted). The ages gener-
ated are stratigraphically consistent, and Bayesian age-depth
modeling incorporating 14C, OSL and 40Ar/39Ar ages, and teph-
rochronological data has been used to build an age model for the
Chew Bahir cores (age model RRMarch2021, Roberts et al., 2021).
The 1-sigma confidence intervals increase with increasing depth,
ranging from <10 kyr in the uppermost 50 m (corresponding to
~100 kyr BP) and 10e35 kyr below 50 m composite depth
(~100e620 kyr) (Roberts et al., 2021).

We analyzed the potassium (K) concentrations of the sediment,
determined by micro X-ray fluorescence (mXRF) scanning which
was previously shown to be a reliable proxy for aridity in the Chew
Bahir basin (Foerster et al., 2012; Trauth et al., 2015, 2018). Themost
likely process linking climate with K count rates is the authigenic
illitization of smectites during episodes of higher alkalinity and
salinity in the closed-basin lake resulting from a drier climate
(Foerster et al., 2018). After processing the mXRF data to remove
coring and scanning artifacts, the data were corrected for outliers
and jumps, before we applied various types of normalizations and
standardizations of the data.

Micro XRF scanning was carried out with a resolution of 5 mm,
corresponding to a mean time resolution of ~10 yrs, ranging from
~7 to 50 yrs (Roberts et al., submitted). The K record has been
interpolated to an evenly-spaced time axis with a resolution of
100 yrs, corresponding to a ~50mm (10e70mm) spatial resolution,
using a piecewise cubic Hermite interpolating polynomial (Frisch
and Carlson, 1980). This resolution avoids the effects of the scan-
ner’s beamwidth as well as the effects of bioturbation on the signal
(e.g. Trauth, 2013), with the exception of large, discrete burrows,
which we (as well as other disturbances of the core) have tracked
down with the help of core photos and excluded from the inter-
pretation. On the other hand the centennial resolution allows us to
investigate the effect of millennium-scale or orbital-scale climatic
fluctuations on environmental conditions as well as transitions
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over several hundreds or thousands of years.

2.2. Principles of recurrence plots (RP) and recurrence
quantification analysis (RQA)

As a first approximation we can describe the Chew Bahir pale-
olake as a complex system composed of interacting components,
such as the water body, the sediment below the bottom of the lake,
and the organisms living in the lake and its surroundings (Marwan
et al., 2007; Trauth et al., 2019). This multi-dimensional system is
characterized by many state variables such as precipitation (with
more rain causing higher weathering and erosion of rocks in the
catchment, and hence more potassium (K) washed into the lake),
evaporation (causing higher K count rates in the sediment through
authigenic K fixation in smectites, Foerster et al., 2018) and wind
speed (blowing higher quantities of K-rich particles from the
catchment into the lake).

One way to unfold the dynamics of the multi-dimensional sys-
tem from one-dimensional time series is the reconstruction using
an embedding procedure (e.g. time delay embedding, Packard et al.,
1980). The reason for a complete reconstruction of the system from
a single variable is that the information about the system and its
state variables is contained in the one-dimensional time series.
Time delay embedding of a time series in a three-dimensional
(m ¼ 3) phase space, for example, means that three successive
values with a temporal distance t (or tau) are represented as a point
in a three-dimensional coordinate system (the phase space)
(Iwanski and Bradley, 1998; Webber and Zbilut, 2005; Marwan
et al., 2007). The phase space portrait then displays the dynamics
of the system as a trajectory in the phase space, i.e. the phase space
trajectory represents the path over which the system’s state evolves
through time. The reconstruction of the phase space (from
embedding) is not exactly the same as the original phase space (the
true variables describing the lake), but its topological properties are
preserved, provided that the embedding dimension is sufficiently
large (Packard et al., 1980; Takens, 1981). The embedding param-
etersm and t are selected by an improved false nearest neighbours
approach (Hegger and Kantz, 1999) and mutual information (see
supplementary information). Before embedding, it is often helpful
to filter the time series to improve the signal-to-noise ratio. Here
we use a simple nonlinear noise reduction method that is based on
phase space averaging (Schreiber, 1993).

A common feature of dynamical systems is the property of
recurrence (Webber and Zbilut, 2005). Patterns of recurring states
of a system reflect typical system characteristics whose description
contributes significantly to understanding the system’s dynamics. A
recurrence plot (RP), introduced by Eckmann et al. (1987), is a
graphical display of such recurring states of the system, calculated
from the distance (e.g. Euclidean) between all pairs of observations,
within a cutoff limit (Marwan et al., 2007). To complement the
visual inspection of recurrence plots, measures of complexity were
introduced for their quantitative description to perform the
recurrence quantification analysis (RQA) (e.g., Marwan et al., 2007;
Marwan, 2008), which have been shown to be successfully applied
on even non-stationary paleoclimate data (Donges et al., 2011;
Westerhold et al., 2020). Among these, a selection of measures
based on the recurrence density, others based on diagonal and
vertical lines typically appearing in recurrence plots are very useful
for studying the behavior of the Chew Bahir lake system. As an
example of measurements based on the recurrence density, the
recurrence rate (RR) is the density of black dots in the recurrence
plot. This measure simply describes the probability of recurring
states of the system in a particular time period.

Diagonal lines in recurrence plots typically occur when a
segment of the trajectory runs almost (e.g. within a given tolerance)
4

in parallel to another segment, representing an earlier episode of
the system’s history in the phase space, for a certain period of time.
Diagonal lines in recurrence plots are therefore diagnostic of cyclic
behavior in time series, and in contrast to the time series analysis
using Fourier-based methods, this cyclic behavior is not restricted
to sinusoidal structures when using recurrence plots. Since cyclic
behavior can be used to predict future conditions from the present
and past, the ratio of the recurrence points that form diagonal
structures (of a minimum length) to all recurrence points is
therefore a measure for determinism (DET) of the system.

Although deterministic dynamics does not automatically mean
that the dynamics is predictable (e.g., for chaotic systems), a pre-
dictable system, however, means that the system is deterministic.
Moreover, this definition of determinism is not a strict mathe-
matical one, but more from a heuristic point of view. Vertical lines
in recurrence plots typically correspond to periods where the tra-
jectory remains in the same phase space region (Marwan et al.,
2007; Marwan, 2010). Vertical lines are therefore diagnostic of
episodes when the state of the system does not change or changes
very slowly. In other words, the system seems to be trapped in a
specific state for some time, which is typical for irregular transi-
tions between different types of dynamics. A more in-depth dis-
cussion of the RP/RQA methods, possible problems in the
interpretation of the results and suitable solutions to these prob-
lems, such as the problem of tangential motion, the importance of
the Theiler windowand the effect of a trend on results can be found
in our earlier work (e.g. Marwan et al., 2007; Trauth et al., 2019).

3. Results

Recurrence plots (RPs), together with a recurrence quantifica-
tion analysis (RQA), were used to describe different types of envi-
ronmental variability and transitions in the Chew Bahir (Table 1,
Fig. 2 and Suppl. Fig. 1e8). From the available RQA measures we
have selected RR and DET because they describe important prop-
erties of the dynamic Chew Bahir system but are very descriptive
compared to other RQA measures (Marwan et al., 2007; Trauth
et al., 2019). We compare the RPs and RQA measures of the Chew
Bahir record with those of the wetness index for the wider north-
eastern Saharan/North African record from ODP Site 967 (Grant
et al., 2017) (Fig. 3).

We have used noise filtered K as a proxy for aridity, as the
dominant process linking climate with K count rates is the authi-
genic illitization of smectites during episodes of higher alkalinity
and salinity in the closed-basin lake resulting from a drier climate
(Foerster et al., 2018). For the analysis of the ~620 kyr record the K
record was embedded in a phase space with a dimension of m ¼ 6
and temporal distances of t ¼ 10 (Suppl. Fig. 7), equivalent to
10 � 0.1 kyr ¼ 1.0 kyr, where 0.1 kyr is the resolution of the time
series following a piecewise cubic Hermite interpolating poly-
nomial (Frisch and Carlson, 1980). We use the window size w¼ 500
and the step size ws ¼ 50 data points of the moving window to
calculate the RQA measures (Fig. 2). The size w of the window
corresponds to 500 � 0.1 kyr ¼ 50 kyr and the step size is 50 � 0.1
kyr¼ 5 kyr. We use a minimum length of 10 points to compute DET.
To compare the RP/RQA based dynamics in the Chew Bahir record
of aridity with the wetness index of ODP Site 967, we interpolated
the marine record to the same time axis, used the same embedding
parameters (Suppl. Fig. 8) to create the RPs and used the same
window size to calculate the RQA measures (Fig. 3). Similarities in
the texture of the recurrence plots of both proxy records show that
the embedding provides comparable results with these values.

The first series of four clusters of recurrence points occurs be-
tween 617 and 410 kyr BP in the Chew Bahir record, with the largest
cluster between 617 and 462 kyr BP, then three very weak clusters



Table 1
Summary of the RP/RQA results to describe different types of environmental variability and transitions in the Chew Bahir.

Type 1 Type 2

Occurrence/Time (kyr
BP)

617e410
348e272
252e122
107e59
11e0

410e348
272e252
59e11

RP Texture sparse recurrences dense recurrences
longer diagonal lines with larger spacing (5, 10e20 kyr) block-like structures, short diagonal lines with smaller spacing (1e2

kyr)
Recurrence

Quantification
RR low RR intermediate to high
DET low to intermediate (except for the oldest part where DET is also
high)

DET high
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at 456e435, 435e425, and 425e410 kyr BP (Fig. 2). These clusters
are structured by a series of partly s-shaped diagonal lines or they
represent rather compact blocks with high recurrence rates
centered at 610, 505 and 470 kyr, which mark 1e2 kyr long epi-
sodes of relative stability. The diagonal lines are 10e15 kyr apart,
reflecting a series of wet-dry episodes recurring with approxi-
mately half-precession cyclicity, initiated and terminated by rela-
tively abrupt transitions, marked by white vertical lines. As the
result of the cyclic recurrence of wet and dry conditions, the DET
values are relatively high, whereas RR has moderate, but declining
values. Two extremely dry episodes centered at ~455 and ~438 kyr
BP are reflected in two clusters of recurrence points and high DET
values within the 458e436 kyr BP interval, separated by white
vertical lines and slightly lower DET values. Zooming into the in-
terval between 617 and 410 kyr BP with higher (0.015 kyr) reso-
lution the diagonal lines become blurred, are separated by a few
thousand years (up to 10 kyr), and the RP is dominated by several
small (<10 kyr) blocks that are connected by black horizontal and
vertical lines (Suppl. Fig. 1). This suggests that, at time scales of <10
kyr, the system oscillates between shorter stable states, each 1e5
kyr long, with rapid transitions between them. Within the blocks,
we observe diagonal lines indicating high-frequency (<1 kyr) cy-
clicities. The large-scale block and line separation is dominated by
5, 10 and 20 kyr cycles. In the ODP Site 967 wetness index we find a
similar type of variability in the time before 435 kyr, although in
comparison diagonal structures are much less pronounced or even
absent (Fig. 3). The RR values are at similar values to those in the
Chew Bahir, except for a significant anticorrelation at ~420 kyr
(Fig. 4). The DET values are generally lower but increase after ~500
kyr BP up to similar values as in the Chew Bahir record.

This interval ends with a rapid transition at ~410 kyr BP from dry
to wet conditions. This transition is followed by two dense clusters
of recurrence points between 410 and 348 kyr BP, indicating epi-
sodes of a stable wet climate with extreme RR and DET values
(Fig. 2). The two clusters reflect relatively stable humid conditions,
with the humidity level in the first cluster being higher than in the
second cluster and hence the two clusters are separated by a
transition towards a slightly less wet climate at around 390 kyr BP.
The second cluster is interrupted by a distinctive dry event at
around 376 kyr BP. Interestingly, both clusters show an irregular
pattern of diagonal lines, partly slightly curved, suggesting recur-
rent dry events, but with slightly variable cyclicity. Zooming into
the interval between 410 and 348 kyr BP with higher (0.015 kyr)
resolution we observe blurred diagonal lines with 1e2 kyr dis-
tances in the earlier part before ~390 kyr, with 3e5 kyr in the
younger part, indicating a weak cyclicity on millennium time scales
even within the otherwise quite stable wet episodes (Suppl. Fig. 2).
The interval between 410 and 348 kyr BP is terminated by gradual
(~10 kyr) transition towards slightlymore humid andmore variable
conditions after ~348 kyr BP. The ODP Site 967 wetness index
5

indicates similar wet conditions during this episode, also with
relatively low variability (Fig. 3). As a consequence, the RR values
are relatively high but decreasing whereas the DET values are also
at high level but relatively low compared to before and after the
event.

The next cluster of recurrence points between 348 and 272 kyr
BP is marked by a series of blocks with weak internal structure and
separated by white vertical lines (Fig. 2). This structure reflects a
series of relatively stable wet conditions, interrupted by several
thousand-year long dry episodes, some of which are bounded by
relatively rapid transitions fromwet to dry and back. The occasional
appearance of diagonal lines, though rarely parallel to the main
diagonal, indicates weak cyclic behavior. Within this interval the RR
values are constantly low, whereas the DET values start at high
values and decline until about 320 kyr BP before they remain at low
values. Zooming into the interval between 348 and 272 kyr BP with
higher (0.015 kyr) resolution confirms the observation of small
blocks connected with black horizontal and vertical lines in the RP,
as a result of a rapid change between relatively stable dry and wet
conditions, with the exception of the block between 330 and 327
kyr BP. This block is merely the result of a gap that was closed by
interpolation (Suppl. Fig. 3). The blocks themselves have little in-
ternal structure, with the exception of very weak diagonal lines
with a spacing of 1e2 kyr. The interval between 348 and 272 kyr BP
is terminated by a very rapid transition from wet to dry conditions
at ~272 kyr. The ODP Site 967 wetness index shows a similar
variability type during this episode, but with higher DET values
remaining at high levels compared to those of the Chew Bahir
(Fig. 3).

Between 272 and 252 kyr BP, we observe another dense cluster
of recurrence points (Fig. 2). The internal structure of this block is
reminiscent of similar structures of the clusters at ~400 and ~360
kyr BP, whereas the system state based on the difference in the DET
values does not support this conclusion. The interval again shows
veryweak diagonal lines. As a result of this cyclicity, the RR and DET
values are at moderate levels, with DET at a local maximum. This
pattern suggests that the climate was relatively stable, but fluctu-
ations between humid and dry occur in cycles. These changes occur
more and more frequently over time, until the climate finally
quickly changes to generally humid conditions at around 228 kyr
BP. Zooming into the interval between 272 and 252 kyr BP with
higher (0.015 kyr) resolution reveals that the curved diagonal lines
are rather a sequence of short, laterally offset diagonal pieces. In the
younger section of the block, the diagonal lines disappear
(Suppl. Fig. 4). Considering the course of the time series it can be
seen that the diagonals reflect increasingly shorter wet phases, and
until after about 236 kyr quite stable, relatively dry conditions
prevail in the Chew Bahir. The ODP Site 967 wetness index shows
similar climate fluctuations during this episode, but these are too
unclear to be described with a different type of variability (Fig. 3).



Fig. 2. Recurrence plot (RP) and recurrence quantification analysis (RQA) measures of the potassium (K) count rates of the sediment in Chew Bahir, southern Ethiopia: the time
series according to age model (3) (upper panel), the recurrence plot (middle panel) and the RQA measures of moving windows (lower panel). Embedding parameters
m ¼ embedding dimension, tau ¼ time delay, e ¼ threshold,w ¼window size, ws ¼ windowmoving steps, norm ¼ vector norm, thei ¼ size of Theiler window, lmin ¼minimum line
length, RQA measures RR ¼ recurrence rate and DET ¼ determinism. See the methods section for a detailed description of the embedding parameters and RQA measures.
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The RR values are low, similar to those in the Chew Bahir, whereas
the DET values rise sharply, probably because of subsequent long-
wave cyclicities, in contrast to the Chew Bahir.

The episode between 252 and 122 kyr BP mirrors the earlier
ones between 617 and 410 kyr BP and between 348 and 272 kyr BP,
whereby in the second interval also the state of the environmental
system also recurs. The episode is unfortunately followed by two
gaps due to core loss between ~122 and 107 kyr BP, which are filled
by the interpolation with curves, so we get a high RR at this point
that we cannot interpret (Fig. 2). Zooming into the interval between
252 and 122 kyr BP with higher (0.015 kyr) resolution reveals many
6

small blocks surrounded by s-shaped curved structures rather than
continuous diagonal lines which mark short (<5 kyr) wet phases
which begin and end gradually (Suppl. Fig. 5). Besides that, we
observe longer (5e10 kyr) wet episodes with rapid onset and
termination, internally structured by converging diagonals, struc-
turally similar to the ones in the interval between 272 and 252 kyr
BP, but with a different system state based on the RR and DET
values. This interval is terminated by ~5 kyr long gaps after 122 kyr
BP. During this episode, the ODP Site 967 wetness index shows a
type of variability that is more similar to the episode of 435 and 370
kyr BP, rather than the one after 370 kyr BP (Fig. 3). The course of



Fig. 3. Recurrence plot (RP) and recurrence quantification analysis (RQA) measures of the ODP Site 967 wetness index according to Grant et al. (2017) from the eastern Medi-
terranean: the time series (upper panel), the recurrence plot (middle panel) and the RQA measures of moving windows (lower panel). See previous figure for the meaning of the
abbreviations. For abbreviations, see caption of Fig. 2. See the methods section for a detailed description of the embedding parameters and RQA measures.
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the RR values is similar to the one of Chew Bahir in the first half of
the interval, but seems to be anticorrelated in the second half. The
DET values show a very similar pattern to those of the Chew Bahir,
although at higher levels. The increasing DET values at the begin-
ning of the interval are about 20 kyr later for ODP Site 967, then
they vary in a very similar way even including a minimum at about
160 kyr, and then decline at the end of this interval (Fig. 4).

Between 107 and 59 kyr BP, we find a very complex phase with
fast changes between stable humid, very variable humid and very
dry conditions, each separated by fast transitions (Fig. 2 and
Suppl. Fig. 6). After a very dramatic transition we observe very
7

regular climate fluctuations between ~59 kyr BP and about 11 kyr
BP, when it became relatively stable dry. This interval is again
characterized by a cluster of dense recurrence points, slightly
converging diagonal lines which indicate increasing recurrence
rates (i.e. shorter wet-dry cycles), before we see a black block of
recurrence points as the result of very stable dry conditions. The
last ~11 kyr are characterized by very wet conditions, interrupted
with a short, about ~1 kyr long dry intervals and terminated by a
transition towards a dry climate. The distinct cyclic alternation of
wet and dry conditions, each of which are ~5 kyr long, results in
high RR and DET values. The last ~47 kyr BP are preserved at higher



Fig. 4. Comparison of the complex dynamics of variations in aridity in southern Ethiopia with strengthening/northward migration and weakening/southward retreat of the North
African monsoon. (aþb) Earth’s eccentricity and precession cycle (Laskar et al., 2004); (c) Antarctica EPICA Dome C atmospheric CO2 according to Bereiter et al. (2015); (d) ODP Site
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resolution in the short cores from the same basin, also examined
with the method of RP/RQA (Trauth et al., 2019). Here we found
very similar patterns as on the long time scale, with alternating
appearances of blocky structures and diagonal lines, with different
transitions between episodes. The ODP Site 967wetness index here
shows a similar variability with long-periodic, high amplitude
fluctuations between wet and dry between ~120 and 60 kyr BP,
followed by an episode without such variations (Fig. 3). The time
interval between 60 and 25 kyr BP is relatively stable, as compared
with the high-frequency variability observed in the Chew Bahir,
beforewe observe two long wet cycles, out of which the second one
is also seen in the Chew Bahir record.

4. Discussion

We applied a detailed analysis of the RPs together with a RQA to
distinguish between different types of climate variability, and
transitions in the Chew Bahir basin (Trauth et al., 2018) (Fig. 4).
Here, climate is inferred from our key proxy, the potassium con-
centration of the sediment representing the relative aridity in the
Chew Bahir Basin (Foerster et al., 2018). Our statistical analyses
herein are a contribution to an accurate picture of environmental
change in eastern Africa during the last ~620 kyr and thereby
provide a quantitative, high resolution climatic component useful
for investigating human-climate interactions. The fossil and
archeological record of eastern Africa is still too limited to draw
definitive conclusions with respect to current hypotheses on the
relationship between climate and evolutionary patterns in humans
and other animals. However, our results do allow for some initial
comparisons and hypotheses (e.g. Stringer and Galway-Witham,
2017; Scerri et al., 2018; Galyway-Witham et al., 2019).

Our analysis clearly shows a number of different types of vari-
ability in the K record that overlay a long-term trend towards
greater aridity and variability (Figs. 2 and 4). These types of vari-
ability are separated by transitions, which are of varying types of
durations and structures. Many of these types, both variability and
transitions, occur multiple times during the last ~620 kyr, so it is
interesting to investigate them more closely to see if they are
characteristic of the Chew Bahir Basin or possibly occur even
beyond the region. In addition, it is important to examine whether
these types are linked to certain regional or global boundary con-
ditions (e.g. global ice volume, atmospheric CO2 levels, ocean sea-
surface temperatures) (Fig. 4).

We observe two basic types of variability that do not mix, but
each form a series of variants. The first type of variability, occurring
at 617e410 kyr BP, 348e272 kyr BP, 252e122 kyr BP, and (after a
period with no data) 107e59 kyr BP, are slow variations with cycles
of ~20 kyr and subharmonics of this cycle, as indicated by the
occurrence of diagonal lines with 20 kyr, 10 kyr, and 5 kyr spacing
(Figs. 2 and 3). In addition to these cyclical wet-dry fluctuations in
the area, extreme events often occur, i.e. short wet or dry episodes,
lasting for several centuries or evenmillennia, and rapid transitions
between wet and dry episodes. This type of variability probably
reflects the influence of precessional forcing in the lower latitudes
at times of increased eccentricity, with a tendency towards extreme
events. This also shows in comparatively low RR and DET values,
suggesting a lower determinism of climate variations for this type
of variability. This type of variability correlates with maximum
values of the long (400 kyr) eccentricity cycle, and hence maximum
variability in the precession frequency band. There does not seem
967 wetness index according to Grant et al. (2017); (e) Chew Bahir aridity derived from
RRMarch2021 (Roberts et al., submitted), note the reverse y-axis; (f þ g) comparison of RQA
the Chew Bahir aridity record (in red) and ODP Site 967 wetness index (in blue). DET is a m
states of the system in a particular time period.
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to be a systematic correlation with atmospheric CO2 concentration
within this type of variability.

The second type of variability, occurring at 410e348 kyr BP,
272e252 kyr BP, and 59e11 kyr BP, is characterized by relatively
low variation on orbital time scales. Instead, we observe significant
century-millennium-scale variations with increasing frequency in
the course of an episode with Type 2 variability, as block-like
pattern with thin diagonal lines of short spacing suggest (Figs. 2
and 3). The very prominent cycles in the frequency band lead to
very high DET and partly high RR values, which indicate a higher
deterministic regime of climate change, much higher than at times
of Type 1. Within this type of variability there are extremely fast
transitions between dry and wet within a few decades or years, in
contrast to those within Type 1 with transitions that last several
hundreds of years. Type 2 variability seems to be linked with
minimum values of the long (400 kyr) eccentricity cycle, and again
there does not seem to be a link with atmospheric CO2 levels. The
first episode with Type 2 variability occurs in an interval with
maximum eccentricity in the 100 kyr frequency band when the
atmospheric CO2 was quite high. The other two episodes occur
during minimal eccentricity in this frequency band, with low CO2

levels at the same time.
The ODP Site 967 wetness index shows a very similar type of

variability, with RR values that highly resemble the variations in the
Chew Bahir record, except for the prominent anticorrelation at
~420 and ~150 kyr BP (Fig. 4). The DET values fluctuating in a
smaller range compared to those of the Chew Bahir, but the tem-
poral variations of DET show obvious similarities at both sites, in
particular during the last ~350 kyr. Since the age models of both
sites have large uncertainties, it is not possible at this point to judge
conclusively whether time shifts in the DET curves are the result of
poor age control or actual differences in climate dynamics recorded
in the two locations. Comparing the temporal occurrence of the
different types of variability in both localities, the ODP Site 967
wetness index shows a Type 2 variability approximately during the
first and third episode of Type 2 variability in the Chew Bahir re-
cord, but not during the second episode of Type 2 variability in the
Chew Bahir. Instead we find a Type 2 variability between ~245 and
120 kyr BP in the ODP Site 967wetness index, all with high DETand
RR values. The different types of variability, very obvious in the RPs,
but differing slightly in the RQA measures, could also indicate
actual differences in dynamics, but also the influence of the spline
interpolation on the temporal autocorrelation.

Overall, the K curve shows a clear trend towards a drier and
more variable climate, most prominently during the last 200 kyr,
which is also reflected in the reducing DET and RR values (Fig. 4).
The three episodes with Type 2 variability are about the same
length (45e60 kyr) but have (according to the long-term trend)
decreasing average humidity levels. The first episode is character-
ized by a very humid climate, while the two later episodes were
rather dry. In particular, the DET values show several stepwise
declines over the entire time series, which are not compensated by
corresponding increases. The most striking declines are centered at
approximately 480 kyr BP, 420 kyr BP, 330 kyr BP, 200 kyr BP, 180
kyr BP and 90 kyr BP. The most dramatic increases in DET are
centered at approximately 460 kyr BP, 385 kyr BP, 285 kyr BP, 255
kyr BP, 150 kyr BP and 75 kyr BP. The variability also increased,
especially if a few larger fluctuations between 460 and 410 kyr, at
~335 kyr BP and at ~245 kyr BP are disregarded. In addition, the
frequency of rapid transitions from dry to wet and back increases
the potassium (K) concentrations of the sediment in Chew Bahir using age model
measures determinism (DET) and recurrence rate (RR) of the recurrence plots (RP) of
easure of the determinism of the system and RR describes the probability of recurring
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over time. The ODP Site 967 record shows similar trends on long
time scales, whereas there are large differences on shorter time
scales, especially in the degree of variability.

The different types of variability and the transitions between
these types have important implications for our understanding of
the availability of water. Different modes of variability would have
transformed eastern Africa’s environment considerably, including
its vegetation and fauna, and would have shaped the habitat of
hominins, including archaic and modern H. sapiens, in that part of
the continent. The central question, however, is to what extent the
different types of fluctuations observed in the environmental re-
cord of the Chew Bahir have actually had an impact on living
conditions of hominins. Overall, long-term changes (>1 kyrs)
would have formed the living environment of hominins on a time-
scale that responds to human evolution and corresponds to a time
window that is long enough to facilitate large-scale dispersal. The
short-term fluctuations (<1 kyrs) may have had dramatic conse-
quences for populations including differential mortality/fertility of
H. sapiens down to the level of individuals, and thus short-term
changes in behavior, including evasive movements to more favor-
able habitats (e.g. Foerster et al., 2015).

To assess the impact of climate variability on people, it is worth
using a well-studied younger analogue of hydroclimatic trans-
formation in eastern Africa. The most recent example of a wet-to-
dry transition within Type 1 was the time-progressive termina-
tion of the African Humid Period (AHP, 15e5 kyr BP), which lasted
several hundred years in most areas (Shanahan et al., 2015; Trauth
et al., 2018). At this time, a previously green, then yellow Saharawas
largely depopulated, but this happened quite slowly and due to the
time-transgressive termination rather in the form of people slowly
following favorable living conditions (Kuper and Kr€opelin, 2006;
Kr€opelin et al., 2008a, b; Shanahan et al., 2015). During this gradual
transition, climate deterioration could have fostered an important
socio-economic transition, including the transition from hunter-
gatherer to pastoralism (Garcin et al., 2012; Foerster et al., 2015).

In contrast, the most recent example of a wet-to-dry transition
within Type 2 is the onset of pronounced arid conditions during the
Younger Dryas chronozone (YD, ~12.8e11.6 kyr BP) that occurred
within ~45 yr at Chew Bahir (Trauth et al., 2018). Most importantly,
millennial-scale transitions such as the YD happened everywhere
at the same time, unlike the orbital-controlled slow changes
(Shanahan et al., 2015; Trauth et al., 2018). It is implausible that
such relatively rapid transitions triggered a fundamental societal
transformation, similar to the one during the termination of the
AHP. Instead, climate shifts of this rapidity would allow response
patterns that are implementable within (less than) a life-time span,
such as short-term migration towards proximal more favorable
living conditions. Examples of this are movements from hot dry
low-lands into still vegetation-rich high altitudes, or even the
complete disappearance of entire local human populations due to
scarcity of resources (Foerster et al., 2015, 2018). The possible
alternative response to environmental extremes and too fast
transformation is extinction/extirpation, because living conditions
deteriorated so quickly that neither physical nor cultural adapta-
tionwas possible. However, short-term and short-distancemobility
depends (a) on a number of socio-cultural conditions (¼ how
flexible, how adaptable are groups, how are they organized?) and
(b) mode of climatic change (¼ pulsed, rapid, parallel with other
areas).
5. Conclusions

We find two types of variability in the Chew Bahir record, (1)
Type 1 probably reflecting the influence of a precessional forcing in
10
the lower latitudes at times of increased eccentricity, with the
tendency towards extreme events, and (2) Type 2 with significant
century-millennium-scale variations with increasing frequency.
Within Type 2 of variability there are extremely fast transitions
between dry and wet within a few decades or years that would
have exerted a high level of climatic stress on the biosphere
including humans, in contrast to those within Type 1 with transi-
tions within several hundreds of years. As the body of archeological
evidence, including fossils and diagnostic tools, continues to in-
crease in the future, it will be exciting to compare potential
response patterns to our prosed Type 2 phases of high climatic
stress and see whether changes in settlement activities, cultural
innovation, or even the emergence or disappearance of pop-
ulations/occupancy can be correlated with the climatic dimension
of the complex framework in human-climate interactions.

Data availability

The Chew Bahir potassium record and all MATLAB scripts will be
made available at http://mres.uni-potsdam.de.
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