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a b s t r a c t

Episodes of environmental stability and instability may be equally important for African hominin
speciation, dispersal, and cultural innovation. Three examples of a change from stable to
unstable environmental conditions are presented on three different time scales: (1) the Mid Holocene
(MH) wetedry transition in the Chew Bahir basin (Southern Ethiopian Rift; between 11 ka and 4 ka), (2)
the MIS 5e4 transition in the Naivasha basin (Central Kenya Rift; between 160 ka and 50 ka), and (3) the
Early Mid Pleistocene Transition (EMPT) in the Olorgesailie basin (Southern Kenya Rift; between 1.25 Ma
and 0.4 Ma). A probabilistic age modeling technique is used to determine the timing of these transitions,
taking into account possible abrupt changes in the sedimentation rate including episodes of no depo-
sition (hiatuses). Interestingly, the stable-unstable conditions identified in the three records are always
associated with an orbitally-induced decrease of insolation: the descending portion of the 800 kyr cycle
during the EMPT, declining eccentricity after the 115 ka maximum at the MIS 5e4 transition, and after
~10 ka. This observation contributes to an evidence-based discussion of the possible mechanisms causing
the switching between environmental stability and instability in Eastern Africa at three different orbital
time scales (10,000 to 1,000,000 years) during the Cenozoic. This in turn may lead to great insights into
the environmental changes occurring at the same time as hominin speciation, brain expansion, dispersal
out of Africa, and cultural innovations and may provide key evidence to build new hypotheses regarding
the causes of early human evolution.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The possible influence of environmental variability, both
temporally and spatially, on human evolution and dispersal is an
intensely debated topic in the scientific community (Potts, 1996;
Trauth et al., 2005, 2007; Maslin and Christensen, 2007; Maslin
and Trauth, 2009; Potts, 2013; Maslin et al., 2014). However,
recent evidence indicates that episodes of stable environmental
conditions play an equally important role for human evolution,
dispersal, and technological innovation (e.g., Grove, 2013; Shultz
and Maslin, 2013). Periods of reduced environmental variability
Trauth).

.H., et al., Episodes of enviro
(2015), http://dx.doi.org/10.1
may encourage the growth of hominin populations, sympatric
evolution, and dispersal, whereas episodes of less favorable con-
ditions, pronounced droughts, or rapid shifts between wet and dry
climates could result in geographical isolation and allopatric
speciation (Maslin and Trauth, 2009).

The sedimentary record of Eastern African lakes is rich in ex-
amples of both environmental stability and instability in the course
of climate change (e.g., Trauth et al., 2003, 2005; Foerster et al.,
2012; Junginger and Trauth, 2013; Junginger et al., 2014; Fig. 1).
These lakes, particularly those that occur in the rift basins, are
amplifiers of moderate climate change (Olaka et al., 2010; Trauth
et al., 2010). As an example, the water level of the Early Holocene
paleo-Lake Suguta rose to 300 m during a þ25% change in pre-
cipitation during the African Humid Period (ca. 15 kae5 ka; Garcin
et al., 2009; Borchardt and Trauth, 2012; Junginger and Trauth,
nmental stability versus instability in Late Cenozoic lake records of
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Figure 1. Map of Eastern Africa showing topography, faults, and lake basins. Note the location of the studied sites Chew Bahir, Naivasha and Olorgesailie (modified from Trauth et al.,
2005).
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2013). On the other hand, as hydrological modeling suggests, large
water bodies buffer rapid shifts in climate due to their delayed
response to changes in the precipitation-evaporation balance
(Borchardt and Trauth, 2012). The identification and correlation of
episodes of stability versus instability between lake basins, how-
ever, is unfortunately hampered by ambiguous interpretation of
environmental indicators or proxies within the sediments (Owen
et al., 2008, 2009; Trauth and Maslin, 2009). Furthermore, fluctu-
ating sedimentation rates and hiatuses between radiometric age
dates, which themselves contain errors, complicates the assess-
ment of the actual timing of environmental stability versus insta-
bility (e.g., Sadler, 1999; Blaauw, 2010; Schumer and Jerolmack,
2009; Trauth, 2014).

This manuscript attempts to meet this challenge and presents
three examples of stability versus instability on three different
time scales in lake records in Eastern Africa: (1) the Mid Holocene
(MH) wetedry transition in the Chew Bahir basin (Southern
Ethiopian Rift; between 11 ka and 4 ka), (2) the MIS 5e4 transition
in the Naivasha basin (Central Kenya Rift; between 160 ka and
50 ka), and (3) the Early Mid Pleistocene Transition (EMPT) in the
Olorgesailie basin (Southern Kenya Rift) (between 1.25 Ma and
0.4 Ma). First, we re-analyze the three lake records using a prob-
abilistic technique to determine the best age model for strati-
graphic sequences (Trauth, 2014). Second, we interpolate the
published lake records on the new age model and distinguish
episodes of environmental stability versus instability in the re-
cords. Third, we put together plausible mechanisms that cause
stable or unstable conditions in the course of climate change. Last,
the results are discussed in light of the importance of both stability
and instability for human evolution and dispersal, providing a
basis for further discussions of the influence of the environment
on early humans.
Please cite this article in press as: Trauth, M.H., et al., Episodes of enviro
Eastern Africa, Journal of Human Evolution (2015), http://dx.doi.org/10.1
2. Detecting episodes of stability and instability in lake
records

In our analysis of episodes of environmental stability and
instability, we use published lake records, which include critical
episodes of Eastern African climate change and human evolution,
dispersal, and cultural innovation. We use the amplitudes of water
level changes as published, without revising or reinterpreting the
proxies of lake levels and climate used by the authors of the orig-
inal works. While the amplitudes have been left untouched, we
have subjected all age models to a critical review because the
timing and rate of climate change as well as its correlation with
orbital forcing is essential for our analysis. Having developed
consistent agemodels for the three records, we defined episodes of
relative stability and instability by visual inspection and correlated
these with orbital forcing (Laskar et al., 2004). We have not used
any more sophisticated method to determine the degree of vari-
ability for two reasons: (1) the quantitative significance of the re-
cords is not sufficient to analyze them statistically, and (2) an
arbitrary definition of a critical value of the variability would be
necessary to separate stable from unstable episodes, which we
wanted to avoid.

2.1. The Mid Holocene (MH) wetedry transition in the Chew Bahir
basin

The Mid Holocene (MH) wetedry transition in the Chew Bahir
basin (Southern Ethiopian Rift) is reconstructed from five up to
~20 m long sediment cores (CB01, CB03e06) collected along a
~20 km long NWeSE transect across the basin (Foerster et al., 2012,
2014). The composite age model of the sediment cores is based on
32 AMS 14C ages derived from biogenic carbonate, fossilized
nmental stability versus instability in Late Cenozoic lake records of
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charcoal, and organic sediment, resulting in a statistically robust
chronology for lake record spanning the last 45 ka (Foerster et al.,
2012; Fig. 2A).

The proxy-climate record of the Chew Bahir basin is based on
potassium (Kþ) abundance, previously established as a reliable
proxy for aridity in the Chew Bahir cores (Foerster et al., 2012). The
potassium (Kþ) record of cores CB03e06 has been tuned to the Kþ
record of CB01 assuming that Kþ, as a weathering product of
feldspar, feldsparthoids, and mica, is transported instantaneously
in solution from source to sink, and complete mixing in the water
body of paleo-Lake Chew Bahir. We used linear and cubic spline
interpolation techniques while tuning the individual records, but
we have found no significant difference in the final result. All
radiocarbon ages were converted into calibrated ages with OxCAL
using the IntCal13 calibration curves (Bronk Ramsey,1995, 2009a,b;
Reimer et al., 2013). The best estimate of the true age was obtained
Figure 2. Age models of three studied records. (A) The composite age model of the Chew Ba
were converted into calibrated ages with OxCAL using the IntCal13 calibration curves (Bro
obtained by calculating the weighted mean of the probability density function of the cali
calculated using a probabilistic technique for complex stratigraphic sequences simply com
subsequent radiometric age dates and the unit deposition times (the inverse of the sedime

Please cite this article in press as: Trauth, M.H., et al., Episodes of enviro
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by calculating the weighted mean of the probability density func-
tion of the calibrated ages.

The potassium and all other proxy records were interpolated
upon the age model using a linear interpolation technique. We
prefer a linear over a spline model as abrupt variations between
low or high sedimentation rates, even episodes without depo-
sition, may actually exist in rift basins; these are smoothed out
by splines and age modeling techniques introducing an arbi-
trarily chosen memory (e.g., Bronk Ramsey, 2008, 2009a,b;
Blaauw and Christen, 2011; Trauth, 2014). We used the Kþ re-
cord between 11 and 4 ka of core CB01 for our analysis of sta-
bility versus instability because it is the most complete and
detailed record of the Mid Holocene (MH) wetedry transition in
the Chew Bahir basin. Between ~9.8 ka and 9.1 ka we fill a gap in
the core CB01 with the corresponding piece from the adjacent
core CB03.
hir basin is based on 32 AMS 14C ages (Foerster et al., 2012, 2014). All radiocarbon ages
nk Ramsey, 1995, 2009a,b; Reimer et al., 2013). The best estimate of the true age was
brated ages. (B) and (C) The age model of the Naivasha and Olorgesailie records was
paring the deposition time of equally thick sediment slices from the differences of
ntation rate) of the various sediment types (Trauth, 2014).

nmental stability versus instability in Late Cenozoic lake records of
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2.2. The MIS 5e4 transition in the Naivasha basin

The MIS 5e4 transition is recorded in the 60 m thick Ol Njorowa
Gorge section in the southern Naivasha basin, which covers the
interval between ~150 ka and 60 ka (Trauth et al., 2001, 2003). The
age model is based on anorthoclase and sanidine phenocryst con-
centrates from 16 tephra beds dated by the laser-fusion 40Ar/39Ar
method (Trauth et al., 2001, 2003). The lake record has been
inferred from sediment characteristics, diatoms, and authigenic
mineral assemblages (Trauth et al., 2001, 2003). The best agemodel
was determined using a technique presented by Trauth (2014). In
contrast to established age modeling techniques, such as intuitive
definition of the ageedepth relationship, calibrating the stratig-
raphy to insolation or orbital target curves, Monte-Carlo modeling
of age distributions along sediment cores, and Bayesian age-depth
models (see review of Blaauw, 2010; Trauth, 2014), the approach by
Trauth (2014) helps detect abrupt variations in sedimentation rates,
including the possibility of episodes of no deposition (hiatuses).

The new probabilistic technique for complex stratigraphic se-
quences simply compares the deposition time of equally thick
sediment slices from the differences of subsequent radiometric age
dates and the unit deposition times (the inverse of the sedimenta-
tion rate) of the various sediment types. First, the time difference is
determined from the two 40Ar/39Ar dates and their independent
Gaussian errors. Second, the time difference is again calculated from
the unit deposition time of the sediment types and their Gamma-
distributed dispersion (Trauth, 2014). The percentage overlap of
the distributions of these two sources of information, together with
the evidence from the sedimentary record, helps tofind the best age
model of complex sequences including abrupt variations in the rate
of deposition incorporating one or more hiatuses.

The sedimentation rates of the various types of deposits
exposed in the Ol Njorowa Gorge are very different, ranging from
less than a tenth of a millimeter per year for diatomite to several
meters of volcanic airfall deposits within a couple of hours, fol-
lowed by a longer period of time with no deposition (Trauth et al.,
2001, 2003). Most importantly, a thick welded tuff called the
Kedong Valley Tuff, 106 ± 4 ka, is located in the middle of the
section, which is considered to be deposited within zero time on
the 40Ar/39Ar time scale. The chronology is free of age reversals
within the one-sigma error bars of the argon ages. The means,
however, show in fact two reversals at the top (61.9 m, 60 ± 2 ka)
and in the middle of the section (40.28 m, 92 ± 5 ka). Statistical age
modeling requires monotonically increasing ages from top to bot-
tom of the section (e.g., Blaauw and Christen, 2011; Trauth, 2014).
Therefore, we have edited the age of these two layers within the
errors bars of the 40Ar/39Ar ages: 58 ka and 88 ka. This is quite
permissible within the error bars, particularly since the modifica-
tion of the ages does not affect the modeling result.

The Gamma model for the most likely unit deposition time for
each sediment type (e.g., three types of materials: tephra, clastic
sediments, diatomite) has two parameters: shape and scale. In the
experiments described here, a Gammamodel gammawith shape¼ 2
best describes the frequency distribution of unit deposition times,
which is in agreement with the work of Blaauw and Christen (2011).
Weused a scale factor of 1.5, 2.0, and 8.0 for the three sediment types:
tephra, clastic sediments, and diatomite. A first run of the model was
used to adjust the Gamma parameters for the corresponding to
sedimentation rates of ~0.667, 0.500, and 0.125 mm/yr.

2.3. The Early Mid Pleistocene transition in the Olorgesailie basin

The EMPT is recorded in the 80 m thick Olorgesailie Formation
exposed in the Olorgesailie basin, which covers the interval be-
tween ~1.25 Ma and 0.49 Ma (Deino and Potts, 1990; Behrensmeyer
Please cite this article in press as: Trauth, M.H., et al., Episodes of enviro
Eastern Africa, Journal of Human Evolution (2015), http://dx.doi.org/10.1
et al., 2002; Owen et al., 2008, 2011; Deocampo et al., 2010). The age
model is based on seven 40Ar/39Ar ages of tephra layers, of which
neither the oldest date (1.20 Ma) nor the ~780 ka Bruhnes-
Matuyama magnetic reversal has an error bar (Deino and Potts,
1990; Behrensmeyer et al., 2002; Owen et al., 2008, 2011;
Deocampo et al., 2010). Again, we used the new probabilistic
technique for complex stratigraphic sequences by Trauth (2014) to
determine the best agemodel of the Olorgesailie sequence. The lake
record is taken from Figure 4 of Behrensmeyer et al. (2002),
describing three different environments: (1) fluctuating lacustrine,
(2) wetland, and (3) subaerial conditions.

Behrensmeyer et al. (2002) classify the sediment layers of the
Olorgesailie formation in four types of deposits: (1) sands and/or
gravel, (2) subaerial exposure, (3) extensive pedogenesis, and (4)
bedded diatomite. We interpret these types of deposits as (1)
coarse-grained sediments, (2) and (3) fine-grained sediments of
two different types, and (4) diatomite, where the precise distinction
is not decisive for the outcome of the experiment. Interactive
modeling yields a Gamma model for the sediment types with a
shape factor of 2 and scale factors of 0.5 for coarse-grained sedi-
ments, 2 for both types of fine-grained sediments (although the
model also allows for different values), and 20 for diatomite. The
corresponding sedimentation rates are 2 mm/yr for coarse-grained
sediments, 0.5 mm/yr for fine-grained deposits, and 0.05mm/yr for
diatomite.

3. Examples for stability-instability in Cenozoic lake records

3.1. The stabilityeinstability transition in the Mid Holocene Chew
Bahir record

Although we are interested only in the time interval between
11 ka and 4 ka, a consistent age model for the entire core using all
AMS 14C ages must be calculated (Foerster et al., 2012, 2014;
Fig. 2A). In a first approximation, the age model based on radio-
carbon dating of mixed materials suggests a linear relationship
between age and depth, with a two-time change in the sedimen-
tation rate at ~9.75 m and 7.35 m (Foerster et al., 2012, 2014;
Fig. 2A). The timing of the transitions correlates with a change of
climate in Eastern Africa. Two wet episodes before 35 ka and after
~15 ka (the so-called African Humid Period, between ~15 ka and
5 ka; e.g., Barker et al., 2004) with sedimentation rates in the order
of ~0.5e0.6 mm/yr are bracketing an episode of a drier climate
during the Last Glacial Maximum with sedimentation rates of
~0.1 mm/yr (Foerster et al., 2012, 2014). The sedimentation rates
vary not onlywith time but also from core to core along the transect
of the pre-study. The mean sedimentation rate (SAR) decreases
from ~0.7 mm/yr at the basin margin (core CB01) to ~0.2 mm/yr
towards the center (CB05; Foerster et al., 2012, 2014). A closer look
at the age model reveals slightly too old radiocarbon ages between
6.5 m and 3.0 m composite depth, i.e., slightly delayed by ~1.0 m
compared with the African Humid Period (~7.5e4.0 m composite
depth), suggesting temporary storage and remobilization of organic
matter in the densely vegetated catchment during a wetter climate
(Fig. 2A). Three ages, younger than 2 ka, at ~7.45 m and 3.9 m, are
believed to be too young due to contamination of the sediment core
(Foerster et al., 2012, 2014; Fig. 2A).

The examination of the Kþ record between 11 ka and 4 ka re-
veals an episode of relative environmental stability until about
8.2 ka, before a distinctive drought event occurs at ~8.15 ka
(Fig. 3A). This drought event is the first of a series of five events,
between ~40 and 80 years long, each of which is documented by
two to six data points in our Kþ record. An episode of relative
instability, characterized by a relatively wet climatewith a decrease
in humidity between ~8.15 ka and 7.75 ka and interrupted by the
nmental stability versus instability in Late Cenozoic lake records of
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Figure 3. Lake level records of the three studied sites (blue lines) with age control points (green squares) and orbital and precessional quantities (red lines) to define episodes of
relative stability and instability with pronounced dry periods (red triangles). (A) Holocene environmental record of the Chew Bahir basin created by tuning the potassium records of
five cores (CB01 and CB03e06) and interpolating the record to the age model shown in Figure 2A. (B) Late Pleistocene lake-level record of Lake Naivasha obtained by recalibrating
the record published in Trauth et al. (2001, 2003) to the new age model shown in Figure 2B. (C) Mid Pleistocene record of the Olorgesailie basin taken from Behrensmeyer et al.
(2002), re-calibrated to the revised age model shown in Figure 2C and plotted together with the earth's eccentricity cycle (solid red line) as well as its 800 kyr component (dashed
red line). All orbital and precessional quantities taken from Laskar et al. (2004). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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~80e40 year long drought events, is followed by an interval of
relative stability between ~7.75 ka and 7.15 ka at a high moisture
level. This wet and stable episode is again followed by a two-
thousand year long interval of instability between ~7.15 ka and
5 ka. The episode of relative stability is characterized by a relatively
high moisture level between ~7.15 ka and 5.95 ka, before the onset
of one-thousand year long drying of the region. The entire period
between ~7.15 ka and 5 ka is again characterized by at least fourteen
pronounced drought events, again between ~20 and 80 years long,
each of which is documented by two to seven data points in our Kþ
record. This unstable interval is followed by relatively dry and
stable climate after ~5 ka.

In a first approximation, the Kþ record follows the earth's pre-
cession cycle during the interval from 11 ka to 4 ka, which is in
agreement with the proposed link between increased humidity
during the African Humid Period (AHP) andmore intense heating of
the northern hemisphere as a consequence of a minimum in the
orbital precession (e.g., Kutzbach and Liu, 1997; Fig. 3A). On closer
inspection, however, the Kþ record suggests a strong nonlinear
relationship between orbital forcing and climate during the Mid
Holocene (MH) wetedry transition in the Chew Bahir basin and its
catchment. During the precession increase from�0.020 to zero, the
climate on average between 11 ka and 4 ka remained relatively
moist. However, after falling below zero, the climate became un-
stable with pronounced dry periods recurring every 160 ± 40 years,
which have a duration of 80e20 years. When the precession
increased above þ0.005, climate returned to relative stability, but
at a much lower moisture level.
Please cite this article in press as: Trauth, M.H., et al., Episodes of enviro
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3.2. The stabilityeinstability transition in the Late Pleistocene
Naivasha record

We examine the period between 160 ka and 50 ka, for which we
calculate the most likely age model (Fig. 2B). First, we have calcu-
lated an age model based on the unit deposition times of the three
types of sediments: tephra, clastic sediments, and diatomite. The
determination of the best age model requires the interactive
adjustment of the age of the base of the section and the Gamma
parameters of each sediment type. Using an age of 183 ka for the
base of the section and the scale factors of 1.5, 2.0, and 8.0 for the
three sediment types of tephra, clastic sediments, and diatomite,
corresponding to sedimentation rates of ~0.667, 0.500, and
0.125 mm/yr, respectively, leads to the best fit between the age
model and the independent argon ages of the section.

Second, we compare the unit deposition times (and their
Gamma distributions) with the differences of subsequent radio-
metric age dates (and their Gaussian distributions). The percentage
overlaps of the distributions ranges from 11 to 80%, with the lower
values indicating possible abrupt changes in the sedimentation
including episodes of no deposition (hiatuses; Fig. 2B). Using this
information we find a hiatus at 11.5 m height in the section, where
we add 3.8 kyrs to the agemodel. At this location in the section, the
percentage overlap between the two sources of evidence, the
sediment types and argon ages, is only ~11%. Introducing an in-
terval of 3.8 kyr without deposition causes a perfectmatch between
the age model and the argon ages in this part of the section. If we
examine the stratigraphic description of the 0.12m thick unit in the
nmental stability versus instability in Late Cenozoic lake records of
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profile, which includes the possible hiatus, we find a complex de-
posit comprising sands and silts, mixed with diatomaceous sedi-
ments, but also volcaniclastic deposits with rounded pumice lapilli
and rock fragments (Trauth et al., 2001, 2003). This unit is imme-
diately below the oldest diatomite unit, 3.30 m thick, documenting
a major lacustrine interval in the Naivasha basin.

A second hiatus is possibly located at 34 m just above the
Kedong Valley Tuff, 106 ± 4 ka, located in the middle of the section,
which is considered to be deposited within zero time on the
40Ar/39Ar time scale. The best match between the age model and
the argon ages is obtained by introducing an interval of no depo-
sition with a duration of 9.18 kyrs at the top of the tuff. Again, the
examination of the stratigraphic log of the section reveals a 0.3 m
thick unit of a sandy tuff overlying the heavily eroded and weath-
ered top of the Kedong Valley Tuff, suggesting subaerial conditions
after the deposition of the 10 m thick tuff in a shallow lake in the
southernmost part of the Naivasha basin (Trauth et al., 2001, 2003).
At this location in the section, the percentage overlap between the
two sources of evidence, the sediment types and argon ages, is only
~43%.

The Late Pleistocene lake level record from the Naivasha basin
reveals a relatively long episode of stability between 155 ka and
106 ka, which is particularly evident through a series of diatomite
beds with a total thickness of ~4.9 m with intercalated clastic and
volcaniclastic deposits (Fig. 3B; Trauth et al., 2001, 2003). During
this lake episode, the lake has reached water depths of up to 150 m
and a size of ~520 km2, whereas the up to 9 m deep modern lake
covers only ~180 km2 (Bergner et al., 2003). Climate variability
during this interval was relatively low, as pH fluctuations between
~8.0 and 8.5 of the lake water inferred from diatom assemblages
suggest (Bergner and Trauth, 2004). In contrast, the episode after
~106 ka is characterized by remarkable climate fluctuations (Trauth
et al., 2001, 2003). Short freshwater phases are characterized by
thin diatomite layers, unaltered volcanic glass, and absence of
authigenic silicates. In contrast, silicic glass with perlitic cracks,
glass shards with montmorillonite rims, occasional chabazite, and
phillipsite represent the transition to alkaline conditions with a pH
of about 9. Even higher alkalinity results in the formation of cli-
noptilolite, and extremely alkaline porewaters (pH > 11) lead to the
precipitation of analcime (Trauth et al., 2001, 2003). The diatomite
layers within this part of the section are characterized by diatom
species with a preference for slightly higher alkalinities than the
ones identified in the lower, thick diatomite beds (Bergner and
Trauth, 2004).

The relation between climate and orbital forcing is complex in
this part of Eastern Africa, as it seems to follow equatorial March
and September insolation at times of maximum eccentricity and
hence maximum amplitude of the Earth's precessional cycle,
causing half precessional cycles (~11.5 kyr) rather than precessional
(~23 kyr) in climate records (Berger and Loutre, 1997; Trauth et al.,
2003; Berger et al., 2006). Furthermore, it seems the complex
topography of the East African Rift System, with its horst and
graben structures and extensive plateaus, modulates this influence
in a complicatedmanner (Trauth et al., 2010). The newagemodel of
this section suggests lake highstands as the result of a wetter
climate between 155 ka and 127 ka, 113 ka and 108 ka, as well as
between ~98 ka and 93 ka, ~83 ka and 80 ka, and ~72 ka and 67 ka,
which is slightly different from the chronology of high lake levels as
published by Trauth et al. (2001, 2003). Whereas the old chronol-
ogy of highstands suggests a linear correlation of the lake level with
March and September insolation, the lake record according to the
new age model suggests a more complex link between insolation
and the hydrological budget of Lake Naivasha than previously
thought. The lake highstands, however, seem to occur 5000e2000
years after minimum or maximum precession, suggesting a causal
Please cite this article in press as: Trauth, M.H., et al., Episodes of enviro
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but complex link between orbital forcing and humidity between
160 ka and 50 ka (Fig. 3B). Between these wet episodes, the most
remarkable drought events are centered at ~91, 88, 83, 78, and 73 ka
(i.e., within the episode of instability after ~106 ka; Fig. 3B).

3.3. The stabilityeinstability transition in the Early Mid Pleistocene
Olorgesailie record

The Early to Mid Pleistocene lake sediment sequence exposed in
the Olorgesailie basin has led to lively discussions during the last
couple of years (Trauth and Maslin, 2009; Owen et al., 2009). In
particular, there is disagreement over the duration of stable
lacustrine conditions, which is documented in up to 7 m thick
diatomite beds within the section. In our interpretation of the
published evidence by Behrensmeyer et al. (2002), we concluded
that a large, deep lake existed between ~1.2 Ma and 0.9 Ma,
whereas Owen et al. (2009) read the same stratigraphic section as
the record of a series of short (less than 10 ka) lacustrine episodes,
interrupted by long (more than 200 kyr) intervals of complex
conditions including several hiatuses (Owen et al., 2009). According
to the interpretation of Owen et al. (2009), only ~45% of the time
interval between ~1.25 Ma and 0.49 Ma is recorded in the sedi-
ments of the Olorgesailie formation. On the other hand, the Olor-
gesailie formation is the key section for the variability selection
hypothesis by Potts (1996) claiming that environmental instability
is a key driver of evolution.

We examined the period between 1.25 Ma and 0.49 Ma, for
which we calculated the most likely age model (Fig. 2C) using the
approach by Trauth (2014). First, we calculated an age model based
on the unit deposition times of the four types of sediments: coarse-
grained sediments, fine-grained sediments of two different types,
and diatomite. The determination of the best age model requires
the interactive adjustment of the age of the base of the section and
the scale factors of 0.5 for coarse-grained sediments, 2 for both
types of fine-grained sediments, and 20 for diatomite, corre-
sponding to sedimentation rates of 2 mm/yr, 0.5 mm/yr, and
0.05 mm/yr, respectively, which leads to the best fit between the
age model and the independent argon ages of the section.

Second, we compared the unit deposition times (and their
Gamma distributions) with the differences of subsequent radio-
metric age dates (and their Gaussian distributions). The percentage
overlaps of the distributions range from close to zero to ~56%, with
the lower values indicating possible abrupt changes in the sedi-
mentation including episodes of no deposition (hiatuses; Fig. 2C).
Using this information we found a hiatus at 4.0 m height in the
section, wherewe added 80 kyr to the agemodel. At this location in
the section, the percentage overlap between the two sources of
evidence, the sediment types and argon ages, is close to zero.
Introducing an interval of 80 kyr without deposition causes a per-
fect match between the agemodel and the argon ages in this part of
the section. A second hiatus is possibly located at 24.5 m. The best
match between the age model and the argon ages is obtained by
introducing an interval of no depositionwith a duration of 20 kyr at
the top at this level. At this location in the section, the percentage
overlap between the two sources of evidence, the sediment types
and argon ages, is again close to zero (Fig. 2C). In contrast to the
interpretation of Owen et al. (2009), we believe that only ~13% of
the Olorgesailie formation is without a record of environmental
change.

The Early to Mid Pleistocene lake level record from the Olor-
gesailie basin reveals a relatively long episode of stability between
1.15 Ma and 0.95 Ma, which is particularly evident through a series
of up to 7 m thick diatomite beds with intercalated clastic and
volcaniclastic deposits (Fig. 3C; Trauth et al., 2001, 2003). Climate
variability during this interval was relatively low, as pH fluctuations
nmental stability versus instability in Late Cenozoic lake records of
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between ~7.5 and 9.5 of the lake water inferred from diatom as-
semblages suggest (Owen et al., 2008). This episode of remarkable
stability is followed by a relatively dry episode between 0.95 Ma
and 0.75 Ma with predominantly subaerial conditions, before the
onset of a secondmajor lake episode between 0.75Ma and 0.49 Ma.
In contrast to the first lake episode, this lacustrine phase is char-
acterized by rapid climate fluctuations within less than a thousand
years (Owen et al., 2008).

The Olorgesailie record correlates well with the Earth's eccen-
tricity cycle modulating the amplitude of the precessional cycle
(Fig. 3C). Both lake episodes correlate with maxima of the 400 kyr
component of the eccentricity cycle, whereas the dry interval be-
tween 0.95 Ma and 0.75 Ma correlates with a minimum of this
cycle. Most interestingly, the greater amplitude of the maximum at
~1.0 Ma seems to correlate with more stable conditions, while the
second, lower maximum at ~0.6 Ma correlates with more unstable
conditions. Looking at the longer, 800 kyr component of the ec-
centricity cycle, the transition from stable to unstable environ-
mental conditions occurs at the descending portion of the 800 kyr
component of the earth's eccentricity cycle (Fig. 3C).

4. Discussion

Our analysis of published climate time records shows that epi-
sodes of stability and instability in the environmental conditions
occur on three different orbital time scales (10,000 to 1,000,000
years) during the Cenozoic.

On very long time scales of greater than one million years,
changes in lakes are primarily determined by tectonics, which
initially creates but also destroys lake basins. However, tectonics
also affect lake conditions on shorter time scales by changing the
shape and size of catchments and drainage networks (e.g., Bergner
et al., 2009; Olaka et al., 2010; Trauth et al., 2010; Feibel, 2011).
Furthermore, tectonics shape the morphology of lake basins and
hence the sensitivity of these lakes to changes in the precipitation/
evaporation balance (Olaka et al., 2010; Trauth et al., 2010). The
tectonic influence on lakes is thus the first example where long-
term processes can cause stable versus unstable conditions on
time scales relevant for humans and other animals.

If the tectonic conditions for a lake are provided, it is mainly
orbital cycles which determines the hydrological budget of the lake
on time scales of 10,000 to 100,000 years (e.g., Kutzbach and Street-
Perrott, 1985; Trauth et al., 2003, 2007; Kingston et al., 2007;
Bergner et al., 2009; Trauth et al., 2010). The most dramatic fluc-
tuations in humidity are caused by the 400- and 800-kyr compo-
nents of the eccentricity cycle, which cause clusters of large lakes in
Eastern Africa (Trauth et al., 2005, 2007). The Olorgesailie record
shows that the amplitude of the 400- and 800-kyr cycle affects the
relative stability of the environmental conditions, with a tendency
to instability in times of low amplitude (Fig. 3C). Furthermore, the
Naivasha record suggests that, during an interval of maximum ec-
centricity between 160 ka and 50 ka, intervals of relative stability
and instability alternate. At this time scale, it is the amplitude of the
100-kyr component of the eccentricity cycle that controls the
amplitude of the precession cycle and hence the insolation on the
African continent (Kutzbach and Street-Perrott, 1985; Trauth et al.,
2003; Junginger and Trauth, 2013). Again, lower amplitudes of the
100-kyr cycle cause relative instability in the environment (Trauth
et al., 2003; Fig. 3B).

If the orbital conditions (e.g., positive or negative precession
during maximum eccentricity) result in highly variable lake levels,
the hydrological budget of the lakes on the shorter time scales (i.e.,
<1000 years) is influenced by millennial scale global climate fluc-
tuations, such as Dansgaard-Oeschger/Heinrich events including
the Younger Dryas (Brown et al., 2007; Foerster et al., 2012;
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Junginger and Trauth, 2013), and solar variations (Verschuren
et al., 2000; Junginger et al., 2014). Interestingly, as shown by the
Chew Bahir record of the Mid Holocene transition, the relation
between environmental conditions and orbital forcing is highly
nonlinear (Fig. 3A). After the precession minimum at ~10 ka,
climate remains relatively moist despite an increase of precession
from �0.018 to zero, followed by an episode of remarkable insta-
bility with at least 19 intervals of extreme aridity, recurring every
160 ± 40 years in durations of 80e20 years. Stability is reached after
~5 ka, when precession has increased above zero. Importantly, the
overall transition from wet to dry at the termination of the AHP is
relatively gradual, in contrast to the observation of deMenocal et al.
(2000) and Tierney and deMenocal (2013; Fig. 3A).

What are the possible mechanisms for the stabilization and
destabilization of environmental conditions? On very long time
scales (>1,000,000 years), volcano-tectonic phenomena associated
with the East African Rift System (EARS) and associated plateaus
can cause both stability and instability. The formation of plateaus,
as an example, has contributed very effectively to stability of the
environment, as it has resulted in a blockage of moisture-bearing
winds from both oceans in the West and the East and thus
persistently drier conditions in Eastern Africa (Sepulchre et al.,
2006; Wichura et al., 2010). On the other hand, if northern hemi-
sphere insolation crosses a certain threshold during a precession
minimum and the west-east pressure gradient increases during the
July to September months, the Congo Air Boundary, currently
blocked by topography, crosses the East African plateaus, bringing
extra moisture from the Congo basin further to the East (Junginger
and Trauth, 2013). This mechanism seems to have worked at time
scales of 100 years, introducing a high level of instability if the
threshold is crossed through greater insolation (Junginger et al.,
2014).

Rift lakes are another factor in the development of stability and
instability, as they might act as amplifiers of relatively moderate
climate shifts on time scales of 1000 years (so-called amplifier
lakes; Street-Perrott and Harrison, 1985; Olaka et al., 2010; Trauth
et al., 2010). On the other hand, they also have a stabilizing effect
by the sheer size of the water body, which reacts very slowly to
changes in the moisture budget (Fig. 4). As an example, paleo-Lake
Suguta in the northern Kenya Rift was about 300 m deep and
2200 km2 large during the African Humid Period, while there is a
0.5e5 m deep, alkaline Lake Logipi today (Garcin et al., 2009). If
there is an abrupt increase of precipitation of þ25% in the
13,000 km2 large catchment today, the lake would reach two thirds
of the maximum lake level of 300 m not before 200 years after the
climate shift, and would stabilize at the maximum lake level only
after 1000 years. Gradual changes in climate would cause even
longer response times of the water body. Correspondingly, an
abrupt or gradual decrease of precipitation results in a delayed
decline of the water level of paleo-Lake Suguta (Borchardt and
Trauth, 2012; Junginger and Trauth, 2013; Fig. 4). In other words,
large lakes smooth (or low-pass filter) rapid, low-amplitude vari-
ations of climate and therefore stabilize the environment.

An additional mechanism to stabilize local environmental con-
ditions is vegetation-climate feedbacks (e.g., Jeltsch et al., 2000;
Maslin, 2004; Fig. 5) wherein positive feedbacks can resist partic-
ular climate changes. For example, if an area is covered with forest,
and the region starts to dry out, the vegetation recycles moisture,
maintaining a level of rainfall for the forest to survive (Maslin,
2004). There is, however, a threshold at which this mechanism is
not sufficient and forest is replaced by savanna. This moisture
feedback does not exist with savanna; instead, the relatively dry
grassland environment is maintained by recurring fires keeping
trees away, similar to the activity of grazers and other factors
(Jeltsch et al., 2000). Hence, the climate must get much wetter
nmental stability versus instability in Late Cenozoic lake records of
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Figure 4. Stabilizing effects of lakes. Lakes have a stabilizing effect by the sheer size of the water body, which reacts very slowly to changes in the moisture budget, as lake-balance
modeling suggests. If there is an abrupt increase of þ25% in the 13,000 km2 large catchment today, the lake would reach two thirds of the maximum lake level of 300 years not
before 200 years after the climate shift, and would stabilize at the maximum lake level only after 1000 years. Gradual changes in climate would cause even longer response times of
the water body (Borchardt and Trauth, 2012; Junginger and Trauth, 2013).

Figure 5. Bifurcation of the vegetationeclimate relationship. Vegetation has a stabi-
lizing effect on the local environment due to a positive feedback, which resists
particular climate changes. For example, forests recycle moisture, maintaining a level
of rainfall for the forest to survive (Maslin, 2004). This moisture feedback does not
exist with savanna; instead, the relatively dry grassland environment is maintained by
recurring fires keeping trees away, similar to the activity of grazers and other factors
(Jeltsch et al., 2000).
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before forest can recolonize that region. The interesting aspect here
is the character of the transitions near the thresholds in this saddle-
node bifurcated system response: how does the environment
switch from one to the other stable mode? Maybe this model helps
explain the remarkable instability and the occurrence of extreme
droughts during the Mid Holocene wetedry transition in the Chew
Bahir basin (Fig. 3).

The observed character of transitions between stable and un-
stable conditions can be compared with the theoretical models
proposed by Maslin and Christensen (2007) and refined by Maslin
et al. (2014; Fig. 6). In their work, they present three different
models of how lakes could respond to local orbital forcing. The first
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model suggests that there is a relatively smooth gradual transition
between periods with deep lakes and periods without lakes, which
may invoke the Red Queen (Van Valen, 1973) or Turnover Pulse
Hypotheses (Vrba, 1985) as possible causes of evolution (see
below). The second model is a threshold model with ephemeral
lakes, expanding and contracting extremely rapidly, producing the
widespread, regional-scale, rapid, and extreme environmental
variability required by the Variability Selection Hypothesis (Potts,
1998). The third model is characterized by extreme variability
during the transitions between full to no lake conditions, which
provides climate variability at a time-scale relevant to evolutionary
processes. In both Models 2 and 3 human evolution could still be
strongly influenced by the high-energy wet conditions or pro-
longed aridity (Maslin and Christensen, 2007). These models are
the basis of the Pulsed Climate Variability Hypothesis (Maslin and
Trauth, 2009; Trauth et al., 2010) that provides a paleoclimate
framework within which to discuss the causes of early human
evolution (Maslin et al., 2014). Different species or, at the very least,
different emerging traits within a species could have evolved
through various mechanisms, including the Turnover Pulse
Hypotheses, Pulsed Climate Variability Hypothesis, or allopatric
speciation.

Understanding how the East African climate switches from
stability to instability is essential if we want to understand the ef-
fect of climate variation on human evolution. It is becoming
apparent that different climate modes may have influenced the
evolution of different species and their definitive characteristics or
traits (Maslin et al., 2015). For example, the statistical modeling
work of Shultz and Maslin (2013) shows that the significant brain
expansion around 1.9e1.7 Ma, due to the appearance of Homo
rudolfensis, Homo georgicus, and Homo ergaster, was associated with
the emergence of ephemeral deep water lakes in almost all the East
African rift basins. Maslin et al. (2014) note that although no evi-
dence for these large brained hominins existed before 1.9 Ma, this
interpretation may be limited as there is a lack of cranial capacity
nmental stability versus instability in Late Cenozoic lake records of
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Figure 6. Models of possible environmental response to orbital forcing. The first model suggests that there is a relatively smooth gradual transition between periods with deep lakes
and periods without lakes, which may invoke Red Queen (Van Valen, 1973) or Turnover Pulse Hypotheses (Vrba, 1985) as possible causes of evolution (see below). The second and
third model are threshold model, with ephemeral lakes, expanding and contracting extremely rapidly, producing the widespread, regional-scale, rapid, and extreme environmental
variability required by the Variability Selection Hypothesis of human evolution (Potts, 1998). The third model, however, is characterized by extreme variability during the transitions
between full to no lake conditions, which implies variability influenced human evolution or again either high-energy wet conditions or prolonged aridity (Maslin and Christensen,
2007).
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data between 2Ma and 2.5 Ma. Shultz andMaslin (2013) also found
that the subsequent expansion of brain capacity seems to be linked
to dry stable conditions. Other characteristics that could have been
forced by varying climatemodes andmay have been independently
forced as a result of brain expansion include changes in life history
(shortened inter-birth intervals, delayed development), body size,
shoulder morphology allowing throwing of projectiles (Roach et al.,
2013), adaptation to long distance running (Bramble and
Lieberman, 2004), ecological flexibility (Hopf et al., 1993), and so-
cial behavior (Ant�on, 2003). At about 1.1e0.9 Ma, during the Early
Mid Pleistocene Transition, environmental pressure and natural
selection may have contributed to the extinction of the robust
Australopithecines whose last appearance is currently dated to
<1.2 Ma. H. ergaster survived because they were able to adapt their
stone tools to a change of the environment and hence the type of
food (Potts, 2013; Fig. 3A). There is also discussion about whether
these changing environmental conditions could have contributed
to the step like increase in brain capacity between 0.8 Ma and
1.0 Ma and the emergence of Homo heidelbergensis around 800 ka
(Shultz et al., 2012).

The Ol Njorowa Gorge section in the Naivasha basin includes the
Late Pleistocene MIS 5e4 transition, when Homo sapiens may have
been able to expand beyond the limits of Eastern Africa into
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southern Arabia, eventually during low water levels of the Red Sea
and Persian Gulf for the first time when it was already wet in
Eastern Africa at ~125 ka (Armitage et al., 2011). Stable environ-
mental conditions prevailed between 150 ka and 125 ka, which
may have led to an increase in the population size in Eastern Africa
before the first shift towards arid conditions at ~125 ka may have
caused the first expansions of this species along this southern route
into Arabia (Armitage et al., 2011; Fig. 3B). The second major wave
of expansion, this time through the “Nile corridor” into the Levant,
occurs after ~105 ka (Niewoehner, 2001; Rightmire, 2009;
Campbell and Tishkoff, 2010; Scheinfeldt et al., 2010), when
climate finally got drier and unstable, according to our lake record
from the Naivasha basin (Fig. 3B). This interval also coincides with
increased cultural differentiation, innovation in hunting and other
foraging activities, including fishing tools and the first obvious
symbolic expression using preservable materials (Potts, 2013).

The Chew Bahir record ultimately shows in detail how the
environment responds to gradual changes in insolation in a
nonlinear, saddle-node bifurcation type transition (Fig. 3A). This
high-resolution (~12 yrs) recordmay provide an important basis for
discussion of the character and causes of the cultural transition
from fishing to herding in the region (Ambrose, 1998; Marshall and
Hildebrand, 2002; Scheinfeldt et al., 2010). The record clearly
nmental stability versus instability in Late Cenozoic lake records of
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shows that climate developed fromwet and stable conditions until
~8.2 ka towards dry and stable conditions after ~5 ka. The inter-
mediate interval between 8.2 ka and 5 ka is characterized by
relatively wet conditions during most of the time, but punctuated
by at least 19 events of extreme aridity, 20e80 years long and
recurring every 160 ± 40 years, which may have made life difficult
for humans living in the region. Droughts that last for several de-
cades may have forced people to develop new technologies for food
production, as documented in the archeological record.
5. Conclusions

We found episodes of stability and instability in the environ-
mental conditions at three different orbital time scales (10,000 to
1,000,000 years) during the Cenozoic. These episodes of stability
and instability may correlate with important steps in hominin
speciation, brain expansion, cultural and technological innovation,
and dispersal out of Africa. Hence, understanding the stability and
instability of East African climate may be important if we are to
increase our understanding of the key factors which may have
driven human evolution.
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