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Summary

Eastern Africa, a hotspot of hominin evolution, is a diverse and fragile landscape, shaped by
the ongoing rifting and the large orographic and climatic gradients between green and lush
mountainous regions and dry and hot rift floors, which are partly deserted today, such as the
Chew Bahir basin, in southern Ethiopia and north-east of Lake Turkana. Orbital-induced
climate change caused the last African Humid Period (AHP) from 15-5 ka (thousand years
before present), leading to large rift lakes, such as the paleo-lake Chew Bahir with up to 2500
kmzin size. Drilled lacustrine sediment proxies from the Chew Bahir Basin revealed the climate
dynamics for the last AHP and the past 620 ka. Because proxies provide qualitative spatially
point-wise and temporally continuous data about the past climate and environment, this thesis
aims to complement these results using catchment-scaled environmental models to gain
quantitative and spatial data about the past hydroclimate and vegetation in the vicinity of Chew
Bahir. Therefore, this cumulative thesis provides a collection of model applications in the Chew
Bahir vicinity and discusses the consequences for early humans living in this region. First, a
Lake Balance Model (LBM) extrapolated the necessary paleo-precipitation of +25—41%
compared to today during the AHP and revealed the high importance of paleo-hydro-
connectivity between different lake basins in the East African Rift System. Model results
showed paleo-lake Chew Bahir may have desiccated within decades and flooded within the
same time afterward as soon as humid conditions prevailed. Second, a Predictive Vegetation
Model (PVM) linked with the LBM provided spatial estimates of the paleo-vegetation during the
Last Glacial Maximum (LGM) time and the AHP. A comparison with the archeological record
indicates a human preference for open landscapes in southern Ethiopia. The model yields a
precipitation reduction of -17.5% during LGM times. Third, a comprehensive perspective on
the lake level evolution within the Turkana Depression indicates that besides paleo-lake Chew
Bahir, there was a paleo-lake Chalbi, similar in size and, presumably, even more climate-
sensitive than paleo-lake Chew Bahir. Fourth, developing an isotope-enabled quantitative
model using the geological gradient between the modern-day catchment and the extended
paleo-catchment may be possible for the Chew Bahir lacustrine sediments, as this modern-
analog study shows. Fifth, the interdisciplinary discussion about the risk assessment of
humans living close-by Chew Bahir and Lake Turkana during the termination of the AHP is
shown. Sixth and last, the application of a hydrological model is shown exemplary in a different
landscape in Georgia, and the impact of human behavior on the hydrosphere during the

Holocene is revealed.
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Kurzfassung

Ostafrika, ein Hotspot der Hominidenevolution, ist eine vielfaltige Landschaft, die durch den
Grabenbruch und die groBen orografischen und klimatischen Kontraste zwischen griinen
Uppigen Bergregionen und den trocken-heiBen heiBen Riftbecken gepragt ist, welche heute
teilweise desertifiziert sind, wie das Chew Bahir Becken im Siiden Athiopiens. Orbital bedingte
Klimaveranderungen haben die letzte Afrikanische Feuchtperiode (AHP) von 15-5 ka (vor
tausend Jahren) verursacht, die zu der Entstehungen groBer Riftseen fiihrte, wie dem 2500
km?2 groBen Paldosee Chew Bahir. Lakustrine Sedimente aus dem Chew Bahir Becken geben
Aufschluss Uber die Klimadynamik wahrend der letzten AHP und der letzten 620 ka. Da
Proxies qualitative, raumlich punktuelle und zeitlich kontinuierliche Daten Giber das vergangene
Klima und die Umwelt liefern, zielt diese Arbeit darauf ab, diese Ergebnisse mit Hilfe von
Umweltmodellen auf Einzugsgebietsebene zu ergadnzen, um wichtige quantitative und
raumliche Daten Uber das vergangene Hydroklima und die Vegetation zu gewinnen. Daher
zeigt diese kumulative Dissertation eine Sammlung von Modellanwendungen in der
Umgebung von Chew Bahir, sowie Diskussionen Uber die potenziellen Folgen fir die in der
Region beheimateten frihen Menschen. Zunéchst wird mit einem Wasserbilanzmodel (LBM)
der notwendige Paldoniederschlag von +25-41% wahrend der AHP extrapoliert und die groBe
Bedeutung der Paldo-Hydro-Konnektivitdt zwischen verschiedenen Seebecken im
Ostafrikanischen Grabensystem aufgezeigt. Die Modellergebnisse zeigten, dass der Paldosee
Chew Bahir innerhalb weniger Jahrzehnte ausgetrocknet und anschlieBend innerhalb der
gleichen Zeit tberflutet worden sein kénnte. Zweitens lieferte ein Vegetationsmodel (PVM) in
Verbindung mit dem LBM raumliche Absch&tzungen der Paldovegetation wahrend des Letzten
Glazialen Maximums (LGM) und der AHP. Ein Vergleich mit den arch&ologischen Daten zeigt,
dass der Mensch im Siiden Athiopiens vermutlich offene Landschaften bevorzugte. Das
Modell approximiert einen Niederschlagsriickgang von -17,5 % zur Zeit des LGM. Drittens
zeigt ein umfassender Blick auf die Entwicklung des Seespiegels in der Turkana-Senke, dass
es neben dem Paldosee Chew Bahir einen Paldosee Chalbi gab, welcher eine ahnliche GréBe
erreichte und mdglicherweise eine noch drastischere Klimasensitivitdt aufwies. Viertens
kdnnte die Entwicklung eines isotopengestutzten quantitativen Modells unter Verwendung des
geologischen Gradienten zwischen dem heutigen Einzugsgebiet und dem erweiterten Paldo-
Einzugsgebiet fur die lakustrinen Sedimente des Chew Bahir méglich sein. Flinftens wird die
interdisziplinare Diskussion Uber das Risikoadaptionsverhalten fir Menschen, welche in der
Nahe des Turkana-Sees lebten, dargestellt. Zuletzt wird die Anwendung eines hydrologischen
Modells exemplarisch in einer anderen Landschaft in Georgien gezeigt und der Einfluss des

menschlichen Verhaltens auf die Hydrosphére wahrend des Holozéns dargestellt.
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1 Introduction

1.1 Background and Relevance

Eastern Africa is, due to the ongoing rifting and its position within the global atmospheric
circulation system, a highly diverse and intricate geo-, climate- and ecosystem and a unique
hotspot of hominin fossils and stone tool findings (Nicholson, 2019). It is called the cradle of
humankind in popular science because of the proposed evolutionary emergence of our very
own species, Homo Sapiens (Maslin, 2016). New findings challenge this simplistic narrative
and suggest a multiregional pan-African origin (Bergstrdm et al., 2021; Scerri et al., 2019).
Nevertheless, a majority of crucial fossils documenting significant evolutionary steps have
been found in eastern Africa. In the vicinity of Lake Turkana, for example, has been an almost
wholly preserved Homo Erectus fossil with an age of around 1.5 million years (Brown et al.,
1985), and one of the oldest Homo Sapiens fossils from Omo-Kibish with an age of about 233
ka (Thousand Years Ago) been excavated (Leakey, 1969; Vidal et al., 2022). The first
documented stone tools with an age of 3.3 million years (Harmand et al., 2015), the oldest
emergence of the Acheulean technology with an age of 1.7 million years (Diez-Martin et al.,
2016), and the transition to the Middle Stone Age (MSA) at around 305 to 320 ka (Deino et al.,
2018) are documented in eastern Africa and spread, presumably, from there throughout the
world, contributing to our understanding of human evolution, cultural development, and

expansion.

Multiple theories provide frameworks to explain the interaction of human evolution, landscape,
and environmental change (Maslin et al., 2015). The Savanna Hypothesis (Dart, 1925; Darwin,
1871; de Lamarck, 1809), as a widely falsified theory (Trauth et al., 2010), explained the
adaption to bipedalism with gradual aridification of the climate and a tendency to more open
landscapes. In contrast, the Turnover Pulse Hypothesis (Vrba, 1980) explains evolution linked
to northern hemisphere glaciation cycles and during relatively short periods when increased
extinction and speciation occur. The Variability Selection Hypothesis (Potts, 1998) endorses
environmental instability and unpredictability as a driver to adapt for behavioral or ecological
flexibility (Maslin et al., 2015). Then, the Pulsed Climate Variability hypothesis (Maslin &
Trauth, 2009) advocates the punctuation of the long-term aridification trend of Africa by orbital
forced periods of extreme aridity and humidity, which gets even amplified by the exceptional
topographic structure of the East African Rift System (EARS), which causes the rapid
occurrence and disappearance of large and deep rift lakes, the so so-called Amplifier Lakes
(Trauth et al., 2010).
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The EARS topography formed intense gradients between the precipitation-rich highlands and
the low elevated rift floors with enormous evaporation rates. This extreme gradient and the
specific geometry make these endorheic rift basins extremely sensitive to climate change
(Olaka et al., 2010; Street, 1980; Trauth et al., 2010). Small scale changes in the climate may

force rapid lake expansion and vice versa, rapid lake desiccation.
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Figure 1: Overview of the study area (A & B) Elevation map of Africa and the positions of major air boundaries. (C & D)
Known paleo-lake depths within the EARS during the African Humid Period (AHP) and published paleo-
precipitation rates estimates using different lake-balance approaches and associated references. (E)
Transect of the EARS from north-east to south, with modern and paleo level lake extents (light and dark
blue, respectively), the study area (red box). Figure was modified after Junginger and Trauth (2013) and
published in this version by Fischer et al. (2020).

Paleo-lake evidence, climate, and human evolution on time scales of 104 to 10° years correlate
with orbital forcing, particularly with the eccentricity-modulated precession (Demenocal, 1995;
Trauth et al., 2005; Trauth et al., 2007). Eccentricity, as a metric for the elliptical shape of the
Earth’s orbit, is the longest Milankovitch Cycle, with periods of 95, 125, and 412 ka (Berger &
Loutre, 1991). The axial precession with a periodicity of 19 to 23.5 ka reflects the precession
of the Earth’s rotational axis (Maslin, 2020). This rotational shifting of the earth’s axis
superimposed by the Earth’s orbit eccentricity intensifies, respectively weakens, the insolation

seasonality. This has tremendous impacts on Africa’s hydroclimate. In times of a precession
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minimum and during northern hemisphere summer, the insolation in the northern tropics is
increased, allowing the ITCZ (Intertropical Convergence Zone) to penetrate further north,
which intensifies the North African summer monsoon (Berger et al., 2006; Kutzbach et al.,
2020; Trauth et al., 2009). So then, today’s arid northern Africa receives increased rainfall,
which has led to the last African Humid Period (AHP, 15-5 ka), a greening of the Sahara, and
the appearance of mega-lakes throughout northern and eastern Africa (Barker et al., 2004;
Demenocal et al., 2000; Drake et al., 2022; Grant et al., 2017; Larrasoana, 2021; Larrasoana
et al., 2013).

The last AHP during the late Pleistocene to Middle Holocene is associated with the
reoccupation of the Sahara ~10.5 ka (Drake et al., 2013; Kuper & Kropelin, 2006; Larrasoana
et al., 2013; Manning & Timpson, 2014), cultural innovations (Lario et al., 1997) and
accompanied with the transition to the Neolithic age (Honegger & Williams, 2015; Manning &
Timpson, 2014). The aridification at the end of the AHP is related to the appearance of the first
pastoralists in eastern Africa and the development of complex state-level societies (Brooks,
2006; Kuper & Kropelin, 2006). This environmental change may have forced human adaption
and presumably provided constraints and opportunities as freshwater resources and food

availability changed.

To better understand potential causal links between climate and environmental change on the
one side and human evolution and cultural adaption on the other, paleoclimate archives and

archaeological records can be used.

The Hominin Sites and Paleo Lake Drilling Project (HSPDP) aimed to provide a continuous
paleoclimate archive based on lacustrine sediments from five sites throughout eastern Africa
to cover critical phases of human evolution during the past four million years (Cohen et al.,
2016). The Chew Bahir basin in southern Ethiopia, close to the Omo-Kibish formation, is one
of the sites that have been drilled. The lacustrine archive covers the past 620 ka (Roberts et
al., 2021). The hydroclimate is reconstructed using multiple proxies and foremost potassium
XRF (Foerster et al., 2018; Schaebitz et al., 2021) and shows an aridification trend in eastern
Africa lasting from approximately 200 to 60 ka superimposed by multiple orbital forced AHPs
and a presumed influence of the paleo-ENSO dynamics (Kaboth-Bahr et al., 2021; Schaebitz
et al., 2021; Trauth et al., 2021). This includes the last AHP during the late Pleistocene to
Middle Holocene, where multiple short cores (Foerster et al., 2012; Foerster et al., 2015) from
the Chew Babhir basin revealed, in a decadal resolution, a stable wet main phase in southern
Ethiopia and intensive short (20—-80 years) dry-spells punctuating the termination of the AHP
(Trauth et al., 2018).
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The late Pleistocene to Middle Holocene time allows the study of human-environmental
interactions in great detail, as the archeological, geomorphological, and paleoclimate record is
stil dense compared to the sparse data points in the early- to mid-Pleistocene time.
Nevertheless, proxies, such as the potassium record from the Chew Bahir basin (Foerster et
al., 2018), provide qualitative spatially point-wise and temporally continuous data about the
past climate and environment. In contrast, Proxy System Modelling (Dee et al., 2015; Dee et
al., 2018; Evans et al., 2013) can be used to gain important quantitative data about the past
hydroclimate. Spatialized results may help to correlate proxy results from the Chew Babhir drill
cores with more distant (e.g., archeological) records. Therefore, improving the understanding
of a local and regional environmental system with a holistic approach may help to decipher

proxy data in greater detail, allowing to draw more precise or new conclusions.
1.2 Research Objectives

This dissertation aims to complement the paleoenvironmental understanding and the
paleoenvironmental consequences for early humans during the late Pleistocene to Middle
Holocene time in the Chew Bahir vicinity using catchment scaled models and to explore their
capacity for interdisciplinary research. This comprises the quantification of the Hydro- and
Biosphere processes and the alignment with the proxy results from the Chew Bahir basin. The
exploration of alignment concepts accompanies this thesis. Furthermore, the consequences

for human ancestors in these regions are discussed.

The Hydro- and Biosphere behavior in the Chew Bahir catchment is explored using Lake
Balance Modelling (LBM) and Predictive Vegetation Modelling (PVM). This complements the
conclusion drawn from the lacustrine proxies from the Chew Bahir basin. This emerges the

following questions:

Q1 What has been the magnitude of precipitation change in the Chew Bahir

catchment since the late Pleistocene?

Q2 What is the possible pace of Chew Bahir's paleo-lake level change given
different climate transitions during the last AHP, and what are the implications

for early humans?

Q3 What was the paleo-vegetation in southern Ethiopia during the last AHP and the

Last Glacial Maximum (LGM) time?

Q4 How does a changing seasonality affect the paleo-water balance and the paleo-

vegetation?
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Q5 Has there been a preference of early humans for open or closed landscapes?

Q6 Do lake levels in the basins of Turkana, Chew Bahir, Suguta, and Chalbi in
northern Kenya and southern Ethiopia follow the same climatic forcing and

reaction?

Q7 Is a link between the Chew Bahir lacustrine sediments and the shoreline record

from that region possible?

As a co-authored work, the potentials of an isotope-enabled hydro-balance model using the
insights derived from the LBM (Fischer et al., 2020), comprehensive fieldwork, and laboratory

data are studied. Therefore, the following questions arise:

Q8 Is it possible to use modern Oxygen, Hydrogen, and Strontium isotopes to

reconstruct the paleohydrology of the Chew Bahir basin?

As human-environment interaction is a meaningful question in times of anthropogenic-induced
climate change, the past may provide answers for the present. An interdisciplinary team

reviewed the environmental and archeological records in the Lake Turkana realm, asking:

Q9 What are human strategies in the Turkana Basin to adapt to shrinking lake levels

at the end of the last African Humid Period?

LBM is used to understand the amplitude and pace of change in space and time in the Chew
Bahir proximity for the past 25 ka, and conclusions are drawn on the impact for human beings
reacting to a changing environment. Such attempts may also be used in other landscapes,
such as this interdisciplinary work from the Caucasus in Georgia. In this study, the impact of

human behavior on the landscape is examined, trying to answer the following question:

Q10 Was human-induced landcover change a significant factor for lake formation

during the Late Bronze to Early Iron Age in Shiraki Plateau, Georgia?
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1.3 Thesis Structure

This is a cumulative dissertation, which provides a framework text and six publications in the
Appendix. The published articles P1 and P2 are the core of this thesis, as they provide detailed
modeling work of the Chew Bahir catchment system. P3 is in a very early preparation stage,
completes the modeling work, and shows a failed attempt. P4 is a close collaboration paper,
complementing the modeling work by developing a direct link between lake system,
precipitation, and isotopes in the lacustrine sediments of the Chew Bahir basin. P5, as a co-
authored work, is a review paper that shows the relevance of the conducted research for
archeological and anthropological interpretations and hypothesis construction in the Turkana
basin. P6, as a co-authored work, explores the capability of model applications in other biomes

and reverse human-environment interactions.

P1 Fischer, M. L., Markowska, M., Bachofer, F., Foerster, V. E., Asrat, A., Zielhofer,
C., Trauth, M. H., & Junginger, A. (2020). Determining the Pace and Magnitude
of Lake Level Changes in Southern Ethiopia Over the Last 20,000 Years Using
Lake Balance Modeling and SEBAL. Frontiers in Earth Science, 8.
https://doi.org/10.3389/feart.2020.00197

Status: Published

Author contribution: Research design, model development, model interpretation
and discussion, writing of the initial manuscript, and handling of the review

process.

P2 Fischer, M. L., Bachofer, F., Yost, C. L., Bludau, I. J. E., Schepers, C., Foerster,
V., Lamb, H., Schabitz, F., Asrat, A., Trauth, M. H., & Junginger, A. (2021). A
Phytolith Supported Biosphere-Hydrosphere Predictive Model for Southern
Ethiopia: Insights into Paleoenvironmental Changes and Human Landscape
Preferences since the Last Glacial Maximum. Geosciences, 11(10), 418.
https://doi.org/10.3390/geosciences11100418

Status: Published

Author contribution: Funding acquisition, research design, model development,
data acquisition, result interpretation, discussion, writing of the initial

manuscript, and handling of the review process.

P3 Fischer, M.L.& Junginger A. (in prep.). The Turkana Lake System during the

last African Humid Period: A Review
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Status: In preparation

Author contribution: Funding acquisition, research design, data acquisition,
interpretation and discussion, writing of the initial manuscript, and handling of

the review process.

P4 Markowska, M., Martin, A. N., Vonhof, H. B., Guinoiseau, D., Fischer, M. L.,
Zinaye, B., Galer, S. J. G., Asrat, A., & Junginger, A. (2022). A multi-isotope and
modelling approach for constraining hydro-connectivity in the East African Rift
System, southern Ethiopia. Quaternary Science Reviews, 279.
https://doi.org/10.1016/j.quascirev.2022.107387

Status: Published

Author contribution: Data acquisition, data analysis, contribution to writing and

interpretation of results

P5 Hildebrand, E., Grillo, K., Kendra C., Fischer M.L., Goldstein S.T., Janzen A.,
Junginger, A., Kinyanjui R., Ndiema E., Sawchuk, E., Beyin, A., Pfeiffer, S.K.
(2022). Buffering new risks? Environmental, social and economic changes in

the Turkana Basin during and after the African Humid Period. The Holocene.
Status: Published
Author contribution: Contribution to writing and interpretation of results

P6 Suchodoletz, H., Kirkitadze, G., Koff, T., Fischer M. L., Poch R. M.,
Khosravichenar, A., Schneider B., Glaser B., Lindauer, S., Hoth, S., Skokan, A.,
Navrozashvili, L., Lobjanidze, M., Akhalaia, M., Losaberidze, L., Elashvili, M.
(2022). Human-environmental interactions and seismic activity in a Late Bronze
to Early Iron Age settlement center in the southeastern Caucasus. Frontiers in

Earth Science.

Status: Published

Author contribution: Contribution to data analysis, discussion, writing, and
interpretation of results

1.4 Regional Geography

The Omo-Turkana lows in eastern Africa contain the lake basins of Lake Turkana, paleo-lake
Suguta, Chalbi, and Chew Bahir. These basins have an area of 259,000 km? ranging from

9.3°N to 0.8°S. They are located between the Ethiopian and the East African Plateau, part of
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the 4000 km long EARS. Lake Turkana is the world’s largest permanent desert lake (Ojwang
et al., 2016), with a lake size of 6,400 km2 and a catchment size of 75,000 kmz2. It drains the
western Ethiopian Plateau by the Omo River and the East African Plateau through the rivers
Keiro and Turkwel. Lake Turkana (at 2.4°N-4.5°N and 35.8°E-36.8°E, 73 m deep, 360 m asl)
is endorheic today and has its potential overflow sill at 35.15°E, 5.03°N to the White Nile and
is hydrologically connected to the Mediterranean Sea. Paleo-lake Suguta (at ca. 2.2°N and
36.5°E) in the southern extension of Lake Turkana would potentially drain the modern-day
endorheic Kenyan rift basins Baringo and Nakuru-Elmenteita and would potentially overspill
with an increased lake level of + ~300 m to Lake Turkana. Paleo-lake Chalbi (at ca. 2.9°N and
37.6°E) is a vast desert today and apart from the paleo-hydrological network of Chew Babhir,
Suguta, and Turkana. Paleo-lake Chalbi’s potential overflow sill towards the Indian Ocean at
37.57°E and 2°N (Fischer et al., in prep.).

Chew Bahir (4.1-6.3°N, 36.5-38.1°E, ~498m asl) in southern Ethiopia is a 210 km? saline
mudflat most of the year. Paleo-lake Chew Bahir would potentially drain the south of the Main
Ethiopian Rift with today’s endorheic rift lakes Abaya (6.4°N, 37.95°E, 7 m deep, and lake
surface area of 1,081 km?) and Chamo (5.8°N, 37.6°E, ~1,109 m asl, 14 m deep, 310 km? lake
surface area) through the river Segen and the northern Broadly Rifted Zone through the Weyto
River. In case of overflowing, paleo-lake Chew Bahir would drain to Lake Turkana at 36.66°E
and 4.22°N. The catchment is 20,650 km? in size and bound by the Main Ethiopian Rift
shoulders with the Teltele Plateau (up to 1,600 m asl) in the east and the Hammar Range (up
to 1,300 m asl) in the west (Fischer et al., 2020).

The geology of the study area is shaped by the rifting of the EARS, which leads to a complex
relief ranging from vast highlands with elevations up to 4,000 m asl, steep rift shoulders to
broad rift basins, such as the Chew Bahir or the Turkana basin. Elevations at the rift floor range
from 300 to 500 m asl. The southwestern Ethiopian highlands are made up of up to 3000 m
thick basalts and intercalated silicic volcanic of the Eocene to Late Oligocene age (Chorowicz,
2005; Corti, 2009; Mohr & Zanettin, 1988). Half-graben basins with a North to North-East
orientation shape the Broadly Rifted Zone (Emishaw et al., 2017). Precambrian basement is
exposed at the rift shoulders, such as at the western Hammar range (Davidson, 1983). To the
south of Chew Bahir, the Cenozoic rift volcanic separate the Chew Bahir basin from the
Turkana basin and the Turkana basin from the Chalbi and Suguta basin (Brown & Mcdougall,
2011; Levin et al., 2011). The rift basins are filled with Cenozoic sediments up to multiple km
in depth (Corti, 2009).

The modern-day climate in the Omo-Turkana lows and the close vicinity of paleo-lake Chew

Bahir is classified as hot semiarid (Koeppen climate classification), with precipitation being
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lower than evapotranspiration. In contrast, the Ethiopian highlands in the north of Lake Turkana
and Chew Bahir receive a higher precipitation amount and are classified as humid, with

precipitation reaching partly 2,000 mm per year (Segele & Lamb, 2005).

The seasonality in Chew Babhir is linked to the annual migration of the ITCZ, which is primarily
fueled by the Indian Ocean (Levin et al., 2009; Nicholson, 2017). The ITCZ migrates between
10° North and South of the equator, leading to a bimodal precipitation pattern close to the
equator and unimodal close to the Tropic of Cancer and the Capricorn (Nicholson, 2019). So
then, the southern lower elevated part of the Chew Bahir catchment receives a bimodal
precipitation pattern with the long rains “Belg” from Match to May and the “short rains” in
October and November. In contrast, the highlands in the north of Chew Bahir , the Omo River's
upstream area, and the Lake Abaya catchment experience a unimodal rainfall pattern with a
wet season lasting from March to November (Segele & Lamb, 2005; Williams & Funk, 2011).
This long-lasting damp season has two sources- the “Belg” rains from March to May and the
“Kiremt” from June to September. The “Kiremt” rains presumably are fueled by the West
African Monson and reach their easternmost limit in southern Ethiopia, the so-called Congo
Air Boundary (CAB) (Camberlin, 1997; Nicholson, 2019). It is hypothesized that during times
of precession minima, as during the AHP, the CAB dragged east-wards leading to an additional
rainy season in the Chew Bahir lowlands (Costa et al., 2014; Junginger & Trauth, 2013; Tierney
etal., 2011).

The vegetation (see Figure 2) follows the topography and the precipitation gradients, forming
a complex mosaic with desert shrubland along Lake Turkana’s shore, woodlands and wooded
grasslands in the Omo River lowlands and the paleo-lake Chew Bahir catchment, afro-
montane forests of the Ethiopian highlands, and afro-alpine vegetation in most elevated parts
(see Figure 2) (Asefa et al., 2020; Friis et al., 2011). While the eastern part of the study area
is classified as Acacia-Commiphora woodland and bushland, the western part is dominated by

Combretum-Terminalia woodland and wooded grassland (Friis et al., 2011).
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Figure 2: Overview of the study area with modern-day potential vegetation. (A) Potential vegetation is based on Friis, et
al. (Friis et al., 2011). (B) monthly temperature means in °C and precipitation in mm per month (a-c, IRI,
last accessed 12/2020). Representative vegetation regimes (d — g, photos from Annett Junginger) (C)
Cross-section from Lake Abaya to Lake Turkana showing the overflow direction. Published in this
version by Fischer et al. (2021).

2 Results and Discussion

2.1 Research Question Objectives

Six manuscripts address the given ten research questions, overarched by the main objective
of the thesis — the exploration of the potentials of catchment scaled model applications focused
on the Chew Bahir basin. The results are circumstantial in the publications (Appendix P1 to

P6). Here, the results are briefly summarized.

Q1 What has been the magnitude of precipitation change in the Chew Bahir

catchment since the late Pleistocene?

LBMs have been used to model multiple rift basins in the EARS during the AHP and to estimate
necessary paleo precipitation rates to compensate for the increased open water evaporation,
as explained in detail in publications P1 and P2 (Fischer et al., 2021; Fischer et al., 2020).
Paleo-lake extents are given by digital elevation model analysis and are partly confirmed by

shoreline observations. The magnitude of estimated precipitation rates in the EARS during the
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AHP range from ca. 20 to 45%, as shown in Figure 1. This includes estimates from Ziway—
Shala, +28%, (Gillespie et al., 1983), Lake Turkana, +20% (Hastenrath & Kutzbach, 1983),
Suguta Valley, +26% (Junginger & Trauth, 2013), Lake Nakuru— Elmenteita, +23—45%
(Duhnforth et al., 2006), and Lake Naivasha, +29-33% (Bergner et al., 2003; Hastenrath &
Kutzbach, 1983). Besides the increased open water evaporation, other factors control the
paleo water balance, such as biosphere feedback (Bergner et al., 2003), paleo-drainage

networks, and a shift in the seasonality (Fischer et al., 2020).

We modeled the necessary precipitation increase to compensate for the increased open water
evaporation. We developed a multi-basin LBM to understand the potential effect of
overflooding lake systems on each other. We calculated a necessary paleo-precipitation of
+6.5%. Using a monthly water balance, we analyzed the possible impact of a changing
seasonality on the water balance of the lake system of Chew Bahir. A hypothetical east shift
of the CAB would cause an additional rainy season (Junginger et al., 2014). As quantified
within the EARS during the AHP, this effect would increase the paleo-precipitation necessity

by +6.9%, summing up to +13.4%.

In the follow-up study (see Appendix P2), we focused on the biosphere feedback on the water
balance and extended the studied time frame to the LGM period. We linked the developed
multi-basin LBM with a newly engineered PVM to quantify the Biosphere-Hydrosphere
feedback. Here, we identify an overall paleo-precipitation threshold of +25—-40% to have been
necessary during the AHP to lead to the observed lake level of paleo-lake Chew Bahir at the

overflow sill to Lake Turkana.

We applied this Biosphere-Hydrosphere Predictive Model to the LGM time, assuming a
desiccated paleo-lake Chew Bahir, as the lacustrine record suggests. The model suggests a
decreased paleo-precipitation during LGM times of -15-25% compared to modern times due

to the reduced evapotranspiration above land and the decreased temperature.

Q2 What is the possible pace of Chew Bahir's paleo-lake level change given
different climate transitions during the last AHP, and what are the implications

for early humans?

The landscape architecture in the Chew Bahir and extended catchment is unique, as explained
in detail in P1 (Fischer et al., 2020). The extended catchments of the lakes Abaya and Chamo
are inherently necessary for the water balance of paleo-lake Chew Bahir. Given moderate

increases of precipitation in the model, lakes Abaya and Chamo would overspill and drain
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significant amounts of water through the river Segen to paleo-lake Chew Bahir. This implies a
rapid lake flooding in the model as soon as Lake Chamo reaches its overflow sill, giving
different scenarios (see Figure 3 for model results). This implies rapid desiccation if the water
supply from the extended catchment is cut off. It can be summarized that paleo-lake Chew
Bahir has a decadal reaction time to climate forcing and observed 20 to 80 years lasting dry
spells at the end of the AHP (Trauth et al., 2018) had been long enough to lead to complete
lake desiccation and a complete lake flooding. This is a rapid (decadal) lake response time to
a climate signal and implies a reaction to changing environment and the disappearance of a
potential primary food and water resource within a lifetime of a human being. As discussed in
P1, Fischer et al. (2020) p.27: “... short-term episodes of pronounced aridity in the lower
elevated lake basins, such as Chew Bahir could have been a push-factor for a refugium-
directed vertical movement of groups with highly mobile hunter-gatherers [...]. A now further
specified variable is the climatic component in this comparison as shown in our study. The
Southern Ethiopian Rift has responded sensitively to even shorter dry spells, so that living
conditions would have deteriorated quickly when the rift floor became too dry. One of the
reasons why hunter-gatherers might have returned to the South Ethiopian Rift region after
such dry spells, could have been their dietary style at that time, that was mainly devoted to
fishing (Hildebrand et al., 2018; Owen et al., 1982). The long-term transitions, on the other
hand, driven by changes in orbital controlled insolation, could have fueled cultural adaptation
and significant changes in the social organization within groups. Only after the gradual end of
the AHP with the near-desiccation of almost all lakes in the Kenyan and Ethiopian rift over a
longer period (>1,000 years), a cultural transition from hunter-gathering to pastoralism
occurred (Garcin et al., 2012; Lesur et al., 2014; Marshall & Hildebrand, 2002). The change
from fishing to herding seems to have been a dynamic process, since the introduction of cattle
was catalyzed by the immigration of herders that were escaping the progressively drying
Sahara region, where pastoralism had been introduced much earlier (Hildebrand & Girillo,
2012; Kuper & Kropelin, 2006). The dried up lake beds and former lake margins could have
provided new land and grazing grounds for this new life style, which also made people

independent from fishing (Garcin et al., 2012).”
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Figure 3: Modelled pace of lake transitions under abrupt and gradual precipitation changes: (A) Abrupt increase in
precipitation from modern values to TScas values (13.4%) as a minimum possible amount of rainfall to
fill up the investigated lake basins. TScag +5% and TScag +10% are provided as examples for even higher
precipitation that was provided during the AHP, for example. (B) Lake fill scenario under gradual
increase in precipitation from modern values to TScas values over 50, 100, 250, and 500 years. (C)
Abrupt decrease in precipitation from TScas to modern values. (D) Lake regression scenario under
gradual decrease in precipitation from TScas to modern values over 50, 100, 250, and 500 years.
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Q3 What was the paleo-vegetation in southern Ethiopia during the last AHP and the

during the Last Glacial Maximum (LGM) time?

Using predictive modeling linked to the LBM, the paleo vegetation during the AHP and LGM
time has been mapped, as shown in Figure 4. Given the predictors monthly precipitation and
elevation, the spatial prediction is unavoidably an estimation and modulated by local
microclimate, hydrology, geology, and soils. Nevertheless, the model provides a reasonable
estimate, as explained in detail in P2 (Fischer et al., 2021). During the AHP, forests prevailed
in the mid-altitudes and formed a complex mosaic due to the diverse topography. There are
two scenarios for the AHP time. Scenario 2a uses the same seasonality pattern today, whereas
scenario 2b assumes an additional rainy season due to an east shift of the CAB. The LGM
time landscape was presumably dominated by open vegetation, grasslands, and almost
desert-like conditions in the rift floor surrounding of paleo-lake Chew Bahir and Lake Turkana.
The sparse vegetation cover was accompanied by widespread afro-alpine vegetation above

ca. 2000 m asl.
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Figure 4: Paleo vegetation model result map for scenario 2a, 2b and 3: (A) Scenario 2a AHP. (B) Scenario 2b AHP (with
CAB). (C) Scenario 3 LGM time. Figure published in P2, Fischer et al. (2021).
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Q4 How does a changing seasonality affect the paleo-water balance and the paleo-

vegetation?

An east shift of the CAB during times of low precession might be the reason for the increased
moisture availability in the EARS, such as during the AHP, which implies an additional rainy
season. Hence, modern-day dry months would receive additional rainfall, which would change
the evaporative potential on land compared to today (see P1, Fischer et al., 2020, for further
explanations). Without the biosphere feedback, this would imply around 7% additional
precipitation required to flood paleo-lake Chew Babhir until its overflow sill. Incorporating the
biosphere feedback, as explained in P2 (Fischer et al., 2021), the additional precipitation
required compared to a scenario with the same seasonality yields +16%. The third rainy
season would shorten the dry season, especially in the mid-altitudes in southern Ethiopia. In
the CAB scenario 2b (see Figure 4), it would require at least 41% more precipitation than
current levels to sustain the observed lake changes. It would produce less dense vegetation
in the high altitudes and favor forest coverage at the mid-altitudes (between 1000 and 2000 m

asl).

Q5 Has there been a preference of early humans for open or closed landscapes?

As discussed in P2, Fischer et al. (2021) p.25f: “Our model shows that the landscape in the
study area during the LGM is dominated by a mixture of grasslands with a variety of vegetation
types, resulting in a complex, mosaic landscape that would have offered a wide range of
resources for hunter-gatherers. [...] Trees are almost nonexistent at Mochena Borago
according to our modelling results during the LGM, and the absence of evidence of human
activity (Brandt et al., 2017; Brandt et al., 2012) may indicate that humans avoided the afro-
alpine belt. Our modelling results support the refugium character of Ethiopian highlands during
cold and dry conditions (Brandt et al., 2017; Brandt et al., 2012; Fischer et al., 2020; Foerster
etal., 2015; Hensel et al., 2021; Vogelsang & Wendt, 2018). In summary, it seems that humans
in southern Ethiopia lived in a rather open grassland with some trees during the LGM.

For the AHP, the modelling results indicate a vast expansion of forests and dense vegetation
in southern Ethiopia. According to the results, forests and dense vegetation covered the known
obsidian outcrops in the area that were intensively used by humans during the LGM. [...] After
the AHP, human activity is recorded again in the archaeological record of Mochena Borago
and Sodicho Caves (Gutherz et al., 2002; Hensel et al., 2019; Hensel et al., 2021). The
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modelling results show that Mochena Borago and Sodicho Cave may have been surrounded
by grassland once again. Within the last 25 ka, hunter-gatherers used Mochena Borago and
Sodicho Caves when the vicinity of the sites were characterized by grassland and solitary
trees. With caution, we may propose that during the LGM and Middle Holocene, humans in

southern Ethiopia occupied or even may have preferred open landscapes.”

Q6 Do lake levels in the basins of Turkana, Chew Bahir, Suguta, and Chalbi in
northern Kenya and southern Ethiopia follow the same climatic forcing and

reaction?

The shoreline record from the lakes between the Ethiopian and Kenyan Plateau, including
Lake Turkana, paleo-lake Chew Bahir, Suguta, and Chalbi, was analyzed as explained in detail
in detail P3 (Fischer & Junginger, in prep.). On a millennial time scale, the shoreline record
(see Figure 5) shows the climate evolution as suggested for the AHP with a wet phase, an
unstable phase, and a dry state (Trauth et al., 2018). Nevertheless, there is no significant
correlation between lakes in time on a decadal to centennial time scale. There may be multiple
reasons beside the insufficiency of the record itself. Different response times may lead to
delayed reaction to a potential supra-regional climate forcing. Furthermore, each basin differs
in its topographical basin structure. For example, paleo-lake Chalbi was the only lake within
the Turkana Basin that has not received additional moisture from an extended catchment and

overflowing lakes from either the East African Plateau or the Ethiopian Plateau.

The record seems to have a high amount of noise, which may have multiple reasons, as written
in Fischer & Junginger (in prep.): “Nevertheless, the shoreline record from the Turkana realm
has high noise and uncertainty. Shoreline samples based on a few surface shells, either M.
tuberculata or Etheria éelliptica, are not certainly in situ depositions. Gravitational transport may
dislocate them, especially in the studied millennial time scales. Outcrops, shell layer or
subsurface samples avoid this problem but are relatively scarce in this record. Vertical
uncertainty remains, as aquatic species live up to a couple of meters underwater and may be
displaced due to water movement. So then, the shoreline is a lower boundary but may have
been significantly higher. Archaeological sites, on the other hand, act as an upper limit of the
lake level, as they have not necessarily been at the lake surface but have not been under

water.

With 192 uneven distributed data points, of which 162 are shorelines, and 30 are

archaeological sites for 15,000 years, the record is limited in its temporal resolution. The
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vertical accuracy is dominated by high noise, which superimposes the climate signal. In
contrast, the potassium record shows the rapid onset, the stable humidity, and the gradual
fluctuating offset of the AHP in a decadal resolution (Fischer et al., 2020). As the potassium
record is analyzed following one procedure, it may have the same proxy-system bias for each
data point. This makes trend analysis more suitable in contrast to the multi-method, multi-

procedure, and multi-laboratory shoreline record, where each datapoint has its own bias.”
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Figure 5: Analysis of the Shoreline. (A) Paleo-lake bathymetries and location of the shorelines and archeological sites.
(B) time series of CB-01 and the normalized relative lake levels. Figure from P3, Fischer & Junginger (in
prep.)

Q7 Is a link between the Chew Bahir lacustrine sediments and the shoreline record

from that region possible?

Non-parametric statistics were used to evaluate the correlation between the potassium record
from the Chew Bahir basin and the shoreline record. This has shown no significant correlation,
as explained in P3, Fischer & Junginger (in prep.). Besides the quality of the shoreline record,
further factors are impeding an empiric transfer function using shorelines and a continuous
lacustrine proxy, as explained in Fischer & Junginger (in prep.): “The link between two paleo
records inherits both age model-related uncertainties. In this case, the new dataset inherits the
age model uncertainty of the lacustrine potassium record and the uncertainty of every single
dated shoreline. We tested different methods to align them by taking the uncertainty of the
shorelines into account but taking the age model of the potassium record as invariable. The

single-age merge may catch specific maxima and minima of the potassium record, but, by
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chance, it may match to a chronological close-by inverse peak, which adds random noise to
the new aligned dataset. The two-sigma averaged alignment decreases the likelihood of
random noise but decreases the signal. For example, a high-stand shoreline, which would
correspond with a low peak in potassium, would not be recorded. Instead, a centennial
averaged potassium signal is aligned to a decade-lasting shoreline. Aligning all potassium
values within the given age range of the shoreline forces a higher signal but also a higher noise
within the dataset. This makes this method a non-improvement, too. Nevertheless, none of
these methods led to a dataset with a significant correlation, suitable for a potential transfer
function between lacustrine y-XRF and shoreline elevations. Age control remains one of the

biggest challenges in paleoclimate research.”

Q8 Is it possible to use modern Oxygen, Hydrogen, and Strontium isotopes to

reconstruct the paleohydrology of the Chew Bahir basin?

The LBM of the southern Ethiopian Rift suggests the increasing importance of the extended
catchment of lakes Abaya and Chamo for the water supply of paleo-lake Chew Bahir when
precipitation increases (Fischer et al., 2020). Furthermore, the geological gradient between the
catchment of paleo-lake Chew Bahir and the extended catchment of lakes Abaya and Chamo
leads to different 87Sr/8Sr. The catchment of paleo-lake Chew Bahir is partly dominated by
Precambrian basement, which yields a higher ratio of 8Sr/8Sr. In contrast, the catchments of
lakes Abaya and Chamo are dominated by Cenozoic rift volcanic with a lower 87Sr/8Sr ratio.
This could be used to develop a quantitative transfer function using the 87Sr/86Sr ratio to
reconstruct absolute paleo-precipitation rates. The modern-analog study P4 (Markowska et al.,
2022, p. 18) concluded: “Our study provides the first known major hydrochemical investigation
of the Lake Chew Bahir catchment in southern Ethiopia. The major, trace, and Sr and O
isotopic composition of surface and groundwaters reported in this study are within the range
of previously published data in the EARS, suggesting the LCB catchment is a good analogue
for other semi-arid catchments in the region. Groundwater-surface water interactions at
terminal, semiarid LCB [Lake Chew Bahir] plays a significant role in water hydrochemistry. The
Sr mass balance of LCB [Lake Chew Bahir] cannot be achieved by only including surface water
inflows, or explain the modern lake water 8”Sr/86Sr. ratios. This demonstrates the important
role of groundwater in dryland lake basins and supports the hypothesis that perennial springs
likely play a central buffering role in sustaining water supplies in areas which typically

experience climatically induced large-scale surface water fluctuations (Cuthbert et al., 2019).
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Based on model simulations, LCB [Lake Chew Bahir] has short (1-55 years) Sr residence
times, and 980 is sensitive to the evaporative conditions and lake water residence times.
Higher d'80 is likely indicative of a larger closed-lake system. Lake d'80. values greater than
+12.0%0 suggest a closed lake system, whereas a decreasing trend in d'®O. indicates a flow-
through lake and subsequent connectivity to Lake Turkana. Coupled lower 87Sr/86Sr and higher
d'80 would suggest large-scale hydrological reorganisation, able to support a flowthrough lake
system where the Sr budget was dominated by surface inflows. Isotopic data from microfossils
could provide key insights on paleo-hydrological connectivity between LCB [Lake Chew Babhir]
and Lake Turkana and allow time periods of cascading lake systems to be identified.
Conversely, periods dominated and buffered by groundwater inflows indicated by lower d'80O.
and higher 8 Sr/86Sr_ may also be readily identified. This likely played an integral role in the
availability of freshwater resources for our human ancestors in the region during documented
climatic instability over the late Quaternary (Foerster et al., 2018; Viehberg et al., 2018). The
combined use of 87Sr/8Src and d'80¢ can provide important insights to change in hydroclimate

in southern Ethiopia, and other similar arid and semi-arid lowland sites.”

Q9 What are human strategies in the Turkana Basin to adapt to shrinking lake levels

at the end of the last African Humid Period?

It requires comprehensive interdisciplinary research to reconstruct the paleo-environment and
it requires complex interdisciplinary research to reassemble the archeological records and the
human cultural and evolutionary development. Studying human-environmental interactions
and finding causal relationships requires expertise from both perspectives. Hence,
interdisciplinary review publications provide the opportunity to discuss spatiotemporal
processes all-encompassing. Here, the risk assessment faced by fishing and herding
communities and the end of the AHP in the Turkana Basin were analyzed. Hildebrand et al.
(P5, 2022) concluded: “Decades of fieldwork near Lake Turkana have generated extensive
paleoenvironmental sequences and rich archaeological assemblages that do not yet support
unequivocal answers but rather reveal the complexity of the task before us. Contrary to
previous suggestions that AHP conditions offered stable resources, we find that fishing
communities likely faced substantial risks throughout the AHP. As the AHP ended, lake levels
dropped rapidly but terrestrial vegetation may have changed more gradually than previously
thought. The mechanisms through which herding took hold around Lake Turkana are still

murky. There is an extensive middle ground between diffusionist interpretations (e.g., that
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fishers encountering catastrophic lake level changes adopted livestock obtained through
exchange), and migrationist interpretations (e.g., that pastoralists moved into the area and took
over, with little interest in lacustrine resources). For example, it may be that both fishers and
herders were encountering new risks and new opportunities together and joined forces to
invent a hybrid livelihood, retaining some economic and cultural features from both groups.
Equally, incoming pastoralists may already have had their own traditions of fishing and aquatic
resource use before reaching Turkana’s shores. While these potential interpretations do not
negate the general idea of risk as an influential mechanism, they demonstrate how difficult it
is to pinpoint exactly how risks might have operated, and evaluate risk reduction against other
possible motives for socioeconomic change. They also may serve as a caution in other parts
of Africa where datasets are less secure, and will eventually contribute to productive
comparisons of fishing-to-herding transitions between regions, between areas with different
rainfall regimes, and between lacustrine vs. riverine vs. inland settings (e.g.,Garcea, 2006;
Khalidi et al., 2020).

Methodological advances offer encouraging opportunities for paleoenvironmental analysis that
can help evaluate risk on more local geographic scales in Turkana and other research areas.
They also provide more direct ways to assess mobility of people, livestock, and objects that
might - or might not - indicate human strategies to mitigate risk. While these research tools will
generate exciting new datasets, the paramount challenge is to situate interpretations within a
framework that incorporates momentary, seasonal, and long-term dilemmas faced by
communities of fishers and pastoralists. This requires explicit efforts to understand mobility
systems, attitudes toward risk and risk mitigation, and other factors that structure decision-
making by communities actively practicing these economic strategies. Archaeologists should
continue to incorporate existing ethnographic data into their models, and gain new
perspectives via ethnoarchaeological research with fishing and pastoralist communities.
Finally, as demonstrated elsewhere by Duwe and Preucel (2019), new collaborations with local
research partners from these communities should yield insights that enhance interpretive

frameworks.”

Q10 Was human-induced landcover change a significant factor for lake formation

during the Late Bronze to Early Iron Age in Shiraki Plateau, Georgia?

The quantification of hydrological processes such as evaporation as a function of climate and

surface parameters was done in the African Tropics to understand paleoenvironmental
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conditions due to climate forcing and the reaction of human ancestors have been discussed.
A catchment scaled hydrological model may also be used to test hypotheses about the impact
of human behavior on the water balance. In the Shiraki plateau, Georgia, an interdisciplinary
research team revealed a lake formation in a semi-arid plain during the Late Bronze/ Iron Age.
It was postulated that the clear-cutting of the basin may have changed the water balance,
because it decreased the evapotranspiration in the basin and, hence, forced lake formation.
Using the same evapotranspiration quantification method (see Figure 6) as applied in P1 and
P2 (Fischer et al., 2021; Fischer et al., 2020) Suchodoletz et al. (P6, 2022) concluded: “Our
study demonstrates that the Holocene hydrological balance of the Shiraki Plain was and is
situated near a major hydrological threshold. Consequently, also relatively small-scale human
or natural influences on this semi-arid landscape can cause significant geoecological changes
that strongly affected the living conditions of local societies due to lake formation or desiccation
in the central part of the plain. Hence, the results of our study underline the high fragility of
drylands towards also small-scale external perturbations and demonstrate the high value of
multi-disciplinary approaches to investigate their long-term evolution on millennial and

centennial time scales.”

a) Early/Middle Holocene: b) Late Bronze/Early Iron Age: c) Today:
Partly forest-covered plain (16%), Clear-cutted plain with lake, Current vegetation and climate conditions
Increased precipitation Increased precipitation and temperature
970— Precipitation Evaporation 7 Precipitation Evaporation T Precipitation Shiraki Plain Current lake Kochebi.
- 0.21-0.24 km' 0.18 - 0.23 km' 0.21-0.24 km® 0.16 - 0.19 km* 0.15 km® ) {780masl)
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Figure 6: Water balance model of the Shiraki Plain for three different scenarios during the Holocene based on annual
precipitation and evapotranspiration values. Figure from P6, Suchodoletz et al. (2022).

2.2 A Synthesis of the Paleoenvironment

Southern Ethiopia and Northern Kenya have undergone intense climate and environmental
changes since the LGM time. Paleo-lake Chew Bahir was presumably dried out during LGM

times (see P2), and model results suggest a decreased precipitation of around -17.5%. The
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onset of humid conditions occurred with the beginning of the AHP around 15 ka. Shorelines
indicate a maximum flooded paleo-lake Chew Bahir at the overflow sill elevation (see P3) due
to a precipitation increase of around +25-41% compared to today (see P2). Freshwater
conditions prevailed presumably until the termination of the AHP when massive lake level
fluctuations occurred due to 20-80 years of lasting dry spells, which may have forced paleo-
lake Chew Bahir to dry out completely multiple times (see P1). Since then, paleo-lake Chew

Bahir was a shallow, seasonal, or completely dried-out mudflat.

Despite significant temperature decrease during LGM times, the dominant vegetation in the rift
floor vicinity of paleo-lake Chew Bahir and Lake Turkana was rather desert-like, sparse, and
governed by xerophytic vegetation. Widespread grasslands with refugial forests and savanna
regions dominated the Ethiopian Plateau and the surrounding lakes Abaya and Chamo. Afro-
alpine vegetation may have reached elevations of down to 2000 m asl (above sea level) giving
the global average temperature decrease and the steepening of the lapse rate in the EARS.
Then, during the AHP, vegetation density increased significantly. Dense forest cover prevailed
in the mid to high altitudes, with a gradual transition to savanna and grassland cover towards

the lower elevated south of Ethiopia and the vicinity of paleo-lake Chew Bahir (see P2).

Humans living close to the shore of paleo-lake Chew Bahir may have faced drastic changes in
their freshwater and food resources. Model results suggest complete lake desiccation within
decades (see P1). Therefore, model results support the hypothesis of vertical migration to the
more humid mountainous regions during times of dry spells (Foerster et al., 2015). As the
lowland region between the Ethiopian and East African Plateau was shaped by multiple mega-
lakes, the asynchronous reaction of the lakes may have led to various reorganization pressure
of food and water resources within the lowlands (see P3). The vegetation model and

archeological records suggest a preference for open landscapes (see P2).

2.3 A Synthesis of the Modelling Approaches

During this thesis, multiple models and proxy-model links have been applied to reconstruct the
hydroclimate and the paleo-vegetation. The LBM (P1) and the PVM (P2) are independent
modern-analogue catchment-scaled models. While the LBM is a process-based model with a
physical-based parametrized evapotranspiration model as a central sub-unit, the PVM has a
machine learning-based predictive algorithm as a major component. Both use models use
modern-day environmental conditions for calibration that are extrapolated to a defined paleo-
environmental state. This state is determined using the paleo-lake observations based on
shorelines. The link to the lacustrine potassium XRF scan data (P1) and phytoliths (P2) data

is qualitative and utilized for a vice-versa interpretation. A direct quantitative relation between
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the lacustrine proxy results and the shorelines was studied in P3 with insufficient results. In the
Chew Bahir catchment and research project, these models provided an understanding of the
paleo-environmental boundary conditions, the catchment system dynamics and allowed to
extrapolate results spatially, making the comparison with the spacious distributed
archeological record possible. The model results output was then used to understand potential
implications for early humans living in this environment. This includes lake level (P1, P3, P5)
and vegetation dynamics (P2). In comparison, as published by Suchodoletz et al. (2022, P6),
the impact of human behavior on the hydro- and biosphere was studied in the Shiraki plain,
Georgia. Here, the boundary conditions and the hypothesis were set using paleo proxy and
archeological data. Catchment scaled modeling allowed then to test the plausibility of the
hypothesis and to quantify if human-induced processes, such as the clear-cutting of the forests,

are sufficient to explain environmental processes, such as the lake appearance.

The qualitative link between the LBM and the potassium record, as well as the vice-versa
interpretation of the vegetation model output and the phytolith record, provided detailed
knowledge about past ecosystem conditions and potential dynamics but lacked precise
temporal continuous reconstructions. A possible empiric link between the shoreline record and
the potassium record (P3) would have allowed using potassium to directly predict the
hydroclimate. Another attempt to do so is the development of an isotope-enabled process-
based model (P4), which has the potential to predict the hydroclimate continuously. Here, the

modern analog provides a framework to do so.

Catchment scaled models may fulfill a bridge between global scale general circulation models
or coupled east system models and proxy or sedimentary models. Independent meso-scaled
models allow for an intercomparison with both, the point-wise proxy data and model, and the
low resolved global simulations. So then, as done in Chew Bahir (see e.g., P2), catchment
scaled environmental models provided the opportunity to relate the lacustrine proxy results
with regional quantitative parameters (vegetation, precipitation) and then with global simulation

metric for s specific time slice, such as the LGM time or the last AHP.
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3 Conclusion and Prospect

During this thesis, many-sided aspects of the paleo-environment, the -climate, and -landscape
in the Chew Bahir basin and the regional vicinity have been deciphered. Different modeling
approaches were applied and compared with the lacustrine proxy data from the Chew Bahir
basin. The application of the LBM provided evidence of multiple lake level fluctuations of paleo-
lake Chew Bahir at the termination of the AHP. Precipitation thresholds for the LGM time and
the AHP provide quantitative insights and may be used for further modeling applications. PVM
allowed the creation of detailed paleo-vegetation maps and the comparison with archeological
records throughout the region. Detailed digital elevation model analysis produced paleo-lake
extents, bathymetries, remote-sensing-based shoreline surveys, and comparisons. The
proposed interdisciplinary research was able to answer specific research questions,
contributing to the understanding of our ancestors' potential habitats, climate dynamics and

human-environment interactions in eastern Africa.

Future research may provide a comprehensive multi-basin LBM not only for the southern
Ethiopian Rift but also for the paleo-lake Chalbi, Turkana, and Suguta. A link between the
shoreline and the potassium record may be possible by incorporating the water balance
implications and the lake dynamics. The shoreline localities in the paleo-lake Chalbi vicinity
may be future locations for field campaigns as they may provide possible shoreline samples
and presumably archeological sites. The developed approach to predict vegetation can be
improved using an increase in learning data, predictors and could be enhanced with more
profound vegetation classes to be expected. Those models can be applied to future climate
change scenarios to develop maps of potential vegetation in eastern Africa. The development
of direct quantitative links between proxies and precipitation using the unique landscape
architecture in southern Ethiopia, as revealed during this thesis, may allow to time-
progressively understand the paleo-environment, which provided constraints and opportunities

for our ancestors in eastern Africa.
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Appendix P1 — Determining the Pace and Magnitude of Lake
Level Changes in Southern Ethiopia Over the Last 20,000
Years Using Lake Balance Modeling and SEBAL
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The Ethiopian rift is known for its diverse landscape, ranging from arid and semi-arid
savannahs to high and humid mountainous regions. Lacustrine sediments and
paleo-shorelines indicate water availability fluctuated dramatically from deep fresh water
lakes, to shallow highly alkaline lakes, to completely desiccated lakes. To investigate
the role lakes have played through time as readily available water sources to humans,
an enhanced knowledge of the pace, character and magnitude of these changes is
essential. Hydro-balance models are used to calculate paleo-precipitation rates and
the potential pace of lake level changes. However, previous models did not consider
changes in hydrological connectivity during humid periods in the rift system, which
may have led to an overestimation of paleo-precipitation rates. Here we present a
comprehensive hydro-balance modeling approach that simulates multiple rift lakes
from the southern Ethiopian Rift (lakes Abaya, Chamo, and paleo-lake Chew Bahir)
simultaneously, considering their temporal hydrological connectivity during high stands
of the African Humid Period (AHP, ~15-5 ka). We further used the Surface Energy
Balance Algorithm for Land (SEBAL) to calculate the evaporation of paleo-lake Chew
Bahir’s catchment. We also considered the possibility of an additional rainy season during
the AHP as previously suggested by numerous studies. The results suggest that an
increase in precipitation of 20-30% throughout the southern Ethiopian Rift is necessary
to fill paleo-lake Chew Bahir to its overflow level. Furthermore, it was demonstrated that
paleo-lake Chew Bahir was highly dependent on the water supply from the upper lakes
Abaya and Chamo and dries out within ~40 years if the hydrological connection is cut off
and the precipitation amount decreases to present day conditions. Several of such rapid
lake level fluctuations, from a freshwater to a saline lake, might have occurred during the
termination of the AHP, when humid conditions were less stable. Fast changes in fresh
water availability requires high adaptability for humans living in the area and might have
exerted severe environmental stress on humans in a sub-generational timescale.

Keywords: African humid period, precipitation changes, abrupt and gradual changes, Chew Bahir, Lake Abaya,
Lake Chamo, human-environment interaction
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INTRODUCTION

Eastern African precipitation is characterized by large
interannual to centennial variability (Lamb et al, 1998;
Nicholson, 2000; Junginger et al., 2014; Liu et al., 2017),
controlling water resource availability in the region. This is
accentuated by the uneven spatial distribution of precipitation,
from the lowlands (<500 m) to the high plateaus (>4,000 m),
due to the extreme topography of the East African Rift System
(EARS) (Nicholson, 2017). In recent decades a decline in
precipitation has led to an increase in the intensity and frequency
of drought periods (Funk et al., 2008; Viste, 2012; Rowell et al.,
2015).

Water availability has always played a fundamental role in
eastern Africa, and fluctuations in eastern Africa’s hydroclimate
in the past have had a dramatic impact on human societies.
Changes in orbital insolation during the late Pleistocene to
Middle Holocene caused an “African Humid Period” (AHP;
~15-5 ka BP; deMenocal et al., 2000; Barker et al., 2004),
when increased precipitation triggered changes in vegetation
(Lamb et al., 2004), dust dynamics (Zielhofer et al., 2017),
lake expansion and increased river flow (Barker et al., 2004;
Costa et al., 2014; Revel et al., 2014; Bloszies et al., 2015).
In the wider region, these environmental changes during the
AHP have been associated with multiple migration dynamics,
such as the reoccupation of the Sahara ~10.5 ka BP (Kuper
and Kropelin, 2006; Drake et al, 2013; Larrasoana et al,
2013; Manning and Timpson, 2014), cultural innovation (Lario
et al, 1997) and overlapped with a demographic transition
to the Neolithic age (Manning and Timpson, 2014; Honegger
and Williams, 2015). An increase in arid conditions has been
documented during the termination of the AHP ~5 ka BP in
eastern Africa (e.g., deMenocal et al., 2000; Barker et al., 2004;
Foerster et al., 2012; Junginger et al., 2014; Bloszies et al., 2015).
This aridification trend coincides with societal adaptations,
such as the introduction of pastoralism to eastern Africa, and
the emergence of highly organized and complex state-level
societies (demenocal, 1995; Brooks, 2006; Kuper and Kropelin,
2006; Garcin et al., 2012; Foerster et al., 2015). Environmental
changes likely provide both opportunities and constraints, due to
variability in water resources and food availability, necessitating
adaptation. To better understand potential links between cultural
changes and climate variability, paleoclimate records can be used
in conjunction with archaeological records to reconstruct major
influences on modern civilizations.

In eastern Africa, however, there are still spatial and
chronological gaps in paleoclimate records, which are largely
non-quantitative and often regionally specific. Discrepancies
particularly occur between records from marine archives, and
lacustrine sites and also whether lacustrine sites are located
within or outside the EARS. Existing records covering the
AHP, report conflicting accounts of past climate variability in
the region, with some studies suggesting a rapid onset and
termination of the AHP (deMenocal et al., 2000; Tierney et al.,
2013; Collins et al., 2017), while others indicate a rapid onset but
more gradual termination and climate evolution in response to
insolation forcing (Renssen et al., 2006; Asrat et al., 2007; Foerster

etal., 2012; Junginger et al., 2014; Trauth et al., 2018). While lakes
with a constant groundwater/geothermal supply were mostly
stable (e.g., Lake Tilo on the Ethiopian Plateau, Telford and
Lamb, 1999), river-fed EARS lakes, such as Chew Bahir or Ziway-
Shala in Ethiopia (Gillespie et al., 1983; Foerster et al., 2012)
or Lakes Elementeita-Nakuru (Richardson and Dussinger, 1986),
paleo-Lake Suguta in Kenya (Junginger et al., 2014) or Lake
Manyara (Bachofer et al., 2015) demonstrated greater variability
in lake levels in response to short-term precipitation-evaporation
changes (Figure 1).

The first steps toward quantifying precipitation rates during
the AHP and lake responses to a changing precipitation-
evaporation budget were conducted for several basins in the
EARS by applying Lake Balance Modeling (LBM) (Figure 1;
Hastenrath and Kutzbach, 1983; Bergner et al., 2003; Dithnforth
et al., 2006; Kniess, 2006; Borchardt and Trauth, 2012; Junginger
and Trauth, 2013). LBM uses field observations, such as “C
dated shorelines and overflow sills high above modern lakes
(indicative of higher moisture availability), to calculate paleo-lake
volumes, levels and paleo-precipitation rates. Such attempts of
quantifying environmental parameters using field observations
(e.g., shorelines) or proxy data (e.g., leaf waxes, stable isotopes,
dust, pollen) through modeling approaches are defined as so-
called Proxy System Modeling (PSM), as presented by Evans et al.
(2013) or Dee et al. (2018).

For the AHP, the reconstruction of environmental parameters,
such as paleo-temperatures, is based for example on GDGT and
Texge proxies from lake sediments (e.g., Verschuren, 2004; Berke
et al.,, 2012a; Damsté et al., 2012; Loomis et al., 2012, 2014,
2015). Precipitation reconstructions are usually created using
pollen (e.g., Lamb et al., 2004; Vincens et al., 2005; Umer et al,,
2007; Rucina et al., 2009; Marchant et al., 2018), stalagmites
(e.g., Baker et al, 2010), leaf waxes (e.g., Berke et al., 2012b;
Costa et al., 2014), and the aforementioned LBMs. Due to the
lack of the aforementioned proxy data in our study region,
Chew Bahir in southern Ethiopia, an LBM is chosen to calculate
paleo-precipitation rate changes.

Previously developed LBMs for the EARS, however, only
looked at individual basins and therefore did not consider the
hydrological connection via surface overflow of many rift basins
(Figure 1). Consequently, the hydrological inflow budget of these
interconnected lakes may have been underestimated, affecting the
calculated paleo-precipitation estimates from the LBMs. Another
aspect that was not considered in previous LBMs is change in
seasonality. For the AHP it is hypothesized that an additional
rainy season developed due to a shift of the Congo Air Boundary
(CAB) during the northern hemisphere summer months,
therefore tremendously impacting seasonality, environment and
associated feedback mechanisms (e.g., Junginger and Trauth,
2013; Costa et al, 2014; Bloszies et al., 2015; Beck et al,
2019).

Here we present a comprehensive hydro-balance modeling
approach that simulates firstly multiple rift lakes from the
southern Ethiopian Rift (Figure 1; Abaya, Chamo, Chew Babhir).
For this purpose, we developed a LBM for the region, which is a
further development of the former models (e.g., Blodgett et al.,
1997; Lenters and Cook, 1999). We have applied a combined
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FIGURE 1 | Overview of the study area, lake levels and lake-balance modeling results from previous an current studies: (A) Elevation map of Africa and the positions of
major air boundaries and convergence zones during the NH summer. Indian Summer Monsoon (ISM), West African Monsoon (WAM), the Inter Tropical Convergence
Zone (ITCZ), and Congo Air Boundary (CAB). (B) Elevation map of eastern Africa with the study area, major lakes, study area (white box) and the CAB position in July.
(C,D) Known paleo-lake depths within the EARS during the African Humid Period (AHP) and published paleo-precipitation rates estimates using different lake-balance
approaches and associated references. (E) Transect of the EARS from north-east to south, with modern and paleo level lake extents (light and dark blue, respectively),
the study area (red box), and major drainage direction (dotted line). North-South transect of the eastern branch of the EARS, with modern and paleo-lake extents (light
and dark blue, respectively), the study area (red box), and major drainage direction (dotted line). The figure was modified after Junginger and Trauth (2013).

catchment approach including surface and subsurface flows. Two
approaches were used to estimate the evapotranspiration; a bulk
transfer equation and the Surface Energy Balance Algorithm
for Land (SEBAL). The paleo-precipitation required during
the AHP to fill lakes to their previous high-stands will be
calculated under different scenarios including the incorporation
of an additional rainy season as previously suggested by
multiple studies (e.g., Junginger et al., 2014; Bloszies et al.,
2015; Beck et al,, 2019) and the theoretical feedback due to
vegetation changes. We furthermore provide lake regression
and transgression times under abrupt and gradual changes, in
order to demonstrate the sensitivity of the investigated lake
systems to changes in precipitation. Based on the outcome
of the model, we compare lake response times to abrupt
and gradual precipitation changes to aridity proxy data of
an 11 m-long sediment core from the margin of paleo-lake
Chew Bahir, which was published by Foerster et al. (2015) to
reconstruct the paleo-lake level evolution of Chew Bahir during
the past 20 ka.

REGIONAL SETTING

The Investigated Catchments

There are three adjoining North-South trending, endorheic
basins at the southern end of the Main Ethiopian Rift (MER)
which are part of the greater (4,000km) EARS. These are the
basins of Lake Abaya, Lake Chamo, and paleo-lake Chew Bahir,
from north to south, respectively (Figure 1). Lake Abaya (6.4°N,
37.95°E, 7m deep, and lake surface area of 1,081 km?) is
the northern-most and highest elevated (1,176 m a.s.l.) basin
with a catchment size of 16,203 km? (Figure 2). The major
rivers draining into Lake Abaya include the Gelana, Bilate,
Gidabo, Hare, Baso, and Amesa Rivers (Tiruneh, 2005). Lake
Chamo (5.8°N,37.6°E, ~1,109 m a.s.l, 14 m deep, 310 km? lake
surface area) to the south is separated from Lake Abaya by the
Quaternary Tosa Sucha Volcano (Ebinger et al., 1993; Figure 2]J).
The Kulfo River to the west is the main tributary, while Sile
and Wezeka rivers are smaller tributaries into Lake Chamo
(Tiruneh, 2005). The Kulfo River is also connected to Lake
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FIGURE 2 | Geographical features of the studied lake basins: (A) Modern catchment boundaries, monthly temperature means in °C and precipitation in mm/month
(IRI, last accessed 11/2019), overflow sill locations (white-blue circles), and paleo-lake dimensions with modern/paleo-depths in numbers. (B-E) Modeling outputs of
paleo-lake Chew Bahir‘s dimension during different lake filling steps from modern to +5, 420, and +45 m when reaching the overflow level. (F-J) Pictures from study
sites by A. Junginger.
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Abaya during wet periods when lake levels are higher (Tiruneh,
2005). The catchment area of Lake Chamo is ~1,793 km?. Both
lakes, Chamo and Abaya are bounded by the Gamo-Gidole
horst to the west and the Amaro horst to the east reaching
elevations over 3,000 m a.s.l. and consisting mainly of Cenozoic
rift volcanics unconformably overlaying Precambrian basement
rocks (Davidson, 1983; Ebinger et al.,, 1993). Paleo-lake Chew
Bahir (4.1-6.3°N, 36.5-38.1°E, ~498 m a.s.l, Figures 1, 2) to
the south is most of the year a 210 km? saline mudflat and
the lowest in elevation of the herein investigated basins. The
Chew Bahir surface comprises deltaic ephemeral swamps at its
northerly and north easterly reaches, where the perennial Weyto
and Segan rivers drain the north-western and north-eastern sides
of the catchment, respectively (Figure 2). The catchment (20,650
km?) is bound by the MER rift shoulders, in the east by the
Teltele Plateau (up to 1,600 m a.sl) and in the west by the
Hammar Range (up to 1,300 m a.s.l.). The elevation of the rift
shoulders decreases in a southerly direction. The northern side
of the catchment is bound by uplifted Proterozoic metamorphic
rocks and Cenozoic rift volcanics (Davidson, 1983; Figures 1,
2), hydrologically separating it from the Chamo and Abaya
catchments. To the south, Cenozoic rift volcanics from the
foothills of the Hammar Range prevent a direct hydrological link
with the Turkana basin, today. The dry southern-most part of the
catchment borders Kenya.

Overflow Regime

Several paleo-shorelines, wave cut notches and sediment
characteristics in the Ethiopian Rift and plateau regions, such as
Lake Abhé (Gasse and Street, 1978), Lake Ziway-Shala-Abiyata
(Gillespie et al., 1983; Chalié and Gasse, 2002), Lake Dendi
(Wagner et al., 2018), or Lake Ashenge (Marshall et al., 2009)
show evidence of deep lakes during the AHP. During those high
stands, these lakes were overflowing into rivers that connected to
other lake basins. Awulachew (2006) reported that lakes Abaya
and Chamo were previously connected via surface streams.
Here, Lake Abaya connected via an old channel through the
Kulfo river with Lake Chamo (Figure 2). Awulachew (2006)
and Kassa (2015) report of evidence that during high stands,
Lake Chamo overflowed into the river Metenafesha and into the
Sermale stream, both being tributaries of the Segan river, which
in turn feeds paleo-lake Chew Bahir. During a field campaign in
November 2018, paleo-shoreline deposits (shell beds) at Chew
Bahir could be identified at the same elevation as the overflow
sill (Figure 2). As calculated in section Digital Elevation Model
Analysis, Lake Abaya’s overflow sill to the Chamo catchment
is at 1,194m a.s.l. (6°0'40.38”"N, 37°34'50.45”E) 18 m above
its present lake level. Lake Chamo reaches its overflow sill
to the Chew Bahir catchment at 1,123 m a.s.l. (5°51'49.66"N,
37°38/31.78”E), which is 14 m above its modern lake surface.
The Chew Bahir basin has an overflow sill at 543m a.s.l.
(4°13'30.58”N, 36°39'35.19"E) to Lake Turkana, 45 m above the
basin floor.

Vegetation
Modern vegetation in the Chew Bahir catchment is typically
sparse and follows an east-west gradient (Friis et al., 2010). The

eastern part of the Chew Bahir basin is classified as Acacia-
Commiphora woodland and bushland, whereas the western part
is described as Combretum-Terminalia woodland and wooded
grassland (Friis et al., 2010). The higher elevated parts of the study
area, such as close to Arba Minch (Figure 2), comprise evergreen
Afro-Montane forest and grassland complex, which transitions
to moist evergreen Afro-Montane forest in the north. The
vegetation in the even higher mountainous areas are dominated
by Afro-alpine vegetation with an Ericaceous Belt (Friis et al.,
2010).

Climate

Seasonal rainfall in Chew Bahir is associated with the annual
passage of a tropical rain belt (often referred to as the Inter
Tropical Convergence Zone, ITCZ), which is predominantly
fueled by the Indian Ocean (Figurel, Levin et al, 2009;
Nicholson, 2017). Generally, the tropical rain belt migrates
between 10° North and South of the equator, resulting in
a bimodal precipitation pattern close to the equator and an
unimodal pattern at its limits (Nicholson, 1996). Consequently,
the lower elevations of the Chew Bahir catchment precipitation
is bimodal, with the “Belg” rains from March to May (long
rains) and the “short rains” in October-November (Figure 2).
The highlands northwest of Chew Bahir, including the Abaya
and Chamo catchments, experience an unimodal rainfall pattern
with only one longer wet season from March to November
(Segele and Lamb, 2005; Williams and Funk, 2011). This wet
season is, fueled by two different sources, with the “Belg” rains
lasting from March to May and the “Kiremt” rains from June
to September. The Kiremt rains are hypothesized to originate
from the Atlantic Ocean-derived southwestern humid Congo
air stream (Nicholson, 1996; Camberlin, 1997; Lamb et al,
2000). The eastern limit of this air stream is marked by the
Congo Air Boundary, which separates the humid air masses
from the west from dry air masses in the east (Nicholson, 1996).
Annual to decadal fluctuations in the intensity and strength of
precipitation are possibly related to a direct response to sea-
surface temperature variations in the Indian and Atlantic Oceans
(Nicholson, 2017). Compared to other areas at similar latitudes
in Africa, Ethiopia receives considerably more rainfall due to
its position in the MER and the resulting orographic effects
(Nicholson, 2017).

MATERIALS AND METHODS

We developed a LBM to quantify the present day and paleo-
water balances of paleo-lake Chew Bahir, Lake Chamo and
Lake Abaya. The model was coded in R and is available
at GitHub (https://github.com/MLFischer/Lake-Balance-Model,
03/2019). In summary, a Digital Elevation Model (DEM) was
used to delineate the catchment boundaries, lake bathometry,
lake volumes and overflow sills (section Digital Elevation Model
Analysis). The annual modern water balances were calculated
for Lakes Abaya, Chamo and paleo-lake Chew Bahir (section
Lake Balance of Lakes Abaya, Chamo, and Paleo-Lake Chew
Bahir). Evaporation was estimated for the paleo-lake Chew
Bahir catchment using SEBAL [section Surface Energy Balance
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Algorithm for Land (SEBAL)]. After parametrizing the model
based on present-day conditions, we modeled the most recent
lake high-stands of Lake Chamo, Abaya and paleo-lake Chew
Bahir during the AHP (section Paleo-Lake Modeling). In section
Calculation of Amplifier Lake Characteristics, we calculated the
Hypsometric Integral (HI) and Aridity Index (AI) for the paleo-
lake Chew Bahir, Lake Abaya and Chamo catchments which are
used to define the Amplifier Lake characteristic of lake basins
in the EARS following Olaka et al. (2010). In section Lake Level
Reconstruction of Paleo-Lake Chew Bahir, we apply the modeled
lake responses of paleo-lake Chew Bahir to various changes is
precipitation and thus lake-level scenarios to changes in a K-
proxy record from a drill-core taken from the paleo-lake Chew
Bahir basin (Foerster et al., 2012, 2015; Trauth et al., 2018) and
reconstruct the paleo-lake level of the past 20 ka.

Digital Elevation Model Analysis

The catchment boundary delineation was based on the DEM
resulting from the Shuttle Radar Topography Mission (SRTM
C-band; http://www2.jpl.nasa.gov/srtm/). The flow directions,
flow accumulations, catchment boundaries and hydro-junctions
(maximum possible lake extent) were calculated with the
workflow for deranged terrains from the ArcHydro toolbox of
ArcGIS 10.3 (Merwade, 2012). The DEM of each catchment
was processed using the freq function in the R raster-package
to produce an elevation frequency table, which then is used to
compute the basin hypsometry and paleo-lake bathymetry (R
Core Team, 2019).

Lake Balance Model

Three processing steps were applied for calculating the modern
day annual water balance as later summarized in Equation (3).
The parameters used in this model are climate parameter based
on interpolated global gridded climate data (New et al., 2002),
remote sensing data (Friedl et al., 2010; Platnick et al., 2015) and
evaporation parametrization approaches (Schmugge and André,
1991). The input parameters are annual averages and they are
summarized in Table 1.

The first was to calculate surface temperatures by a radiation-
based surface energy flux (Equation 1). The energy balance
was calculated using Newton’s method to determine the surface
temperature. The energy fluxes were assumed to be in an
equilibrium state and include: the incoming short-wave radiation
(Rsw), the incoming long-wave radiation (Ry;) with the surface
emissivity (¢), the long-wave radiation (Ry,) emitted by the
Earth’s surface, the sensible heat flux (H) and the latent heat flux
(L- ET,), with L being the latent heat of vaporization, and ET,
the rate of actual evaporation (Blodgett et al., 1997; Lenters and
Cook, 1999).

Rew—Ry+€eRg—H—-L-ET, =0 (1)
In the second step (Equation 2), ET, was calculated using the bulk
transfer formula described by Brutsaert (1982), with the surface-
drag coefficient (Cp), the wind speed (U), the soil moisture
availability (f), the gas constant for dry air (R), the surface (Ts)
and air (T,) temperatures, the relative humidity (rh), and the
saturation vapor pressure (es(T;)) as a function of surface and
air temperature.

_0622-Cp-U-f

ET
: RT,

[es (Tg) —rh-es (Ta)] (2)

The resulting ET, on land and water was calculated with
Equations (1) and (2) from the environmental parameters
summarized in Table 1. A sensitivity analysis of ET, for paleo-
lake Chew Bahir to major environmental parameters, such as air
temperature (T,), cloud cover, relative humidity (rh), and wind
speed (U) was performed.

The third step involved calculating the annual lake water
balance of lakes Abaya, Chamo and paleo-lake Chew Bahir using
ET, on land (E;) and water (E, ), the precipitation amount from
the Tropical Rainfall Measuring Mission (TRMM, Bookhagen,
in review) (Pp,s) and the basin-wide subsurface outflow/inflow
(Spgs) following Equation (3). A positive and negative water
balance suggest an increase and decrease in lake water volume,

TABLE 1 | Summary of input parameters for the LBM of Chew Bahir, Chamo, and Abaya.

Parameter Symbol (Unit) Chew Bahir Chamo Abaya Confidence References

Lake Land Lake Land Lake Land
Cloud free shortwave radiation R_sw (W/m?) 415 415 415 +3 Berger and Loutre, 1991
Shortwave cloud parameters  a, b 0.39, 0.38 0.39, 0.38 0.39, 0.38 - Bookhagen et al., 2001
Longwave cloud parameters a_2,b_2 0.22,2.0 0.22,2.0 0.22,2.0 - Bookhagen et al., 2001
Air pressure p (kPa) 95.67 88.5 88.7 85.13 87.9 81.7 - Barometric elevation formula
Cloud coverage cc 0.44 0.61 0.37 0.55 0.31 0.54 +0.05 Platnick et al., 2015
Relative humidity rh 0.55 0.57 0.57 0.57 0.57 0.58 +0.05 New et al., 2002
Windspeed ws (ms™') 2.56 2.18 1.71 1.72 1.46 1.42 +0.3 New et al., 2002
Air temperature t_a(°C) 26.35 22.75 21.95 20.15 21.55 18.35 +0.5 New et al., 2002
Surface drag coefficient cds 7.3 x107* 59 x107° 7.3 x 107* 6.6 x 1073 7.3 x 10™* 7.6 x 107° +0.2 x 1073 Schmugge and André, 1991
Surface albedo albedo 0.06 0.14 0.06 0.126 0.06 0.136 +0.02 Friedl et al., 2010
Surface emissivity emis 0.98 0.96 0.98 0.96 0.98 0.96 +0.02 Friedl et al., 2010
Moisture availability f 1.00 0.137 1.00 0.198 1.00 0.25 +0.05 Schmugge and André, 1991
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respectively. The modern-day conditions of Lake Abaya, Lake
Chamo and paleo-lake Chew Bahir were assumed to be in
equilibrium, where AV = 0 as suggested in previous studies,
such as Bookhagen et al. (2001), Bergner et al. (2003), and
Junginger and Trauth (2013). The water surplus was assumed to
be groundwater recharge in contrast to previous LBM studies,
which used a fixed precipitation to groundwater ratio (Blodgett
et al, 1997), a fix value (Bergner et al., 2003) or that the
groundwater recharge rate is zero (e.g., Bookhagen et al., 2001;
Diihnforth et al., 2006; Junginger and Trauth, 2013).

AVigke = Ppas — [Eyety, + E1 (1 — o) ] — Spas = 0 3)

The SEBAL Method

Southern Ethiopia is a data-sparse region, with few continuously
monitored weather stations, making quantification of the
evaporation difficult on a catchment scale. Hence, we used a
second approach called Surface Energy Balance Algorithm for
Land (SEBAL; Bastiaanssen et al., 1998a,b). SEBAL calculates
the Earth’s surface instantaneous energy flux (Equation 4) at the
moment of satellite overpass, to determine the latent heat flux as
the residual (Bastiaanssen et al., 1998a,b).

In order to populate the SEBAL input parameters, satellite
remote sensing data products of the Moderate-Resolution
Imaging Spectroradiometer (MODIS) were identified and
resampled to an uniform spatial resolution of 500 m (Table 2).
To quantify monthly evaporation (Zhang et al., 2011; Borchardt
and Trauth, 2012), the available MODIS datasets for an average
reference year (2010 CE, Kiptala et al., 2013) were processed.
The selection criterion applied was a clear sky coverage of higher
than 90 percent. The Land Cover MCD12Q1 was further utilized
to estimate the surface roughness length and the surface drag
coefficient, following Wieringa (1992).

To calculate ET, based on the surface energy fluxes we
employed the net radiation (R,) equation (Equation 4). ET, was

TABLE 2 | Moderate-Resolution Imaging Spectroradiometer (MODIS) products
and bands used for SEBAL calculation.

Product Band Temporal Pixel size (m) Data
granularity references
MOD11A1  Land Surface Daily 1,000 Wan et al.,
Temperature Daily 2015
Emissivity Band 31
Emissivity Band 32
Day View Time
Clear Day Coverage
MODO9GA  Surface Reflectance  Daily 500 Vermote and
Band 1-7 Wolfe, 2015
Solar Azimuth
Solar Zenith
MOD13Q1  NDVI 16 day 250 Didan, 2015
MCD12Q1  Land Cover Type 2 Yearly 500 Friedl et al.,
(UMD) 2010

calculated using the soil heat flux G, which accounts for the
amount of radiant energy released or absorbed at the soil surface
per unit time, the sensible heat flux H and the latent heat flux AE,
which resolves as residual of Equation (4):

R, =G+ H+ AE (4)

R, was estimated following the clear sky approach described in
Allen et al. (2007) as a function of the day of the year, longitude,
latitude, altitude, «, & and atmospheric emissivity.

G was calculated with Equation (5) as a function of R,, «
and the Normalized Difference Vegetation Index (NDVI), which
is a standardized proxy for vegetation density and greenness
(Bastiaanssen, 2000).

G

= r (0.0038c + 0.0074¢*) (a — 0.98 - NDVI*)  (5)
n

s
o

H was determined using Equation (6), with the specific heat of air
at a constant pressure (Cp), density of moist air (p), the vertical
temperature gradient (dT), and the aerodynamic heat transfer
resistance (r,,) (Bastiaanssen et al., 1998a).

CpdT
H =

Tah

(6)

To solve Equation (6) we applied an approach by Zhang et al.
(2011) that utilizes the wind field data by New et al. (2002).
The frictional velocity and the aerodynamic resistance to heat
transport were calculated for each pixel according to the wind-
field and the logarithmic wind-profile. Both variables converge
through an iterative atmospheric stability correction depending
on the Monin-Obukov-Length (Bastiaanssen et al., 1998a,b).
The resulting calculated dT leads to H (Bastiaanssen et al,
1998a,b). The evaporation fraction (A) was calculated to solve
for daily evaporation (ET>4) from the instantaneous heat fluxes
(Bastiaanssen, 2000; Bastiaanssen et al., 2005) with Equation (7).

©E \E

A = =
R,—G AE+H

7)

ET>4 is a function of daily net radiation (R,24) and A
(Bastiaanssen, 2000). Ry4 was calculated following De Bruin
and Stricker (2000) through the integrated sinusoidal daily
illumination and the extra-terrestrial solar radiation.

86300 - 103

ET)y = ————— ARy (8)
ADw

The daily evaporation (ET»4) was averaged each month to
calculate the monthly evaporation. Missing data for months
with only cloudy days were interpolated from the adjacent
months. To calculate ET,, we applied a slight modification of
the water balance by Thornthwaite and Mather (1955). We
defined the modeled monthly evaporation as ETj,. Following
that, we calculated the catchment average ET), per month and
compared them to the precipitation average from the TRMM
dataset (Bookhagen, in review). Two assumptions have been
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considered when calculating the monthly water balance: (1) The
total monthly ETj, is smaller than the total monthly precipitation
(P) and the available soil water (SW) in the catchment. (2) 50%
of the monthly water surplus, if occurring, is stored in the soil
for the next month (SW) and 50% of the water surplus results
in groundwater recharge (GW). In months where ET, < P, we
set ET, = ET,. However, in months where ET, > P the monthly
ET, was calculated by multiplying ET), by the ratio of available
water and ET, (Thornthwaite and Mather, 1955; Borchardt
and Trauth, 2012). The ET, spatial distribution of humid
months does not need to be corrected, as it remains the ET)
distribution. During dry months ET, was further modified using
the normalized Topographic Wetness Index (TWI; Kirkby and
Beven, 1979) as shown in Equation (9). This spatial correction
factor using the TWI reflects the orographic influence on the soil
water distribution.

ETa(x)y) = ETp(x»y) . [TWInorm(xay)
> availableWater

- TWI 9
> potentialEvaporation —norm)l (9)

In a last step, we compared the SEBAL and the bulk transfer
LBM derived ET, estimates on land, as well as the subsurface
recharge rates for the Chew Bahir catchment to assess the two
different approaches. Lake evaporation estimates for Chamo and
Abaya were compared to measured pan evaporation data over the
years 1985-2005 from the Arba Minch weather station (6°2'N,
37°33'E), which is located between lakes Abaya and Chamo
(Belete, 2009).

Paleo-Lake Modeling Method

Model Calculation

In order to assess the sensitivity of lake levels to changes
in precipitation and the impact of hydrological connectivity
between basins, we combined the LBM’s of Lake Abaya, Lake
Chamo and paleo-lake Chew Bahir. The annual water balance of
each catchment (Equation 3) and the consequent lake volumes
were calculated to derive the potential change of lake surface
areas. Annual changes in the total lake surface area were
considered at the end of each annually modeled time-step and the
ratio of land and water were adjusted to reflect the new surface
evaporation fluxes for each modeled year. Furthermore, at each
annual time step the overflow threshold was considered and an
additional drainage function was activated if the lake water level
exceeded the height of the overflow sill that was calculated in
the DEM analysis (section Digital Elevation Model Analysis). For
example, if the surface water level for Lake Abaya equals the
overflow threshold, the water surplus is accounted for as inflow
into the Chamo catchment and added to the water balance. The
TRMM derived precipitation rates were multiplied by the total
area of each catchment to calculate the volume of the total water
influx. The computed ET, over water was multiplied by the lake
area to derive the evaporated water volume above each lake and
the ET, over land was multiplied by the remaining catchment
areas to calculate the total ET,.

Modeling Increased Precipitation Scenarios

We modeled various changes in precipitation over the Abaya,
Chamo, and Chew Bahir catchments to estimate the increase
in precipitation that was required for paleo-lake Chew Bahir to
reach its overflow sill, the point where paleo-lake Chew Bahir
drained into Lake Turkana during lake high-stands in the AHP
(Foerster et al.,, 2012). Covering both decadal and centennial
transitions of paleo-lake Chew Bahir (Trauth et al., 2018), we
ran 500-years simulations of the LBM. The precipitation is
increasing by 0.1% in each simulation, providing a total of 300
simulations with modeled precipitation increases from 0 to 30%
of present day. This allowed us to calculate both the transition
times for paleo-lake Chew Bahir; to go from “no lake” conditions
to a “flooded basin” and the amount of increased precipitation
that would be required. In the simulations, the exchange rates
between the basins were calculated and the amount of the
water volume influx from Lake Abaya to Lake Chamo and
Lake Chamo to paleo-lake Chew Bahir were quantified as a
proportion of its total water budget. Due to a lack of paleo-
vegetation information and its impact on the actual evaporation
and resulting precipitation in the study region for the AHP, we
used the estimates of a 7-15% increased precipitation during
the AHP in the Kenyan Rift published by Bergner et al
(2003). Those estimates are presented as vegetation threshold
within our results and are based on the same parametrization
approach as our LBM and are coming from a comparable
landscape composition.

Modeling Seasonality Changes in Precipitation
Previous studies have suggested a change in the seasonality of
precipitation during the AHP, due to a shift in the Congo Air
Boundary, resulting in additional precipitation during July to
September in equatorial regions in eastern Africa (e.g., Junginger,
2011; Junginger and Trauth, 2013; Costa et al., 2014; Junginger
et al., 2014; Bloszies et al., 2015; Beck et al., 2019). This would
have resulted in a change of the evaporative potential on land,
compared to present day, due to an increased potential moisture
source over what were previously dry months (ET, > P). We
calculate the difference between ETa and ET}, using SEBAL from
July to September and add this evaporation amount to Chew
Bahir’s catchment actual evaporation rate on land. We omit the
catchment of the lakes Abaya and Chamo from this procedure as
they don’t have this modern day lack (ET}, < P) of evaporable
water for these months.

Transition Times for Onset and Termination of AHP

The timing of precipitation change was also modeled using
different scenarios to estimate the temporal reaction of paleo-
lake Chew Bahir’s volume to abrupt and gradual precipitation
changes during the onset and termination of the AHP. The
first scenario (S1) was an abrupt transition, simulated by an
instantaneous increase in precipitation to the threshold (TS)
amount required to force paleo-lake Chew Bahir to the overflow
sill. However, this only represents the minimum precipitation
required to fill Paleo-lake Chew Bahir to the overflow level,
therefore we additionally considered two scenarios, in which
the threshold could have been exceeded (S2: TS+5%, S3:
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TS+10%). We simulated a gradual increase in precipitation
from modern day conditions to TS over 50, 100, 250, and 500
years. The termination of the AHP was also simulated, where
the abrupt scenario saw an immediate transition from increased
precipitation rates (TS) to modern day precipitation. The gradual
offset was simulated by decreasing the precipitation amount
linearly from TS to the modern day amount within 50, 100, 250,
and 500 years.

Amplifier Lake Characteristics

In order to compare the basins of Lake Abaya, Lake Chamo and
paleo-lake Chew Bahir with other lakes within the EARS, we
calculated the hypsometric integral (HI; Pike and Wilson, 1971)
following Equation (10).

HI mean elevation — minimum elevation (10)
maximum elevation — minimum elevation

We calculated the AI of each, individual catchment as the
quotient precipitation (mm a~!) and potential evaporation (mm
a~!, Thornthwaite, 1948) within each catchment. The term
amplifier lake characterizes lakes in the EARS that react very
sensitively to even moderate climate changes (Street-Perrott,
1985; Olaka et al., 2010; Trauth et al., 2010). We compared the
HI and AI of paleo-lake Chew Bahir, lakes Abaya, and Chamo
with other lake basins and classified amplifier lakes in the EARS
based on Olaka et al. (2010).

Chew Bahir Lake Level Reconstruction

To translate changes indicated by climate proxies in the Chew
Bahir drill core sediments into actual lake level changes, we
used the established aridity proxy potassium (K) (Foerster et al.,
2012, 2015, 2018; Trauth et al., 2018). High K concentrations
in the sedimentary record have been documented to be
strongly controlled by the hydrochemistry of the paleo-lake and
porewaters. Such changes in salinity and alkalinity are typically
caused by a drier climate and associated lake water evaporation
(Foerster et al., 2018). For our study, we are using the most
complete and high resolution record from Chew Bahir for the
last 20 ka BP, a composite of pilot core CB-01 and CB-03, as
discussed in Foerster et al. (2015). In our study, we compare
the timing of K-changes with modeled response times of paleo-
lake Chew Bahir’s lake level, and interpret whether long-term
and short-term fluctuations can be explained by abrupt or
gradual changes in precipitation based on their duration and
also K content.

RESULTS
DEM Analysis Overflow Regime

As summarized in Table 3, an additional 25.2 km> of water
would be required to initiate drainage at the overflow sill from
Lake Abaya toward Lake Chamo, resulting in an increased lake
surface area of 3.6%. To initiate overflow from Lake Chamo
toward Chew Bahir, only an additional 5.2 km?® is required,
which would increase the lake area by 5%. Paleo-lake Chew
Bahir would require 83.2 km® for the lake level to reach the
overflow sill and initiate drainage into Lake Turkana. In this

TABLE 3 | Summary of major output parameters.

Parameter Unit Chew Bahir Chamo Abaya
DIGITAL ELEVATION MODEL ANALYSIS

Catchment size km? 20,650 1,793 16,2038
Modern day lake level ma.s.l. 498 1,109 1,176
Maximum lake level m a.s.l. 543 1,123 1,194
Modern day lake area km? 0 310 1,081
Maximum lake area km? 2,486 394 1,657
Additional lake volume km?3 83 5 25
Modern day lake area % 0 17 6
ratio, ay

Maximum lake area % 12 22 9.6
ratio, ay

Hypsometric Integral 0.23 0.15 0.25
Aridity Index 0.83 1.33 1.72
LAKE BALANCE MODEL

Precipitation modern,  (mma~', km®) 917,18.9 1,211,222 1,407,228

Ppas (rate, volume)

Precipitation paleo (mma") 1,100-1,192 1,453-1,574 1,688-1,829

20-30% increased,

Ppas (rate)

Groundwater, Spas (mma', km3) 24,05 80, 0.1 260, 4.2

(rate, volume)

Evaporation on land, E; (mma~', km®) 892,184  1,060,1.6  1,123,17
(rate, volume)

Evaporation on water, (mma~', km® 1,908, 0 1,550,0.5 1,513,1.6

Ey (rate, volume)

scenario, paleo-lake Chew Bahir would cover 12% of the total
catchment area.

Lake Balance Model Results

Sensitivity tests of the major environmental parameters in the
LBM including temperature, cloud cover, humidity and wind
speed were calculated for the paleo-lake Chew Bahir catchment
(Figure 3). For example, a modeled mean temperature rise
of 1°C with an error below 1°C (New et al., 2002) would
result in an increase of 4.7% (42mm a~!) in ET, for the
average land evaporation in the paleo-lake Chew Bahir catchment
(Figure 3A). Cloud cover measurements from MODIS typically
have an error below 5% (Platnick et al., 2015). An increase in
average cloud cover by 5% would decrease ET, by ~4% (367 mm
a~!, Figure 3B). The dataset of the relative humidity shows errors
up to £15% (New et al., 2002). Hence, an increase in the average
relative humidity of 15% would decrease ET, on land by 8.7%
(78 mm a~!, Figure 3C). The windspeed dataset has the highest
errors and according to New et al. (2002) the maximum deviation
for specific measures sites in eastern Africa ranges between 40
and 60%. For example, an increase in wind speed of 1 m s~!
(corresponding to a 45% deviation) would enhance ET, by 19.5%
(174 mm a~!, Figure 3C).

SEBAL Results

Using 43 days with a clear sky of the reference year, the calculated
mean R, was 459W m~2 (¢ = 54W m~2), the average G
was 75W m~2 (6 = 8.6 W m~2), and H was 130 W m~2 (o
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FIGURE 3 | The effects of environmental parameters on lake and land evaporation for the Chew Bahir basin: (A) air temperature, (B) cloud cover, (C) relative humidity,
and (D) windspeed. Dashed lines indicate used input parameter and resulting annual actual evaporation of the LBM. Solid thin lines indicate maximum/minimum
errors with resulting maxima/minima of the annual actual evaporation.

= 27.3W m™2). Those fluxes result in A of 0.64 (¢ = 0.074)
and AE of 0.38mm h~! (o = 0.07). RNy4 was 137W m~2 (o
= 7.07W m™2), resulting in ETa4 of 3.18 mm d~! (¢ = 0.33
mmd~1).

The annual water balance shows a bimodal precipitation
(916 mm a~!) and ET, (847mm a~!) and an unimodal ET,
(see Figure 4B). The spatial distribution (see Figure 4A) of ET,
ranges from 52 to 1,360 mm a~!. The southern part of the
catchment has the lowest values, whereas the northern and
elevated rift shoulders, with streams and adjacent wetlands, has
the highest ET, due to greater water availability.

Evaporation Estimate Comparison

Using the SEBAL approach, ET, was 847 mm a~! for the paleo-
lake Chew Bahir catchment, compared to 892 mm a~! using the
bulk transfer method, which is a relative difference of 5% (45 mm
a~!). This leads to a shift in the closed water balance of the paleo-
lake Chew Bahir catchment and a difference in the estimated
catchment-wide groundwater recharge rates between 69 mm a~!
(SEBAL) and 24mm a~! (LBM). We calculated annual lake
evaporation for Lake Abaya of 1,513 mm and for Lake Chamo
of 1,550 mm a~! using the bulk transfer Lake Balance Model. At
the Arba Minch metrological station (6°2°N, 37°33’E), class A
pan evaporation was measured from 1985 to 2005 AD, with an
average of 2,191 mm a~!. This results, with a correction factor of
0.85, in a 20-years average annual lake evaporation of 1,862 mm
a~! as calculated by Belete (2009). These values differ from our
model results by 16.7 to 18.7%, which could be related to a high
uncertainty of the individually determined correction factor for
pan evaporation data.

Combined Lake Balance Model and

Paleo-Water Balances Results

Modeling Increased Precipitation Scenarios

The transition of paleo-lake Chew Bahir from “no lake” to
“overflow conditions” at a lake surface level of 543 m a.s.l., 45m

above basin floor, was simulated over a period of 500 years.
The transition occurs at a minimum precipitation increase at a
TS of 6.5% compared to modern day 12-years TRMM average
and occurs within 302 years (Figure 5A). The transition time
required to go from “no lake” to “overflow conditions” decreases
with increasing precipitation to, for example, 39 years (TS+5% =
11.5%) and 21 years (TS4+10% = 16.5%), as indicated by stars in
Figure 5A.

The water flux from one basin to the next basin increases
linearly as soon as the overflow threshold of each basin
is reached (Figure5B). For example, the water flux from
Lake Chamo to paleo-lake Chew Bahir increases starting
from zero when precipitation is enhanced by 1.1%, and
rises up to 3.9 km> a~! when precipitation is 16.5% higher
than today.

The calculated inflow ratio for paleo-lake Chew Bahir
describes the ratio between the annual water derived by
precipitation within the catchment and the inflow from Lake
Chamo (Figure 5C). The inflow ratio quantifies the high
importance of the extended catchment of Lake Abaya and Lake
Chamo for the water balance of paleo-lake Chew Bahir. The
inflow ratio of Chew Bahir increases starting from 0 to 1.1%
enhanced precipitation and reaches 6.3% when precipitation
enhances to the threshold precipitation (TS 6.5%) for
overflow conditions.

Seasonality Changes Results

The difference in annual evaporation on land of 167.6 mm for
the paleo-lake Chew Bahir catchment that we assessed needs to
be considered to compensate for the additional rainy months
from June to September according to the SEBAL processing. This
difference in annual evaporation on land results in an increased
threshold to achieve the transition from “no lake” to “overflow
conditions.” When considering a third rainy season to have been
active during the AHP, the threshold precipitation to fill paleo-
lake Chew Bahir up to its overflow level would have increased
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FIGURE 4 | SEBAL results for paleo-lake Chew Bahir catchment: (A) Map of actual evaporation distribution throughout the catchment. (B) Monthly precipitation and
monthly water balance of the Chew Bahir catchment.
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FIGURE 5 | The effects of precipitation increase on the investigated lake basins: (A) Transition times of paleo-lake Chew Bahir from “no lake” to “overflowing lake” into
Lake Turkana under minimum threshold (TS) conditions where seasonality has not changed; under the consideration of an additional rainy season caused by a shift of
the location of the Congo Air Boundary (TScag); and the incorporation of theoretically vegetation feedback (TSyeg) with values taken from Bergner et al. (2003), since
no local paleo-data are available. The graph shows the increasing pace of lake level rise with increasing precipitation. (B) Water mass exchange between the three
investigated basins for the scenarios, TS and TScag. (C) Precipitation and overflowing Lake Chamo-Abaya as relative water sources of paleo-lake Chew Bahir
showing the importance of an enlarged catchment of Chew Bahir during overflow times of all lakes. Whereas, under TS conditions Chew Bahir inflow ratio is at 6.3%,
the inflow doubles up to 12.7% when considering an additional rainy season.

by 6.9% (TScap = TS+6.9% = 13.4%) compared to the modern
day precipitation amount (Figures 5A,C). The consideration of
a changing vegetation on the evaporation and the resulting
necessity of an increased precipitation is 7-15%, as suggested

by Bergner et al. (2003). This leads to a combined threshold
TSvyeg of 20.6 to 28.6% (TSygg = TS+TScas+ 7-15% = 20.6—
28.6%; 20-30% rounded) compared to the modern day annual
precipitation (Figures 5A,C).

Frontiers in Earth Science | www.frontiersin.org

11

June 2020 | Volume 8 | Article 197


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Fischer et al.

Holocene Hydrological Changes in Southern-Ethiopia

AHP Transition Times Results

For abrupt “lake fill” scenarios (Figure 6A), the lake filling curve
using the minimum precipitation amount of 13.4% (TScag)
required to fill paleo-lake Chew Bahir up its overflow sill,
leads to a slow, around 300 years, asymptotic reaction of the
lake surface level over time as soon as paleo-lake Chew Bahir
derives a constant water flux from Lake Chamo. Whereas,
an increase of the precipitation amount for example by 5%
(TScap+5%) or 10% (TScap+10%) above the threshold (TScag)
leads to a fast transition of paleo-lake Chew Bahir from
“no lake” to “overflow conditions” within 30 and 22 years,
respectively. Lake Abaya and Lake Chamo, however, are showing
for all simulated precipitation signals decadal to sub-decadal
transition times.

For gradual “lake fill” scenarios (Figure 6B) within 50, 100,
250, and 500 years from the modern day precipitation amount
to the threshold, the same asymptotic lake surface level reaction
pattern in time is identified, but it is delayed through the
gradual precipitation signal. This gradual delay factor leads
to corresponding centennial transition (>350 years) times.
Lake Abaya and Lake Chamo show for all simulated gradual

“lake fill” scenarios filling times between 40-160 and 50-180
years, respectively.

We simulated abrupt “lake drain” scenarios (Figure 6C)
starting with lakes at their specific overflow sill: Lake Abaya at
+18m, Lake Chamo at +14m, and paleo-lake Chew Bahir at
+45 m above the modern day lake surface levels. For this scenario
paleo-lake Chew Bahir would have been dried out within 45
years, whereas Lake Chamo and Lake Abaya would need more
than 100 years to reach their new equilibrium state.

The simulation of gradual “lake drain” scenarios within 50,
100, 250, or 500 years to modern day conditions leads to delayed
transition times of paleo-lake Chew Bahir from 70 up to 370
years before drying up (Figure 6D). Under gradual precipitation
decrease Lake Abaya dries up between 170 and >500 years, and
Lake Chamo takes the longest with 370 to >500 years.

Amplifier Lake Characteristic Results

Following the main principles for amplifier lake characterization
(HI 0.23-0.3; Olaka et al., 2010; Figure 7), Chew Bahir (HI: 0.23,
Al: 0.83) and Abaya (HI: 0.25, AI: 1.72) can be characterized as
amplifier lakes. Chew Bahir is with an AI < 1 characterized as a
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FIGURE 6 | Modeled pace of lake transitions under abrupt and gradual precipitation changes: (A) Abrupt increase in precipitation from modern values to TScag
values (13.4%) as a minimum possible amount of rainfall to fill up the investigated lake basins. TScag +5% and TScag +10% are provided as examples for even
higher precipitation that was provided during the AHP, for example. (B) Lake fill scenario under gradual increase in precipitation from modern values to TScag values
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lake with slightly higher potential evaporation than precipitation,
whereas Abaya is the wettest of all investigated basins with AI>1
(Figure 7). Lake Chamo (HI: 0.15, AI: 1.33) cannot be considered
as an amplifier lake.

DISCUSSION

Advantages and Limitation of the LBM
Paleo-Precipitation Estimates

The results from the hydro-balance modeling show that a surplus
in precipitation of 20-30% compared to present day values is
required to fill the presently dry paleo-lake Chew Bahir to its
overflow sill at 545m a.s.l. and a depth of ~45 m, resulting in a
~2,500 km? large freshwater lake. These final estimates are the
result of three different assumptions: (1) TS of +6.5% accounts
for the minimum precipitation required to fill paleo-lake Chew
Babhir to its overflow level (classical hydro-balance approach), (2)
TScap equals the sum of TS+6.9% to include extra precipitation
outside the current rainy season from the theoretical shift of the
CAB over the rift region during the AHP as suggested by previous
studies (e.g., Junginger, 2011; Costa et al., 2014; Junginger et al.,
2014; Bloszies et al., 2015; Beck et al., 2019), and (3) TSvgg equals
the sum TS+TScap +7-15% precipitation to include the impact
of vegetation feedback (Figure 5). Vegetation feedback, which
increases transpiration and thus precipitation was approximated
in our model, based on biosphere-feedback modeling results (7-
15%; Bergner et al., 2003) from the nearby Lake Naivasha basin

in the central Kenya rift, due to a lack of direct paleo-vegetation
data. Numerous studies from eastern Africa strongly suggest
a pronounced vegetation change between the AHP and today
(e.g., Lamb et al,, 2004; Vincens et al., 2005; Umer et al., 2007;
Rucina et al., 2009; Marchant et al., 2018) and that vegetation
feedback played an important role in precipitation (e.g., Claussen
et al,, 2017). However, local and regional information during
the AHP (e.g., pollen, non-pollen palynomorphs, charcoal or
phytoliths from sediments) are currently lacking and would help
refine estimates of paleo-precipitation changes due to vegetation
feedback, allowing for improved estimations of past hydrological
budgets in southern Ethiopia.

Our modeling results of precipitation increase (20-30%) for
paleo-lake Chew Bahir are of the same order of magnitude as
results for similar studies within the EARS during the AHP
(Figure 1), such as Ziway-Shala (+28%, Gillespie et al., 1983),
Lake Turkana (4-20%, Hastenrath and Kutzbach, 1983), Suguta
Valley (+26%, Junginger and Trauth, 2013), Lake Nakuru-
Elmenteita (+23-45%%, Diithnforth et al., 2006; Kniess, 2006),
and Lake Naivasha (4+29-33%, Hastenrath and Kutzbach, 1983;
Bergner et al, 2003). However, almost all results stem from
different modeling approaches. None of the previous models
have considered hydrological connectivity or the impact on
evaporation (ET,) due to a third rainy season. The latter would
have had especially affected the catchments of Lake Turkana,
Lake Nakuru-Elementeita, Lake Naivasha and paleo-Lake Suguta,
as they most likely experienced a precipitation increase due to the
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change in the position of the CAB during the AHP (Junginger
etal., 2014). We therefore propose that lake catchments and LBM
results in the EARS under the potential influence of the CAB
during the AHP would require additional increased precipitation.

Another important aspect in hydrological modeling of eastern
African rift lakes is the inclusion of basin surface connectivity in
major humid periods (Figure 1). Paleo-lake Chew Bahir received
15-25% of its additional water during the AHP from overflowing
lakes Abaya and Chamo via the Segan River. Such hydrological
connectivity during the AHP almost doubled the catchment size
of Chew Bahir from 20,650 to 38,647 km? (Figure 2). However,
hydrological basin connectivity was likely intermittent, only
occurring during strong humid phases (Figure 8). Intermittent
connectivity during high-stands could have been caused by
short-term abrupt changes in the position of the CAB and
associated temporal cut offs from the surplus of water. Such
intermittent surficial hydrological connectivity is likely relevant
for all EARS lakes in the mid and lower altitudes, such as lakes
Abhé, Turkana, Suguta, Baringo-Bogoria, Magadi, and Manyara
(Figure 1E).

The water balance has varied due to increased precipitation
and changes in other environmental parameters (e.g., as
mentioned in Table 1) which influence the inflows and outflows
into the basin. It is difficult to quantify these parameters (e.g.,
cloud cover, wind speed, and relative humidity) during the AHP.
Proxy record reconstructions over the AHP however, can provide
some insights. The GDGT based temperature reconstruction for
eastern Africa by Loomis et al. (2012) reveals a colder climate at
the beginning of the AHP at around 15 ka BP and a climate which
was up to 3°C between 12 and 5 ka BP. Based on our sensitivity
analysis for environmental parameters (section Lake Balance
Model), an increase of around three Kelvin could increase the
actual evaporation by up to 14%. A decrease in temperature of
three Kelvin could lower the evaporation by the same amount. In
terms of the resulting precipitation estimates, the early AHP with
a slightly colder climate would need a slightly lower precipitation
amount to reach a positive water budget, whereas the late phase
of the AHP would need a slight higher precipitation amount to
reach a positive water budget.

In summary, our study reveals the same magnitude of
precipitation increase (4-20-30% of modern day) in eastern
Africa for the AHP as most other studies, but separates this
threshold into parts. Those parts would need to be added
(precipitation during modern day dry months) or subtracted
(paleo hydrological connectivity) for other lake basins within the
EARS, but can only be quantified in a site specific manner.

Evaporation Estimates Discussion

We compensated the lack of ground measured climate data
by using remote sensing MODIS products, modeled climate
data and calculated the actual evaporation additionally through
SEBAL. This algorithm as proposed by Bastiaanssen et al.
(1998a,b) has been applied in numerous variations depending
on the data, landscapes and research designs. Studies showed
inaccuracy of SEBAL at a field-scale and suggested to use
METRIC or SEBS instead (e.g., Losgedaragh and Rahimzadegan,

2018). Mkhwanazi et al. (2015) implemented advective
conditions within the SEBAL for crop evaporation studies
on a field-scale, because the algorithm underestimate actual
evaporation with a mean bias Error of 17.1%. SEBAL for
catchment-scale studies instead showed an accuracy above 95%
(Bastiaanssen et al, 2005). A 3 years SEBAL application in
Tanzania and Kenya with a comparable research design as our
application achieved a difference between the SEBAL results
and the water balance of the catchment of 12%. For a SEBAL
application in the Suguta Valley the SEBAL ET, is 5% lower
than the bulk transfer calculated ET, of the LBM (Borchardt and
Trauth, 2012; Junginger and Trauth, 2013).

The evaporation estimates of the SEBAL, the bulk-transfer
formula and the pan-evaporation measurement have been
compared and vary between 5 and 18.7%. This means the input
water fluxes for the LBM could vary at the same magnitude.
But those fluxes are not independent, instead the modern day
water budget for each year is in balance. An increase in ET,on
land would necessarily imply, ET, on water or the groundwater
recharge rate is overestimated. The same yields for the sensitivity
analysis of the bulk-transfer derived ET,. The variation of the
evaporation rate depending on the environmental parameters
shows possible inter-annual variability and possible micro-
climate caused differences within the catchment. This spatial
variety is mapped by SEBAL. However, besides the sensitivity,
spatial variety and inter-annual variability, the accuracy of each
multi-annual average water flux rate is due to the multi-method
verification and the closed water balance of each catchment
with an definite error below 20%. The different subdivisions of
precipitation within each catchment between ET, on water and
land affects the paleo-precipitation threshold in approximately
one-tenth of the maximum deviation between ET, on water and
land. This leads to a robust error of the threshold of 2% and an
overall paleo-precipitation threshold for paleo-lake Chew Bahir
of plus 20-30% precipitation in a multi-annual average compared
to the modern day conditions.

Subsurface Flows Discussion

Endorheic basins, and their subsequent lakes, can be classified
into three groups; (1) flow-through lakes, (2) discharge lakes,
and (3) recharge lakes (e.g., Olaka, 2011 and references therein).
Flow-through lakes are balanced (Sp,s = 0). Discharge lakes are
positively affected by groundwater flowing into the lake (Sp,s>
0) and recharge lakes lake water seeps into the groundwater (S
< 0). During the AHP, when the overall moisture availability in
the atmosphere was much higher and lake levels rose, changes in
the groundwater levels may have changed the classification and
status of the basin. Changes in groundwater inflows and outflows,
would have subsequent impacts on the overall lake water balance.
For example, groundwater discharge into lake basins could
reduce their sensitivity to reduced precipitation input in short-
term dry periods and potentially delay lake desiccation in
protracted dry phases. This is a possible mechanism to explain
why extremely arid catchments, such as paleo-Lake Suguta or
Lake Nakuru-Elementeita, developed and maintained paleo-
lakes which were 10-300m deeper than today (Olaka et al,
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curve), and by Bloszies et al. (2015) (green). (F) Strontium isotopes measured on aquatic fossils from lake Turkana sediments (van der Lubbe et al., 2017).
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2010). For example, Olaka (2011) estimated response times
of 2-2.7 ka for groundwater to drain a 41 km?® large aquifer
underneath the Eburro volcano complex located between Lake
Naivasha and Lake Nakuru in the central Kenya Rift (Figure 1).
Unfortunately, the southern MER lack this kind of information,
despite preliminary evidence of significant groundwater aquifers
in the central part of the Ethiopian rift (Kebede and Travi, 2012).
In terms of the groundwater recharge rate and the subsequent
effect on the paleo-precipitation threshold for the African Humid
Period, we parameterised the groundwater recharge rate as the
surplus of the water balance budget, which is in contrast to
previous LBM studies (see section Lake Balance of Lakes Abaya,
Chamo, and Paleo-Lake Chew Bahir). Based on Chernet (1993)
recharge rates between 50 and 150 mm a~! are typical, which
would be ~5-15% of the annual precipitation within the Chew
Bahir catchment. We calculated a groundwater recharge rate of
24mm a~! using the LBM and 69 mm a~! using SEBAL. These
comparisons show the possible errors of our modeling results due
to this uncertainty, which are a quantity smaller than the annual
fluxes in precipitation and evaporation (Diihnforth et al., 2006).

Lake Response Times Discussion

Amplifier Lake Characteristics

Olaka et al. (2010) postulated that amplifier lakes, where AI < 1
(ETp > P), likely received greater groundwater or surface inputs
during the AHP, in order to maintain expansive lake systems
in semiarid to arid regions in the EARS. In contrast, lakes with
Al > 1 (ET}, < P), which are prevalent on the high plateaus of
the rift margins and Ethiopian Domes (Figure 1), are and were
during the AHP amplified through precipitation. However, these
calculations are based on present day conditions and may be
irrelevant in a paleo context where P and ET, would have been
vastly different, and consequently the AI. We expect in a paleo
context, that the position of the Al for the respective paleo lakes
would likely shift vertically along the y-axes of Figure7 over
time periods of 10-10,000 years. Based on our LBM, for example,
the rate of groundwater feeding paleo-lake Chew Bahir today
remains smaller than the rate of groundwater discharge within
the catchment and is furthermore a magnitude smaller than the
water mass exchange rates due to precipitation, evaporation and
surface basin connectivity. However, the groundwater system
could act as a millennial-scale buffer, which is recharged during
major humid periods may slow the transition to lake desiccation
in drier periods (e.g., Garcin et al., 2009; Olaka, 2011).

Although Lake Chamo is not characterized as an amplifier
lake, it can receive additional surface inflows from Lake Abaya,
due to the very shallow overflow between the two lakes
(Figures 1, 2). Due to the extremely shallow overflow sill of Lake
Abaya toward Lake Chamo and toward paleo-lake Chew Bahir,
we hypothesize that even sub-decadal precipitation shifts may
have triggered overflow to the paleo-lake Chew Bahir basin, and
thus would have caused abrupt changes in the water budget of
paleo-lake Chew Bahir. It is therefore highly likely that paleo-
lake Chew Bahir was able to change during the AHP from a
fresh-water lake to a desert within only a couple of decades.
Such sensitivity to even moderate climate changes makes the
paleo-lake Chew Bahir basin responsive to even sub-decadal

climate fluctuations in contrast to, for example the Suguta
Valley, which has a greater buffering capacity to short-term
variability in precipitation, due to its larger size and depth of the
paleo-lake (paleo-lake depth of 295m), and higher overflow sill
(Figures 1, 8).

We understand paleo-lake Chew Bahir as a double amplifier
lake, pronouncing the unique and high sensitivity of the
landscape and lakes water-level reaction to precipitation signals.
This is due to (1) the classification of its catchment as an amplifier
lake (Figure 1) and (2) the importance of the catchment of lakes
Chamo and Abaya for the paleo water balance of paleo-lake Chew
Bahir. This expansion of paleo-lake Chew Bahirs catchment in
case of over-spilling lakes Abaya and Chamo into the Chew Bahir
basin amplifies the lakes reaction to precipitation changes and
causes rapid filling if there is a significant water drain, or rapid
draining if this hydrological connectivity gets cut off.

Pace and Magnitude of Lake Level Changes

In a previous study by Trauth et al. (2018) a change point analysis
was applied to the aridity proxy K-record by Foerster et al. (2012,
2015) to investigate the timing and duration of climatic changes.
Our study now is able to add the character and magnitude of
lake level changes and thus allows to infer direct implications to
biosphere impacts.

Trauth et al. (2018) stated that the most dramatic changes
occurred during the onset of the AHP and the interruption
by the Younger Dryas (YD), a global cold event, known as a
pronounced dry episode in eastern Africa (e.g., Barker et al,
2004). The onset of the AHP in the Chew Bahir basin, so
Trauth et al. (2018), occurred within ~240 years (15.7-15.46
ka BP). Within such period of time, paleo-lake Chew Bahir
would have been able to reach the overflow sill toward Lake
Turkana (Figures 1, 8). The extreme arid interval in Chew Bahir
between 13.2 and 11.73 ka BP, largely coinciding with the YD
chronozone, shows abrupt changes in the K- record. Those were
presumably expressed in an abrupt lake level drop (within 45
years) and lake level rise (within 250 years) in Chew Bahir. After
the return to full humid conditions, the AHP main phase was
interrupted by four dry spells at 11-10.7, 9.8-9.0, 7.8-7.5 and
7.1-6.8 ka BP. Those dry events are also reflected in records
from lakes Turkana and paleo-lake Suguta (Figure 8), Mount
Kilimanjaro (Thompson et al., 2002), Arabia (Fleitmann et al.,
2003), as well as marine records off the NE coast of Africa (e.g.,
Gupta et al., 2003). Most of these dry episodes have lasted around
300 years. We expect, from a modeling perspective, these dry
spells to have been long enough to desiccate paleo-lake Chew
Bahir completely.

Trauth et al. (2018) highlights fourteen 20-80 years lasting
dry events within the K-proxy record during the overall gradual
termination of the AHP. According to our LBM, decadal dry
events of 40 years or longer were able to dry up the Chew
Bahir basin completely. Dry periods of 40 years or shorter
still caused a considerable reduction in lake level though not a
complete desiccation (Figure 8). Over the entire length of the
AHP termination, Chew Bahir appears to have been under severe
desiccation pressure. Such rainfall variability was also recorded
in stalagmites in the near-by south-eastern rift shoulders of
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Ethiopia during times of a progressively drier climate (Baker
et al., 2010). However, short-term precipitation changes may
have filled lakes Abaya and Chamo up to their shallow overflow
sills and provided Chew Bahir every now and then with enough
water to delay the drying up process. The short-term flickers at
the end of the AHP suggest, that paleo-lake Chew Bahir had
not enough time between those flickers to have reached the
overflow sill again. This assumption is supported by the finding
of van der Lubbe et al. (2017), who used strontium isotopes as a
water provenance proxy over the AHP and found no indication
of a contribution of Chew Bahir water after 6 ka into Lake
Turkana (Figure 8F).

The recent dry period after the termination of the AHP,
which has left the Chew Bahir basin dry for most of the time,
is interrupted by brief excursions to wetter conditions at 3, 2.2,
and 1.3 ka BP (Figure 8A). Such a lowering of K concentration
in the sediments of paleo-lake Chew Bahir points toward a lake
transgression and thus a positive water budget during this time.
Based on the results of our LBM, we conclude that even though
the duration of these events would have allowed a rise of Chew
Bahir’s paleolake level, it is unlikely that the lake has reached
maximum lake depths during these short-term humid episodes.
This conclusion is supported by two arguments: (1) We expect
a different climatic forcing mechanism than during the AHP,
where a precession minimum caused enhanced humidity and the
shift of rain belts over the study region (e.g., Costa et al., 2014;
Junginger et al., 2014; Bloszies et al., 2015; Beck et al., 2019). For
the past ~5 ka, for example, short-term changes in sea surface
temperatures and associated circulation systems could account
for these short-term increases in precipitation (e.g., Nicholson,
2017; Bayon et al,, 2019). (2) The second argument against
maximum water levels in Chew Bahir is that K concentrations do
not reach AHP minima. A clear signal whether our assumption,
that lake Chew Bahir has not reached its overflow level, is true
may only be proved by poxies that could reflect paelo-water
provenance, such as strontium isotopes in aquatic fossils, as
van der Lubbe et al. (2017) have shown. In summary, paleo-
lake Chew Bahir was a large paleo-lake during the AHP that
dried up abruptly at least 19 times within decades resulting in
a desert-like rift floor similar to today. Such rapid environmental
changes must have had a tremendous impact on the biosphere
including humans.

Implications for Human Adaptations

A first attempt of comparing an available archaeological record
from hypothesized refuge areas in the region with inferred
phases of climatic stress from the Chew Bahir K-proxy record
was made by Foerster et al. (2015, 2016) for the last 20 ka.
The study used scarce but available radiocarbon frequencies
of documented archaeological sites in the lush mountainous
regions of SW Ethiopia as a possible indicator for changes
in settlement activities in the highlands during dry periods
in the lowlands, which are indicated by high K content in
the drill core sediments of Chew Bahir (note inverse scale,
Figure 8). Even though age model uncertainties, the indefinite
incompleteness and natural biases in the archaeological record
naturally constrain the possibility to directly correlate climatic

and archaeological data sets (see Foerster et al,, 2015, 2016)
and references therein), the patterns found in the comparative
study are a valuable starting point to indirectly infer shifts
in human settlement activity, bearing the role of external
factors in mind. The results tentatively suggest that both,
long and short-term climatic change could have affected
settlement patterns and cultural innovation differently, though
the factor of human decision-making within environmental
boundaries played an important but further incalculable role
(Foerster et al., 2015).

On the one hand, short-term episodes of pronounced aridity
in the lower elevated lake basins, such as Chew Bahir could have
been a push-factor for a refugium-directed vertical movement
of groups with highly mobile hunter-gatherers (Figure 8C). A
now further specified variable is the climatic component in this
comparison as shown in our study. The Southern Ethiopian Rift
has responded sensitively to even shorter dry spells, so that living
conditions would have deteriorated quickly when the rift floor
became too dry. One of the reasons why hunter-gatherers might
have returned to the South Ethiopian Rift region after such dry
spells, could have been their dietary style at that time, that was
mainly devoted to fishing (e.g., Owen et al., 1982; Hildebrand
et al., 2018). The long-term transitions, on the other hand,
driven by changes in orbital controlled insolation, could have
fueled cultural adaptation and significant changes in the social
organization within groups. Only after the gradual end of the
AHP with the near-desiccation of almost all lakes in the Kenyan
and Ethiopian rift over a longer period (>1,000 years), a cultural
transition from hunter-gathering to pastoralism occurred (e.g.,
Marshall and Hildebrand, 2002; Garcin et al., 2012; Lesur et al.,
2014). The change from fishing to herding seems to have been a
dynamic process, since the introduction of cattle was catalyzed by
the immigration of herders that were escaping the progressively
drying Sahara region, where pastoralism had been introduced
much earlier (e.g., Kuper and Kropelin, 2006; Hildebrand and
Grillo, 2012). The dried up lake beds and former lake margins
could have provided new land and grazing grounds for this new
life style, which also made people independent from fishing (e.g.,
Garcin et al., 2012).

Trauth et al. (2010) introduced the theoretical concept
of allopatric speciation through precession forced long-term
(>10,000 years) population separation and remixing within the
EARS due to appearing and disappearing rift lakes. Based on
our study results, the Chew Bahir, Abaya, and Chamo basins can
be excluded from this concept, due to their extreme sensitive
amplifier lake characteristics. We expect, from a modeling
perspective, that these lakes reacted on much shorter time scales
(<1004a), suggesting that intensive adaption was required from
humans living at the lakes margins (cultural buffering; Galway-
Witham et al., 2019). One of those adaptive strategies could have
been short-term migration, either vertically to the nearby more
humid higher elevated grounds (Foerster et al., 2015; Ossendorf
et al., 2019) or longitudinally and latitudinally to lake or river
refugia that were not affected by the dry spells. Both would have
contributed to a periodic cultural and genetic exchange, which
is thought to be one of the key drivers in cultural innovation
and, on longer time scales, evolution (Lahr and Foley, 1998;
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Scerri et al., 2018; Galway-Witham et al., 2019), with innovations
being generally favored by the exchange of cultural information
(Ackermann et al., 2016).

CONCLUSION

We developed a comprehensive Lake Balance Model (LBM) for
the southern Ethiopian rift with focus on paleo-lake Chew Bahir
and its catchment as a first contribution to better understand
the potential response of paleo-lake Chew Bahir to precipitation
changes. We conclude that the following paleo-precipitation
estimates would have been necessary to fill paleo-lake Chew Bahir
until its overflow level: (1) the classic LBM approach resulted
in a 6.5% (TS) precipitation increase, (2) the addition of a third
rainy season in the region from July to September would cause a
6.9% (TScap) increase, leading to a total of TS+TScap = 13.4%.
(3) The inclusion of vegetation feedback of +7-15%, resulted in
an additional precipitation, which sums up to a robust estimate
of ~20-30% increased precipitation compared to the modern
day amount for the paleo-lake Chew Bahir during the African
Humid Period. We furthermore determined the amplifier lake
characteristics of Lakes Abaya (HI = 0.25, AI = 1.72), Chamo
(HI = 0.15, AI = 1.33) and Chew Bahir (HI = 0.23, AI = 0.83).
We found that the sensitivity of lake levels is greatly increased
during periods of high humidity due to overflowing lakes along
the EARS axis and enhanced surface flow. Such additional water
resources should be taken into account in the analysis of the
paleo-hydrology of other lakes in the EARS when abrupt or
gradual changes in the proxies are observed. Accordingly, we
implemented all additional factors in our new LBM and were
able to calculate lake level response times to abrupt and gradual
precipitation changes and characterize lake level changes from
K-proxy changes in a drill core from Chew Bahir. Based on
our LBM results, we can now support the proposed abruptness
of the onset of the AHP in southern Ethiopia by Trauth et al.
(2018), similar to the beginning and end of the millennial-scale
dry episode during the Younger Dryas. The results of our LBM
furthermore support the gradual termination of the AHP, with
the model indicating that the reported 20-80 years lasting dry
events that are punctuating the termination could have been
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Abstract: During the past 25 ka, southern Ethiopia has undergone tremendous climatic changes,
from dry and relatively cold during the Last Glacial Maximum (LGM, 25-18 ka) to the African
Humid Period (AHP, 15-5 ka), and back to present-day dry conditions. As a contribution to better
understand the effects of climate change on vegetation and lakes, we here present a new Predictive
Vegetation Model that is linked with a Lake Balance Model and available vegetation-proxy records
from southern Ethiopia including a new phytolith record from the Chew Bahir basin. We constructed
a detailed paleo-landcover map of southern Ethiopia during the LGM, AHP (with and without
influence of the Congo Air Boundary) and the modern-day potential natural landcover. Compared
to today, we observe a 15-20% reduction in moisture availability during the LGM with widespread
open landscapes and only few remaining forest refugia. We identify 25-40% increased moisture
availability during the AHP with prevailing forests in the mid-altitudes and indications that modern
anthropogenic landcover change has affected the water balance. In comparison with existing archae-
ological records, we find that human occupations tend to correspond with open landscapes during
the late Pleistocene and Holocene in southern Ethiopia.
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1. Introduction

The formation of the East African Rift System (EARS) led to large topographical
contrasts in southern Ethiopia [1] and is thus responsible for an extreme precipitation
gradient between the dry lowlands of the Omo-Turkana and Chew Bahir basins and the
moist Southwestern Ethiopian Highlands [2] (Figure 1). Due to this topography and its
position within the global atmospheric circulation system, the prevailing vegetation is
partitioned into a complex mosaic of forests, bushlands and grasslands [3]. In the past
several centuries, intensified agriculture, de- and reforestation pronouncedly reorganised
the biosphere in Ethiopia [3]. Such human induced landcover change may have affected
ecosystem climatic boundary conditions with subsequent effects on the hydrosphere and
potential consequences for the local economy and food security.
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Figure 1. Overview of the study area with sites mentioned in the text, investigated lakes, overflow dynamics and modern-
day potential vegetation. (A) Catchment of the Omo River, lakes Abaya and Chamo and paleo-lake Chew Bahir with lake’s
overflow locations. Hill-shaded potential vegetation is based on Friis, et al. [3]. (B) Legend of potential vegetation arranged
by altitude with (a to ¢) monthly temperature means in °C and precipitation in mm per month (IRI, last accessed 12/2020).
The locations of the photographs of representative vegetation regimes (d to g, photos from Annett Junginger) are marked on
the catchment map. (C) Cross-section from Lake Abaya to Lake Turkana showing the overflow direction and lake ladder
with their prevailing potential vegetation (numbers correspond to the potential vegetation types marked on A and B).

Highly variable water availability in the EARS during the Pleistocene and Holocene
must have caused a significant reorganization-pressure on plant habitats and subsequent
adaptation of habitat preferences of early humans [4,5]. During the past 25,000 calibrated
years before present (herein ka), the region has been characterized by high amplitude
climatic change, including the drier and colder episode during the Last Glacial Maximum
(LGM, 25-18 ka) [6,7], the African Humid Period (AHP, 15-5 ka) [8,9] and present-day dry
conditions. These climatic fluctuations caused tremendous changes in lake water levels in
eastern Africa [10-13], river flow [8,14] and vegetation composition and patterns [15-18].
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The human preference for certain landscape types remains a recurring question. Ac-
cording to the savanna hypothesis [19,20], humans originated within a savanna landscape,
and the perception of the savanna as an ideal habitat was evolutionarily imprinted onto
humans [21]. Another hypothesis by Tveit, et al. [22] resulted in a more variable notion
about human landscape preferences. The archaeological record shows that over time,
humans lived in a wide range of landscapes.

Forested and humid landscapes were supposedly preferred habitats in Tiemassas in
western Africa 44 ka [23]. In eastern Africa at Panga ya Saidi, humans lived in a forest-
grassland landscape at the coast during the transition from the Middle to the Later Stone
Age around 67 ka [24-26]. Other studies indicate that humans survived in a grassland
environment along the shores of Lake Victoria during the Late Pleistocene Middle Stone
Age 40-60 ka [27] and, at 105 ka, they lived in a relatively humid Kalahari far away from
the coast [28]. It has been shown that humans were able to adapt to alpine conditions with
gallery forests in small valleys and collected raw materials along mountain glaciers above
4000 m a.s.l. at Fincha Habera, Ethiopia from 47 to 31 ka [29]. On top of the Dendi caldera,
Ethiopia (3000 m a.s.l) humans created handaxes [30]. Thus, based on the Upper Pleistocene
and Holocene archaeological record, humans seem not to have shown a preference for a
specific single landscape type, but rather occupied complex landscapes and developed
flexible strategies to respond to a transforming environment [4,5,31,32]. For southern
Ethiopia, a comparison of occupation frequencies between the lowlands and hypothesised
refuge areas in, e.g., the SW Ethiopian Highlands suggested that during short-term dry
spells puncturing the AHP the humid highlands could have been the sink area for vertical
migration of highly mobile hunter-gatherer groups [33]. However, paleo-vegetation and
paleoclimatic data covering the entire southern Ethiopian region, particularly during the
LGM, the AHP and the late Holocene are scarce, yet they play a key part in understanding
the potential constraints of natural resources for humans.

In an effort to address this lack of environmental context Fischer, et al. [10] have
recently developed a Lake Balance Model (LBM) to reconstruct paleo-lake Chew Bahir’s
response to moisture changes during the AHP. The LBM identified the importance of tem-
porarily interconnected lake catchments during major humid periods. The LBM suggested
a precipitation increase of +6.5% to compensate for increased open water evaporation.
Furthermore, an additional +7% increase was calculated to account for the increased ET on
land due to a change in rainfall seasonality. Some studies suggest that increased precipita-
tion during the AHP in the EARS was due to an eastward-shift of the Congo Air Boundary
(CAB) [34,35]. However, the magnitude of vegetation changes was not a well-constrained
parameter in our LBM, due to the lack of reliable information on regional vegetation.
Instead, Fischer, et al. [10] used estimations from a Kenyan LBM study, that suggested
an +7-15% precipitation increase to compensate for the biosphere-hydrosphere feedback
during the AHP [36]. Hence, the LBM reconstructs a total precipitation increase of +20 to
30% during the AHP to explain maximum observed lake levels for paleo-lake Chew Babhir.

Since specific information about the paleo-vegetation and its effect on the hydrosphere
is missing for southern Ethiopia, we present here the results of a Predictive Habitat or
Predictive Vegetation Modelling (PVM). PVM is a common approach used to understand
habitat suitability and possible habitat shifts due to changes in the environmental conditions
(predictors) such as elevation and precipitation [37-39]. PVMs are widely used to model
the impact of modern-day climate change on landcover and vegetation. If there is a strong
relationship between the environmental predictors and the vegetation, the models can
be used to forecast future scenarios using projected data. For this purpose, numerous
techniques have been proposed in the past such as Generalized Linear Models [37,40],
Generalized Additive Models [40,41], Bioclimatic Envelopes [42] and Bayesian statistics [43].
Recently, machine learning approaches have been used more frequently in this research
field, such as Support Vector Machines [44,45], Neural Networks [46], Random Forest [45]
and Boosted Regression Trees (BRT), also called Stochastic Gradient Boosting [37,45,47,48].
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In order to understand the effect of the precipitation and the temperature on the paleo
vegetation and subsequently the paleo-hydrosphere during the climatic extremes of the
past 25 ka and to provide a profound discussion about human landscape preferences in
southern Ethiopia, we link a PVM (based on BRTs) with the previously established LBM by
Fischer, et al. [10]. BRTs combine the strength of regression or classification trees with the
boosting algorithm to combine multiple weak models for improved predictive performance.
BRTs work for different predictor variables with different scales and are robust against
outliers [47]. The resulting model is subsequently tested using a new phytolith proxy
record from the Chew Bahir basin. The combination provides independent catchment-
scale estimates of paleo-precipitation during the LGM and the AHP, as well as detailed
maps of the prevailing vegetation mosaic covering the orographic gradient of the EARS in
southern Ethiopia.

2. Regional Setting
2.1. Geology, Hydrology and Climate

The 115,613 km? study area covers the southwestern Ethiopian highlands, which
is the source region of the Omo River and the catchment of lakes Abaya, Chamo and
paleo-lake Chew Bahir (Figure 1). The Omo River is the main tributary of Lake Turkana
with a catchment of 75,000 km?. Lake Turkana and paleo-lake Chew Bahir (20,650 km?) are
both part of the Broadly Rifted Zone (BRZ) with rift floor elevations of ~500 m a.s.l. The
Lake Abaya catchment (16,200 km?) and the Lake Chamo catchment (1800 km?) are part
of the Southern Main Ethiopian Rift. Lake Abaya and Lake Chamo are located at around
1000 m a.s.l. [10]. The southwestern Ethiopian highlands consists of 500 to 1500 m thick
(up to 3000 m thick in places) basalts and intercalated silicic volcanics of Eocene to Late
Oligocene age [1,49]. The rift floor between the Ethiopian and Somalian Plateaus is filled
with Late Miocene to Quaternary sediments. In the Broadly Rifted Zone, Precambrian
basement is exposed at the rift shoulders, particularly at the Hammar range.

During major humid periods, such as the AHP, a cascading lake system developed,
with Lake Abaya (+18 m) and Lake Chamo (+14 m), overspilling into paleo-lake Chew Bahir
(+45 m; 2500 km?), which in turn was overspilling into Lake Turkana [10]. Despite increased
moisture availability during the AHP, intense lake level fluctuations have been recorded.
Since the recent past, paleo-lake Chew Bahir is a desiccated playa with a seasonally flooded
wetland [11]. Lake Turkana is the world’s largest permanent desert lake with a modern-day
extent of 7000 km? and a catchment area of 148,000 km? [12,50]. During the AHP, the Lake
Turkana water table was +100 m higher due to increased precipitation and inflow from
paleo-lake Chew Bahir (and lakes Abaya and Chamo) as well as lakes Nakuru-Elementeita,
Baringo-Bogoria and Suguta from the Kenyan plateau [13].

Today’s climate in the BRZ lowlands of paleo-lake Chew Bahir and Lake Turkana
can be classified as hot semiarid (Koeppen climate classification), with precipitation (P)
below evapotranspiration (ET). In contrast, the majority of the southwestern Ethiopian
highlands and the catchments of lakes Abaya and Chamo receive higher P with a bi-modal
precipitation pattern, despite intervening intense dry seasons. The most elevated parts are
humid with P > ET and a unimodal P pattern of up to 2000 mm per year [51].

2.2. Vegetation

The prevailing vegetation is a complex mosaic with desert shrubland along Lake
Turkana’s shore, woodlands and wooded grasslands in the Omo River lowlands and the
paleo-lake Chew Bahir catchment, afro-montane forests of the Ethiopian highlands, and
afro-alpine vegetation in most elevated parts (Figure 1) [3,52]. Friis, et al. [3] summarized
and mapped distinguishable vegetation classes based on characteristic species in the “Atlas
of the potential vegetation in Ethiopia” as follows:

The desert and semi-desert shrubland in Ethiopia, according to Friis, et al. [3], is
located below 400 m a.s.l. and characterized as scarcely vegetated with highly drought
tolerant species such as Poaceae (grasses) with mainly Dactyloctenium aegyptium, and rela-
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tively fewer perennials, such as Panicum turgidum. The Acacia-Commiphora woodland and
bushland covers vast parts of the dry lowlands in eastern and southern Ethiopia and is
located between 400 to 900 and 1600 to 1900 m a.s.l. with a high physiognomical diversity.
It overlaps with the desert and semi-desert shrubland, as well as the Combretum-Terminalia
woodland and wooded grassland. Species within the Acacia-Commiphora unit are typically
drought resistant trees and shrubs with, either deciduous or small, evergreen leaves. The
western boundary of the Combretum-Terminalia unit is not sharply defined, due to the
shift from a bimodal to primarily unimodal precipitation pattern. Partly, on steep slopes
and areas with tall grasses on deep, loamy soils, fire regimes lead to the dominance of
Combretum-Terminalia, whereas flat and sandy soils are dominated by Acacia-Commiphora.
Typical for the Combretum-Terminalia strata are small to moderate trees with rather large
deciduous leaves of the name inherent genera Combretum and Terminalia. The ground layer
is comprised of dense grass vegetation, primarily from the genera Hyparrhenia, Panicum
and Pennisetum, and productivity (biomass) is strongly correlated with the seasonality of
precipitation [3]. This Combretum-Terminalia vegetation unit is dominant in the lowlands of
western Ethiopia and penetrates into the Ethiopian highlands through the river valleys.
The elevational range of this unit is 400 to 1800 m a.s.. [3].

Currently, the dry evergreen afro-montane forest and grassland between 1800 and
up to 3000 m a.s.l. is a complex mosaic due to agricultural intensification since the late
Holocene that led to soil erosion and various succession stages from grasslands to forests.
Juniperus procera and Podocarpus falcatus are characteristic, while Podocarpus falcatus is also
present in the drier parts of the moist evergreen afro-montane forest. Pouteria adolfi-friederici
is typical of the moist forests, which are closed forests with tree heights up to 3040 m,
separated from dry forests by a mean annual precipitation >700 mm per year. This unit
ranges from 1500 to 3000 m a.s.1. The Ericaceous belt is a common high-elevation vegetation
type throughout eastern Africa and ranges from 3000 to 3200 m a.s.l., with local variations.
The afro-alpine vegetation unit, characterised by the giant herb Lobelia rhynchopetalum,
covers the highest elevations of Ethiopia [3,53].

The aquatic vegetation unit is separated into freshwater and salt-water species. Below
1000 ppm dissolved salt, open freshwater Lemnaceae are typical. Floodplain and lake
shore vegetation is characteristically dominated by sedges of the genus Cyperus (primarily
C3 [54]), and the characteristic grass species Leersia hexandra (C3) and Panicum hygrocharis
(C3 C3/C4 [55]). The salt-lake vegetation unit is highly dependent on salinity and mostly
characterized by salt tolerant taxa Suaeda monoica, Atriplex spp. and Salicornia spp. [3].

2.3. Overview of Archaeological Records of the Last 25 ka in Ethiopia

At several archaeological sites in Ethiopia, cultural sequences end just before the Last
Glacial Maximum and continue after a distinct hiatus starting around 14 ka or even later in
the Holocene. No human activity is visible in the cultural stratigraphy of Goda Buticha
from ~25-8 ka [56-58]. In the stratigraphy of Mochena Borago, a gap in human activity is
reported from ~36-10 ka [33,59,60]. Combining the different sites in the Ziway-Shala Basin,
it appears that humans were not active in the area from ~22-14 ka [33,61]. The youngest
date at Fincha Habera is ~31 ka [29]. The youngest radiocarbon dates from Porc Epic
are ~35 ka [62,63]. All these archaeological records point towards the absence of human
activities at the investigated sites during the LGM [57,64].

In addition to the absence of humans, other scenarios might have caused this gap,
such as erosion of sediments with artefacts and research bias [56,65]. Indications for such
bias come from Sodicho Cave 40 km away from Mochena Borago [64]. Here, the lowermost
cultural layers are dated to ~27-15 ka before a gap occurs that corresponds to the AHP [64].
After the AHP, indications for human activity starts again at ~4.8 ka [64]. So far, only
Sodicho Cave indicates human activity in southern Ethiopia during the LGM [64].

Signs of human activity during the AHP remain, however, scarce in southern Ethiopia.
The age-depth model from Sodicho Cave and manganese concentrations indicate a decline
of human activities at ~15 ka [64]. Younger radiocarbon dates at 13.5 ka stem from sieve
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finds and were therefore not included in the age-depth model [64]. The only other site
with a similar age in the study area so far is the Harurona Cave record, dated to 14 ka [66].
Outside of the study area, human activity at Aladi Springs is dated to around 13 ka [67,68],
at Laga Oda to ~12 ka [69] and at the Ziway-Shala sites to ~14 ka, ~13 ka and ~11 ka [61].
Another possible gap at Ziway-Shala corresponds to the Younger Dryas that also marks
the end of the Pleistocene and the beginning of the Holocene [11,33,61]. Other Ethiopian
sites with archaeological records originating from the beginning of the Holocene are Baahti
Nebait [70] and Dibé Rockshelter, both dated to 11 ka [71]. During the later stages of the
AHP, human activity is dated to ~10 ka at Mochena Borago [60]. Examples are three caves
in the Gamo highlands [72] and six caves or rockshelters in the Kaffa region [73] (Figure 1).
The Dendi Lake Rockshelter is one example of humans using high-altitude landscapes
during the Middle and Late Holocene [74].

3. Materials and Methods

To understand the interrelation of precipitation and vegetation we developed a new
PVM in R (available at Github: https:/ /github.com/MLFischer/Paleo-Vegetation-Model
(accessed 1 October 2021) and linked it to the previously published LBM of the southern
Main Ethiopian Rift [10]. The four major steps of this study are summarized in Figure 2.
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Figure 2. Summary of methods in this study. (A) Dataset collection: Modern Global Precipitation Measurement

(GPM), Shuttle Radar Topography Mission (SRTM) elevation data, Moderate Resolution Imaging Spectroradiometer

(MODIS) vegetation and landcover data. Dataset preparation included time series aggregation from 2001 to 2018 with

human influence masked using Open Street Maps, and Boosted Regression Tree model training. (B) Vegetation and LBM

link using precipitation as input to predict landcover, resulting surface parameters and ET based on [75], the resulting
lake balance of lakes Abaya, Chamo and paleo-lake Chew Bahir and, hence, the lake surface elevation of paleo-lake Chew
Bahir. (C) Three different environmental scenarios are applied in this study: Pre-Industrial time with modern-day climate,

reduced or eliminated human influence and to be modelled potential landcover, and AHP and LGM time based with major

assumption for this model. All three scenarios are visible in the Potassium record in the lacustrine sediments of paleo-lake

Chew Bahir [33]. (D) Comparison with global paleo reconstructions (macro scale) and catchment (small scale) proxy-based

reconstructions including the phytoliths from the current study.
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3.1. Training and Prediction Data

A multi-source and multi-annual (2001 to 2018) dataset of the Omo River and lakes
Abaya, Chamo and paleo-lake Chew Bahir catchments was created, containing modern-day
elevation of the Shuttle Radar Topography Mission (SRTM) [76], monthly precipitation
derived from Global Precipitation Measurement (GPM) [77], landcover (LC) [78] and
Vegetation Continuous Fields (VCF) [79], as well as the monthly Enhanced Vegetation
Index (EVI) [80] (Table 1). The input datasets were processed in R [81] with the packages
raster [82] and rgdal [83]. The boundary of the study area was determined by catchment
delineation in ArcGIS 10.4.1 using the SRTM elevation. To minimize the direct human
impact on the modern environmental parameters, Open Street Map [84] based streets,
buildings and industrial areas were delineated with a 500 m buffer to mask these areas
from further analysis. In addition, all areas represented by a LC property [85] that is neither
evergreen broadleaf forest (>60% woody cover, >2 m height), open shrubland (shrub cover
10-60%, <2 m height), savanna (forest cover 10-30%, >2 m height) nor grassland (tree
cover < 10%) in at least one of the years from 2001 to 2018 were excluded. To produce a
consistent LC dataset, the remaining multi-annual layers have been temporally aggregated
by applying a majority decision. The aggregation of the monthly EVI (vegetation greenness)
and the annual VCF (tree, non-tree and barren soil distribution) was achieved with an
arithmetic mean function. Out of the monthly EVI, the annual average EVI was calculated.
The average monthly precipitation from the years 2001 to 2018 was accessed and calculated
using the Giovanni online data system [86]. To link the spatial domain of these datasets,
all layers (bilinear resampling for continuous and natural neighbour for discrete data)
have been resampled to a spatial resolution of 926 m, which is the native resolution of the
EVI dataset. One raster-stack was created for training (data_tr) composed of elevation,
precipitation, LC and vegetation data, that was excluded using the Open Street Map and
LC mask. Another raster-stack of the entire study area for prediction (data_pr) was created,
containing the elevation and monthly precipitation only.

Table 1. Summary of input dataset.

Data Specification Temporal Resolution Spatial Resolution
Elevation Shuttle Radar Topography Mission - ~90 m
Precipitation Global Precipitation Measurement Monthly 0.1°
Landcover MODIS, MCD12Q1, UMD Annual ~500 m
Greenness MODIS, MOD13A3, EVI Monthly ~1000 m
Vegetation Cover MODIS, MOD44B, VCF Annual ~250 m

3.2. Model Training and Validation

For the prediction of LC, VCF and annual EVI based on the elevation and monthly
precipitation, Boosted Regression Trees were used [37,47], which combine classification and
regression trees with the gradient boosting algorithm [87] using the R package gbm [88].
Individual models for each target were trained (LC-BRT, EVI-BRT and VCF-BRT) based
on the data_tr dataset. To predict LC, a multinomial loss function, a training fraction of
75%, a five-fold cross validation and a maximum of 1000 trees was chosen. Subsequently,
the bag fraction, the learning rate and the interaction depth were hyper-tuned and a
weighting coefficient were set to achieve the best multiclass ROC (Receiver Operating
Characteristic, R package pROC, [89]) and an optimized confusion matrix based on the R
package caret [90]. To avoid overfitting, we used the number of trees with the minimized
loss in the 25% validation fraction. To validate the model performance, we separately
calculated the confusion matrix and the resulting accuracy, Cohen’s Kappa and ROC for
wildlife reserves, national parks and controlled hunting areas within the study area and
further tested the model on protected areas outside of the study area (test dataset) using
the balanced accuracy for each class. To predict annual EVI, a Gaussian loss function and
a training fraction of 75% has been used. The model has been hyper-tuned in the same
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manner, but without the weighting coefficient, to optimize the resulting determination
coefficient between predicted and observed annual EVI. To predict VCF, separate models
were built for the tree cover (TC), non-tree cover (NTC) and non-vegetation cover (NVC)
and optimized the same way. For both EVI and VCEF, the determination coefficient and
the average residuum of observation and prediction were calculated separately for each
protected area type.

3.3. Model Link and Scenarios

To reconstruct the biosphere-hydrosphere interaction from the LGM onwards, three
scenarios are defined to be modelled: (1) the hypothetical pre-industrial scenario (PI), with
the potential LC (reduced human influence) based on the same precipitation amount and
temperature as modern-day, (2a) the AHP with an increased precipitation amount that is
distributed equally as modern day, (2b) the AHP with an CAB-based precipitation increase,
assuming that the precipitation increase is happening between the months of June and
September, as the increased precipitation was due to an eastward-shift of the Congo Air
Boundary (CAB) [13,35] and (3) the LGM with a decreased temperature and a presumably
decreased precipitation amount.

To assess the effect of paleo-precipitation changes on paleo-vegetation for each sce-
nario, the central concept is to link this new PVM to the existing LBM from our precursor
study [10]. This model link is divided into three stages: The first one is to calculate the effect
of an expected range of precipitation change on the vegetation as compared to modern-day
precipitation and to compute the resulting vegetation distribution in the catchments of
lakes Abaya, Chamo and paleo-lake Chew Bahir. The second stage is the application of an
established parametrization approach [36,75,91] to calculate the resulting ET on land as a
function of the precipitation-vegetation distribution for each lake’s catchment, separately.
In the final, third stage, this precipitation-vegetation derived ET is used as input for the ex-
isting LBM of lakes Abaya, Chamo and paleo-lake Chew Bahir to model the new threshold
of appearance (AHP and AHP-CAB) and disappearance (LGM) of paleo-lake Chew Bahir.

3.3.1. Stage 1—Precipitation to Vegetation

For each scenario, the data_pr dataset and the LC-BRT were used to predict the
LC. For the PI scenario, the original data_pr dataset was utilised. The output of the
multinomial LC-BRT is applied to classify each datapoint according to its most likely
class. For the AHP scenario, the precipitation amount of each month and data point was
changed by multiplying it with the percentage of the precipitation change (e.g., 1.3 for
130% precipitation amount as compared to modern-day conditions) starting from 100
to 150% with increments of 1%. For each precipitation amount within each scenario,
the LC distribution in the catchments (Abaya, Chamo and Chew Bahir) is retained in a
scenario specific spreadsheet for the next analysis step. For the AHP-CAB scenario, the
absolute annual difference for each percentage change is calculated as an absolute value
for each datapoint and converted to a percentage change in the months from June to
September, covering the same precipitation range. For the LGM scenario, the significant
temperature difference from modern-day conditions is considered by using the GDGT
based temperature reconstructions [7,92]. For this purpose, the modern-day elevation (E)
was converted into an elevation equivalent (EE) using the modern-day lapse rate (MDLR)
over eastern Africa of —5.8 °C km ™!, the LGM calculated lapse rate of —6.7 °C km~1[7],
their difference of 0.9 °C km~! (LRD) and a base cooling (BC) between 3 and 4 °C [92].
Afterwards, EE is calculated according to equation 1. With this EE, the paleo-vegetation
is predicted, covering the precipitation range from 50 to 100% with increments of 1%
compared to the modern-day amount. For the LGM LC-BRT model, a condition was added
to classify each datapoint as afro-alpine vegetation if the EE exceeds 3000 m a.s.1. [3]. For the
modern-day elevation and temperature gradient, the ratio of areas within the modelled area
that have elevations higher than this threshold is negligible. Based on Fischer, et al. [10],
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we here use the assumption of similar temperatures during the AHP as today to simplify
the approach.
EE =E + (LRD % E + BC)/(MDLR) 1)

3.3.2. Stage 2—Vegetation to ET

A parametrization approach was applied to calculate ET by a vegetation-precipitation
dependent albedo, emissivity, soil moisture availability and surface drag coefficient [36,75,91].
The parameters have been calibrated meticulously (Table 2) to acquire the same results as
calculated by Fischer, et al. [10] and to account for the closed basin balanced water budget
for the modern-day vegetation coverage, maintaining the parameter gradients in between
the classes. ET calculation is based on the surface-drag coefficient, the wind speed, the
soil moisture availability, the gas constant for dry air, the surface and air temperatures,
the relative humidity and the saturation vapor pressure as a function of surface and
air temperature [10]. The resulting ET for the scenario specific precipitation-vegetation
distribution (AHP, AHP-CAB, LGM) has been calculated separately. Furthermore, the
average temperature decrease for each catchment and lake in the LGM scenario was
calculated based on the GDGT temperature reconstructions [7,92], which also resulted in
an updated lake evaporation for lakes Abaya, Chamo and paleo-lake Chew Bahir.

Table 2. Summary of input parameters used for each LC with UMD, name, albedo, emissivity, Soil
Moisture Availability (SMA) and roughness length (cm).

UMD Name Albedo  Emissivity SMA LR°“gh“ess
ength (cm)

0 Water Bodies 0.06 0.99 1 0.01

2 Evergreen Broadleaf Forest 0.07 0.96 0.5 50

6 Closed Shrubland 0.085 0.96 0.5 50

7 Open Shrubland 0.2 0.8 0.075 15

8 Woody Savanna 0.095 0.96 0.5 40

9 Savanna 0.13 0.96 0.18 25

10 Grassland 0.14 0.98 0.14 20

11 Permanent Wetland 0.055 1 0.8 0.01
12,14 Cropland 0.1 0.95 0.5 50

13 Urban or Built-Up 0.275 0.75 0.02 1

15 Non vegetated 0.25 0.75 0.02 1

16 Afro-alpine 0.125 0.97 0.5 27.5

3.3.3. Stage 3—ET to Lake Levels and Paleo-Precipitation

In the third stage, precipitation and the precipitation-dependent ET of each scenario
was used as input for the LBM. The model used a change in precipitation of 100 to 150% for
the AHP and AHP-CAB scenario and of 50 to 100% for the LGM (the upper and lower limit
are set generously to cover definitely the expected precipitation amount for each scenario).
For any amount of precipitation, the lake’s reaction was simulated over 500 years, which is
sufficient time for the system to reach its ET-precipitation equilibrium [10]. For simulation
of each scenario, we analysed the resulting equilibrium lake level of paleo-lake Chew Babhir,
the water fluxes between the catchments (Lake Abaya—Lake Chamo—paleo-lake Chew
Bahir—Lake Turkana) and the relative importance of the extended catchment (lakes Abaya
and Chamo) for the water balance of paleo-lake Chew Bahir. The precipitation threshold of
the transition of lake appearance (to go from “no lake” conditions to a “flooded basin”)
in the AHP and AHP-CAB scenario is used as a precipitation estimate for the final LC
prediction. The precipitation interval (comparison of 3 to 4 °C base cooling during LGM)
of lake disappearance (to go from “flooded basin” conditions to a “no lake”) is used as
precipitation estimate in the LGM scenario.
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3.3.4. Paleo-Vegetation Maps

Using the precipitation estimate from the prior step as input for the BRT model for
LC, VCF and EVI], the vegetation distribution (LC, VCF and EVI) for each scenario from
the LGM onwards until the modern-day conditions was modelled, presenting the most
likely spatial distribution of vegetation type and density.

3.4. Phytolith Proxy

To infer and test the modelling results with proxies of past vegetation, lacustrine
sediment samples covering the past 25 ka from the paleo-lake Chew Bahir basin CB-03
short-core were used [11,33,93,94]. Pollen is a well-known proxy for paleo-vegetation
reconstruction but are not preserved in the Chew Bahir lacustrine sediments. Instead, phy-
toliths were used to gain information about paleo-vegetation, as phytoliths are particularly
valuable for the identification of grass type composition [95]. Phytoliths are microscopic
opal silica infillings of plant cells [95,96]. With sheet-wash, fluvial or aeolian transport
distances typically up to 10 km from the sample (core) location, phytoliths reflect a mixed
signal of the landscape mosaic [95,97].

We analysed 27 samples using a wet-oxidation and heavy-liquid density separation
method described in Yost, et al. [95]. Phytoliths were identified using a modern compara-
tive collection from C. Yost and the descriptive phytolith references listed in Yost, et al. [95].
Phytoliths were classified according to the International Code for Phytolith Nomenclature
(ICPN 1.0; [98]) and only grass short-cell phytolith morphotypes were assigned to Cy4
mesophytic, C4 xerophytic and Cjz grass functional type (GFT) categories for percentage
calculations following Table 1 from Yost, et al. [95] and the results of a modern phytoscape
approach from the adjacent Turkana Basin [99]. The Iph aridity index, also used to dis-
criminate short-grass xerophytic (Sahelian) savanna from tall-grass mesophytic (Sudanian)
savanna [100], was calculated as described in Bremond, et al. [101]. The 95% confidence
intervals in GFT percentages and Iph index values were calculated using the nonparametric
bootstrap resampling method described in Yost, et al. [95]. Phytolith preservation was
assessed using the criteria discussed in Yost, et al. [95] and was ranked on a numerical
scale from good to poor to none. Phytolith concentrations were calculated by counting a Ly-
copodium spike added to each sample at the end of the phytolith extraction steps. Phytolith
relative abundance was calculated based on the total grass short-cell phytolith count for
each sample. These efforts led to a time series of phytolith preservation and C4 mesic, Cy4
xeric and Cj grass phytolith relative abundance. Additionally, diatoms, sponge spicules,
burned phytoliths and microcharcoal were counted but are not discussed in this study.

4. Results
4.1. Dataset Exploration and Description

The data_tr dataset contains 65,052 datapoints, the data_pr dataset 135,368 datapoints.
The elevation ranges from 360 to 3593 m a.s.l. with a mean of 1450 m a.s.l. as shown
in Figure 3A. The precipitation ranges from 410 mm a~! to 1740 mm a~! with a mean
of 1120 mm a~!. The highest precipitation is recorded in the Southwestern Highlands
(located in the north-western part of the study area, Figure 1), while the lowest annual
amount is close to the shores of Lake Turkana and the southern Chew Bahir basin. The
seasonality is unimodal with a strong peak during northern hemisphere summer in the
forest classified areas and less intense in the savanna classified areas (Figure 3B,C). The
precipitation seasonality for grassland and open shrubland classified areas is bimodal with
peaks during northern hemisphere spring and autumn, with the latter’s rainy season being
less intense. Roughly 45% of the study area is classified as grassland, 47% as savanna, 3%
as open shrubland and around 5% as forest. EVI varies from 0.06 to 0.55 with a mean of
0.29. TC ranges from 0 to 82% with a median of 17%. Forest has the highest TC with a
median of 71%, followed by savanna (18%) and grassland with a median of 8%, as shown
in Figure 3B. The area with NTC comprises 0 to 87% with a median of 16%. Grasslands
and savanna have a similar NTC median of 70%, in contrast to forests (27.5%) and open
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shrubland (22.5%). The NVC spans from 0 to 100% and has a median of 18%. The highest
NVC median of 77% is encountered within the open shrubland areas. Grasslands have a
higher median NVC (19%) than savanna classified areas (10%) and forest areas (2%).
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Figure 3. Dataset exploration used for training and prediction: (A) Maps of the datasets used in
this study with SRTM based elevation, annual precipitation and LC with protected areas. Plots of the
datasets used in this study with (B) monthly EVI interquartile range for each landcover class, (C)
monthly GPM precipitation (mm) interquartile range for each class and (D) boxplots of the TC, NTC,
NVC and elevation for each class.

4.2. Model Training and Validation

For the LC-BRT, the best fit to the data was achieved with a ROC of 0.79, 298 trees, a
bag fraction of 0.5, an interaction depth of 1 and a learning rate of 0.05 (Table 3). The most
important predictors are the September rains (24%), the elevation (20%), the precipitation in
June (13%) and the precipitation in May (11%). The overall accuracy based on the confusion
matrix (Table 4) for the multiclass prediction is 0.73 and the overall Cohen’s Kappa is 0.57.
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For wildlife reserves (Figure 3A), the accuracy is 0.81, kappa is 0.61 and the ROC is 0.76.
In national parks, the accuracy is 0.86, kappa is 0.73 and the ROC is 0.87. In controlled
hunting areas, the accuracy is 0.87, kappa is 0.5 and the ROC is 0.78. In the test dataset,
containing protected areas outside the study area, we achieved a balanced accuracy for
evergreen broadleaf forests (0.9), open shrublands (0.51), savanna (0.76) and grasslands
(0.58). The ROC for the test dataset is 0.72. The spatial distribution of the model prediction
agrees well with the training data in most of the study area (Figure 4), but disagrees in the
transition areas, especially in the surroundings of forests and open shrubland areas.

Table 3. Summary of BRT hyper parameters and performance.

BRT Distribution Interaction Depth  Shrinkage  Bag Fraction Trees ROC/R?

LC multinomial 1 0.05 0.5 298 0.79
EVI gaussian 1 0.05 0.75 3096 0.8
TC gaussian 3 0.05 0.5 1771 0.8
NTC gaussian 5 0.05 0.5 3408 0.49
NVC gaussian 3 0.05 0.5 2671 0.55

Table 4. Confusion matrix for landcover classification.

Forest Open Shrubland Savanna Grassland
Forest 2784 0 4313 1024
Open Shrubland 0 1198 4 4260
Savanna 237 1 23,289 4015
Grassland 14 839 2757 20,317

The determination coefficient (R?) for EVI prediction is 0.8. The most important
predictors are the precipitation in February (26%), May (21%), September (13%) and the
elevation (11%). The R? for wildlife reserves within the study area is 0.58 and the EVI
is overestimated by 5.6%. The determination coefficient for national parks is 0.64 and
the EVI is underestimated by 1.4%. In controlled hunting areas, the R? is 0.59 and EVI
is overestimated by 2.9%. In the test dataset outside the study area, the determination
coefficient is 0.68 and EVI is overestimated by 14% on average.

For TC prediction, R? is 0.8. The most important predictors are the September rains
(17%), the elevation (14%), December rains (10%) and precipitation in August (10%). The
R? in wildlife reserves is 0.53 and TC is underestimated by around 1% in average. For
national parks, the R? is 0.51 and the residuum is —0.28% on average. In controlled hunting
areas, R? is 0.78 and the average residuum is —1.4%. In the test areas, the determination
coefficient is 0.76 and the average residuum is —2.5%.

Even after fine-tuning the hyperparameters for the NTC, the coefficient of determina-
tion is only 0.49, indicating an insufficient correlation between the observed and predicted
NTC. In the test area, R? is even lower with only 0.34, which makes a further use of the NTC-
BRT unfeasible. For the NVC, the determination coefficient is 0.55 within the study area
and only 0.4 in the test areas, making an application of the NVC-BRT also impracticable.
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Figure 4. Spatial model performance, extrapolation and PI LC: (A) Result of the LC-BRT using the original data_tr dataset.

(B) Model performance with correct (green) and incorrect (red) classified data points, based on comparison of panel
3 of Figures 3A and 4A. (C) Resulting extrapolated LC representing the PI scenario using the original data_pr dataset

and LC-BRT.

4.3. Model Link and Scenarios
4.3.1. Modern-Day and Pre-Industrial LC and ET

The modern-day and supposed PI LC distribution of lakes Abaya, Chamo and paleo-
lake Chew Bahir is summarized in Table 5. The most significant changes in the catchments
of lakes Abaya and Chamo are the decrease of agricultural areas from 19% (Abaya) and
10.8% (Chamo) to 0% and the increase of savanna covered areas by 14% (Abaya) and 24%
(Chamo). In the catchment of paleo-lake Chew Bahir, the model suggests a precipitation-
elevation based difference of open shrubland covered areas by around 14%. The forest
covered areas are increasing moderately (0.4 to 4.1%) throughout all the catchments.

Based on the parametrizations of the LCs, we calculated a modern-day ET of
1072 mm a~! for the catchment of Lake Abaya, which differs by —51 mm a~! from the
previously calculated value of Fischer, et al. [10]. In the Lake Chamo catchment, ET is
28 mm a~! higher relative to the previous study, resulting in an annual ET of
1088 mm a~ 1. In the paleo-lake Chew Bahir catchment, the MD ET is 939 mm a1 compared
to 892 mm a~! of Fischer, et al. [10].

The PI (scenario 1) leads to a decreased estimated ET (PI ET of 845 mm a~!) in the
Lake Abaya catchment, due to a decrease of agricultural area. This decrease results in a
positive water budget within the catchment of Lake Abaya, which would then overflow to
Lake Chamo and, hence, to the Chew Bahir basin. The estimated PI ET for the Lake Chamo
catchment is 1026 mm a—!, while it is 872 mm a~! for the paleo-lake Chew Bahir catchment.
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Table 5. Modern-day (MD) and pre-industrial (PI) landcover distribution (%) in the catchments of lakes Abaya, Chamo and

paleo-lake Chew Bahir.

Lake Abaya Catchment Lake Chamo Catchment Chew Bahir Catchment
MD PI MD PI MD PI
Water 6.1 6.1 15 15 0 0
Forest 1.2 1.8 0.1 4.5 0.2 0.6
Open Shrubland 0.1 0 0 0 0.6 14.5
Savanna 34 48 26.8 50.1 16.8 18.8
Grassland 37.3 44 44.9 30 75.2 62.2
Cropland 19 0 10.8 0 3.3 0
Sparsely Vegetated 0.5 0.5 0.4 0.4 3.9 3.9

4.3.2. Scenario 2a—AHP, no CAB

The simulation of the precipitation dependent vegetation-ET for the 2a scenario (AHP,
no CAB) is shown in Figure 5A. The forest coverage in the Lake Abaya catchment is
increasing almost linearly to the 120% precipitation threshold and is then stabilizing,
whereas the grassland coverage is decreasing, starting from around 45% and reaching
5% at around 125% precipitation. This forces a positive water budget at the modern-day
precipitation amount and a decrease of the water surplus until the forest saturation point
at around 120%. The grassland coverage of the Lake Chamo catchment is decreasing
rapidly, being replaced by savanna, whereas the forest coverage is increasing slowly until
~120% precipitation, after which it begins to decrease. The water budget is slightly positive
within the simulated precipitation increase and ET is following the precipitation amount,
starting to increase after the forest saturation point at ~120%. In the paleo-lake Chew Bahir
catchment, the model shows a positive water budget for the modern-day precipitation
amount. The open shrubland coverage is decreasing to almost zero, whereas the forest
coverage is increasing slightly with increasing precipitation. The main process in the
paleo-lake Chew Bahir catchment is the replacement of grassland by savanna.

4.3.3. Scenario 2b—AHP, with CAB

In the CAB scenario 2b, the precipitation dependent vegetation-ET interrelation for
each catchment is summarized in Figure 5B. The potential increase of forest coverage
with increasing precipitation is higher compared to the 2a scenario and remains linear in
the Lake Abaya catchment until a threshold at ~140% precipitation. In the Lake Chamo
catchment, forest coverage reacts at a greater precipitation increase and reaches 20% at
~120% precipitation. In both mid-altitude catchments (Abaya and Chamo), grassland is
replaced quickly by savanna due to increased precipitation. In the catchment of paleo-lake
Chew Bahir, the 2b scenario leads to the same vegetation reaction to precipitation increase
as in the 2a scenario, with a more pronounced increase of the forest coverage and a less
pronounced decrease in grasslands.

4.3.4. Scenario 3—LGM

The simulation of scenario 3 (LGM) shows a ~20% temperature-driven coverage of
the Lake Abaya catchment with afro-alpine vegetation, which is independent from the
precipitation amount (Figure 5C). Within all catchments, the forest coverage is zero and
the savanna is replaced by grassland, due to the decreased precipitation amount. In the
paleo-lake Chew Bahir catchment, the savanna coverage is reaching almost zero at ~80%
precipitation. The grassland coverage decreased and is replaced by open shrubland with
a stable plateau at ~80% precipitation. In all catchments, ET is decreasing with a decline
in precipitation. Water balance is positive for precipitation levels above ~80% (paleo-lake
Chew Bahir) and 70% (Lake Abaya) of modern levels.
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Figure 5. Model Results for Scenario 2a AHP (A), 2b AHP with CAB (B) and 3 LGM (C): modelled annual ET on land for
each catchment (lakes Abaya, Chamo and paleo-lake Chew Bahir) for the given precipitation from 100 to 150%, respectively,
50 to 100%; LBM resulting lake levels of lakes Abaya, Chamo and paleo-lake Chew Bahir and vegetation model result
with changing LC for each catchment. Scenario 3 ET has an upper and lower boundary due to the modelled temperature
decrease range (3—4 °C).



Geosciences 2021, 11, 418

16 of 31

4.3.5. PVM and LBM Model Link

The combined LBM for the 2a AHP scenario with no change in the seasonality of
the precipitation shows a lake occurrence of paleo-lake Chew Bahir under modern-day
precipitation conditions. With increasing precipitation from 15 to 20%, the model shows
initially no lake, which changes as soon as the threshold of 25% precipitation is reached
and a lake is (re)established. In the 2b scenario, as a theoretical contrast scenario with
additional precipitation in June to September, the threshold for lake appearance is at ~41%
more precipitation compared to today. For scenario 3, the modelled LGM environmental
conditions, caused the lakes to disappear below 80-85% of the modern-day precipitation.
We used these thresholds (2a—125%, 2b—141%, 3—82.5%) as minimum (AHP) and maxi-
mum (LGM) precipitation thresholds and as input parameters for the spatial reconstruction
of the vegetation mosaic during these time periods by combining the LC-BRT, the EVI-BRT
and the TC-BRT (Figure 6). We added the maximum lake extents of lakes Abaya, Chamo
and paleo-lake Chew Bahir [10], as well as Lake Turkana [12] for the AHP scenarios. Dur-
ing the LGM, the model suggests that a desiccation of lakes Abaya and Chamo would
have required 10% further reduction in precipitation than required for the desiccation of
paleo-lake Chew Bahir (Figure 5C).

Al
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Figure 6. Model result map for scenario 2a, 2b and 3: (A) Scenario 2a AHP with spatial application of the LC-BRT, EVI-BRT
and TC-BRT using modern-day elevation and 125% precipitation (threshold for lake appearance for scenario 2a). (B)
Scenario 2b AHP (with CAB) with spatial application of the LC-BRT, EVI-BRT and TC-BRT using modern-day elevation and
141% increased precipitation (threshold for lake appearance for scenario 2b). (C) Scenario 3 LGM with spatial application of
the LC-BRT, EVI-BRT and TC-BRT using elevation equivalent due to cooler temperatures and 82.5% precipitation (threshold
for lake disappearance for scenario 3).

4.4. Phytolith Proxy

Phytolith counts ranged from 0 to 252 per sample, with 16 (59%) yielding no phy-
toliths (Table 6). Almost no phytoliths were preserved before ~12 ka in the studied Chew
Bahir Lake sediment record, except for a few that date to ~24 ka (Figure 7). During the
AHP, preservation of phytoliths peaked at ~8 ka and decreased to almost zero at around
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5 ka. Phytolith preservation remained low after the AHP. Hence, classification of the
surrounding vegetation in the area is limited in this study to the AHP. With the exception
of sample 524, uncertainties in the GFT percentages were on average £9% (Cs grasses),
£10% (C4 mesic grasses) and £7% (C, xeric grasses). Even though the sample 524 GFT
percentage was plotted in Figure 7, it should be noted that only three phytoliths were
used in the GFT calculation. Likewise, the youngest sample from a depth of 4 m yielded
only 20 short-cell phytoliths and exhibited evidence of poor preservation, so the calculated
GFT percentages have a high level of uncertainty (£20% for C3 and C; mesic grasses) and
are not used directly in our interpretations. The GFT distribution is showing the highest
relative abundance of C4 mesophytic grasses with a linear positive trend until the end of
the AHP. C4 xerophytic grasses are highest around 12 ka and are decreasing to zero at the
end of the AHP. C; grasses have a comparatively low abundance but reach their highest
values at 11 ka and 8 ka. With the exception of sample 464, Iph aridity index values during
the AHP were all well below the 27.8 threshold at the 95% confidence level, indicating the
presence of mesophytic tall-grass Sudanian savanna or mesic edaphic grasslands associ-
ated with paleo-lake Chew Bahir (Table 5). Even though no globular granulate phytolith
morphotypes diagnostic of woody plants (trees and shrubs) were observed, during the
AHP, ~8% of the total phytolith count at this time was comprised of morphotypes typically
derived from woody plants.

Table 6. Phytolith counts and calculated results. 1 depth (m), 2 Lycopodium counts, 3 Lycopodium spike, 4 dry weight (1g +/—),
5 Trapeziform sinuate: Pooideae, 6 Rondel-keeled, 7 Rondel-angular keel: Phalaris, 8 Rondel > 15 microns, 9 Rondel: Bambosoideae,
10 Saddle-long: Bambusoideae, 11 Bilobate-scooped: Ehrhartoideae, 12 total C3, 13 Saddle: Chloridoideae, 14 Saddle-tall: Chloridoideae,
15 total Saddles: C4 Xeric, 16 Saddle-plateau: Sporobolus-type, 17 Cross-3-lobed, 18 Cross, 19 Polylobate: Panicoideae, 20 Bilobate:
Panicoideae, 21 total Bilobates, 22 total Crosses, 23 total C4 Mesic, 24 Rondel < 15 microns, 25 Grass epidermis, 26 Bulliform, 27 Stomatal
cell, 28 Dendriform, 29 total various grasses, 30 Trichome, 31 Elongate-psilate, 32 Elongate-echinate, 33 Blocky-grass/sedge type,
34 total grass/sedge types, 35 thin w/ridges: Cyperaceae (stem), 36 Irreg w/tubular proj: Cyperaceae (root), 37 Cone cell: Cyperus-type,
38 Cone cell: Carex-type, 39 total Cyperaceae, 40 total Graminoid, 41 Sclereid-branched, 42 Sclereid-elongate, 43 Sclereid-pitted,
44 Elongate-facetate, 45 Blocky-facetate, 46 Blocky-irregular, 47 Globular-decorated, 48 Globular granulate, 49 Globular-facetate, 50
Globular-psilate, 51 Annonaceae-type, 52 Anticlinal-deciduous leaves, 53 Ellipsoid-echinate, 54 Nodular, 55 Granular, 56 Blocky clavate:
Celtis-type, 57 total semi-deciduous, 58 Globular-echinate, 59 Conical echinate: Borassus-type, 60 total Arecaceae, 61 Podostemaceae, 62
Commelina-type, 63 Tradescantia sp., 64 Murdannia simplex, 65 Cyanotis sp., 66 Opaque perf plate: Asteraceae, 67 total Herbaceaous, 68
unknown, 69 total phytoliths counted, 70 Sponge spicules, 71 Sponge spherasters, 72 Diatoms, 73 Charcoal < 50 microns, 74 Charcoal >
50 microns, 75 Burned phytoliths, 76 % Cs, 77 % Cs confidence interval (+/—) in percent, 78 % C4 Mesic, 79 % C4 Mesic confidence
interval (+/—) in percent, 80 % Cy Xeric, 81% C4 Xeric confidence interval (+/—) in percent, 82 Iph Index, 83 Iph confidence interval
(—), 84 Iph confidence interval (+).

1 4 24 64 104 124 164 196 224 264 304 344 386 464 524 564 624 684 704 744 784 864 944 998 1004 1024 1064 1098
2 98 242 200 336 329 141 155 51 7 19 17 34 18 227 150 346 355 43 298 295 267 203 272 294 289 273 286
3 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666 9666
4 0.011 0.01 0.027 0.005 0.035 0.010 0.008 0.005 0.009 0.011 0.006 0.003 0.007 0.026 0.012 0.011 0.011 —0.040.004 0.001 0 0.001 0.005 0.006 0.042 0.004 0.003
5 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
8 10 0 0 0 0 0 0 0 0 0 10 1 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
12 10 0 0 0 0 0 0 0 0 4 10 1 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0
13 2 0 0 0 0 0 0 0 2 4 9 7 9 1 0 0 0 0 0 0 0 0 0 0 0 0 0
14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 2 0 0 0 0 0 0 0 2 4 9 7 9 1 0 0 0 0 0 0 0 0 0 0 0 0 0
16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
17 0 0 0 0 0 0 0 17 0 33 10 9 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0
18 6 0 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
19 0 0 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
20 2 0 0 0 0 1 0 30 19 54 58 51 5 2 0 0 0 0 0 0 0 1 0 0 0 0 0
21 2 0 0 0 0 1 0 30 19 58 58 52 5 2 0 0 0 0 0 0 0 1 0 0 0 0 0
22 6 0 0 0 0 0 0 17 7 33 10 9 8 0 0 0 0 0 0 0 0 1 0 0 0 0 0
23 8 0 0 0 0 1 0 47 26 91 68 61 13 2 0 0 0 0 0 0 0 2 0 0 0 0 0
24 0 0 0 0 0 0 0 17 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Figure 7. Proxy time series and model results: (A) Phytolith preservation. (B) Iph index. (C) Phytolith type distribution.
(D) Potassium proxy record of CB-03 [33]. (E) Archaeological record with dated (confirmed) occupation (black) [59,60,64]
and presumed occupation (grey). (F) Orographic strata model results with LC. (G) Lake Dendi pollen record summary [16].

5. Discussion
5.1. Results Synthesis

Our biosphere-hydrosphere modelling approach for southern Ethiopia from the LGM
times to the present shows: (a) during the LGM, an annual precipitation decrease of at
least 15 to 20%, along with decreased temperatures. This would explain the lake regression
and would have resulted in extensive grassland cover and sparse vegetation in the lower
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elevations and widespread afro-alpine vegetation above approximately 2000 m a.s.1. (b) A
precipitation increase of at least 25% during the AHP, which would explain the observed
high lake level of paleo-lake Chew Bahir reaching the overflow sill. This precipitation
increase would produce dense forest cover in the high altitudes (above 2000 m a.s.l.) and
dense vegetation cover in the vicinity of northern Lake Turkana, as well as along the shores
of paleo-lake Chew Bahir. (c) In the CAB scenario, it would require at least 41% more
precipitation than modern levels to sustain the observed lake changes and would produce
less dense vegetation in the high altitudes and favour forest coverage at the mid-altitudes
(between 1000 and 2000 m a.s.l.). (d) The modern-day land-use has about a fourth of the
forest coverage (10%) at high-altitudes compared to the pre-industrial potential LC (44%)
and reduced forest coverage at mid altitudes from 16 to 4%.

5.1.1. Scenario 3—LGM

Previous studies based on reconstructed vegetation and their potential hydro-climatic
habitat on a pan-African scale revealed a reduction of around 25 to 27% annual precipitation
during LGM times in eastern Africa, compared to the amount of modern-day precipita-
tion [102]. The orographic temperature driven displacement of the vegetation belts was
estimated to be around —700 m in the dry, high mountains and around —1000 m in the
humid mountainous regions [15], which is also supported by our modelling results that
suggest an orographic lowering of the afro-alpine vegetation to around —1000 m. The
pan-African vegetation reconstruction (based on sea surface temperature derived paleo-
precipitation estimates and resulting vegetation transfer functions) by Anhuf, et al. [15]
suggests grass savanna cover in the surrounding of Lake Turkana, dry forest or savanna
vegetation in the majority of the area and forests in the highland areas. The coupled earth
system model HadCMB3LC yields a forest cover of less than 40% in Ethiopia during LGM
times, in contrast to partly 60 to 80% forest cover during pre-industrial time [103]. Our
model results for the LGM times are in overall agreement with the earth system model [103]
and transfer function results [102], but paleo-lake Chew Bahir would already dry out at a
precipitation decrease of 15 to 20%. In contrast to Hopcroft and Valdes [104], who used
HadGEM2-ES to infer global vegetation patterns, our modelling results do not show vast
spatial distribution of forests in Ethiopia, neither in the western nor in the central highlands.
There is no general decrease in the EVI (vegetation greenness or proxy for productivity),
but instead a large decrease in EVI in the high altitudes of the western highlands and the
southeastern escarpments. In contrast, an EVI increase is observed in the rift lakes region
surrounding lakes Abaya and Chamo and the lowlands of the BRZ. For all altitudes, the tree
cover decreased from 17 to 14%. Tree refugia during the LGM are mainly the Gofa range,
the northwestern escarpments, as well as parts of the Agere-Selam escarpment (Figure 1).
In contrast to the Agere-Selam escarpment, our model did not suggest a tree refuge in
the Gamo-Gidole Horst, which suggests the possibility of a complex reorganisation of the
vegetation mosaic in the EARS during the LGM.

The model result is tested with a new pollen record from the Gelba wetlands at
2300 m a.s.l. (Figure 1) [105], which are located in the Gamo-Gidole Horst at the catchment
boundary of lakes Abaya and Chamo. Results from the Gelba wetland record show a
high abundance of afro-alpine vegetation during late LGM times (Ericaceous, afro-montane
forest), in addition to more dry conditions until about 13.5 ka BP, with increasing afro-alpine
vegetation and wetlands/open water after 13 ka BP. Pollen from Podocarpus, Juniperus,
Artemisia, Rumex and Poaceae are abundant in that region during the LGM [105], which
indicates the presence of dry afro-montane forest species.

5.1.2. Scenario 2—AHP

In our preceding LBM study [10], it was estimated that a precipitation threshold of
120 to 130% during the AHP was required to allow paleo-lake Chew Bahir to reach the
overflow sill at 543 m a.s.l.,, whereby +7-15% of the increase is due to vegetation feedback.
However, the quantification of the vegetation feedback was previously used from a study
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at Lake Naivasha in Kenya by Bergner, et al. [36], where paleo-vegetation was extrapolated
based on pollen proxy information and subsequently parametrised to calculate ET in the
same manner as explained in Section 3.3.2. Since pollen data as well as precise paleo-
vegetation estimates are scarce in southern Ethiopia, a continuous PVM was used for all
precipitation amounts and a new threshold was determined. This threshold shows an
addition of +18-34% is needed to compensate for the biosphere feedback.

Other studies concerning the overall precipitation estimate for the EARS during the
AHP based on LBMs yield: +20-30% (Ziway-Shala +28% [106]; Lake Turkana +20% [107];
Suguta Valley +26% [13]; Lake Nakuru-Elmenteita +23-45% [108] and Lake Naivasha
+29-33% [36,107]). Apart from the estimate from Lake Naivasha, none of these model
approaches considered the biosphere feedback, making those estimates presumably too
small. A site specific or a pan-eastern African vegetation model, similar to the one presented
here for paleo-lake Chew Bahir, could resolve these uncertainties.

The impact of changing seasonality on ET, due to a shift in the CAB (Scenario 2b), with
the additional precipitation required to compensate for the increased ET during present-
day dry months, was estimated at +7% based on SEBAL results for each month [10]. Our
current hydrosphere-biosphere approach suggests an even larger effect of +16%, including
the biosphere feedback. The 2b scenario (CAB caused seasonality changes) promotes the
growth of forests in the mid-altitudes (between 1000 and 2000 m a.s.l.) which comprise
most of the catchment areas for lakes Abaya and Chamo, both of which were significant
water sources for paleo-lake Chew Bahir. Forest growth in these catchments would decrease
the surface runoff to the lakes while significantly increasing ET on land. However, our
modelling results provide possible realizations of a hydrosphere-biosphere interaction
within the EARS as a minimum precipitation amount with two contrasting AHP scenarios,
whereas a mixture of both (2a and 2b) seem most likely.

Scenario 2a (equally enhanced rainfall) suggests an approximately 40% increase in
EVI and a 150% increase in tree cover throughout the study area compared to modern-day
conditions. For scenario 2b, the tree cover increase is lower at 115%. The EVI increase is
almost the same at 38%. In comparison, the CAB 2b scenario would increase EVI in the
lowlands (below 1000 m a.s.l.) and the lake shores of Abaya and Chamo, as well as for
the eastern escarpments, which are regions where the dry season is well pronounced. In
contrast, the 2a scenario would increase EVI on the highlands in the northwestern part
of the Omo River catchment, but the increase is not significant compared to the overall
increase throughout the study area. The diverging model results between 2a and 2b for the
southeastern escarpments also apply to the TC prediction. The 2b scenario produces forest
growth, whereas the 2a scenario does not produce forests in that region. Furthermore,
the 2b CAB scenario would result in an increase in forest coverage in the vicinity of Lake
Abaya relative to modern-day conditions, which would not be the case in scenario 2a.

We conclude that the potential forest coverage during the AHP in southern Ethiopia
is restructured and the overall trend observed in the modelling results is in agreement
with the pollen record from Augustijns, et al. [105]. The pollen record shows wet to
open water conditions and afro-montane forest pollen peaks at 13 ka and 7 ka. A pollen
record from the central Ethiopian highlands from Lake Dendi (3270 m a.s.l.) revealed a
low abundance of Podocarpus and Juniperus pollen during the AHP and instead yielded
high Poaceae abundances [16], which would be in accordance with the modelling results
of scenario 2b. This could be interpreted as supporting evidence for the concept of an
eastward shift and intensification of the CAB.

5.1.3. Scenario 1—Pre-Industrial

How agriculture and grazing altered the landscape and affected the potential veg-
etation cover during the PI remains an open question. For instance, the Northwestern
Ethiopian Highlands have been deforested since at least 3 ka, when agriculture and grazing
progressively replaced hunting and gathering [109,110]. Soil erosion altered the landscape
and may have degraded the ecosystem irreversibly [3]. This also affected the water run-off
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coefficient and the water budget of the lake basins [110]. Such a complete deforestation is
not visible in the pollen record from the Chencha bog (3000 m a.s.1.) on the Chencha Horst
(Figure 1), where the afro-montane forest cover seems to decrease at 1.7 ka but recovers
after 0.8 ka [105]. In contrast, around Lake Turkana, Gil-Romera, et al. [111] did not see
indications for a human-induced ecosystem shift in the past 2 ka. Instead, they concluded
that bush encroachment and retraction are predominately controlled by rainfall and fire on
multi-decadal to centennial cycles.

Overall, the model suggests that 11.5% of afro-montane forests have been replaced by
agricultural areas. The forest coverage decreased (pre-industrial to modern-day) from 44%
to 10% in high altitudes and from 16 to 4% in mid to low altitudes, showing the immense
impact of agriculture on the landscape in the highlands. The model results agree with
the atlas of the potential vegetation of Ethiopia [3] for the moist evergreen afro-montane
forest but classifies vast parts of the dry evergreen afro-montane forest as grassland. Either
the lack of sufficient training data for the dry central Ethiopian highlands could bias the
result as the model is based on a learning algorithm, or grassland may already be a proper
classification for the degraded potential landscape. The grassland and savanna classified
areas of the PI scenario are different to the results of the potential vegetation based on
Friis, et al. [3]. The species perspective from Friis, et al. [3] does not match either the
observed or the predicted landscape phenology and density of the MODIS LC, which
follows a north-south gradient (Figure 3).

The shrinking of agricultural areas and the increase of savanna and grassland areas
in the catchment of Lake Abaya reduces the ET rate on land for the PI scenario, which
then leads to a modelled positive water budget within the lake system of lakes Abaya,
Chamo and paleo-lake Chew Bahir. This could imply that agricultural activities in the
Main Ethiopian Rift degraded the landscape and replaced high forest ET (low run-off) with
high agricultural ET, conserving the water balance. However, if the actual soil-determined
potential vegetation is a grassland complex (low ET, higher run-off), a hypothetical sponta-
neous end of agriculture would lead to a less negative water budget and increased lake
levels. In contrast, a potential and realistic further increase in agriculture and extensive
water use could result in a more negative water budget and decrease the lake levels of
lakes Abaya and Chamo.

The LC in the Lake Abaya basin has been changing for decades [112], which may lead
to an increase of areas with extensive water use and agriculture (coffee, banana) on the one
hand, and gully eroded areas with a high run-off for the lake’s water supply on the other.
This explains the high sediment load of Lake Abaya, visible even in satellite imagery. For
the PI, this could further imply that extensive agriculture has already affected the water
budget of Lake Abaya and subsequently Lake Chamo and paleo-lake Chew Bahir. This
extrapolation is supported by a report by von Hohnel [113], who observed in 1888 at the
end of the dry season that the southern shore of paleo-lake Chew Bahir was occupied by a
shallow lake, which is desiccated today. High lake levels after the termination of the Little
Ice Age at the end of the 19th century have also been reported (e.g., Nicholson [114]) for
lakes in the vicinity and under a similar climate regime. Based on the model results, we
conclude that the persistent aridification of southern Ethiopia since the beginning of the
20th century, could be at least partly caused by LC changes.

5.2. Proxy Model Interference

While the atlas of the potential vegetation of Ethiopia [3] uses dominant and char-
acteristic plant species to classify the broad variety of vegetation types, the MODIS LC
uses remote sensing derived phenology and spectral properties to classify the vegetation
and the landcover. Phytoliths as an environmental proxy from the Chew Bahir sediment
cores [33], allow us to distinguish mesic and xeric as well as C4 and C3 grasses [95]. The
best preservation of phytoliths is recorded during the AHP (Figure 7). The abundance of
C3 grass phytoliths is interpreted as the existence of aquatic vegetation of a wetland (domi-
nated by C3) near the sediment core site, similar to today. Due to changes in the water level



Geosciences 2021, 11,418

23 of 31

of paleo-lake Chew Bahir over the past 20 ka, the wetland vegetation may have migrated
up to 100 km northwards. If the wetlands are close to the drill location, the C3 signals
prevails. The wetland, with its dense aquatic vegetation seen today, may act as a phytolith
filter that filters out long-distance phytolith transport. We thus assume that the origin of Cy4
phytoliths in the Chew Bahir sediments are sourced in the catchment of the Hamar Range
and in particular the catchment that is related to the alluvial fan 6 km west of the drill
site. Cy4 xeric phytolith types may indicate the existence of open shrubland to grassland on
these alluvial fans, which would be the desert and semi-desert shrubland unit based on
Friis, et al. [3]. C4 mesic phytolith types indicate a grassland to savanna landscape, which
would belong to the Acacia-Commiphora, respectively, the Combretum-Terminalia woodland
and wooded grassland [3], especially Combretum-Terminalia woodland, as it is typically
covered by dense (mesic) grass vegetation.

During the LGM, the absence of phytoliths (most likely caused by dissolution) sup-
ports the scenario of a highly alkaline paleo-Lake Chew Bahir. Our model uses this
condition as a lake disappearance precipitation threshold (see Figure 5C). During the
AHP, the rapid onset of phytolith preservation starting around 11 ka agrees with the rapid
onset of humid conditions as recorded in the Chew Bahir K record and other records from
paleo-lakes in the vicinity [13,34,35,93]. Phytolith preservation decreased continuously
over a period of 3000 years (8 to 5 ka), again providing proxy evidence for a gradual decline
of the AHP in the region, as previously also suggested by Foerster, et al. [33] and Fischer,
et al. [10] and statistically analysed by Trauth, et al. [94]. During the main phase of the
AHP (11 to 6 ka), the record shows the dominance of C4 mesic phytoliths, and hence a
savanna landscape with underlying dense productive grass, even close to the lake shore,
which is a modern-day sparse grass and/or open shrubland area. The slow replacement of
C4 xeric grasses (suggesting open or semi-desert shrubland) could indicate either a slow
climatic signal towards more and continuous precipitation in the lowlands, or a signal of
the slow replacement process towards a more closed savanna landscape in the area. This
trend could also be interpreted as a slow reaction of the landscape due to a groundwater-
table-dependent vegetation structure, since groundwater may react over millennial time
scales [115]. On the other hand, this trend could be an artefact in the phytolith record due
to morphotype specific dissolution [116] during the AHP, showing the limitation of this
phytolith record. The continuous upward trend is punctuated by two C3 grass phytolith
peaks at 10.5 ka and 9 ka, that is in agreement with the Chew Bahir K proxy record [11].
This could mark a brief period of dry conditions leading to rapid lake desiccation and a
formation of a dense and productive wetland in the basin until it becomes flooded again.
Fischer, et al. [10] concluded, based on the lake dynamics modelling and K-proxy results,
that many of these lake level fluctuations interrupted the paleo-lake highstand during the
AHP. A higher resolution phytolith analysis extending further back in time may detect
additional lake desiccation phases.

5.3. Limitations and Advantages of the Method

We used elevation and monthly precipitation as the only predictors in our model,
being aware that LC is also determined by other environmental factors, such as lithology,
soil type or depth, geomorphological position (such as aspect, slope and terrain position)
or windspeed and dry season length [117]. Precipitation and elevation, however, are the
major determinants of the vegetation in tropical Africa [3,117]. Incorrect LC classifications,
especially in the transition areas (forest to savanna and grassland to open shrubland), are
below a significant error for our application on the hydrological cycle but may remain a
consequence of the simple model structure. A better spatial precision for LC prediction
could be achieved with the incorporation of more predictors, but testing, for example, the
topographic position index on different spatial scales has not shown a significant effect.
In addition to derivates of precipitation and elevation, reliable high-resolution data are
especially scarce for soils and the lithology in southern Ethiopia. Additionally, a model
with a higher complexity may lack traceability. Hence, we used these simple predictors for
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our LC prediction, being aware that the interpretation of results for areas of smaller scales,
such as archaeological sites, incorporate uncertainties.

With a ROC of 0.79, the model fits the LC prediction well. It was necessary, however,
to include an additional weighting factor, making each class equally important, as the
imbalance between them made a successful model training for all classes impossible. This
has led to a higher classification importance for the open shrubland and forest classes,
which increases their suitable habitat in the PI prediction tremendously. This effect is
acceptable since the dry parts of the grassland classified areas of the MODIS product
for example, may be classified as open shrubland as well. The parameter variability
(greenness, phenology, precipitation and elevation) in the LC groups overlap with the
neighbouring groups. Another effect is the higher importance of the forest class in the
model training and hence the broad increase of forest coverage in the high altitudes for
the PI scenario. Forests are mainly limited to refugia and inaccessible areas. Hence, the
environmental boundaries of the predictors (precipitation, elevation) can only be partly
learned by the algorithm. The algorithm cannot learn a potential habitat of forests, if
there are no remaining broadleaf forests left today, which may be true especially for the
drier parts of the Ethiopian highlands [3]. Moreover, the coarse data resolution of the
precipitation, compared to the landcover, leads inherently to the overlapping predictor
variable space in between the LC’s.

While LC, EVI and TC prediction works well, NVC and NTC prediction was not
possible. The model is not able to predict low NTC correctly, as low NTC could imply
high TC or high NVC, either on densely green or sparsely vegetated areas (see Figure 8A).
The prediction of NVC works well for low NVC but fails to predict high NVC (Figure 8B).
The predicted NVC stabilizes at around 20-40%, while the observed NVC reaches almost
100%. Again, we encounter problems due to the coarse resolution of the GPM precipitation
data and overlapping predictor variable space on a variety of plant phenology. This
inappropriate model behaviour might also be caused by non-involved forcing factors
such as the underlying soil. For instance, the white clayish lacustrine sediments of Chew
Bahir, covering about 755 km?, prevents plant growth, while the predictions based on the
precipitation-elevation would predict sparse vegetation.
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Figure 8. Observed vs. predicted NTC (A) and NVC (B): (1) low observed NTC with high predicted
NTGC; (2) good fit to the data; (3) predicted NVC saturation at around 20—40%; red = wildlife reserve;
green = national parc; blue = controlled hunting area.

The model link is the central step in aligning the thresholds of the lake’s system with
the response of the surrounding vegetation. The parameter-based approach in estimating
the annual ET [36,75,91] is widely used and tested for its sensitivity for the input parame-
ter [10,36]. For the application, the LBM is dependent on precise input parameters, that
are determined, tested and calibrated in our precursor study [10]. The calibrated surface
parameters (albedo, emissivity, soil moisture availability and roughness length) were tested
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carefully on the closed basins internal logic of the resulting ET in balance with P. This
resulted in a difference of the LC surface parameters, compared to Bergner, et al. [36] and
Lyons, et al. [91], but the in-between class differences remained. Land surface parame-
terization remains an approximation with classified LC’s. The transitions between open
shrublands, grasslands, savannas and forests are gradual. Continuous predictor models
combined with ET land surface parameterization could improve the performance of the
hydrosphere-biosphere prediction.

5.4. Human Landscape Preferences

Our model shows that the landscape in the study area during the LGM is dominated
by a mixture of grasslands with a variety of vegetation types, resulting in a complex, mosaic
landscape that would have offered a wide range of resources for hunter-gatherers. Hunter-
gatherers at Sodicho Cave used exclusively obsidian raw material to produce their stone
tools [118]. The use of the Humbo Baantu outcrop as obsidian source is attested for Sodicho
Cave [64] and Mochena Borago [59,60]. The Humbo Baantu outcrop is around 20 km
southeast from Mochena Borago [60] and around 60 km from Sodicho Cave (Figure 1).
The use of these outcrops [64,118] shows the wide range of hunter-gatherers in the open
landscape during the LGM. Movements through such landscapes to reach for example
the Humbo Baantu obsidian outcrop, would have required at least a short-term camp and
open water stop, that might have been available as residual water in the highlands [64,119]
or even in the colder areas of afro-alpine vegetation or at small, temporal streams in the
Lake Abaya catchment. The potential of alpine environments for human life/occupation is
shown at Fincha Habera, although Ossendorf, et al. [29] suggest the existence of gallery
forests within the Bale Mountain valleys. Trees are almost nonexistent at Mochena Borago
according to our modelling results during the LGM, and the absence of evidence of human
activity [59,60] may indicate that humans avoided the afro-alpine belt. Our modelling
results support the refugium character of Ethiopian highlands during cold and dry condi-
tions [10,33,59,60,64,120]. In summary, it seems that humans in southern Ethiopia lived in
a rather open grassland with some trees during the LGM.

For the African Humid Period, the modelling results indicate a vast expansion of
forests and dense vegetation in southern Ethiopia. According to the results, forests and
dense vegetation covered the known obsidian outcrops in the area that were intensively
used by humans during the LGM. So far, the archaeological record and our modeling results
suggest that human activities ceased during very wet periods when dense vegetation and
forests predominated. The exact reasons for this remain unknown, but it can be speculated
that also pronounced wet phases were not necessarily favorable for humans, possibly
because of dense vegetation constraining mobility or promoting the spread of diseases.

With obsidian becoming inaccessible due to the forest cover, the Main Ethiopian
Rift lakes, such as Ziway-Shala presumably offered easier access to food, water and
raw material [33,61,64]. The highly variable lithic technology along the lakes through
time indicates a complex and changing settlement pattern coherent to changing lake
levels [10,33,61]. Due to a gap in the archaeological record, rapidly changing lake levels
seem to be unfavorable conditions for humans, however, it is also possible that signs of
former human activities were simply washed away [33]. The shores of lakes Abaya and
Chamo became densely vegetated and forested during the AHP, according to the model
scenario 2b (CAB caused change in seasonality). If humans preferred more open landscapes
in southern Ethiopia at this time, the closed landscape at the shores of lakes Abaya and
Chamo would explain the absence of archaeological records. There are also no published
archaeological records from the shores of paleo-lake Chew-Bahir, except for a brief report
on rock engravings (5.66 ka £ 0.11; 4781-4274 cal BP) from an island in the southern part
of the lake after the termination of the AHP [121]. The persistence of an open landscape,
however, indicates a potential for archaeological sites during the AHP, similar to Lake
Turkana [33]. After the AHP, human activity is recorded again in the archaeological record
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of Mochena Borago and Sodicho Caves [64,118,122]. The modelling results show that
Mochena Borago and Sodicho Cave may have been surrounded by grassland once again.

Within the last 25 ka, hunter-gatherers used Mochena Borago and Sodicho Caves
when the vicinity of the sites were characterized by grassland and solitary trees. With
caution, we may propose that during the LGM and Middle Holocene, humans in southern
Ethiopia occupied or even may have preferred open landscapes.

6. Conclusions

We developed a new Predictive Vegetation Model (PVM) based on open-source meth-
ods and multi-source data, which we linked to a Lake Balance Model (LBM) of the southern
Main Ethiopian Rift [10] to independently reconstruct and disentangle the environmental
processes, changes and amplitudes for the Last Glacial Maximum (LGM), the African
Humid Period (AHP) and the pre-industrial (PI) time. The model output was compared to
a new phytolith proxy record from Chew Bahir basin and pollen records from southern
Ethiopia. The model shows a 15-20% decrease of annual precipitation during the LGM,
which was dominated by open landscapes in the low and high altitudes with only a few
forest refuges remaining, leading to the desiccation of paleo-lake Chew Bahir. During
the AHP, a 25-40% increase in the annual precipitation amount resulted in a doubling of
forest-covered areas and would explain the maximum possible lake level of paleo-lake
Chew Bahir. Additional rainfall during northern hemisphere summer due to an eastward
shift of the CAB would lead to a dense forest coverage in the mid-altitudes and open
landscape in the highlands, which is supported by pollen records. The phytolith record
indicates a rapid onset of humid conditions at ~12 ka and a slow transition throughout
the AHP to mesic conditions. Our comparison of model results and archeological records
in that region suggests that humans may have largely occupied open landscapes. For the
modern time, we conclude that the agriculturally altered landscape may endanger the
water supply of the lakes Abaya and Chamo and may have contributed to the aridification
of the Chew Bahir basin during the 20th century. This is of interest and concern for land
and water management in Ethiopia in the near future, due to the increasing agricultural
use of the Lake Abaya basin.
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Appendix P3 — An Examination of the Great Lakes of
Turkana in Eastern Africa during the last African Humid
Period using Literature Review and Visual Remote Sensing
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Abstract

Lake Turkana in northern Kenya and southern Ethiopia is the last of numerous paleo-lakes
that has persisted in drying up entirely at the end of the last African Humid Period (AHP, 15 —
5 ka, thousand years before present). The adjacent paleo-lakes Suguta (2,000 km?) and Chew
Bahir (2,500 km?2), which are desiccated today, have formed together with paleo-lake Turkana
(20,000 km?) a, N-S oriented lake system during the AHP that has been separated only by
small morphological barriers. While Turkana, Suguta, and Chew Bahir have been part of
intensive research during the past decades, paleo-lake Chalbi, located east of Turkana, was
out of sight for most archaeologists and geoscientists. Paleo-lake Chalbi was, with 2,500 km?
in size, the eastern extension of the Turkana Lake System. For now, each lake and its related
paleo-environment were discussed soloistic, and their interference in space and time was not
highlighted. The Turkana Depression, including the paleo-lake Chalbi basin, was a vast and,
presumably, resource-rich habitat during the AHP and a potential corridor of human migration
between the Ethiopian and Kenyan highlands. To fill this gap and to provide a paleo-
environmental framework for discussing possible human-environment interactions in this
region, we use literature and data review and -collection, visual remote sensing, data merging,
and -analysis. To summarize, paleo-lake Chalbi was the only lake in the Turkana Lake System
that did not reach its overflow sill. In contrast, paleo-lake Turkana, Suguta, and Chew Bahir
formed a hydro-network that connected the Ethiopian and the Kenyan highlands with the
Mediterranean Sea. The reviewed paleo-lake level record based on shorelines provides a
database for paleo-lake level evolution analysis. A potential quantitative correlation between
existing records in the region does not show a supra-regional climate forcing of the lake levels,
but we conclude that this may be due to the data quality of the shoreline record itself. Based
on our review and collection, we see a high relevance of the eastern shore of Lake Turkana
as potential refugia, as both, paleo-lake Chew Bahir and Chalbi, presumably have been the
most unstable lake environments throughout that region on a decadal to centennial time scale.

Introduction

Lake Turkana is the world’s largest permanent desert lake and a unique ecosystem that
provides essential ecosystem services in the border region of Kenya and Ethiopia in Eastern
Africa (Ojwang et al., 2016). The stability of this ecoregion may be challenged due to
anthropogenic climate change, hydropower dams, irrigation schemes, and demographic-
economic growth (Ojwang et al., 2016). To better constrain potential future eco-climatic
changes and threats and to understand the environmental dynamic, a paleoenvironmental
perspective may help.
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The most contrasting environmental conditions, compared to today, occurred during the last
African Humid Period (AHP, ~15 to 5 ka, thousand years before present), when orbital changes
caused insolation changes that had a significant impact on eastern Africa’s hydroclimate
(Barker et al., 2004; Demenocal et al., 2000). Associated increased precipitation forced
vegetation change (Fischer et al., 2021; Jaeschke et al., 2020; Lamb et al., 2004; Umer et al.,
2007), river flow increase (Revel et al., 2014), new lakes formation, expansion, or deepening
with up to 300 m in water level (Fischer et al., 2020; Garcin et al., 2012; Junginger & Trauth,
2013; Nyamweru & D., 1989). The complex morphology of the East African Rift System (EARS)
and thus catchments, in which these lakes are located, with precipitation-rich highlands (>4000
m) and lowlands with exceeding high evaporation rates (<500 m), causes these lakes to be
highly climate-sensitive (Olaka et al., 2010; Trauth et al., 2010). This climate sensitivity is
recorded in fast-changing lake levels, preserved in paleo-shorelines, such as wave-cut
notches, sand shells, or ostracod layers (Garcin et al., 2012; Junginger & Trauth, 2013).

The Turkana Depression and its related climate sensitive lake systems connect the northern
Kenyan Plateau with the southern East African Plateau. This region is a major hotspot of
hominin fossils (Brown et al., 1985; Leakey, 1969), stone tool findings (Harmand et al., 2015),
and Holocene archeology (Hildebrand et al.,, 2010). The decline of the last AHP was
accompanied by the transition of hunting gatherer fishing communities to livestock farmers
(Hildebrand & Grillo, 2012) and the occurrence of first cemeteries in the Lake Turkana vicinity
(E. A. Hildebrand et al., 2018).

While the Lake Turkana surrounding provides one of the most impressive archeological
records, there are only a few published sites in the eastern part of the Turkana Depression,
the so-called Chalbi basin, respectively -desert, which seems to have a comparable
geographical setting. Still, until now, there are only a few mentions of this region in the
literature, which raises the question of whether there is a sampling bias or if the Chalbi basin
geography differs significantly. Furthermore, Lake Turkana was surrounded in the northeast
by the modern-day dried-out paleo-lake Chew Bahir (Fischer et al., 2020) and in the south by
paleo-lake Suguta (Junginger & Trauth, 2013). These lake basins overspilled into each other,
but if they followed the same lake level evolution in time is under debate and may impact the
landscape evolution perspective and the paleo-environmental consequences for humans living
close-by the lakes.

A precursor study in the Chew Bahir basin used a physical process Lake Balance Model that
was tied to a high-resolution y-XRF (in particular potassium; Foerster et al., 2015) record of a
drill core to determine the paleo-lake behavior and paleo-precipitation threshold (Fischer et al.,
2020). For now, these models are tested and anchored using one shoreline at the overflow sill
elevation of paleo-lake Chew Bahir. A link between two independent datasets, such as
shorelines and lacustrine sediments, may help to enhance the paleo-environmental
understanding of the entire Lake Turkana region. This could be done if there is a correlation
between the temporal high-resolved lacustrine proxy and quantitative anchored shorelines.

Here, we aim to analyze the Turkana Lake System as a complex interacting environment in
terms of lake extents and lake level evolution over time. Furthermore, we aim to complement
potential gaps by first-step surveying remotely the geomorphological evidence of the extent of
paleo-lake Chalbi. We review significant publications of the paleo-lakes and the existing
records, such as shorelines, to create a shoreline dataset, to test the possibility of an
overarching lake level history. Furthermore, we complement the existing shoreline records with
new dates from the Chew Bahir basin. Last, we test the capability of a link between the
shoreline record and the potassium record from the Chew Bahir basin shore core CB-01
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(Foerster et al., 2015) to potentially construct a transfer function between lake levels and
potassium, which may be used to back-propagate lake levels in the entire region on currently
new drill cores reaching further back in time until the mid-Pleistocene (e.g., Cohen et al., 2016;
Roberts et al., 2021; Schaebitz et al., 2021).
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Figure 1 | Topography, major wind trajectories, modern-day lakes, paleo-lakes, and lake level evolution during the
past 20 ka. (A) Topography of Eastern Africa with modern-day Congo Air Boundary (CAB) and presumed paleo-
CAB as the eastern boundary of the West African Monsoon (WAM), Indian Summer Monsoon (ISM) trajectory. (B)
Topography of Lake Turkana’s extended catchment during paleo-lake high stand with SRTM-based possible paleo-
lake bathymetry. Shoreline and archeological site locations and satellite images according to figure 2. (C) Time
series of the past 20 ka, including Chew Bahir short core CB01 potassium record, Chew Bahir, Suguta, and Turkana
published lake level curves.

Regional Setting

The Turkana lowland region consists of four major basins (Fig. 1): Lake Turkana, paleo-lake
Suguta, paleo-lake Chew Bahir, and the paleo-lake Chalbi basin or Chalbi desert today. The
catchments cover a total area of ca. 259,000 km? from 9.3°N to 0.8°S, whereby the Lake
Turkana catchment is the largest with 149,000 km2. Lake Turkana also has the largest
catchment draining the western Ethiopian Plateau through the Omo river and the northern part
of the East African Plateau by the rivers Kerio and Turkwel. Chew Bahir drains the southern
Main Ethiopian Rift by the rivers Weyto and Segen. During the African Humid Period, the lakes
Abaya and Chamo overspilled and drained their surplus water by the river Segen to paleo-lake
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Chew Babhir (Fischer et al., 2020). Suguta drains the northern Kenyan Rift and received the
overspilling water from the lakes Nakuru-Elementeita and Baringo-Bogoria. Paleo-lake Chalbi
has no persistent river today.

During the AHP, paleo-Lake Chew Bahir (+45 m; Fischer et al., 2020) in the Southern Ethiopian
basin and paleo-lake Suguta (+295 m, Garcin et al., 2009) enlarged so much, that both basins
reached their overflow sills (36.658°E, 4.220°N, and 36.104°E, 1.816°N) towards lake Turkana
which itself overflowed (+94 m; Garcin et al,, 2012) into the White Nile and finally the
Mediterranean Sea (at 35.145°E, 5.030°N) (Garcin et al., 2012). In contrast, paleo-lake Chalbi
most likely did not overflow to Turkana, instead would potentially have drained towards the
Indian Ocean at 37.5729°E, 2.0057°N as digital elevation model analysis indicates.

The Turkana Depression is located between the East African Plateau to its South and the
Ethiopian Plateau to its North. Paleo-lake Chew Bahir is part of the Main Ethiopian rift, whereas
paleo-Lake Suguta belongs to the volcanically more active Northern Kenyan Rift. Both basins
are bound by steep North to North-East striking graben shoulders (Chorowicz, 2005). The
Turkana basin, also part of the Northern Kenyarift, is only bounded by steep graben shoulders
in the south and opens up further north when it converges with the ancient underlying E-W
Anza rift structure (Bruhn et al., 2011). The paleo-lake Chalbi basin is located east of Lake
Turkana in an appended basin (Chorowicz, 2005) which is not part of the EARS. It is
surrounded by the two volcanoes Mt. Kulal and Marsabit.

Volcano-sedimentary and Proterozoic metamorphic are abundant in the transition areas
towards the lowlands and Lake Turkana’s surrounding. Cenozoic volcanism dominate the
mountainous regions of all catchments. All basins are filled with Pleistocene to Holocene
Sediments (Boone et al., 2018). The vegetation ranges from Afromontane forests in the
highlands to Combretum or Acacia-Commiphora woodland to bushland and semi-desert to
deserts in the lowlands and paleo-lake rift floors (van Breugel et al., 2015).

Methods
Literature Review and Shoreline Dataset

We reviewed the major recent publications that published dated shorelines or summarized
previously published shorelines in one of the basins (Beck et al., 2019; Bloszies et al., 2015;
Forman et al., 2014; Garcin et al., 2012; Junginger et al., 2014; Nyamweru, 1986; Nyamweru
& D., 1989; Wright et al.,, 2015). Next, we created a combined dataset of all shorelines,
including the original sample name, the sample type (e.g., Melanoides tuberculata, Etheria
elliptica, Ostracods, charcoal, humid acids, Bivalve, Stromatolites), sample elevation, latitude,
longitude, '*C age (calibrated) and the two sigma minima and maximum age as well as optically
stimulated luminescence-based ages (Supplementary Tab. 1). Based on the SRTM elevation
data, we extracted the elevation for each site and calculated the relative lake level (sample
elevation — modern-day lake elevation or rift floor) and the normalized relative lake level for
each shoreline using z-transformation.

Chew Bahir Shoreline Dating

During a field campaign in 2018, an East-West transect along the western alluvial fan (Fig. 2-
E) of the Chew Bahir basin was surveyed for potential shoreline features, and four stromatolites
and two shell beds were collected. Samples were dated using the Accelerator Mass
Spectrometer (AMS) laboratory at ETH in Zurich. All '*C ages have been calibrated using
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OxCal version 4.3.2 and IntCal 13 (Ramsey, 2017). The original '*C data set is evaluated and
discussed given in a parallel study by Junginger et al. in prep.

Remotely Sensed Shoreline Exploration

Google Earth images were used to locate published (and dated) shorelines of paleo-lakes
Suguta, Chew Bahir, and Turkana (see references above). Based on the remotely observed
features on these satellite images, potential shorelines of the nearly unexplored paleo-lake
Chalbi were identified. We carefully distinguished potential geological (e.g., faults) and
geomorphological features (e.g., wind ripples, dunes) to provide cautiously possible shoreline
localities. The potential paleo-lake Chalbi outlet and overflow sill were calculated using ArcGIS
10.3 and the toolbox ArcHydro (Merwade, 2012).

Shoreline Proxy Transfer Function

Previous drilling and drill core analyses in the Chew Bahir have provided a well-testified hydro-
climate proxy, namely potassium (K) from p-XRF scanning in a high-resolution (tens of years)
(Foerster et al., 2012; 2018). We tested the capability to use the high-resolution K proxy record
to predict lake levels based on the collected shoreline record, a so-called transfer function.
Therefore, we merged both using three different methods to test if one of the methods provides
a robust correlation between the z-transformed p-XRF potassium and the relative normalized
shoreline elevation. First, by merging the shoreline elevation, their exact age (or single age),
and the exact z-transformed p-XRF potassium. Second, by merging the shoreline data with
the mean of z-transformed p-XRF potassium given the two-sigma age range of the specific
shoreline. Third, by merging each shoreline data with all values of the z-transformed p-XRF
potassium in the two-sigma age range of each particular shoreline. Next, we created a subset
of the shoreline dataset by using no archeological sites, no sites from the Suguta valley, and
by using only sites with an age precision below 200 years. To test the robustness of the
correlation, we used a non-parametric spearman rank correlation. All analysis steps are
conducted in R and available on Github (Github.com/MLFischer/Turkana-Lake-System,
08/22).

Results
Paleo-Shoreline Dataset

In eastern Africa, in the surrounding of Lake Turkana, intensive studies during the past
decades revealed a complex history and sensitivity of the surrounding paleo-lakes, primarily
based on numerous shoreline records. This includes Lake Turkana (Beck et al., 2019; Bloszies
et al., 2015; Forman et al., 2014; Garcin et al., 2012), paleo-lake Suguta (Garcin et al., 2009;
Junginger & Trauth, 2013), Chew Bahir (Fischer et al., 2020; Foerster et al., 2012; Foerster et
al., 2015; M. H. Trauth et al., 2018), and paleo-lake Chalbi (Nyamweru, 1986; Nyamweru & D.,
1989). The compiled dataset contains 192 dated sites, which includes 26 dated archeological
sites and 89 shorelines at Lake Turkana, 44 shoreline ages from the Suguta Valley, four
published ages from paleo-lake Chalbi, and eight new ages from paleo-lake Chew Bahir. A
review of the existing data on paleo-lake levels of the lowland lakes, including Lake Turkana,
is summarized below.

Lake Turkana

The dry climate encircling Lake Turkana preserved shorelines and archaeological sites from
the last AHP in good quality, which provides evidence of the lake’s extent at a specific time.
Lake Turkana’s shorelines cover the whole range in space (from the modern-day lake surface
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until the overflow sill) and time, whereby a higher record density occurs during the termination
of the AHP from ca. 7 to 5 ka. Bloszies et al. (2015) and Forman et al. (2014) have summarized
the lake level history of Lake Turkana based on their own data complemented by intensive
research that has been done over the past decades (Butzer, 1980; Butzer et al., 1972; Butzer
& Thurber, 1969; Owen et al., 1982; Phillipson, 1977; Webster Barthelme, 1985) (Fig. 1). This
lake level curve, however, contradicts a reconstruction by Garcin et al. (2012), which got
updated using new dates from Beck et al. (2019). The primary contradictory focuses on the
termination of the AHP. For how long Turkana was an exoreic lake during the AHP and if the
ending of the AHP between 7 and 5 ka was either abrupt or gradual remains an open debate.

Paleo-lake Suguta

The first evidence for tremendously deep paleo-lake Suguta during the late Pleistocene using
shorelines was carried out by Baker and Lovenbury (1971) and Truckle (1976). A lake level
curve of the AHP was reconstructed using lake sediments, shoreline deposits, and a Lake
Balance Model by Junginger and Trauth (2013), including shorelines presented by Garcin et
al. (2009) that have been reservoir corrected (see Figure 1). The pure shoreline data based
on snail shells (mainly M. tuberculata) of paleo-lake Suguta covers only the upper third of the
nearly 300 m deep lake, primarily samples from the main phase of the AHP (ca. 11 to 8 ka).
The reconstructed paleo-lake level of Suguta shows a rapid onset and a gradual lake decline
at the end of the AHP, which contrasts with Lake Turkana’s lake level data (Junginger & Trauth,
2013).

Paleo-lake Chew Bahir

The most detailed continuous regional und supra-regional paleoclimate record comes from the
Chew Bahir basin, as multiple drill cores covering the AHP have been intensely analyzed in
the last decade (Foerster et al., 2018; Foerster et al., 2012; Schaebitz et al., 2021; Trauth et
al., 2021). Despite the high-resolution py-XRF data (particularly potassium as a hydro-climate
proxy), these records lack paleo-shoreline data. The potential paleo-lake level evolution during
the AHP of Chew Bahir thus has been reconstructed by Fischer et al. (2020) by linking a Lake
Balance Model of the southern Main Ethiopian Rift with the potassium record (Foerster et al.,
2018; Foerster et al., 2015) (Fig. 1). Model results showed that paleo-lake Chew Bahir
depended highly on water flux from the Main Ethiopian Rift and the overflowing lakes Abaya
and Chamo. The model provided evidence that fluctuations in the potassium record at the
termination of the AHP would have been sufficient to desiccate paleo-lake Chew Bahir multiple
times. New shoreline data from shell beds, presented in our study, show a lake 35 m deep at
9.7, 9.6, and 10.9 ka (Tab. 1). Stromatolites are mainly in the vicinity of the modern basin floor
and date to 7.1, 4.6 and 5.7 ka. As the analysis of stromatolites is still in progress by a parallel
study by Junginger et al. (in prep), where growth form and isotopes are applied for evaluation
of lake depth and lake status, the presented stromatolite data must be taken with caution.

Paleo-lake Chalbi

While Turkana, Suguta, and Chew Bahir have been examined intensively during the past
decades, the Chalbi desert got little attention. Fieldwork in the 80s revealed four sites with
dated M. tuberculata (Nyamweru, 1986; Nyamweru & D., 1989). Three indicate a permanent
water body using stable isotopes (Abell & Nyamweru, 1988). Based on a modern-day digital
elevation model, the shorelines’ altitude was 35 m above the modern basin floor. Above the
40 m level, Nyamweru and D. (1989) do not see evidence of a more enormous lake. Instead,
a small sink in the southwest, called Olturo, suggests a wet and swampy environment
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throughout the large flat plane. The existing data prove that a paleo-lake has covered
approximately 20% of the total possible lake basin during the early and main phase of the AHP.

Results on Remotely Sensed Shoreline Exploration

We surveyed the potential outlets of the paleo-lakes. Based on known paleo-shoreline
localities (Figure 2-A, B, C, E), we searched for potential shoreline sites at paleo-lake Chalbi
and Chew Bahir. Explicit wave-cut notches, as visible around Lake Turkana based on Garcin
et al. (2012) (see Figure 2-A, B), are not visible in the Chew Bahir paleo-lake outlet. The
maximum extent of paleo-lake Chew Bahir was revealed using Google Earth Pro surveying,
which got confirmed during our field campaign in 2018. Shell beds in Figure 2-E were dated at
9.6 ka. We did not find other explicit locations of a maximum extent shoreline of paleo-lake
Chew Bahir. Instead, multiple shallow distinct features have been documented comparable
with beach ridges from the Suguta Valley and Lake Turkana (see Figure 2-A, C, D, and E).

In the Chalbi desert, multiple weak noticeable (presumed) wave-cut notches are visible at the
eastern flood basalt, indicating up to 45 m paleo-lake water level. At North Horr (Figure 2-G),
white sediments are visible at the surface, which may be diatomite layers, as they are common
in other East African Rift System paleo-lake basins. Those sediments have been dated by
Nyamweru (1986) to 10.87 ka. White sediment layers are visible at multiple locations (e.g.,
Figure 2-H) and match the overflow sill elevations with a water column of ca. + 100 m. Indistinct
features, such as possible beach ridges, wave ripples, or wind dunes at other localities, may
provide further evidence of the paleo-lake extent and offer possible locations for sediment
sampling and hypothesis testing.

Table 1 | 14C Ages from paleo-lake Chew Bahir (*preliminary stromatolite ages and currently still under
investigation). A detailed discussion and evaluation on all 14C data is given in a parallel study by Junginger et

al. (in prep.)

Location Sample Description 14C age age [cal BP] 813C [%0] 14C conc.
M1* M1Cii_14C_01 M1 top 7074 + 31 7904 + 58 -4.8 £1 0.4145
Mm2* M2B_14C_02 M2 inner 4607 =30 5415 + 39 -1.2+1 0.5635
M7* M7C_14C_01 M7 top 5735 £ 30 6541 +92 -6.1+1 0.4897
m8* M8B_14C_01 M8 top 4605 + 30 5415 + 40 25=+1 0.5637
B21 CB18-B21 corticula 10938 +34 12871 £ 85 3.7 1 0.2562
B2 CB18-B2 inlet 9727 + 33 11183 £ 24 72 +1 0.2979
B18 CB18-B18 shell layer 9758 + 33 11017 £ 125 -58+1 0.2968
B18 CB18-B18 white hill 9643 + 33 11017 + 58 -82=+1 0.3010

Transfer Function

We tested three methods to merge the shoreline dataset with the potassium record from the
CB-01 short core. The best spearman’s rho is accessed for single-age extraction with 0.34,
whereas the two-sigma mean extraction rho is 0.33, and the all-value extraction (Fig. 3-C) has
a rho of 0.29. The further data cleaning led to a Spearman correlation rho of 0.34 (excluding
archaeological sites, 145 sites left), 0.31 (no archaeological sites and no sites from paleo-lake
Suguta, 103 sites left), and 0.33 (only sites with a dating two sigma range below 200 years, 63
sites left). These metrics do not show a significant correlation between the normalized relative
lake levels of the shorelines and the related z-transformed p-XRF potassium.
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Discussion

We reviewed the literature about Lake Turkana and the adjacent paleo-lakes Suguta, Chew
Bahir, and Chalbi, surveyed visual satellite imagery and provided new shorelines dates from
paleo-lake Chew Bahir to determine their paleo-lake extents, their lake-level evolution, and to
analyze the correlation of the lake-levels and the potassium py-XRF scanning data from the CB-
01 short core (Foerster et al., 2015). In summary, during the last AHP, the lakes had a size of
22,904 km? (Lake Turkana), 1,713 km? (paleo-lake Suguta), and 2,477 km? (paleo-lake Chew
Bahir), and 2,460 km? (paleo-lake Chalbi). Today, Lake Turkana is the only lake with an outlet
area of approximately 6,400 km2. Shoreline ages indicate paleo-lake Chew Bahir and Chalbi
may have reached their maximum extent only during the early phase of AHP at around 10 and
11 ka.
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Figure 3. Analysis of the Shoreline. (A) Paleo-lake bathymetries and location of the shorelines and archeological
sites. (B) time series of CB-01 and the normalized relative lake levels. (C) data space of the merged datasets using
the three presented methods.

Lake Turkana interconnects the Hydrosphere of the rift lakes Abaya, Chamo, Chew Bahir,
Suguta, Baringo, Nakuru-Elmenteita with the Mediterranean Sea (Dommain et al., 2022) and,
regionally, the Ethiopian with the Kenyan rift lakes. Lake Abaya, Chamo, and paleo-lake Chew
Bahir formed a cascading lake system, which drained into Lake Turkana (Fischer et al., 2020).
Analogous, Nakuru-Elementeita, Baringo-Bogoria developed a lake system, which overspilled
to paleo-lake Suguta and then towards Lake Turkana (Junginger et al., 2014). Paleo-lake
Chalbi was not part of this paleo-drainage system and was the only lake that presumably did
not reached its overflow sill. Lake Balance Modelling suggested the high importance of the
surface water inflow from the extended catchment (Fischer et al., 2020). The missing
overspilling influx of paleo-lake Chalbi may have led to insufficient water to compensate for the
high evaporation. This hypothesis could be tested using water balance modelling, as applied
for the Chew Bahir basin. The elevation of the proven water level of paleo-lake Chalbi (400 m
asl) is below the absolute water level of Lake Turkana (455 m asl).

White sediments surrounding paleo-lake Chalbi (see Figure 2-H) are located at the overflow
sill elevation and are presumably lacustrine deposits. Nevertheless, their age is yet unknown
and may coincide with older lake phases during the Pleistocene. For example, during the
Pliocene, the Chalbi and the Turkana basin were connected, forming a mega-lake, which
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drained into the Indian Ocean (Bruhn et al., 2011). Basalt flows may have covered the
lacustrine sediments, which could provide a detailed archive of earlier lake phases.

The lake level evolution and the climate processes during the AHP remain debated. Paleo-
lake Chew Bahir and Chalbi have their highest localized and dated shorelines from the early
AHP. An incomplete record may lead to false conclusions but may be interpreted as a climate
signal: The shoreline record implies a rapid onset of humid conditions after the Younger Dryas
at around 10.9 ka and a gradual decline of precipitation (Junginger et al., 2014), which leads
to the desiccation of paleo-lake Chalbi. As the potassium record indicates, paleo-lake Chew
Bahir may have remained a freshwater throughout flow lake with stable climatic conditions
(Fischer et al., 2020; M. Trauth et al., 2018).

Shoreline Record Dataset Discussion

Shorelines as a paleoenvironmental proxy are valuable as they provide an archive that can be
used to gain spatial and quantitative information about the paleoenvironment and have been
used widely all over the globe in, for example, Africa (Drake et al., 2022; Quade et al., 2018),
Asia (Jarahi, 2021; Yang et al., 2008; Zhang, Zhao, Sheng, Chen, et al., 2022; Zhang, Zhao,
Sheng, Zhang, et al., 2022), America (Baedke et al., 2004; Lewis et al., 2012), and even on
the Mars (Irwin Ill et al., 2002). Shorelines are analyzed remotely based on digital elevation
models (Drake & Bristow, 2006; Irwin Il et al., 2002), visual aerial or satellite image
interpretation (Jarahi, 2021), multi-spectral remote sensing (Bachofer et al., 2014), ground
surveys using outcrop or surface samples (Garcin et al., 2009; Huth et al., 2015; Mologni et
al., 2021), and even sub-merged paleo-shorelines using acoustic profiles (Lewis et al., 2012).
As a geomorphological or sedimentary feature, they are used to reconstruct paleo-lake extents
(Junginger & Trauth, 2013), paleo-drainage networks (Dommain et al., 2022), tectonics
(Melnick et al., 2012), limnological sedimentary processes (Schuster & Nutz, 2018), paleo-
water balance (Junginger & Trauth, 2013) and paleoclimate (Bouchette et al., 2010; Huth et
al., 2015; Irwin Il et al., 2002).

Nevertheless, the shoreline record from the Turkana realm has high noise and uncertainty.
Shoreline samples based on a few surface shells, either M. tuberculata or Etheria elliptica, are
not certainly in situ depositions. Gravitational transport may dislocate them, especially in the
studied millennial time scales. Outcrops, shell layer or subsurface samples avoid this problem
but are relatively scarce in this record. Vertical uncertainty remains, as aquatic species live up
to a couple of meters underwater and may be displaced due to water movement. So then, the
shoreline is a lower boundary but may have been significantly higher. Archaeological sites, on
the other hand, act as an upper limit of the lake level, as they have not necessarily been at the
lake surface but have not been under water.

With 192 uneven distributed data points, of which 162 are shorelines, and 30 are
archaeological sites for 15,000 years, the record is limited in its temporal resolution. The
vertical accuracy is dominated by high noise, which superimposes the climate signal. In
contrast, the potassium record shows the rapid onset, the stable humidity, and the gradual
fluctuating offset of the AHP in a decadal resolution (Fischer et al., 2020). As the potassium
record is analyzed following one procedure, it may have the same proxy-system bias for each
data point. This makes trend analysis more suitable in contrast to the multi-method, multi-
procedure, and multi-laboratory shoreline record, where each datapoint has its own bias.

The normalized relative lake level allows for inter-lake comparison. But it is not entirely suitable
to generalize the lake processes in terms of climate forcing. Each basin has its specific Aridity
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Index and Hypsometric Integral (Olaka et al., 2010) that modifies the pace and magnitude of
lake level change to increased precipitation (Fischer et al., 2020). The ratio between the lake
and land surface within the catchments is a function of the hypsometry of the basin and differs
significantly. Paleo-lake Suguta, for example, has very steep graben shoulders. So then,
increasing lake levels do not substantially increase the lake surface area and, hence, the
evaporation volume. In contrast, paleo-lake Chew Bahir increases its surface area
tremendously by slightly increasing the lake level. Paleo-lake Chalbi and Lake Turkana have
comparable paleo-lake bathymetry. Little precipitation or temperature changes may lead to
intense fluctuations in the lake level of paleo-lake Suguta. In contrast, those small changes
would lead to drastic changes in the water budget of the other lakes and may therefore be
recorded in their shoreline record.

Empiric Transfer Function Potentials

The link between two paleo records inherits both age model-related uncertainties. In this case,
the new dataset inherits the age model uncertainty of the lacustrine potassium record and the
uncertainty of every single dated shoreline. We tested different methods to align them by taking
the uncertainty of the shorelines into account but taking the age model of the potassium record
as invariable. The single-age merge may catch specific maxima and minima of the potassium
record, but, by chance, it may match to a chronological close-by inverse peak, which adds
random noise to the new aligned dataset. The two-sigma averaged alignment decreases the
likelihood of random noise but decreases the signal. For example, a high-stand shoreline,
which would correspond with a low peak in potassium, would not be recorded. Instead, a
centennial averaged potassium signal is aligned to a decade-lasting shoreline. Aligning all
potassium values within the given age range of the shoreline forces a higher signal but also a
higher noise within the dataset. This makes this method a non-improvement, too.
Nevertheless, none of these methods led to a dataset with a significant correlation, suitable for
a potential transfer function between lacustrine y-XRF and shoreline elevations. Age control
remains one of the biggest challenges in paleoclimate research.

Lake Level and Landscape Implication

The Turkana lows interconnect the highland regions of the Ethiopian and Kenyan uplift dome
and have been an important fossil-bearing site (Brown et al., 1985; Leakey, 1969; Walker et
al., 1986) and network node (Bergstrom et al., 2021) on human evolutionary time scales.
During the most intense pluvial period, e.g., at around 11 ka, four mega paleo-lakes and dense
savanna vegetation led to a resource-rich environment, as shorelines and modeling work
indicate (Fischer et al., 2021; Fischer et al., 2020; Garcin et al., 2012; Junginger & Trauth,
2013; Nyamweru & D., 1989). High climate sensitivity forced the eastern lakes (paleo-lakes
Chew Bahir and Chalbi) even during the African Humid Period to dry out. Presumably, humid
decadal intervals reactivated this region as a resource-rich environment. Still, every dry spell
must have forced climate adaptability from humans living close to paleo-lake Chalbi or Chew
Bahir, which may have led to population pressure at the eastern shore of Lake Turkana. In
contrast, paleo-lake Suguta remained a large lake throughout the African Humid Period and
provided a more stable environment. We see high importance, especially in the region between
the (paleo-)lakes Turkana, Chew Bahir, and Chalbi. Whenever a turnover to dry conditions
occurs, the eastern shore of Lake Turkana could have been a significant refugium beside
distant vertical migration to the green and lush mountainous regions (Foerster et al., 2015).
This condensation of resources in space at the Lake Turkana shore may have played a role in
human behavior exchange and adaptability when the transition from fishing and hunter-
gathering to animal husbandry and the occurrence of the first cemetery (Elisabeth A.
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Hildebrand et al., 2018) at the end of the African Humid Period has taken place in the
surrounding of Lake Turkana.

Conclusion

We examined the lakes between the Ethiopian and Kenyan Plateau, which includes Lake
Turkana, paleo-lake Chew Bahir, Suguta, and Chalbi, using literature and data review and -
collection, visual remote sensing, data merging, and analysis to (a) reconstruct the paleo-lake
extents and depths (b) identify potential gaps in knowledge and (c) to combine multiple paleo
datasets. Based on the literature and remote sensing, we conclude that paleo-lake Chalbi was
the only lake in the Turkana Depression that did not reach its overflow sill, as it was the only
lake which did not received additional water influx from an extended catchment. We see high
importance as reliable resource region for humans during the AHP and termination of the
eastern shore of Lake Turkana, because the eastern paleo-lakes, Chew Bahir and Chalbi,
reacted hypersensitive to short dry spells. Developing a transfer function between lake levels
represented by shorelines and the lacustrine potassium proxy failed. We conclude that the
combined age model uncertainties and the data quality of shorelines are insufficient for this
approach.
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Table S1 | Shoreline record and archeological sites, archeological sites coordinates published with significant reduced precision (*B = Chew Bahir S = Suguta, C =
Chalbi, T = Turkana, TA = Turkana archaeology; **M = Melanoides tuberculata, E = Etheria elliptica, O = Ostracods, C= charcoal, H = humid acids, B = Bivalve, O =
oyster , Sn=snail, St= Stromatolites; *** cal BP).

14C

14C 20 14C 20
1D Site* 1D orig Type** Elev Lat Long mean*** min*** max*** Reference
1 S KIA35809 (0] 322 1,913 36,465 5050 5022 5114 Junginger et al., 2014
2 S KIA36873 M 573 1,561 36,334 6770 6664 6901 Junginger et al., 2014
3 S KIA36866 M 565 1,619 36,461 7500 7426 7581 Junginger et al., 2014
4 S KIA33903 M 536 2,273 36,578 8250 8187 8376 Junginger et al., 2014
5 S KIA33909 M 520 1,576 36,373 8660 8554 8791 Junginger et al., 2014
6 S KIA33902 M 490 2,270 36,574 9350 9195 9440 Junginger et al., 2014
7 S KIA33916 M 519 1,950 36,381 8990 8855 9124 Junginger et al., 2014
8 S KIA36872 M 563 1,790 36,515 9020 8767 9137 Junginger et al., 2014
9 S KIA33917 M 585 1,955 36,416 9030 8992 9143 Junginger et al., 2014
10 S KIA33908 M 536 1,578 36,400 9050 8974 9139 Junginger et al., 2014
11 S KIA33918 M 585 1,955 36,416 9790 9736 10168 Junginger et al., 2014
12 S KIA33911 M 528 2,246 36,614 10020 9885 10194 Junginger et al., 2014
13 S KIA33913 M 545 2,248 36,614 9960 9760 10172 Junginger et al., 2014
14 S KIA33912 M 555 2,248 36,613 10250 10133 10267 Junginger et al., 2014
15 S KIA37059 C 522 1,638 36,225 10750 10720 10870 Junginger et al., 2014
16 S KIA37060 E 522 1,538 36,225 10790 10742 11166 Junginger et al., 2014
17 S KIA37057 M,R 522 1,538 36,225 10930 10702 11109 Junginger et al., 2014
18 S KIA37058 CR 522 1,538 36,225 10930 10702 11109 Junginger et al., 2014
19 S KIA37056 Cc 522 1,538 36,225 11120 10920 11110 Junginger et al., 2014
20 S KIA37055 c 522 1,538 36,225 11200 11091 11243 Junginger et al., 2014
21 S KIA37054 c 522 1,538 36,225 11210 11162 11252 Junginger et al., 2014
22 S KIA33910 M 524 1,637 36,226 13650 13493 13813 Junginger et al., 2014
23 S KIA33907 E 524 1,637 36,226 13850 13739 14000 Junginger et al., 2014
24 S KIA33904 M 461 2,219 36,631 10700 10552 10793 Junginger et al., 2014
25 S KIA33905 M 461 2,219 36,631 10220 10223 10432 Junginger et al., 2014
26 S KIA33906 M 461 2,219 36,631 9510 9465 9546 Junginger et al., 2014
27 S KIA37071 M 461 2,219 36,631 9495 9420 9537 Junginger et al., 2014
28 S KIA33901 M 536 2,272 36,578 8810 8637 8984 Junginger et al., 2014
29 S KIA37069 M,R 461 2,219 36,631 9300 9081 9329 Junginger et al., 2014
30 S KIA37070 (R:’HA’ 461 2,219 36,631 9300 9081 9329 Junginger et al., 2014
31 S KIA37068 Cb 461 2,219 36,631 9120 9010 9304 Junginger et al., 2014
32 S KIA37067 Cc 462 1,630 36,465 8570 8453 8629 Junginger et al., 2014
33 S KIA37065 M,R 462 1,630 36,465 8690 8593 8811 Junginger et al., 2014
34 S KIA37066 CR 462 1,630 36,465 8690 8593 8811 Junginger et al., 2014
35 S KIA37064 Cc 462 1,630 36,465 8990 8767 9031 Junginger et al., 2014
36 S KIA37063 Cc 462 1,630 36,465 9250 9021 9302 Junginger et al., 2014
37 S KIA37062 M 462 1,630 36,465 10060 9767 10188 Junginger et al., 2014
38 S KIA37061 Cc 462 1,630 36,465 11300 11073 11824 Junginger et al., 2014
39 S KIA33919 M 547 1,550 36,222 8770 8720 9035 Junginger et al., 2014
40 S KIA 33914 M 490 1,947 36,380 9430 9272 9482 Junginger et al., 2014
41 S KIA33915 M 500 1,950 36,381 9510 9465 9564 Junginger et al., 2014
42 S KIA43294 C 529 1,651 36,226 8780 8278 9139 Junginger et al., 2014
43 S KIA43247 CR 331 1,910 36,464 840 737 962 Junginger et al., 2014
44 S KIA43248 M,R 331 1,910 36,464 840 795 886 Junginger et al., 2014
45 B CB18-B21 C B 530 4,707 36,733 12871 12786 12956 this study
46 B CB18-B2 1 M 502 4,691 36,751 11183 11159 11206 this study
47 B CB18-B18 SH B 532 4,705 36,731 11017 10892 11141 this study
48 B CB18-B18WH B 532 4,705 36,731 11017 10892 11141 this study
49 B M1Cii_14C_01 St 502 4,695 36,753 7904 7846 7962 this study
52 B M2B_14C_02 St 502 4,691 36,751 5415 5376 5454 this study
54 B M7C_14C_01 St 502 4,742 36,761 6541 6449 6633 this study
57 B M8B_14C_01 St 509 4,697 36,743 5415 5375 5455 this study
72 T KIA 36856 M 453 2,661 36,588 9085 9015 9270 Garcin et al., 2012
73 T KIA 36857 E 453 2,661 36,588 11190 10884 11247 Garcin et al., 2012



74 T KIA 36858 M 428 2,627 36,572 5420 5306 5469 Garcin et al., 2012
75 T KIA 36859 M 422 2,626 36,571 4865 4843 4969 Garcin et al., 2012
76 T KIA 36860 M 411 2,626 36,572 5385 5316 5576 Garcin et al., 2012
77 T KIA 36861 M 407 2,625 36,572 4925 4855 5040 Garcin et al., 2012
78 T KIA 36862 B 402 2,624 36,571 5625 5590 5715 Garcin et al., 2012
79 T KIA 36864 M 393 2,622 36,571 11500 11275 11764 Garcin et al., 2012
80 T KIA 36865 M 384 2,619 36,571 5375 5319 5579 Garcin et al., 2012
81 T Pa 2226 M 432 2,932 36,063 11215 10788 11606 Garcin et al., 2012
82 T Pa 2227 B 421 3,219 36,003 7255 7024 7318 Garcin et al., 2012
83 T Pa 2224 S 421 3,219 36,003 7550 7438 7576 Garcin et al., 2012
84 T Pa 2223 B 449 3,748 35,785 10765 10585 11125 Garcin et al., 2012
85 T TOP 02/11 (0] 435 3,845 35772 6650 6446 6780 Garcin et al., 2012
86 T LAPS 02/14 (0] 433 4,284 35863 5950 5754 6263 Garcin et al., 2012
87 T Pa 2230 (0] 440 4,118 35851 5500 5474 5601 Garcin et al., 2012
88 T Pa 2231 St 440 4,118 35851 5500 5470 5594 Garcin et al., 2012
89 T Pa 2225 () 444 4,151 35852 6070 5992 6208 Garcin et al., 2012
90 T Pa 2228 M 444 4,151 35852 5710 5601 5875 Garcin et al., 2012
91 T Pa 2229 (0] 426 4,086 35838 6000 5927 6180 Garcin et al., 2012
92 T Pa 2232 (0] 426 4,086 35838 5995 5929 6178 Garcin et al., 2012
93 T 402648 Cc 422 3,458 35,782 10630 10560 10695 Beck et al., 2019

94 T 402649 S 422 3,458 35,782 10990 10913 10993 Beck et al., 2019

95 T 3775179 C 407 3,458 35,785 10900 10812 10987 Beck et al., 2019

96 T 396299 S 430 3,446 35788 11740 11560 11745 Beck et al., 2019

97 T 396300 S 430 3,446 35,788 13040 12990 13090 Beck et al., 2019

98 T 396301 S 430 3,446 35,788 13870 13755 13980 Beck et al., 2019

99 T ISGS A-1133 M 422 2,940 36,630 7600 7580 7620 Forman et al., 2014
100 T ISGS A-1259 B 378 2,902 36,634 5960 5945 5975 Forman et al., 2014
101 T ISGS A-1260 B 397 2,920 36,632 6275 6260 6290 Forman et al., 2014
102 T ISGS A-1261 M 414 2,932 36,630 6820 6785 6855 Forman et al., 2014
104 T ISGS A-1342 E 440 2,963 36,619 6440 6415 6465 Forman et al., 2014
105 T SNU11-A023 M 370 2,895 36,634 5965 5905 6025 Forman et al., 2014
106 T SNU11-A024 M 406 2,926 36,630 6340 6290 6390 Forman et al., 2014
107 T SNU11-A027 M 397 2,920 36,632 7490 7445 7535 Forman et al., 2014
108 T SNU11-A028 B 397 2,920 36,632 6135 6055 6215 Forman et al., 2014
109 T SNU11-A029 B 397 2,921 36,633 6670 6600 6740 Forman et al., 2014
10 T uic2321 OosL 416 2,936 36,630 6860 6440 7280 Forman et al., 2014
111 T uiC2497 OosL 440 2,963 36,619 6510 6030 6990 Forman et al., 2014
12 T uIC2513 OosL 379 2,904 36,632 6315 5845 6785 Forman et al., 2014
13 T UIC2513a OoSsL 379 2,904 36,632 5635 4725 6545 Forman et al., 2014
14 T uiC2514 OoSsL 380 2,902 36633 0 0 45 Forman et al., 2014
115 T uic2719 OoSsL 446 2,961 36,622 7580 7055 8105 Forman et al., 2014
16 T uIC2720 OoSsL 420 2,940 36,633 5260 4890 5630 Forman et al., 2014
17 T uica721 OoSsL 380 2,902 36,633 540 490 590 Forman et al., 2014
18 T UIC2958 OoSsL 403 2,924 36,632 3920 3680 4160 Forman et al., 2014
19 T UIC2959 OosL 400 2,920 36,623 4150 3700 4600 Forman et al., 2014
120 T UIC2960 OosL 406 2,926 36,630 5760 5400 6120 Forman et al., 2014
121 T uiC2961 OosL 406 2,926 36,630 3065 2820 3310 Forman et al., 2014
122 T SNU12-589 M 450 3,424 35805 5180 5060 5300 Bloszies et al., 2015
123 T SNU12-590 M 402 3,577 35812 6960 6890 7030 Bloszies et al., 2015
126 T SNU12-591 M 396 3,301 35971 5700 5635 5765 Bloszies et al., 2015
128 T SNU12-592 M 397 3,526 35811 7800 7720 7880 Bloszies et al., 2015
129 T SNU12-593 M 404 3,525 35805 13680 13610 13750 Bloszies et al., 2015
130 T SNU12-594 M 453 2,916 36,058 11175 11100 11250 Bloszies et al., 2015
131 T SNU12-595 M 448 2,917 36,060 10610 10515 10705 Bloszies et al., 2015
132 T SNU12-596 E 446 2,917 36,059 10830 10690 10970 Bloszies et al., 2015
133 T SNU12-597 M 446 2,917 36,055 10670 10560 10780 Bloszies et al., 2015
18 T SNU12-598 B 446 2,917 36,055 10850 10660 11040 Bloszies et al., 2015
135 T SNU12-599 M 442 2,918 36,055 10395 10295 10495 Bloszies et al., 2015
136 T ULN# B 433 5,375 35,912 13020 12791 13132 Brown and Fuller, 2008
137 T L-1203-1 B 441 5303 35984 5785 5600 5990 Butzer, 1980, Butzer and Thurber, 1972
138 T L-1203-B B 410 5,392 35907 10240 9701 10576 Butzer and Thurber, 1969, Butzeret al., 1972
139 T L-1203-C B 410 5392 35907 11300 10804 11990 Butzer and Thurber, 1969, Butzeret al., 1972



140 T L-1203-D B 410 5,392 35,907 10250 9563 10776 Butzer and Thurber, 1969, Butzeret al., 1972
141 T L-1203-E B 410 5,392 35,907 10350 9785 11089 Butzer and Thurber, 1969, Butzeret al., 1972
142 T L-1203-G B 448 5,300 35950 6960 6413 6900 Butzer and Thurber, 1969, Butzeret al., 1972
143 T L-1203-H B 444 5,315 35929 3870 3615 4418 Butzer and Thurber, 1969, Butzeret al., 1972
144 T L-1203-I B 430 5,327 35998 6670 6413 6900 Butzer and Thurber, 1969, Butzeret al., 1972
145 T L-1203-J B 417 5,377 36,193 11300 10804 11990 Butzer and Thurber, 1969, Butzeret al., 1972
146 T L-1203-K B 423 5,335 36,064 7020 6788 7267 Butzer and Thurber, 1969, Butzeret al., 1972
147 T L-1203-L E 425 5,083 35917 9400 8785 9551 Butzer and Thurber, 1969, Butzeret al., 1972
148 T L-1203-M B 437 5,400 35,950 10750 9934 11953 Butzer and Thurber, 1969, Butzeret al., 1972
149 T L-1303-A B 444 5,167 35,586 6400 5609 7170 Butzeret al., 1972

150 T L-1303-C B 393 5,084 36,032 11290 10182 12525 Butzeret al., 1972

151 T L-1303-H B 417 5,396 35,946 10600 9627 11326 Butzeret al., 1972

152 T R1-954 B 452 4,072 36,343 11350 10716 12394 Owen et al., 1982

153 T SUA-635 B 448 3,948 36,397 10490 10221 11073 Owen et al., 1982

154 T SUA-638 B 425 3,941 36,247 12610 12143 12958 Owen et al., 1982

155 T Gx-5479 B 452 4,072 36,343 11200 10298 11813 Owen et al., 1982, Barthelme, 1985

156 T Hel-1276 B 433 3,952 36,369 9980 9560 10273 Owen et al., 1982, Barthelme, 1985

157 T Hel-1277 E 433 3,952 36,369 10240 9901 10655 Owen et al., 1982, Barthelme, 1985

158 T SUA-635 B 423 3,943 36,238 10560 10223 11075 Owen et al., 1982, Barthelme, 1985

159 T HEL-867 B 433 2,932 36,720 10650 10236 11206 Phillipson, 1977

160 T Birm-540 E 367 3,968 36,213 5630 5053 6265 Williams and Johnson, 1976

161 T Birm-540 E 367 3,968 36,213 5010 4441 5577 Williams and Johnson, 1976

162 TA FwJh14 A 376 4,29 35,90 1290 1260 1320 Wright et al., 2015

163 TA FwJh16 A 382 4,30 35,90 3355 3250 3460 Wright et al., 2015

164 TA Gadi2 A 424 3,94 36,23 4509 4237 4781 Wright et al., 2015

165 TA Gadi4 A 425 3,94 36,24 4710 4581 4839 Wright et al., 2015

166 TA FwJjs A 438 4,27 36,29 900 840 960 Wright et al., 2015

167 TA FwJj25 A 439 4,27 36,28 4020 3740 4300 Wright et al., 2015

168 TA GeJk4 A 433 2,91 36,71 10718 10235 11202 Wright et al., 2015

169 TA Gedht A 391 3,40 35,92 1761 1068 2455 Wright et al., 2015

170 TA GeJdh2 A 406 3,39 35,92 2203 2061 2345 Wright et al., 2015

171 TA A 389 3,19 36,02 1027 799 1255 Wright et al., 2015

172 TA GddJi2 A 452 3,16 35,98 6195 5995 6394 Wright et al., 2015

173 TA FvJh2 A 387 4,46 35,91 7866 7577 8156 Wright et al., 2015

174 TA A 389 3,19 36,02 871 693 1049 Wright et al., 2015

175 TA A 442 5,19 35,61 10316 9537 11096 Wright et al., 2015

176 TA A 432 5,19 35,99 6214 5991 6437 Wright et al., 2015

177 TA Gadi23 A 436 4,00 36,35 4690 4533 4847 Wright et al., 2015

178 TA GbJj1 A 438 3,62 36,26 5061 4858 5265 Wright et al., 2015

179  TA GeJdhit A 445 3,43 35,75 11211 11177 11246 Wright et al., 2015

180 TA Gedi10 A 467 2,92 36,04 4851 4836 4866 Wright et al., 2015

181 TA GeJh3 A 387 3,49 35,86 4331 4250 4413 Wright et al., 2015

182 TA Gedhs A 380 3,51 35,86 4171 4102 4240 Wright et al., 2015

183 TA A 566 2,00 36,11 1114 937 1291 Wright et al., 2015

184 TA Gedk10 A 378 2,90 36,63 2890 2695 3085 Wright et al., 2015

185 TA GeJdk13 A 401 2,92 36,63 2686 2622 2751 Wright et al., 2015

186 TA Gedit1 A 454 2,91 36,05 7145 5320 8971 Wright et al., 2015

187 TA Gedi9 A 442 2,92 36,05 4951 4870 5033 Wright et al., 2015

188 TA A 419 5,34 36,07 10000 9415 11211 Wright et al., 2015

189 C Maikona M 375 2,93 37,630 12969 12752 13185 Nyamweru and Bowman, 1989

190 C Kalacha M 381 3,131 37,421 12406 12053 12758 Nyamweru and Bowman, 1989

191 Cc Laga llama M 400 3,336 37,037 10877 10581 11172 Nyamweru and Bowman, 1989

192 C Olturot M 541 2,585 37,087 12309 11940 12678 Nyamweru and Bowman, 1989
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ABSTRACT

During the last African Humid Period (AHP; 15—5 ka), many lakes in the East African Rift System (EARS)
experienced pronounced lake-level variations that dramatically transformed the hydrological landscape.
Currently dry, saline or marshy-wetland terminal lakes became vast waterbodies, interconnected via
overflow sills resulting in the formation of a several thousand-kilometre-long chain of lakes in the EARS.
A quantitative, process-based understanding of these hydrological systems can advance our interpre-
tation of past hydroclimate variability from proxy records. Here, we provide a critical modern hydro-
logical dataset for the data-sparse Lake Chew Bahir basin in southern Ethiopia. Driven by modern data,
an isotope-enabled hydro-balance model was developed to assess how increases in rainfall modulate
3'80 and ®7Sr/®6sr variability. Considering a terminal Lake Chew Bahir scenario, humid conditions
resulted in higher lake 3'80 (~+14%o) due to increased evaporation and longer water residence times. At
the same time 87Sr/%%Sr decreased from 0.7064 to 0.7061 due to an increased riverine Sr flux charac-
terised by lower, unradiogenic 87Sr/2Sr ratios. In a modelling scenario where Lake Chew Bahir became a
flow-through system with interconnectivity between lakes Abaya, Chamo, Chew Bahir and Turkana,
higher lake 3'80 (~+12%o) relative to present was found, but 3’80 was lower than in the terminal lake
scenario. The lake water 87Sr/86Sr ratios (<0.7061) were also slightly lower. A moderate concomitant
change in rainfall input 5'80 of —1% in step with hydrological reorganisation resulted in the lowest lake
3'80 (~+5%0). Modelled 3'80 values were similar to the 3'%0 range of endogenic carbonates from sedi-
mentary cores from Lake Chew Bahir at the onset of the AHP, supporting the validity of our model, and
suggesting that evaporation and the lake water residence time strongly influence lake water 3'80.
However, the reported 87Sr/®6Sr of fossil carbonates from Lake Chew Bahir during the AHP (0.7065
—0.7060) could not be reproduced by our modelled scenarios without adjusting the surface-water-to-
groundwater ratio, highlighting the potential role of groundwater as a water source in semi-arid re-
gions. These results demonstrate the insights that can be gained from applying a process-based approach
using O and Sr isotope hydro-balance modelling to aid interpretation of past hydro-balance and lake
interconnectivity from lacustrine sedimentary records.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

The East African Rift System (EARS) contains 80+ lake systems

* Corresponding author. Max Planck Institute for Chemistry, Climate Geochem- (Schagerl and Renaut, 2016), many of which fill, overflow and

istry Department, Mainz, Germany.

become hydrologically connected during wet periods, for instance,
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during the most recent pluvial episode, the African Humid Period
(AHP) (Beck et al., 2019; Forman et al., 2014; Junginger and Trauth,
2013; Talbot et al., 2000). Since the AHP, some of these lakes, such
as Lake Chew Bahir (LCB) in southern Ethiopia, receded into small
endorheic marshes and wetlands (Foerster et al., 2012). A particular
feature of the EARS lakes is their sensitivity to climatic variability
due to higher precipitation rates on the high-elevation rift margins,
coupled with high evaporation rates in the lower-elevation rift
floors and have subsequently been termed ‘amplifier lakes’(Street-
Perrott and Harrison, 1985; Trauth et al., 2010).

Recurring extreme drought and flood conditions are common in
the EARS, even on annual timescales. Extreme hydroclimate vari-
ability at LCB in southern Ethiopia, however, is not a uniquely
recent phenomenon. For instance, rapid shifts from wet to dry
conditions were reported in carbonate lake core records from 116 to
66 ka BP, transitioning to a more stable, drier period between 58
and 32 ka BP (Viehberg et al., 2018), which is supported by
elemental variations in lacustrine sediments during 45—35 ka BP
(Foerster et al., 2012). Variations in potassium (K) abundances in
lacustrine sediments from 23 to 5 ka BP, in contrast, broadly fol-
lowed a precession-forced increase in insolation. The AHP (15-5 ka)
was interpreted as much wetter than present day, and punctuated
by large changes in K abundances interpreted as rapid oscillations
from wet to dry conditions (Foerster et al.,, 2012). However, it is
difficult to use elemental abundances to quantify past changes in
lake level, or identify the dominant moisture sources driving hy-
drological reorganisation.

Strontium (Sr) isotope ratios (87Sr/%6sr) of lacustrine carbonates
and bioapatite preserved in paleo-shoreline deposits or recovered
from sedimentary cores in the EARS may be used to reconstruct
provenance of hydrological inputs and assess past changes in
regional water balance (Baddouh et al., 2016; Doebbert et al., 2014;
Hart et al., 2004; Joordens et al., 2011; Talbot et al., 2000; van der
Lubbe et al., 2017). Appreciable amounts of calcium carbonate
were precipitated in LCB over the AHP in the form of stromatolites,
molluscan shells, and ostracods, as well as bioapatite such as fish
bones and teeth. Strontium is present in these carbonates in trace
amounts (10—1000 s ppm) and the 87Sr/%6Sr of lake biota directly
record the Sr isotope composition of lake waters (Hart et al., 2004).
This is because any mass-dependent Sr isotope fractionation (nat-
ural or analytical) is corrected for during radiogenic Sr isotope
analyses, physical or chemical isotope fractionation processes in the
lake do not influence the 37Sr/®6Sr ratio measured in lacustrine
fossil carbonates. This is particularly useful in EARS catchments
which have widely varying 87Sr/80sr, ranging from Precambrian
metamorphic-granitic and gneissic rocks with more radiogenic
875r/86sr to Cenozoic flood basalts with less radiogenic 87Sr/%6sr
(Table 1).

Quaternary climate reconstructions using 87Sr/%sr in lacustrine
carbonate fossils from the adjacent Lake Turkana basin found that
lake water 37Sr/®6Sr during the AHP reflected inflow variability
from the Omo River to the north and the Turkwel and Kerio Rivers

Table 1
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to the south (van der Lubbe et al., 2017). On longer timescales
(~2.0—1.7 Ma), lake water 37Sr/36Sr was suggested to be governed
exclusively by changes in surface inflows of the Omo River
(Joordens et al., 2011). Both studies emphasised that 87Sr/8sr in
Lake Turkana is insensitive to interannual fluctuations and only
responds to long-term orbitally-induced forcing. In other regions,
875r/%5Sr has been shown to change with hydrological inflows and
used to infer paleo-lake levels. For example, variations of paleo
875r/%5sr in the Bonneville paleolake system, U.S.A., was directly
attributed to changes in lake level and the contribution of the Bear
River to the dissolved Sr flux (Hart et al., 2004).

Although carbonate 87Sr/%6Sr (87sr/%6Sr¢) and the oxygen
isotope composition (380 = [180/10ample/'®0/®0ypps — 1] x
1000)) of carbonate (3'80¢) from EARS lakes have been successfully
used to interpret past changes in climate (e.g. Viehberg et al., 2018;
van der Lubbe et al., 2017), robust interpretations are limited by the
paucity of the modern data available. This has necessitated key
assumptions, including: 1) riverine 8/Sr/%6sr (87sr/%6srg) reflects
that of the average lithology of the catchment area, i.e., congruent
weathering conditions, 2) lake 87Sr/%Sr (87Sr/®6Sr) and %0
(3'80y) are controlled by temporal changes in surface hydrological
inflows, 3) minimal temporal changes in groundwater/surface
water interactions with limited subsequent influence on 87Sr/%6Sr;
and §'80y, and 4) no significant variations in lake water residence
times. Addressing these uncertainties is critical for accurately
interpreting lacustrine 87Sr/%8src and §'®0¢ records and may have
significant implications for our understanding of past hydrological
changes in the EARS.

In this study, we aim to better constrain the controls on
875r/86sr, and 580, at LCB. Lake Chew Bahir is located some 100 km
upstream of Lake Turkana, the world's largest permanent desert
lake (Johnson and Malala, 2009). It is analogous to Lake Turkana as
it has a similar range of lithological endmembers, and was a large
expansive lake during the AHP (Bloszies et al., 2015). In contrast to
Lake Turkana, modern LCB is a shallow wetland area with a much
smaller maximum extent, and represents a simpler hydrological
system with unidirectional overflow in a north-south direction
from hydrological connectivity with upper catchments (Lake
Chamo and Lake Abaya) during major humid periods. We deter-
mine whether the Sr isotope composition of catchment waters
reflect the 87Sr/®6Sr of local lithologies and assess the dominant
inflows/outflows in terms of hydrological and Sr budgets. Following
this, we combine isotope-enabled mass balance modelling of both
875r/86sr, and 5'80; as the two isotope systems together provide
independent constraints on the driving mechanisms of hydrologi-
cal change in lacustrine systems. Unlike Sr, 880y is controlled by
the combination of source water inflows (e.g., rainfall, groundwater
and surface water) and catchment-integrated evaporation (Cohen
et al., 1997; Dettman et al, 2005; Leng and Marshall, 2004;
Vonhof et al., 2013); thus lake 3'80¢ records are often interpreted in
terms of water balance (Chamberlain et al., 2013; Doebbert et al.,
2014; Leng et al, 1999a, b). We develop an isotope-enabled

Mean Sr concentration and®”Sr/%5Sr of rocks sampled in southern Ethiopia and northern Kenya. Precambrian metamorphic average®’Sr/%6Sr values here are consistent with the
measured bioavailable®’Sr/%6Sr from catchments dominated by Precambrian lithology (0.72796; Janzen et al., 2020).

Southern Ethiopia

Period/Eon 87gr/86sr Sr n

Reference

0.7271 + 0.0286
0.7038 + 0.0004
0.7028 + 0.0007

323 + 275 19
565 + 268 43
343 + 378 12

Precambrian
Neogene/Paleogene
Quaternary
Northern Kenya
Neogene/Paleogene
Quaternary

0.7034 + 0.0005
0.7043 + 0.0012

547 + 251 10
352 + 301 17

Kebede and Koeberl (2003); Kebede et al. (1999); Asrat and Barbey (2003); Teklay et al. (1998)
Shinjo et al. (2011); Stewart and Rogers (1996); George and Rogers (2002)
Meshesha et al. (2011); Stewart and Rogers (1996)

Furman et al. (2006)
Furman et al. (2006); Clement et al. (2003)
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hydro-balance model to mechanistically understand §'®0; and
87r/86sr, variations in LCB and the resulting lacustrine carbonates.
By extending this to the Late Quaternary, we model hydroclimate
variability at the onset of the AHP and assess whether catchment
hydrological reorganisation can explain the measured range of
875r/85Sr (0.7065—0.7060; van der Lubbe et al., 2017; Junginger
et al,, unpublished data) and 5'80 (0.5—11.0%. VPDB; Viehberg et al.,
2018) at LCB during the AHP.

2. Regional setting
2.1. Geology

The LCB catchment is located within the southern Main Ethio-
pian Rift (MER) northeast of the Turkana Depression, and between
the Ethiopian and the East African Plateaus (Fig. 1c,d). The meta-
morphic Precambrian basement is dominated by gneisses and
granitic intrusions of the Mozambique Belt and the meta-volcano-
sedimentary complexes of the Arabian-Nubian Shield (Davidson,
1983; Teklay et al., 1998; Asrat et al., 2001; Asrat and Barbey,
2003). Flood basalt volcanism and subordinate trachytic and
rhyolitic rocks formed the Ethiopian highlands during the Oligo-
cene, while over the Mid-Miocene to present volcano-tectonic

Quaternary Science Reviews 279 (2022) 107387

processes involving bi-modal (basaltic and rhyolitic) volcanism
characterize the MER (Bonini et al., 2005). The deeper MER basins
are covered by Quaternary sediments.

The average 87Sr/%5Sr of each surface lithology found in our
study catchments (LCB, Lake Chamo, Lake Abaya and Lake Turkana)
are summarised in Table 1 and were grouped according to average
875r/86sr (Table 2). In LCB, the dominant surface lithologies are
Precambrian basement rocks (40%) and Quaternary sediment cover
(40%), with lesser proportions of Neogene/Paleogene volcanics
(17%) and Quaternary volcanics (2%), with the remaining 1% rep-
resenting the lake surface. The greatest proportion of exposed
Precambrian basement rocks within LCB sub-catchments are in the
Segen River and unnamed dry valleys to the west of LCB (hereafter
‘dry western valley’), whereas Neogene/Paleogene volcanics
dominate the dry eastern valley (55%), as well as the Abaya and
Chamo catchments with 43% and 49% coverage, respectively. The
Lake Chamo and Lake Abaya catchments have minor contributions
from Precambrian metamorphic units in the southeast (6% and 3%,
respectively). In comparison, the Lake Turkana catchment is
comprised of predominately Paleogene/Neogene volcanic units
(52%) with less Precambrian surface cover (20%), which is mainly
localised to the Turkwel sub-catchment (68%).
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Fig. 1. Panel a: Map of continental Africa where the red box denotes the study region. Panel b: Mean monthly rainfall over the period 1901—2016 CE using the CRU TS 4.01 (land)
0.5° high-resolution grids of monthly climate precipitation observations dataset and compiled in KNMI Climate Explorer (https://climexp.knmi.nl/start.cgi), where the blue circles
show the locations of LCB, Lake Abaya (LA) and Lake Chamo (LC), and the yellow star denotes the Ethiopian capital city Addis Ababa. Panel c: Cross section along the East African Rift
System from NE to SW, indicating lake level changes in the African Humid Period relative to today following Junginger and Trauth (2013). Panel d: Simplified geological map of
southern Ethiopian and northern Kenyan catchments. Catchment shapefiles were used to extract the percentage of rock types in the northern Kenyan catchments from the 1:10M-
scale geological map of Africa (Thieblemont, 2016) and for southern Ethiopia using the SEAMIC GSE EN Geology 1:2 million scale Geology Map of Ethiopia. (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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Table 2

Surface lithology of the Lake Chew Bahir (LCB), Lake Chamo (LC), Lake Abaya (LA), and Lake Turkana (LT) catchments (also see Fig. 5a). The percentage of exposed rock types in a given catchment was calculated using the SEAMIC
GSE EN Geology 1:2 million scale Geology Map of Ethiopia for the catchments located in Ethiopia and the 1:10M-scale geological map of Africa for the northern Kenyan catchments (Thieblemont, 2016). The catchment lithology
for the ‘within catchment’ samples was calculated by using the surface cover for the area upstream of the riverine sample points measured excluding CB18WO08, which is not connected to a major tributary. The geological
fractional mixing model shows the estimated lake and river water®’Sr/%6Sr, and also incorporates the k flux (individual k fluxes for each catchment and given lithology). Lake areas were assumed to be Quaternary sediments. The
lithological end-members Sr concentration and®”Sr/®6Sr values used are given in in Table 1.

Major catchment LCB LC LA LT
Sub-catchment Weyto River Segen River Eastern dry Western dry  Entire Entire Entire Keiro Turkwel ~ Omo Entire
valley valley catchment  catchment catchment River River River  catchment

within-catchment CB18W4 (CB18W11 CB18W1 CB18W12 CB18W3 CB18W16

Precambrian Gneissic- ~ 39%  40% 40% 53%  51% 53% 100%  38% 7% 64% 40% 6% 3% 21% 68% 13% 20%
granitic

Paleogene/Neogene 17%  18% 18% 27%  27% 27% 0% 26% 55% 0% 17% 49% 43% 68% 4% 71% 52%
volcanics

Paleogene/Neogene 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 1%
sedimentary

Quaternary volcanics 0% 0% 0% 6% 7% 15% 0% 17% 0% 0% 2% 0% 32% 0% 0% 0% 1%

Quaternary sediments  44%  42% 42% 15%  15% 6% 0% 19% 39% 36% 40% 27% 15% 12% 28% 16% 21%

Lake 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 18% 7% 0% 0% 0% 5%

Geological mixing model

Measured®’sr/36sr 0.7061 0.7062 0.7064 0.7056 0.7055 0.7055 0.7045 0.7070 n/a n/a 0.7064 0.7048 0.7062 90.7054 “0.7083 90.7051 °0.7051

Estimated®’Sr/86sr 0.7065 0.7064 0.7064  0.7062 0.7061 0.7061 0.7271 0.7055 n/a n/a 0.7065 0.7040 0.7039 0.7039 0.7140 0.7041 0.7040

Geological mixing model + weathering flux (k)

Estimated®’Sr/%6sr 0.7061 0.7062 0.7061 0.7056 0.7055 0.7055 0.7271 0.7070 n/a n/a 0.7064 0.7048 0.7062 0.7054 0.7083 0.7051 0.7051

Precambrian k 1 1 1 1 1 1 1 1 n/a n/a 1 1 1 1 1 1 1

Paleogene/Neogene k 1.2 1.0 1.1 1.2 13 13 0.0 0.5 n/a n/a 1.0 0.2 0.0 0.2 39 0.2 0.3

Quaternary sediments k 1.1 1.0 1.1 1.2 13 13 0.0 0.5 n/a n/a 1.0 0.4 0.8 0.7 43 0.2 03

Quaternary volcanics k1.1 1.0 1.1 1.2 13 13 0.0 04 n/a n/a 1.0 0.2 0.0 0.7 3.9 0.2 0.3

@ Data from van der Lubbe et al. (2017).

‘D 39 JoYuoA "g'H ‘UNIDIAI "NV ‘DYSMONIDIA ‘I

286201 (220Z) 62T SM31AdY 22ud198 ALDUIdIDND



M. Markowska, A.N. Martin, H.B. Vonhof et al.

2.2. Climate

The Koppen climate classification for the southern extent of the
LCB catchment is hot semi-arid (Precipitation < Evaporation). The
central-northern LCB catchment, Lake Chamo and Lake Abaya are
all tropical savannah with higher rainfall, but with severe dry
seasons and frequent droughts. The LCB catchment has two rainy
seasons: a longer season from March to May and a shorter season
from October to November, with ~500 mm a~! (Fig. 1b). The
highlands northwest of LCB, including the Lake Abaya and Lake
Chamo catchments, experience significantly higher (ca. >1000 mm
a~!; Fig. 1b) and unimodal rainfall spanning March to November
(Segele and Lamb, 2005; Williams and Funk, 2011).

2.3. Hydrology

Lake Chew Bahir (498 m a.s.l.) is an ephemeral wetland at its
northerly extent (Fig. 1c), which intermittently fills in a southerly
direction during the wet seasons (Fig. 1d) with a maximum lake
surface area of 2486 km? (Fischer et al., 2020). The LCB basin
overflows southwards to Lake Turkana in northern Kenya when the
overflow sill at 543 m a.s.l. is surpassed (overflow sill elevations,
lake water surface areas and locations are given in Table 3). The
volume of LCB in recorded history has fluctuated from complete
desiccation to a 2000 km? lake in 1960 CE (Golubtsov and
Habteselassie, 2010), with a reported depth of 8 m in the late
19th century (Grove et al., 1975). It is perennially fed by the Weyto
and Segen Rivers (Fig. 2), which drain the north-western and north-
eastern sides of the catchment, respectively. The Weyto River is the
main surface inflow with an average flow rate of 72 m3/s (2.27 km?/
a), approximately thrice that of the Segen (Supplementary Table 1)
(JICA, 2012). The tectonic basin is bound by the Teltele-Konso
Plateau and the Hammar Range to the east and west, respectively.
Lake Chamo (1109 m a.s.l.) and Lake Abaya (1176 m a.s.l.) lie to the
northeast of LCB (Fig. 1b), whereby Lake Abaya is occasionally
connected to Lake Chamo via an overflow sill at 1194 m a.s.l. during
high rainfall periods; however, this occurs infrequently under the
modern climatic regime where lake levels only fluctuate by 0—1 m
(Belete et al., 2015). The smaller Lake Chamo is connected to LCB
catchment via an overflow sill at 1123 m a.s.l. via the Segen River
when precipitation exceeds the long-term average (Belete et al.,
2015).

Groundwater flow in the LCB basin generally follows the surface
topography along a north-south gradient towards Lake Turkana
(JICA, 2012). Recharge typically occurs on the elevated rift margins
which receive more rainfall (Bretzler et al., 2011). The three main
aquifer types in the basin relate to the three geological units: 1)
granitic-gneissic basement rocks, 2) volcanic rocks and 3) uncon-
solidated Quaternary sediments. Crystalline basement rock aqui-
fers, such as those in the Hammar Range, receive localised recharge
associated with fracture and intergranular permeability and have
low storage potential (Kebede et al., 2013). The volcanic aquifers are
extensive and contain fracture permeability leading to localised
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recharge with low storage potential and hydraulic conductivity. The
unconsolidated sedimentary aquifers are located on the low
elevation rift floor and are tectonically defined by the marginal/
alluvial graben structures (Kebede et al., 20103, b).

Previous hydrogeological investigations have mainly focused on
the central MER, with data availability in the southern MER limited
to commercial reports (e.g., JICA, 2012; Halcrow et al., 2008). Due to
the low porosity and storage potential of LCB basin aquifers, most of
the groundwater potential is localised in shallow wadi bed sedi-
ments that overlay the basement rocks. Recharge typically occurs
through wadi sediments which is enhanced during flooding events,
commonly allowing localised recharge ‘pulses’ to occur. Ground-
water flow typically occurs in the direction of the rift flanks towards
the rift floor via stream baseflow (Kebede et al., 2010b) and spring
flow is less than 15 1/s (JICA, 2012). There is a general increase in
the groundwater salinity and chemistry from Ca—Mg HCOs in the
highlands to Na—HCO3—S04—Cl type in the rift floor, possibly due
solute remobilisation from thin evaporite lenses within the lacus-
trine sediments (Kebede et al., 2010a, b). Groundwater flow be-
tween Ethiopia and Kenya is considered to be negligible (JICA, 2012;
Kebede et al., 2010a).

3. Methods
3.1. Field procedures

In November 2018, 20 water samples were collected during a
field campaign in the LCB, and Lake Chamo and Lake Abaya
catchments (Fig. 2). Due to LCB's remote location and difficulty of
access, to the best of the authors' knowledge there are hardly any
published hydrochemistry, Sr and O isotope data for the LCB
catchment to date. Here, we provide the first high-resolution
catchment wide study of LCB. The eastern dry catchments and
large parts of the south-eastern margins of the LCB basin were
inaccessible due to security concerns, but we note that these areas
warrant further investigation.

Seven groundwater samples were collected from frequently
pumped (all wells were being actively used prior to sampling),
driven-point wells (India Mark II wells that are common in rural
communities in eastern Africa) at <50 m depth. Water parameters
were measured using a HI98194 (Hanna Instruments) multi-meter
instrument, including pH, electrical conductivity (EC), total dis-
solved solids (TDS), temperature and oxidation-reduction potential
(ORP). Prior to sampling, the wells were purged until these water
parameters stabilised. Five lake samples were collected from LCB
(n = 2), Lake Chamo (n = 2) and Lake Abaya (n = 1) as well as seven
samples from the Weyto and Segen Rivers and their tributaries and
one cold spring (Fig. 2). Total alkalinity concentrations were
measured using the endpoint titration method and a Hach digital
titrator within 24 h of sampling. Samples for anions and stable
water isotopes (8'80 and 3*H) were immediately filtered through
0.45 pm nylon filters and collected in 60 ml High Density Poly-
Ethylene (HDPE) bottles and 5.9 ml exetainer® glass vials (Labco),

Table 3
General characteristics of Lake Chew Bahir (LCB), Lake Chamo (LC) and Lake Abaya (LA). Surface area data from Fischer et al. (2020).
LCB LC LA
Latitude (°N) 4.857—-4.766 5.966—5.709 6.589—5.774
Longitude(°E) 36.911-36.888 37.552—37.627 37.616—38.051
Elevation (m a.s.l.) 498 1109 1176
Modern lake surface area (km?) ~43 310 1081
Maximum lake surface area (km?) 2486 394 1557
Modern maximum water depth (m) 1-2 13 13
Overflow elevation (m a.s.l.) 543 1123 1194
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Fig. 2. Digital Elevation Model (DEM) of study site indicating the three major lakes investigated: Lake Abaya, Lake Chamo and Lake Chew Bahir. Sampling locations for groundwater
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dashed line. Overflow points are shown as yellow stars at the catchment boundaries (Fischer et al., 2020). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

respectively, with no further treatment. Cation, 7Sr/26Sr and trace
element samples were collected in 60 ml acid-cleaned HDPE bot-
tles, and immediately acidified with ~1 ml of Suprapur® (Merck)
65% HNO3.

3.2. Chemical analysis

Cation and anion concentrations were analysed using ion
chromatography compact IC Flex and Compact IC Plus from

Metrohm at the University of Tiibingen, Germany. The limits of
detection were as follows: Na (0.1 ppm), K, Ca, Mg, Cl, POy
(0.05 ppm), F (0.005 ppm), SO4 (0.5 ppm). Water 5'80, 3°H and
875r/%5Sr were analysed at the Max Planck Institute for Chemistry in
Mainz, Germany. 3'80 and 3°H were measured using a Picarro
cavity ring down laser spectrometer and are reported as a per mil
(%o) deviation from the international standard VSMOW. The overall
precision on analyses were +0.1%o 3'0 and +1.1%0 8*H (20, n = 15)
and calibrated using the VSMOW international standard and two
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in-house standards with isotopic compositions of 0.2 and 7.0%o for
3180 and 1.2 and 45.8%o for 3°H, referenced to the international
VSMOWS-SLAP scale. Strontium concentrations were measured us-
ing a Thermo Scientific Element XR high-resolution ICP-MS. To
correct for drift during measurements, In was used as an internal
standard. Lake water standard TMDA-51.3 was measured repeat-
edly to ensure measurement accuracy and precision (less than
+10%). For 87sr/86Sr analyses, Sr was separated from samples using
DGA resin (Eichrom), using a prepFAST-MC™ system (Elemental
Scientific) based on the method from Romaniello et al. (2015).
Approximately 100 ng of purified Sr was then loaded onto tungsten
filaments with Ta-fluoride activator and 87Sr/%6Sr was measured
using a ThermoFisher Triton™ Thermal lonisation Mass Spec-
trometer. Replicate measurements of international standard NIST
SRM-987 run with these samples yielded an average 87Sr/2Sr value
0f 0.71026 + 0.00001 (20, n = 8). The Sr concentrations of the total
procedural blanks were below the limit of detection (<0.3 ppb).

3.3. Coupled 6'30 and 8Sr/%6sr mass balance modelling

3.3.1. 680 model

A 3'80;-enabled mass balance lake model (Gibson et al., 2016)
was used to quantify modern lake balance sensitivity and paleo-
changes in 3'80 lake composition based on well-established pre-
vious models (Craig and Gordon, 1965; Gat, 1996; Gibson and
Edwards, 2002; Gonfiantini, 1986; Horita et al., 2008; Jones et al.,
2016). The change in lake water volume (km? a~') is given as:

¥ piq -E-0Q (1)
dt
where V is the volume (km?) at time ¢ (a), P is precipitation volume
(km> a~!) on the maximum lake surface area per unit time
(2486 km?; Fischer et al., 2020), E is evaporation (km> a~—!) from the
lake surface per unit time, Q; and Q, are the total inflows and
outflows (km?® a~!), respectively (Supplementary Table 1),
including the sum of all surface and groundwater flows.

The change in 3'80; (%.) and water volume at time t was
calculated by assuming that the lake is well-mixed, given as:

4 (Vi) = Pop+ Qi Edg — Qody @
where 6p, 6; 0p and J; are the 3180 of precipitation, inflows, evap-
oration and LCB, respectively. Modern LCB is a shallow (<2 m
depth) lake system, with a relatively homogenous hydrochemistry
based on our water sampling (see Section 4). The term Q;d; is
defined as:

Qid; = Ridri + Gidgi + Lidy; (3)

where Gi is the groundwater inflow, R; is the riverine inflow, L; is the
overflow from Lake Chamo and their isotopic composition are dg;, 0y
and 0y, respectively. G; is difficult to estimate due to highly variable
flow rates (Mechal et al., 2017) and fluctuating water tables which
vary significantly over short distances (Ayenew et al., 2008; Furi
et al., 2012; Kebede et al., 2007; Tenalem et al., 2009). Here, a
mass balance approach was used to determine groundwater inflow
into LCB based on the measured 37Sr/%%Sr ratios and concentrations.
Given the modern Sr concentrations and 87Sr/%6sr; of a 0.15 km>
LCB and using the annual inflow volumes of the Segen and Weyto
Rivers and measured Sr concentrations and ®7Sr/®6Srg
(Supplementary Table 1), a mass balance approach was used to
estimate the missing groundwater flow parameter to give an ab-
solute groundwater inflow (G;) of ~0.25 km?> a~,
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The term L; in Equation. 3 represents the lake overflow from
Lake Chamo with isotopic composition of ¢j;. Lake Chamo overflow
into LCB is initiated if P exceeds 2% of modern P, based on previous
DEM and overflow lake balance modelling output (Fischer et al.,
2020). Lake Chamo overflows at a rate of 10% of the volume of
the Segen River at each time step, as the natural overflow of Lake
Chamo is via the Segen River.

The term R;d;; in Equation (3) represents the riverine input and
is given as:

Ridri = Sidsi + Widwi (4)

where S; is the inflow from the Segen River, with a mean isotopic
composition ds; and W; is the inflow from the Weyto River with a
mean isotopic composition of ¢,,;. To parameterise flow, the average
annual estimates from gauge flow data from the Weyto River (27
years of data, station ID: 083002; JICA, 2012) and Segen River (3
years of data, station ID: 083001; JICA, 2012) were used, which
yielded annual inflows of 2.27 and 0.71 km? a~', respectively.
The term Q,d; in Equation (2) is defined as:

Q05L = GoaL + LOBL (5)

where G, is the groundwater outflow, calculated as the residual of
Equation (1) assuming steady state conditions (Q; + P = Qo + E), for
an estimated modern LCB volume of 0.15 km?, yielding an annual
outflow of 2.84 km? a~. L, is the surface overflow from LCB to Lake
Turkana, calculated as the surplus volume greater than 83.17 km> —
the maximum extent of LCB (Fischer et al., 2020). The groundwater
outflow isotopic composition is equal to the value of LCB water at
the previous time step.

The open-water evaporation term, E, was calculated by Fischer
et al. (2020) to be 1908 mm using the Penmann-Monteith equa-
tion relative to the evaporating surface area of LCB. The surface area
was calculated indirectly from DEM model output from Fischer
et al. (2020) using an empirical relationship between volume and
surface area calculated specifically for LCB and given in
Supplementary Figure 1. Based on modern lake surface area of
~0.15 km?, this gave an initial surface area of ~207 km? with a
resulting value for E of 0.39 km> a~.

The 6p of P represents the calculated mean annual isotopic
composition of rainfall, calculated for the LCB area using the Online
Isotopes in Precipitation Calculator (https://wateriso.utah.edu/
waterisotopes/pages/data_access/form.html; see Section 4.1.1).
The 3'80 of the other inflows were determined from the end-
members of samples from the 2018 field campaign, which were
taken in between the dry and the rainy seasons (Supplementary
Table 1). The most downstream samples (closest to LCB) before
the confluence point of the two rivers were used to prescribe ds;j and
dwi. Average groundwater 3'80 from the seven sampled sites was
used for the groundwater end-member (dg). The value for 9
(overflow into LCB) is the average of measured Lake Chamo water.

As O is difficult to measure and is typically calculated (Skrzypek
et al.,, 2015) using the Craig and Gordon (1965) evaporation model,
given as:

atop —hos— e

k= 1-h +0.001¢,

(%) (6)

where a' is the equilibrium isotopic fractionation factor that is
dependent on the measured temperature at the evaporating lake
surface and is derived from experimental values (Horita and
Wesolowski, 1994), given as:


https://wateriso.utah.edu/waterisotopes/pages/data_access/form.html
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ot (180) —exp ( -

where T is the temperature of the lake surface (30.5 °C). Sensitivity
analyses considering the effect of a +10 °C change on the resultant
3180y are shown in Section 5.3. The term h is the relative humidity
corrected for the saturation vapour pressure (Supplementary
Table 1), ek is the kinetic fractionation factor defined as 14.2(1- h)
(Gonfiantini, 1986) and 0A is the isotopic value of the air vapour
over the lake assuming atmospheric moisture is at equilibrium with
P given by:

d4=(0p —a'+)/(1 +1073 -e+) (%o) (8)

where ¢ = 1000(1-a") (Gibson et al., 2016).

+ - + 7
103 27315+T (273.15+T)? (273.15+T)3> @

isotopic composition of inflows.

s =(xmd" + (6;+0p) / (1+mx)  (%o) (13)

3.3.2. Sr model

To estimate the sensitivity of LCB to temporal changes in Sr
fluxes from sub-catchments and overflow from adjacent basins, we
used a Sr model from Hart et al. (2004) combined with our O
isotope model. The simple mass balance model is given by:

87 86 87 86 87 86 87 86
St/%°Stiake = fsr Weyto < Sl‘/ Srgr Weyto) +for segen < Sl‘/ Srgr Segen) +for groundwater( Sl‘/ Srgr groundwater)

+f5r Lake Chamo (87sr / 86SrSr Lake Chamo> +fSr P (8751. / 8651'Sr P) (14)

To solve for 3, Equation (6) is substituted into Equation (2) (i.e.
Equation (4) in Gibson et al., 2016). Under constant hydrological
steady state conditions (dV/dt = 0), Equation (2) can be simplified
and integrated with respect to time, assuming constant values for
01, 6a, €™, €5 h, I, Q and E to yield Equation (9), an expression for 6, at
time t, on a yearly timestep. Here, the dimensionless term x is used
to express the water lost to evaporation as a ratio of E/(P + Q;), and
m is used to describe the temporal enrichment slope (from
evaporation).

()=~ (5~ dojexp | — (1-+mo) (TN | ) )

where 3, is the composition d;(t-1) of the previous time step. Here
m and x are dimensionless and defined as:

me (Zl_ 1:3 S;k Z_*‘ET))) (dimensionless) (10)
— —+ - K

and:
x=(0s— (0;+0p) / (m(0" —d5)) (dimensionless) (11)
where ¢* is the limiting isotopic composition that a desiccating lake

would approach under non steady state conditions as it recedes (V
approaches 0). This is given as:

:
o ()

where d; is the steady state isotopic composition of the lake given
by Gonfiantini (1986) and Gat (1996) as t approaches co, where ¢ is
the initial isotopic composition of the lake at ty and g; is the total

hostex+e* )

(%o) (12)

where fis the fraction of Sr from each major Sr flux (Supplementary
Table 1). Average 37Sr/®0Sr values from the water sampling
campaign were used for the riverine, lake and groundwater end-
members. Sample CB18W8 was excluded as it was a small tribu-
tary of the Weyto River, and we could not confirm its flow routing
connectivity to the greater Weyto River. The Sr contribution from
rainfall (fs;p) to lake water is typically low and was not considered
significant due to the inland location (~1000 km from Indian Ocean)
of LCB.

3.3.3. Model parameters

Using the initial conditions given in Supplementary Table 1, the
model was run with a 1000-year spin-up time to reach steady state
conditions for an estimated modern LCB volume of 0.15 km?, with
average modern lake water values for 880, = +3.8% and
8751/85Sr = 0.7064 (see sections 4.1.3 and 4.3.2). This initialised the
model until the system was equilibrated with respect to flow terms,
under steady state conditions (Q; + P = Qo + E). The adjustment to
the initial flow terms directly resulting from the spin up is shown in
Supplementary Table 1.

To assess how 8'80; and 37Sr/%%Sr; respond to regional climate
change and hydrological reorganisation, three scenarios were
considered with varying degrees of catchment connectivity: 1)
Closed terminal LCB, 2) Semi-open terminal LCB (parameter L;;
overflow from Lake Chamo activated), and 3) Open flow-through
LCB (parameter L,; LCB overflow to Lake Turkana activated;
Table 4). In Scenario 3, full lake connectivity is assumed whereby
Lake Abaya, Lake Chamo, LCB and Lake Turkana form a cascading
lake system. Evidence for past overflow in the form of paleo-
channels in the landscape is visible from satellite imagery. A step-
wise increase in P of 25%, incrementally over a 1000-year period
was considered in all scenarios to simulate conditions at the onset
of the AHP, in line with modelled estimates from Fischer et al.
(2020). A 25% increase in P is similar to previous estimates of
increased rainfall during the AHP in other EARS lakes, such as



M. Markowska, A.N. Martin, H.B. Vonhof et al.

Table 4
Modelling lake scenarios for increased rainfall during the African Humid Period.
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Scenario Inflow from LC Outflow to LT AP (%) AQrivers (%)
1: Closed terminal LCB N N +25 +150
2: Open terminal LCB Y N +25 +150
3: Open flow-through LCB Y Y +25 +300

paleo-Lake Suguta in Kenya (Borchardt and Trauth, 2012; Garcin
et al.,, 2009; Junginger et al., 2014; Junginger and Trauth, 2013),
and estimates across south-eastern equatorial Africa (20%) (Otto-
Bliesner et al., 2014). In Scenarios 1 and 2, LCB reached 25% of its
maximum volume (~20 km?) as the inflows of the Segen River (S;)
and the Weyto River (W;) increased by 150% relative to modern day.
In Scenario 3, where LCB overflows into Lake Turkana, S;j and W;
were increased by 300% relative to modern day (Table 4).

Our model was run with an annual resolution for a period of
1000 years, followed by 1000 years of steady-state conditions. This
timescale was chosen to reflect the abrupt onset of the changes to
hydroclimate observed in the AHP (Beck et al., 2019; Junginger and
Trauth, 2013; Tierney and deMenocal, 2013; Trauth et al., 2018). A
detailed description of prescribed inflow and outflow fluxes are
provided in Section 3.3.1 and initial conditions are given in
Supplementary Table 1.

4. Results
4.1. Stable isotopes 680 and &H

4.1.1. Rainfall

The rainfall stable isotope (3'®0p and §%Hp) data from all Ethi-
opian stations in the Global Network of Isotopes in Precipitation
(GNIP; https://www.iaea.org/services/networks/gnip) were
compiled. Addis Ababa is the only continuously-monitored GNIP
station in Ethiopia (1961—2016 CE) at ~2400 m a.s.l., with high
weighted mean 3%0p and 3°Hp values of —13 =+ 0.8%0
and +3.3 + 5.7%o, respectively (Fig. 3a). There are no rainfall isotope
data for the lower elevation LCB area (~500 m a.s.l), therefore,
theoretical values for 3'80p (+1.6%0) and 3%Hp (+24.0%0) were
sourced from https://wateriso.utah.edu/waterisotopes/pages/data_
access/form.html (Fig. 3a), and calculated over the lower elevation
LCB site, which falls on the Local Meteoric and Global Meteoric
Water Lines (Fig. 3a). The calculated mean rainfall value is offset in
380 from Addis Ababa rainfall (~2300 m asl) by ca. +2.8%. This is
consistent with a decrease in 3'80p with increasing elevation at a
rate of ~ -0.1-0.2%0/100 m, which, given the elevation difference
between the sites (~1800 m), results in a +1.8 to +3.6%o offset. River
3'80R (section 4.1.2) were slightly lower than the calculated mean
3'80p for LCB as most river headwaters are found on the higher
elevation rift flanks, therefore, it would be more appropriate to
compare these to Addis Ababa weighted mean rainfall.

4.1.2. Surface and sub-surface waters

The Weyto and Segen Rivers had mean 5'80g values of 0.2%o
and —0.7%o and 8?Hy values of 4.6%0 and 8.1%, respectively. The
3'80g values were offset from weighted mean rainfall by +0.5
to +1.5%0 and 3'80g values increased downstream (Fig. 3b). These
stable isotope values are similar to previously published data for
MER rivers (Ayenew et al., 2008; Bretzler et al., 2011; Cockerton
et al.,, 2013; Demlie et al., 2007a; Levin et al., 2009) and fall on a
Local Evaporation Line with a slope of 4.50 and an intercept of 7.51
(Fig. 3b). Generally, MER river water 3'80g largely falls on the Local
Evaporation Line and are offset from weighted mean rainfall
by +1.0 to 42.0%o (Fig. 3c) with a low d-excess, consistent with our

results. This is likely due to an enrichment in '®0 caused by evap-
oration, which is typical of arid areas (Levin et al., 2009). In contrast,
average groundwater 520 (5'80¢) from the LCB catchment was
lower (—2.0%o, +0.9%0) than weighed mean rainfall. The upper
Hammar Range group on the rift margins had the lowest 3'%0¢
values (—2.5%o0), whereas groundwaters sampled from the rift floor
group (—1.4%0) and upper mixed group were higher (—1.2%o)
(Fig. 3d), and closer to weighted mean rainfall. This is consistent
with previously measurements of MER groundwaters, which
generally exhibited lower mean 30 values on the rift margins
(—2.5%0) and higher values in the low elevation rift area (—1.2%o;
Mechal et al., 2016, Fig. 3d). The groundwater isotope composition
across Ethiopia is typically biased towards the wet season precip-
itation values, where high-intensity storms are an important
recharge source (Bedaso and Wu, 2021).

4.1.3. Lakes

The average 3'30; values of LCB, Lake Chamo and Lake Abaya
were +3.8%o, +5.4%0 and +-5.6%o, respectively (Fig. 3e). The higher
3180, of lakes Chamo and Abaya suggest higher evaporative con-
ditions in these large, permanent lakes compared to LCB which is
ephemeral. MER 3'80; is typically offset compared to weighted
mean rainfall (Fig. 3¢) by approximately +10%o, due to evaporative
isotopic enrichment of lake waters. The evaporative enrichment of
lakes Abaya, Chamo and LCB appear slightly lower than the MER
average with offsets between ~+3.0 and +6.0%o.

4.2. Major anions and cations

The hydrochemical characteristics of surface and groundwaters
in the LCB basin are summarised here and all data are provided in
Supplementary Table 2 and Fig. 4. The major inflows to LCB, the
Segen and Weyto Rivers, are characterised by waters with a narrow
pH range (7.98—8.74), low EC (<498 uS/cm), low TDS (<249 mg/l)
and low total alkalinity (<178 mg/1). River waters have no dominant
cation, and anions are dominated by HCO3. Low TDS, NO3 (<1 mg/1)
and PO4 (<0.1 mg/1) (Supplementary Table 2), coupled with a lack of
large-scale agriculture or industry suggest minimal anthropogenic
input. LCB had higher concentrations of dissolved solids compared
to riverine inputs (EC:750—780 uS/cm and TDS: 375—390 ppm;
Supplementary Table 2), but exhibited lower EC and TDS than Lake
Abaya and Lake Chamo (1044—1611 uS/cm and 522—806 ppm,
respectively; Supplementary Table 2). The pH (7.99—7.49) and total
alkalinity (306—339 mg/1) were also lower in LCB compared to the
other lakes. LCB waters had no dominant cation, but HCO3 was the
dominant anion, similar to riverine waters (Supplementary
Table 2). Lake Abaya and Chamo displayed more characteristic
‘soda lake’ hydrochemistry as cations and anions were dominated
by Na/K and HCO3, respectively (Fig. 4).

Groundwaters typically had lower pH values (<762,
Supplementary Table 2) compared to surface waters, but higher EC
(1090—4194 pS/cm) and TDS values (523—2097 ppm) up to an or-
der of magnitude greater than surface waters. Group 1 ground-
waters from the Upper Hammar Range rift margins of the LCB basin
(CB18W5, CB18W6, CB18W13 and CB18W15; Fig. 2) cluster
together in terms of hydrochemistry, but do not have a dominant
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Fig. 3. Compilation of water stable isotope data for Ethiopia (Ayenew et al., 2008; Bretzler et al., 2011; Cockerton et al., 2013; Darling et al., 1996; Demlie et al., 2007a; Demlie et al.,
2007b; Fontes et al., 1970; Furi et al., 2012; Gizaw, 2002; Gonfiantini et al., 1973; IAEA, 2019; Kebede, 2004; Kebede et al., 2005; Kebede et al., 2009; Kebede et al., 2010b; Kebede,
2001; Levin et al., 2009; McKenzie et al., 2001; Mechal et al., 2017; Odada, 2001; Schoell et al., 1976; Tekleab et al., 2014; Yitbarek et al., 2012) and the data collected in this study.
Panel a: Scatterplot of 3?H and 530 of rainfall from various sites in Ethiopia including Addis Ababa (n = 362), Addis Ababa West (n = 2), Adu Bariye (n = 5), Alemeya (n = 13), Asela
(n=7), Awassa (n = 19), Butajira (n = 2), Combolcha (n = 7), Dessie (n = 8), Diredawa (n = 12), Hagere Selam (n = 17), Harar (n = 6), Hidolola (n = 4), Kobo (n = 7), Kofele (n = 15),
Mega (n = 4), Moyale (n = 4), Neghelle (n = 3), Silte (n = 2), Soddo (n = 16), Woldiya (n = 7), Weledi (n = 8), Yavello (n = 3) and Ziway (n = 3) as well as the Global Meteoric Water
Line (GMWL) and the calculated Local Meteoric Water Line (LMWL). Calculated mean rainfall value for Lake Chew Bahir was derived from https://wateriso.utah.edu/waterisotopes/
pages/data_access/form.html. Panel b: Scatterplot of 3H and 5'®0 of rivers (open green triangles), hot springs (open red diamonds) and springs (open grey square diamonds) and
samples from this study in the Chew Bahir catchment (filled triangles). Panel c: Plot of frequency (%) and 5'80 shift from weighted mean rainfall from the Addis Ababa station. Panel
d: Scatterplot of 3?H and 330 of groundwater from Ethiopia (open squares) and groundwater wells from the Chew Bahir catchment (filled squares). Panel e: Scatterplot of 3*H and
3'80 of lakes in the MER, Ethiopia (open circles) and samples from this study (filled circles). Panel f: Plot of frequency (%) and d-excess using the equation d-excess = 5*H —8*3'50.

(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cation or anion (Fig. 4). Group 2 (Upper mixed) (CB18W17) and
Group 3 (rift floor samples) (CB18W7 and CB18W10) groundwaters
could be grouped together, as cations were dominated in Na/K,
similar to Lake Abaya and Lake Chamo. Anions were dominated by

SO~ and Cl~ (Fig. 4).
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4.3. Srisotope geochemistry

4.3.1. Riverine and subsurface waters
Riverine Sr concentrations (<349 ppb) were lower than those of
groundwaters (400—1285 ppb; Table S2, Fig. 5). Riverine 87Sr/%5Srg


https://wateriso.utah.edu/waterisotopes/pages/data_access/form.html
https://wateriso.utah.edu/waterisotopes/pages/data_access/form.html
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Fig. 4. Groundwater and surface water hydrochemistry of the Chew Bahir catchment as well as Lake Abaya (LA) and Lake Chamo (LC) expressed in meq/L (%). Global average rivers
(Lowenstein and Risacher, 2009), global average ocean (Lowenstein and Risacher, 2009) and MER Lake hydro-chemistry (Kebede et al., 1994) are also indicated. When Fl or CO3 data
were unavailable it was assumed their input was negligible as Cl and HCO3 were the dominant anions.

were generally low (relative to the modern seawater value of
~0.7091; Spooner, 1976) and characteristic of waters draining
young and non-radiogenic volcanic rocks (Fig. 5). The range of
875r/%5SrR in the Segen River was lower (0.7045—0.7070) than the
Weyto (0.7061—0.7082). This trend is also reflected in the most
evolved downstream waters of the main river channel just before
the Segen and Weyto Rivers confluence, where the Weyto River
875r/86Srg was more radiogenic (0.7061) than the Segen River
(0.7055). This is despite the Segen River catchment having a greater
proportion of Precambrian basement rocks with more radiogenic
875r/86sr (Table 2).

Groundwaters had the most radiogenic 87Sr/30sr¢ signatures in
this study, but were spatially variable. Group 1 exhibited the
highest 8/Sr/86Sr¢ with a range of 0.7080—0.7104 (Table S2, Fig. 5).
In contrast, Group 2 had a lower 87Sr/20Sr¢ range (0.7042—0.7045),
including a cold spring sample (0.7045). The low elevation rift floor
groundwaters of Group 3 had the lowest Sr concentrations,
whereas their 87Sr/86Sr¢ values (0.7064) were in between the
ranges of Group 1 and Group 2, and CB18W7 was similar to Weyto
River waters.

4.3.2. Lakes

Lakes Abaya and Chamo (Fig. 5) had low Sr concentrations
(<140 ppb), similar to riverine waters in the LCB catchment,
compared to LCB (~390 ppb). The average 87Sr/®Sr; of lakes Chew
Bahir, Chamo and Abaya were 0.7064, 0.7047 and 0.7062, respec-
tively (Fig. 5). LCB had the most radiogenic Sr lake waters, which
were very similar to Group 3 groundwaters.

1

5. Discussion
5.1. LCB catchment dynamics

The dominant control on riverine trace element hydrochemistry
is water-rock interactions from silicate weathering (Fig. 6). Low Cl/
Sr ratios relative to the marine value show enrichment in Sr with
respect to Cl (Fig. 7c). Further, the Na/Cl molar ratio is greater than
unity for all riverine samples, suggesting an Na excess relative to Cl
(Fig. 7b). Waters with Na/Cl molar ratios above unity may reflect
enhanced silicate weathering due to the dissolution of feldspar
minerals by carbonic acid releasing HCO3 (Rajmohan and Elango,
2004). This may explain why the anions of all riverine and lake
waters were dominated by HCO3 (Fig. 4).

Lake Abaya and Lake Chamo were dominated by Na/K cations,
similar to Group 2 and 3 groundwaters (Fig. 4). This is typical of
terminal soda lakes which accumulate high salt concentrations that
are released via chemical weathering in the surrounding catch-
ments and transferred as inflow via streams to form evaporating
lake brines (Hardie et al., 1978). Typically, Ca and Mg reach satu-
ration first, resulting in the precipitation of alkaline earth carbon-
ates (Deocampo and Jones, 2014), whereas Na and K remain in
solution longer, subsequently increasing the pH (e.g., 9.10—9.13;
Table S2) and alkalinity of the lake water. In contrast to LA and LC,
LCB is fresher and indicative of shorter water residence times,
which do not allow high salt concentrations to accumulate. Lakes
Chamo, Abaya and LCB fit with the hydrochemical range of previ-
ously reported MER lakes (Fig. 4), are less fresh than Lakes Ziway,
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and Awassa, but not as evolved as Lake Shala or Lake Turkana,
where dissolved solids may experience longer residence times.
Groundwaters were hydro-chemically distinct from surface
waters with spatial trends within the catchment. Groundwater
typically flows from the upper rift to the rift floor (JICA, 2012),
where LCB acts as a semi-aquitard with limited flow from LCB to-
wards Lake Turkana (Kebede et al., 2010a). Although groundwater
has higher concentrations of dissolved solids relative to surface
waters, this is not likely to be caused by evaporative concentration
as groundwater stable water isotope ratios lie on the Global
Meteoric Water Line, rather than an evaporation line (Fig. 3d).
Groundwater 3'80¢ generally increases with decreasing elevation,
which may reflect an altitudinal effect on 5'80p; this is generally
0.5% km~! for Ethiopian surface waters (Levin et al, 2009)
and —0.9% km~! for groundwaters (Haji et al., 2021). Group 1
groundwaters on the western elevated rift margins were domi-
nated by water rock interactions, and moved towards more hydro-
chemically evolved waters in the rift floor (Group 3) (Fig. 6). Mul-
tiple processes occur during water-rock interactions such as
dissolution, precipitation, hydrolysis, ion exchange and oxidation-
reduction reactions, which may alter the geochemical signature
of groundwaters (Haji et al,, 2021; Kebede et al., 2005). Group 1
groundwaters from the Upper Hammer Range were dominated by
Ca/Mg cations and Group 2 and 3 groundwaters were dominated by
Na/K (Fig. 4), suggesting longer residence times, with enhanced
water-rock interactions and reverse weathering processes (authi-
genic clay mineral formation removing dissolved cations and
alkalinity) typical of MER rift floor groundwaters (Kebede et al.,
2005; Ayenew et al., 2008). Dissolution of evaporites or soil salts
such as gypsum or trona in alluvial aquifers could increase both SO4

and Na relative to surface waters, whilst ion exchange processes or
Ca carbonate mineral precipitation may remove Ca and Mg from
solution, progressively reducing dissolved Ca and Mg in solution
along groundwater flow paths (Bennett et al., 2021).

5.2. Hydrological and lithological controls on 87Sr/56sr

The extreme differences in the 37Sr/%5Sr of the two dominant
lithologies in the EARS (Precambrian basement vs Cenozoic volca-
nic rocks; Table 1) renders 87Sr/865rm_c a useful hydrological tracer
in LCB. Further, it permits paleo-87Sr/®Sr¢ from fossil carbonates to
be used to reveal changes in paleohydrology (Joordens et al., 2011;
van der Lubbe et al., 2017). To determine whether LCB falls within
the end-member 37Sr/®0Sr inflow values, a three-component
875r/86sr mixing model including average groundwater and
riverine inputs from the Weyto and Segen Rivers as end-members
are used (Fig. 5). LCB falls within the groundwater and riverine end-
member mixing zone which suggests that these flows can account
for LCB 87Sr/86Sr; values. This mixing model also appears applicable
to paleo LCB as it covers the total range of measured 87Sr/%%Src from
LCB sedimentary cores over the AHP (Junginger, unpublished data;
van der Lubbe et al., 2017), supporting the use of our model to
probe variations in 8/Sr/®0Sr; resulting from Late Quaternary
climate change. A similar mixing zone was created using a three-
component mixing model for Lake Turkana based on previously
published surface water 87Sr/®Sr data (van der Lubbe et al., 2017).
Here, Lake Turkana falls slightly outside the theoretical mixing
zone, which suggests a missing ‘low’ 87Sr/86SrR'G' source. The mix-
ing model for Turkana is based on limited point-source informa-
tion, which may be biased towards the sampling season, and not

12
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representative of annual average inflows. Further, the Omo catch-
ment, where >85% of Lake Turkana's inflows originate, has been

influenced by a recent increase in anthropogenic activity over past

decades. As Turkana is a larger lake system with longer response

times, changes in Omo River 87Sr/%8Srg from anthropogenic activity

may not yet be apparent in Lake Turkana. Whilst anthropogenic
influences are difficult to rule out, the modern lake 87Sr/%6Sr; ratio
of 0.7051 is similar to the most recently reported paleo-Turkana
875r/86Src at 500 years BP (0.7050) and 2000 years BP (0.7051)
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(van der Lubbe et al., 2017). Additionally, variability in hydrother-
mal input (e.g., Loiyangalani hot spring in the south-eastern Tur-
kana catchment) may also act as an additional minor 8/Sr/%6Sr
inflow end-member for this lake system. Although beyond the
scope of this study, further investigation is warranted to improve
the constraints on 8’Sr/®Sr in paleo-Lake Turkana.

Segen and Weyto 87Sr/%6Srg values ranged from 0.7045 to 0.7070
and 0.7061 to 0.7082, respectively. Surprisingly, the Segen River
waters overall were less radiogenic than the Weyto River, even
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though this catchment contains a larger proportion of Precambrian
basement rocks (53 and 39%, respectively; Table 2), which have
more radiogenic mean 87Sr/®6Sr due to their older age and Rb/Sr
ratios (Table 1). There was also disparity in surface lithology and
lake water 87Sr/®6Sr values in the Chamo and Abaya catchments,
which both have a small percentage surface cover comprised of
older radiogenic bedrock (6 and 3%, respectively) and are domi-
nated by Cenozoic volcanic and sedimentary deposits, but had
significantly different 87Sr/%6Sr.. Lake Chamo had a less radiogenic
875r/35Sr; signature (0.7048) compared to that of Lake Abaya
(0.7062), which was closer to the values of LCB (0.7064). This
suggests that surface water 87Sr/%6Srg in our study catchments is
not solely controlled by lithology.

Broadly, chemical weathering rates are largely controlled by the
temperature and pressure at which the constituent minerals
formed (Goldich, 1938), the specific surface area of mineral surfaces
(West et al., 2005), climate (Meybeck, 1987; White and Brantley,
2003), and vegetation (Moulton et al., 2000). Although not dis-
cussed here in detail, tectonic activity is coupled to weathering
rates by controlling the supply of fresh mineral surfaces and
influencing global climate (Raymo et al., 1988). Different weath-
ering rates occur due to mineral surface areas and rock perme-
ability and, thus, reactivity with aqueous solutions may account for
the unequal contribution of bedrock lithologies to the dissolved Sr
flux (Gibbs et al., 1999). To investigate the relationship between
upstream lithology and surface water 87Sr/8sr, the lithology for the
individual sample locations and catchment areas was calculated
(apart from CB18W8 where a connection to the major river channel
could not be established; Table 2). Surface lithology was deter-
mined for major catchments (Chew Bahir, Abaya, Chamo and Tur-
kana), sub-catchments (Weyto, Segen, Turkwel, Keiro and Omo)
and within catchment samples, defined as the surface cover of the
area upstream of the riverine sample point (Table 2). The predicted
875r/86Sr of catchment surface waters was corrected for the differ-
ences in weathering rates normalised to granite following Wyorm
values given in Bataille and Bowen (2012; see Table 2). There was a
moderate correlation between measured 87Sr/%6Sr and the pro-
portions of Precambrian granitic/gneisses and Neogene/Paleogene
volcanics in the catchments (r? = 0.53 and 0.67, respectively; Fig. 6).
Quaternary sediments showed a negligable relationship to 87Sr/%6sr
values of catchment waters, which may reflect the fact that they
represent an integrated mix of the catchment lithology, evaporites
and potentially aeolian input.

The 87Sr/®0Sr values estimated from catchment lithologies were
similar (+0.004) to measured surface water values for the Weyto
and LCB catchments (Table 2). The estimated 87Sr/8Sr of the Segen
River catchment waters were typically higher than measured
values, with larger discrepancies for the smaller tributaries. For
example, although sample CB18W3 had 100% upstream surface
cover comprising of Precambrian granitic/gneissic rocks, the
875r/35SrR of the river water was unradiogenic (0.7045), suggesting
a disconnect between the surface lithology and surface water
875r/%6Sr in this tributary. In all other catchments except the
Turkwel, the estimated 87Sr/%6Sr was lower than the measured
values.

To account for the different weathering flux of lithological units,
we introduced a relative weathering flux term (k). The use of a k
value reduces these parameters into a single term whereby similar
k values across catchments would suggest a single dominant con-
trol on weathering rates. The k value was solved by inverse
modelling for each catchment utilising the measured 37Sr/%6sr
values of catchments using the following equation:
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where Ryaterbody iS the Sr measured isotopic ratio of a given
waterbody (e.g., LCB), Ry is the average Sr isotopic ratio of a given
lithological unit (denoted as p: Precambrian metamorphic base-
ment, g: Quaternary sediments and alluvium and n: Neogene/
Paleogene volcanics; Table 1), fy is the fraction of the catchment
area covered by a given lithology, Sr is the Sr concentration of a
given lithology, and k is the weathering flux of a given lithology. The
k values are normalised relative to the granitic/gneissic Precam-
brian units (k, = 1) (Table 2) and reflect the differences of Sr
weathering fluxes between catchments.

There are clear differences in k values between catchments. The
LCB catchment k values for each lithology are approximately one,
suggesting congruent weathering at the catchment scale. However,
the LCB sub-catchments, and the Turkwel, Omo, Abaya, Chamo,
Turkana and Keiro catchments exhibited k values from 0 to 4.3
(Table 2). One explanation could be the large range in Sr concen-
trations, 87Sr/®8Sr ratios and age variability of the southern Ethio-
pian Precambrian basement rock itself creating a large range in
875r/86sr flux variability (Table 1). Alternatively, there could be a
contribution of Sr from the dissolution of aeolian-derived material
(long-range transported dust or volcanic ash) that does not repre-
sent the local surface lithology. Importantly, this does not affect the
interpretation of our modelling results as we use catchment-
averaged 87Sr/%0sr ratios, but may be a critical consideration for
future studies focusing on sub-catchment scales.

Another important consideration at LCB to explain 87Sr/%0Sry, is
the influence of groundwater. The unexpectedly high 87Sr/%6sry for
the Weyto River samples relative to their surface geology may be
explained in terms of groundwater input (baseflow) from a more
radiogenic source. The role of groundwater in the maintenance of
baseflow is important in rivers and wetlands (Baillie et al., 2007),
particularly in semi-arid regions as one of the most important low-
flow hydrological parameters (Mwakalila et al, 2002). The
groundwaters sampled in the Weyto River basin were classified as
Group 1 (Fig. 2, Table 2), and have the most radiogenic 87Sr/®6Sr¢
(0.7080—0.7104) of all waters measured in this study (Table S2,
Fig. 5). These groundwaters drain unconsolidated alluvial sediment
aquifers overlying Precambrian granitic and gneissic rocks (Fig. 6),
the weathering of which was the likely dominant local source of the
sediments in the dry wadi bed aquifers in this part of the catch-
ment. The groundwaters in Group 2, however, had low 87Sr/®6Srg,
suggesting a feature of the eastern rift flank may be less radiogenic
875r/35Sr¢ (Fig. 5). Although better spatial coverage of groundwater
is required to draw any firm conclusions, a less radiogenic
groundwater baseflow component in the Segen River catchment
would provide an explanation for the lower 87Sr/%6Srg measured for
the Segen River relative to the catchment lithology. This would also
be consistent with congruent weathering at the catchment scale.

The importance of groundwater inflow for LCB is demonstrated
by the average 87Sr/®0Srg end-member input for LCB (combined
Weyto and Segen) being less radiogenic than LCB lake water, thus,
requiring a more radiogenic 87Sr/%6Sr end-member to achieve mass
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balance. As average groundwaters had more radiogenic 87Sr/26Srg;,
they likely represent an important end-member in the Sr mass
balance of LCB. Further, the Group 3 groundwaters in the rift floor
north of LCB, although further along the groundwater flow path
and likely more evolved, are most similar in concentration and
875r/855r to riverine and LCB waters (Fig. 5). We attribute this to the
rift floor being a zone of surface-water-groundwater interaction
where mixing of riverine and shallow groundwater occurs. Addi-
tionally, for a mass balance model of terminal LCB, a large pro-
portion of surface inflows must be lost to groundwater outflow
(Supplementary Table 1), and this likely occurs in the deltaic
wetland region in the northern part of LCB.

5.3. Hydro-balance modelling of 8°Sr/%6Sr and 680

Sedimentary records from LCB provide evidence of wetter
conditions during the AHP due to the distinct mineral assemblages
in sediment layers which correspond to wet phases (Foerster et al.,
2018; Foerster et al., 2012; Foerster et al., 2015; Viehberg et al.,
2018). In the following sections, we explore the role of hydrologi-
cal re-organisation on Sr/®6Sr; and §%0;, modelled over
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Quaternary timescales and the potential of using combined paleo
875r/%6Src and 3'80¢ as a proxy of catchment size and inter-
connectivity. Lake hydro-balance modelling (Fig. 8) allowed us to
explore changes in the isotope composition of LCB over three sce-
narios at the onset of the AHP, assuming a 25% precipitation in-
crease (Table 4). In the model simulations, we prescribe modern
values of 3'30 for all inflow parameters. However, during the AHP,
global isotope-enabled rainfall models suggest Ethiopian 3'®0p was
~ —1%o lower (LeGrande and Schmidt, 2009). We apply this offset to
d;i and dp and reran the model simulations (Fig. 8b; grey dashed
lige) to show the impact of an isotope change in paleo inflows on
9'°0y.

The percentage of dissolved Sr delivered to LCB from each end-
member (Weyto River, groundwater etc.), including the percentage
of buffering from stored Sr in LCB, is shown in Fig. 8c at the start and
end of the modelling period. In all scenarios, the initial 3'80; and
8751/85Sr of LCB was +3.8%0 and 0.7064, respectively, to reflect
modern values (Supplementary Table 2). Theoretical water resi-
dence times based on the Sr concentrations of the maximum vol-
ume of a closed LCB (Fig. 9a) and a flow-through LCB (Fig. 9b) were
also calculated following Yuretich and Cerling (1983):
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Fig. 8. Output from the combined Sr and O model over three different scenarios: Closed terminal LCB, Open terminal LCB and Open flow-through LCB under the conditions
described in Table 4. Panel a shows a cartoon of each of the three scenarios. Panel b shows the isotopic (O and Sr) and corresponding LCB lake volume over the three scenarios. The
paleo-LCB 87Sr/%%Sr range of microfossils from van der Lubbe et al. (2017) and Junginger et al. unpublished data are indicated. The points when overflow switches on in the model
from Lake Chamo and LCB are also indicated. The grey dashed lines show the modelling output if a concomitant change in dp and d,; occurred with the P increase. The sensitivity to
change in temperature of +10 °C are also shown as error bars next to the 3'80; modelled output. Panel c shows the percentage contributions from each reservoir (LCB: Lake Chew
Bahir; GW: groundwater, WR: Weyto River, SR: Segen River, LC: Lake Chamo and P: Precipitation) of dissolved Sr into LCB at the start and end of the modelling period. At the start of
the modelling period most of the dissolved Sr is derived from the Weyto (37%) and Segen Rivers (26%), whereas at the end of the modelling period, after a large lake has formed
most of the dissolved Sr comes at a single annual time step comes from the LCB itself (the dissolved Sr already present in the lake from the previous time step).
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Fig. 9. Sr water residence times for LCB for Open terminal LCB and Open flow-through LCB modelling scenarios.
5.3.3. Scenario 3: open flow-through Lake Chew Bahir
Vigke X Mi Scenario 3 considers an inter-connected lake system where LCB

Ti (16)

- Mi(VGW + Voverﬂow)

where 7 is the annual residence time of the solute i, Mi is the
amount of solute i in the water body, Vjake is the lake volume and
the annual flux of the solute leaving the water body via ground-
water outflow (Vgw) and surface overflow to Turkana (Voverfiow)
assuming ideal conditions with a well-mixed, unstratified lake.
Overflow to Lake Turkana is initiated once the overflow threshold is
surpassed, using the output from the lake balance modelling. Under
modern closed-lake conditions, Sr residence times are ~1 year and
are more sensitive to changes in Sr influxes.

5.3.1. Scenario 1: closed terminal Lake Chew Bahir

Under closed-lake conditions, modelled 87Sr/%6Sr; decreased
from 0.7064 to ~0.7062 (Fig. 8a), and 8'0; increased to ~14%o by
model year 2000. This suggests a large range (~10%o) in 8'80 can be
acheieved due to intra-catchment dynamics alone, i.e., no inter-
catchment connectivity. The increase in 30 reflects the
enhanced influence of evaporation in an expanding semi-arid lake
that increases approximately 8-fold in surface area over the
modelling period. Further, the modelled 3'30y is within the range of
reported in modern day MER lakes (Fig. 3e). The decrease in
875r/36sr; is directly related to increased surface inflow with less
radiogenic 87Sr/®%Sry, and occurs directly in phase with linear in-
creases in inflows.

5.3.2. Scenario 2: open terminal Lake Chew Bahir

Another scenario during the AHP is hydrological reorganisation
including additional inflow from Lake Chamo via the Segen River,
which infrequently occurs under modern conditions when pre-
cipitation exceeds the long-term average. Interestingly, although
the inflow from Lake Chamo resulted in a larger lake than in Sce-
nario 1 (Fig. 8b), 87Sr/%8Sr; showed an initial change at the activa-
tion of Lake Chamo overflow, but this overflow made little
appreciable difference compared to Scenario 1 over the whole
modelling period. At the end of the modelling period, 8'%0; was
~+15%o (~1%o higher than Scenario 1). Thus, overflow from Lake
Chamo into LCB is unlikely to drive major changes in lake water
chemistry.
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overflows and creates a large N—S cascading lake system con-
necting Lake Abaya, Lake Chamo, LCB and finally Lake Turkana. The
3180, change over the modelled period was significantly different
in this scenario. Similar to other scenarios, 5'80; increased over the
modelling period until the overflow point was surpassed and
overflow was initiated to Lake Turkana. At this point, 5'80; rapidly
decreases from ~+414.0%0 and stabilises at +12.0%0 when steady
state conditions begin at model year 1000. Under humid conditions
when LCB is a flow-through system, 3'30y is still likely to be high,
but trending towards lower values than other scenarios by up
to —2.0%o. This is consistent with 880 reconstructions of ostracods
from outcrops at Lake Turkana, where a —1.5%o0 decrease occurred
in the fossil record during phases of overflow and connectivity to
the White Nile (Beck et al., 2019). Our modelling suggests that the
transition from terminal to flow-through lake conditions in lake
systems like LCB may be even more pronounced.

Modelled 37Sr/®5Sr; in LCB also changed significantly in this
scenario from 0.7064 to ~0.7060, which is greater in magnitude
than the change in the terminal LCB scenarios (Fig. 8). This suggests
that the greatest change in 87Sr/26Sr; occurs via a transition from
smaller terminal lake to a large flow-through lake. A decrease in the
residence times of dissolved Sr (~55 years to 25 years) occurred
after LCB switched to a flow-through system, increasing the lake's
sensitivity to changes in surface water inflows (Fig. 9b).

54. Lake water 6'80 change at the AHP onset

Dynamic changes in 880 have been reported in the endogenic
calcite record from LCB lake cores with a range of +0.5 to +9.0%o
(VPDB) over the AHP (Viehberg et al., 2018). Once converted to the
VSMOW scale (Coplen et al., 1998), assuming temperature depen-
dent fractionation between water and calcite (Kim et al., 2007) and
the modern lake water temperature of ~30.5 °C, we estimate that
lake water ranged from +4.0 to +12.6%. (VSMOW) during the AHP
period. This is comparable to the range of 0y in our modelled
results simulating the onset of the AHP (+4.0 to +14.5%o; Fig. 8).
Lake water 3'30y is sensitive to three main factors: 1) the 3'80p of
the precipitation moisture source, 2) groundwater input, and 3) the
degree of evaporative fractionation (Leng and Marshall, 2004; Leng
etal, 1999a, b). At LCB, changes in the first factor, (3'80p) may occur
due to changes in the strength of the East African Monsoon or West
African Monsoon (Viehberg et al., 2018), bringing rainfall from the
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Atlantic or Indian Ocean, respectively. Modelled rainfall isotope
values from coupled atmospheric-ocean circulation models, sug-
gest a potential ~-1%o (eg. LeGrande and Schmidt, 2009) change in
rainfall 380 during the Holocene. If we consider this in our
modelling, a concomitant change in dp and consequently d;; has a
large impact on 3'80;, resulting in an offset at the end of the
modelling period of ~-6%o compared to simulations where dp was
held constant (Fig. 8b). Lower dp acts to ‘buffer’ the overall increase
in 5'80; driven by evaporation in our model simulations. In the
same way, increases in groundwater inflow with lower 3'%0 than
rainfall, would also act to buffer increases due to evaporation
resulting in lower §'80;. The third factor, evaporation, shows the
greatest total impact on 3'®0y, resulting in an overall change of
~10%o. This can be seen in terminal LCB Scenarios 1 and 2 where dp
and G; are held constant and the change in 80y is driven by
evaporative fractionation as LCB expands in surface area and water
residence times increase (Fig. 9).

5.5. Lake water 8°Sr/%0Sr change at the AHP onset

Scenarios 1 and 2 cover approximately half the variability of
875r/86Sr¢ derived from measurements of carbonate microfossil
material at LCB over the AHP (0.7065—0.7060; van der Lubbe et al.,
2017; Junginger et al., unpublished data). The third scenario, where
LCB overflowed to Lake Turkana, showed the greatest range in
875r/%6Sr;. Sustained connectivity to Lake Turkana creates an extra
outflow of Sr from LCB, effectively flushing Sr until a new steady
state is reached. Consequently, estimated Sr residence times for the
open flow-through LCB scenario are ~25 years lower (Fig. 9b).

Our maximum lake water residence time of ~55 years suggests a
dynamic lake system which could respond quickly to changes in Sr
influxes. This contrasts the record from Lake Turkana, which shows
smooth and gradual changes in 87Sr/%6Src over the AHP, most likely
due to the larger buffering capacity of this lake (~200 times larger
than LCB at present day). Dissolution of lake basin evaporites,
formed from past water pulses and subsequent evaporation epi-
sodes, could also provide an additional source of Sr during lake-
filling episodes, the influence of which is difficult to account for.
This could lag the response time of lake water 37Sr/®5Sr; to hy-
drological reorganisation. For example, if we consider the most
extreme example of the complete desiccation of the maximum
volume of LCB where 100% of the Sr in the water is precipitated as
evaporites on the lake basin floor, we can suggest a potential upper
limit of this process. Based on modern lake concentrations of Sr
(394 ppb) and a maximum surface volume of ~83 km? an additional
3.3 x 107 kg of Sr would be released into LCB during filling episodes.
This would effectively act as an additional source of ‘recycled’ Sr
with the 37Sr/%5Sr, of past lake water. If we assume this is released
at a constant rate during lake filling, this could represent a
maximum of 0.1—4% of the total Sr input on an annual time step. In
reality, not all lake Sr would be converted to surface evaporites and
a proportion would be removed as groundwater outflow and
depending on the time interval separating lake draining and filling
episodes, evaporites may also buried via sedimentation processes
estimated at 0.1—1.3 mm a~! (Foerster et al., 2012).

5.6. Sensitivity analysis on the surface-water-to-groundwater ratio

The larger range of 87Sr/%0Sr¢ (0.7065—0.7060) measured in
microfossils from LCB (van der Lubbe et al., 2017) could not be
simulated by our model (~0.7064—0.7060) considering only
changes in catchment connectivity. This suggests an additional
source of more radiogenic Sr outside of our prescribed model
conditions. Groundwater has both much higher Sr concentrations
compared to surface waters (Table S2) and is typically more
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Fig. 10. Sensitivity cross-plot of LCB 87Sr/*%Sr; and 5'®0, to changes in groundwater/
surface water flow (Rq gw:sw) denoting the modern values and approximate shifts from
closed to open conditions.

radiogenic 87Sr/28Sr¢. Our hydro-balance shows that the modern
ratio of surface water and groundwater inputs based on flow (Rq,sw,
gw) is 11:1, however, the Sr flux surface-water-to-groundwater ratio
(Rsrswjgw) is much lower (4:1) compared to the ratio of inflows,
revealing that changes in groundwater inflow has a large impact on
the overall Sr budget to LCB. In our model simulations groundwater
inflows (G;) were held constant. Fig. 10 shows the impact and
sensitivity of LCB to changes in groundwater inflows by altering the
Ro,swjgw Tatio, and the consequent impact on both 37Sr/%®Sr; and
3'80y. This revealed that the most dynamic changes in 87Sr/%0sr;
occur under dry conditions as the Rq sw/gw approaches 1. Conversely
during very humid conditions, when a flow-through lake has been
established, 7Sr/2Sr; tends to be more stable due to the buffering
capacity of a larger lake system. More radiogenic 37Sr/26Sr; may be
explained by an increase in groundwater flow into LCB due to either
a rising water table or reduced surface water inflow. Lower
875r/86sr, during the AHP may be explained by reduced ground-
water inflow or higher surface water inflow relative to today
(higher Rqswjgw), for example, in very humid conditions when
there is overflow to Lake Turkana (Fig. 10). Large changes in pre-
cipitation will ultimately change the water table height; however,
groundwater response times are typically slow, e.g., estimated at
100—1000 years in Olduvai gorge, Tanzania (Cuthbert et al., 2017),
compared to runoff and are out of step with meteorological and
surface hydrological change (Cuthbert et al., 2019). It may then be
reasonable to assume that changes in groundwater inflow and
outflow will be slow to respond at the onset of a humid period, and
the isotopic response of LCB lake water will be dominated by the
changes in surface water inflows. Over time groundwater will likely
play a more important buffering role, especially in maintaining
higher lake levels in a drying climate and allowing groundwater
refugia to develop (Cuthbert et al., 2017). Therefore, groundwater
inflow may buffer surface inflows to varying degrees, which should
be reflected by changes in 87Sr/26Sr. Whilst beyond the scope of this
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study, an improved understanding of groundwater flow dynamics
and age in southern Ethiopia would be invaluable for improving
paleoclimatic reconstructions using &7Sr/26sr.

Changes in R swjgw also has implications for 3'80y. At the start of
Scenario 2 (dry conditions with a low Rqsw/gw), water residence
times are shorter (Fig. 9), reducing the impact of evaporative 80
enrichment and resulting in lower LCB 3'80 (Fig. 10). Conversely,
under very humid conditions in Scenario 3, water residence times
are reduced after flow-through conditions are established, which
also results in lower 3'80y (Fig. 10). Higher 5'80y occurs as the Rq sw;
gw increases until the overflow point, after which connectivity to
Lake Turkana reduces the lake water residence time (Figs. 8—10). In
our modelling results, the lowest 3'80; values occurred under the
two extreme lake scenarios: 1) under dry, closed terminal lake
conditions with a low groundwater to surface water ratio and 2)
under very humid, open flow-through lake conditions where LCB
became part of a large cascading lake system (Fig. 10). Here, the
additional use of 87Sr/26Sr in fossil carbonates can help distinguish
whether conditions were dry (high 87Sr/%%Sr) or very humid (low
875r/86sr) and could serve as a framework for interpreting the
lacustrine fossil 8'80¢ record. Based on our modelling, we suggest
that flow-through conditions to Lake Turkana, simulated by
increasing surface inflows by 300% and rainfall by 25%, result in a
decrease in LCB 880 of —2%., which decreases to —10%0 with
concomitant change in rainfall precipitation of —1%o relative to
present day. Low 3'80¢ values between ~+0 and +3%o (VPDB) were
reported in the LCB paleo record from Viehberg et al. (2018) during
the AHP, in conjunction with other proxy indicators (e.g., Ca/Ti)
suggesting established lake conditions and not the dry/small lake
end-member scenario. Our modelling suggests such low values
necessitates a connection to Lake Turkana and higher inflows
(beyond those of our modelled scenarios) or lower input rainfall
isotopic composition. Dating of paleo-shorelines would also be
beneficial in determining the timing of these phases. We suggest
that 8'80¢ alone would be insufficient to differentiate lake condi-
tions, such as an open versus closed lake, but in combination with
875r/86sr(, the extent of lake expansion and trends (i.e. draining or
filling) in hydroclimate may be better interpreted.

6. Conclusions

Our study provides the first known major hydrochemical
investigation of the Lake Chew Bahir catchment in southern
Ethiopia. The major, trace, and Sr and O isotopic composition of
surface and groundwaters reported in this study are within the
range of previously published data in the EARS, suggesting the LCB
catchment is a good analogue for other semi-arid catchments in the
region. Groundwater-surface water interactions at terminal, semi-
arid LCB plays a significant role in water hydrochemistry. The Sr
mass balance of LCB cannot be achieved by only including surface
water inflows, or explain the modern lake water 87Sr/%0Sr; ratios.
This demonstrates the important role of groundwater in dryland
lake basins and supports the hypothesis that perennial springs
likely play a central buffering role in sustaining water supplies in
areas which typically experience climatically induced large-scale
surface water fluctuations (Cuthbert et al., 2019).

Based on model simulations, LCB has short (1-55 years) Sr
residence times, and 8'%0 is sensitive to the evaporative conditions
and lake water residence times. Higher 3'%0 is likely indicative of a
larger closed-lake system. Lake 3'80; values greater than +12.0%o
suggest a closed lake system, whereas a decreasing trend in 5'80;
indicates a flow-through lake and subsequent connectivity to Lake
Turkana. Coupled lower 87sr/86Sr and higher 3'30 would suggest
large-scale hydrological reorganisation, able to support a flow-
through lake system where the Sr budget was dominated by
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surface inflows. Isotopic data from microfossils could provide key
insights on paleo-hydrological connectivity between LCB and Lake
Turkana and allow time periods of cascading lake systems to be
identified. Conversely, periods dominated and buffered by
groundwater inflows indicated by lower 3'®0; and higher 87Sr/%%Sr,
may also be readily identified. This likely played an integral role in
the availability of freshwater resources for our human ancestors in
the region during documented climatic instability over the late
Quaternary (Viehberg et al., 2018; Foerster et al., 2018). The com-
bined use of 87Sr/%0Sr¢ and 8'80¢ can provide important insights to
change in hydroclimate in southern Ethiopia, and other similar arid
and semi-arid lowland sites.
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Abstract

This paper evaluates risk-oriented frameworks for explaining environmental, social, and economic changes faced by fishing and herding communities in
the Turkana Basin during and after the African Humid Period (AHP, 15-5ka). The orbitally-forced AHP created moist conditions, high lake levels, and
unusual hydrological connections across much of northern and eastern Africa. As arid conditions set in and rainfall decreased between 5.3 and 3.9ka
in eastern Africa, Lake Turkana (NW Kenya) shrank dramatically. Shoreline retreat coincided with an expansion of open plains, creating new ecological
conditions and potential opportunities for early herders in the basin. In this changing landscape, economies shifted from food procurement (fishing/
hunting aquatic resources) to food production (herding), likely through both in-migration by pastoralists and adoption of herding by local fishers. Early
pastoralists also built at least seven megalithic pillar sites that served as communal cemeteries during this time. Recent research has shown that local
environmental dynamics — both during and after the AHP — were complex, demanding a more careful interrogation of the notion that post-AHP life
entailed new and/or heightened risks. Risk-buffering strategies might include mobility, diversification, physical storage, and exchange. Archaeologists
working around Lake Turkana have proposed that economic shifts from fishing to pastoralism entailed increased mobility as a risk-buffering strategy to
deal with aridity and resource unpredictability, and that pillar sites — as fixed landmarks in an unstable landscape — provided settings for congregation
and exchange amongst increasingly mobile herding communities. However, recent research has shown that local environmental dynamics in the Lake
Turkana basin — both during and after the AHP — were more complex than previously thought, necessitating re-evaluation of the notion that post-AHP
life entailed new and/or heightened risks. Here, we explore risk buffering strategies (e.g. mobility, diversification, physical storage and/or exchange) as
only one category of potential explanation for the new social practices observed in the region at this time. Gauging their applicability requires us to (a)
assess the spatial mobility of communities and individuals interred at pillar sites; (b) evaluate whether and how mobility strategies may have changed as
pastoralism supplanted fishing; and (c) examine alternative explanations for social and economic changes.
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Introduction 'Stony Brook University, Stony Brook, NY, USA

In many parts of the world, scholars have viewed risk reduction as
a potential motive for early food production, especially in tempo-
rally variable or unpredictable environments (Cohen, 2009;
D’ Alpoim Guedes, 2011; Peacock, 1998; Stein, 1989; Wetterstrom,
1993). This idea has been influential in Africa, particularly in areas
where herding developed before farming (see reviews by Garcea,
2020; Gifford-Gonzalez, 2005; Lander and Russell, 2018; Lesur
et al., 2014; Marshall et al., 2011). In an initial continent-wide syn-
thesis, Marshall and Hildebrand (2002) used ethnoarchaeological
examples to argue that the origins and spread of pastoralism came
about through the desire to manage unpredictable resource access
and achieve social and economic goals. Examining the “moving
frontier” of pastoral spread through northern and eastern Africa,
Sawchuk et al. (2018) suggested that commemorative practices
among some early pastoral groups strengthened social networks in
ways that would mediate challenges, uncertainties (and potential
risks) of either bringing herds and people to a new area, or
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Figure |. Topography, major wind trajectories, and outlines of modern-day lakes and paleo-lakes of eastern Africa. Dashed lines of paleo-
lakes show proven maximum paleo-lake shores (Fischer et al., 2020; Junginger et al., 2014; and references therein), whereas “?” are paleo-lake
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with all lakes that have overspilled to Lake Turkana during phases of maximum humidity during the AHP. Maps are based on OpenStreetMaps

and SRTM.

incorporating animal husbandry into fishing-hunting-gathering
economies. Marshall et al. (2011), noting different responses to dif-
ferent kinds of risk among contemporary pastoralists, modeled dis-
tinct environmental and social processes shaping the early stages of
animal husbandry in northern versus southern Kenya. All of these
works rest on an implicit assumption that humans perceive risk
(defined here as unpredictable hazards and/or resource scarcities)
in similar, generalizable ways. However, ethnographic records
(reviewed in the next section) attest to a wide variety of views on
what constitutes risk, what nature or severity of threat it poses, and
what behaviors or strategies are appropriate to either mitigate or
counter it, depending on local environments, economic orienta-
tions, and cultural beliefs. Because local environmental conditions
and historical contingencies surely shaped early pastoralists’ expe-
riences and decisions, motives for socio-economic changes must be
evaluated locally. Here, we use the Turkana Basin in eastern Africa
(Figure 1) as a case study for reevaluating relationships between
risk management and the spread of pastoralism in Africa, broadly.
For decades, risk has figured in discussions of early pastoral-
ism in eastern Africa, with increasing recognition of the region’s

unique environmental and social history (Chritz et al., 2019; Gif-
ford-Gonzalez, 1998, 2000). First, eastern African rainfall pat-
terns and vegetation would have been distinct from those in the
potential source areas where pastoralism was practiced previously
(Sudan, Ethiopia). Second, the earliest herding in NW Kenya
coincided with the end of the African Humid Period (AHP, ca.
15-5ka; all ages in this paper are in ka cal BP), with recession of
Lake Turkana and neighboring lakes, alongside new vegetation
and faunal composition 5—4ka (Barker et al., 2004; Bloszies
etal., 2015; Costa et al., 2014; Foerster et al., 2012; Garcin et al.,
2012; Junginger and Trauth, 2013). However, this correlation
does not prove that increasing aridity caused the spread of pasto-
ralism; even if some kind of causality is established, its mecha-
nisms are complex (pull vs push) and need not invoke risk as a
motive. Third, the processes by which pastoralism spread are not
yet clear: immigrant pastoralists presumably brought livestock,
and at this time the Turkana Basin sees dramatic new patterns of
ceramic and lithic production, burial traditions, and construction
of monumental architecture (Goldstein, 2019; Grillo et al., 2022;
Hildebrand et al., 2018; Keding, 2017). However, biodistance
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analyses based on dental morphology are inconsistent with a
major population replacement of forager communities by incom-
ing herders (Sawchuk, 2017), so early pastoralism around Lake
Turkana likely entailed both migration of people and diffusion of
livestock and knowledge.

Deeper theoretical engagement, and new paleoenvironmental
and archaeological data call for a critical evaluation of the idea
that risk (or the desire to manage it) was a likely factor shaping
profound economic and social changes around Lake Turkana c.
S5—4ka. A risk-centered interpretation of these changes runs as
follows: if one supposes that AHP fishing-hunting-gathering
(FHG) groups had a fairly secure existence living with low
mobility near productive, predictable fishing grounds, then aridi-
fication and lake recession could have made FHG economies
more unpredictable (and risky). In this situation, pastoralism
would have entailed or allowed a more mobile existence, helping
groups accommodate fluctuations in rainfall, depleted fishing,
and geographic unpredictability of pasture and terrestrial plant
and animal resources. Activities related to the construction and
use of pillar sites could have drawn dispersed populations
together often enough to exchange information and strategize
actions that would reduce economic risks overall. This interpre-
tive framework implies that mobility, herding, and pillar sites all
constitute adaptations to heightened risks of the newly arid post-
AHP world and dovetails neatly with Halstead and O’Shea’s
(1989) suggestion that mobility is a prime way to counter risk.
However, many elements within it rely on unproven assumptions
and shaky causal relations.

Other motivating factors may have been in play. For example,
over time newly exposed plains by the retreating lakeshore could
have offered prime pasture for incoming pastoralists, or herders
could have been attracted by the opportunity to broaden their
economy by incorporating fishing, or populations of fishers and
herders may have realized that economic symbiosis might be ben-
eficial to both. Some of these potential explanations also involve
environmental changes and economic decisions, but the risk cal-
culations involve different factors.

Over the past five decades, archacology has undergone suc-
cessive waves of enthusiasm for interpreting the impacts of cli-
mate change on human societies, the impacts of humans on the
environments around them, and (most recently) the development
of two-way human-environment relations (reviewed in Contreras,
2017). Contreras points out that all such studies have faced the
same fundamental difficulties: paleoenvironmental and archaeo-
logical data may be collected at different spatial and temporal
scales, chronological precision may be insufficient to establish
true correlation, and causal mechanisms may not be clear. This is
true in our own study area and period. In terms of scale, we are
only beginning to understand the local environmental effects of
NW Kenya’s dramatic humid-to-arid transition in climate, and the
economic ramifications for FHG communities. In terms of chron-
ological precision, the dates of pastoral beginnings are still too
vague to determine their exact relation to falling lake levels and
vegetation changes. In terms of mechanisms, several aspects are
uncertain beyond the population relations described above: pasto-
ralism was spreading from areas that underwent post-AHP aridi-
fication slightly earlier, so that any in-migrating pastoralist groups
may have had prior experiences with these phenomena. In addi-
tion, our understanding of how communities would perceive risk,
and act upon those perceptions, remains elusive.

To revisit/revise explanations of early food production in NW
Kenya, and build upon Marshall et al. (2011)’s perspectives on
pastoral risk with Contreras’s (2017) caveats in mind, we offer
new comparative perspectives on risks that people living around
Lake Turkana may have faced during and after the AHP. First, we
turn to ethnographic and historic records to better understand how
people in FHG and pastoralist groups may respond to

environmental and economic risks. Second, we present new
paleoclimate and paleoenvironmental data to evaluate risks that
FHG groups might have faced during the AHP around Lake Tur-
kana and neighboring basins of Chew Bahir and Suguta. We offer
a brief synthesis of AHP archaeological sites to help discern how
FHG groups positioned themselves on the landscape, and we
assess the utility of existing data on early pastoralists. Finally, we
consider the challenges of scale, precision, and mechanism as
they apply to our current knowledge.

Understanding risk in fishing-
hunting-gathering and pastoral
economies

Foreshadowed by individual studies (e.g. Wiessner, 1982), Hal-
stead and O’Shea (1989) launched a conversation about risk and
uncertainty that has contributed valuable insights over the past
three decades. This work directed archaeologists to examine not
just average conditions and normative behaviors, but spatial and
temporal variations in resource availability that could stimulate
novel strategies. Their definitions of risk-buffering mechanisms
— mobility, diversification, physical storage, and exchange (Hal-
stead and O’Shea, 1989) — catalyzed new efforts to identify and
explain these behaviors in the archaeological record. Since then,
discussions of risk have continued in both archacology and human
ecology (e.g. Bliege Bird et al., 2002; Cashdan, 1990; Halstead
and Jones, 1989; Miller et al., 2011; Strawhacker et al., 2020;
Winterhalder, 2007; Zavodny et al., 2017).

Most archaeological discussions of risk and uncertainty have
concerned either farmers or hunter-gatherer groups focusing on
terrestrial resources, rather than pastoralist or FHG societies.
These perspectives emphasize storage, sharing, and intensifica-
tion of use or processing, rather than mobility (but see Marshall
etal., 2011; Moore, 2011) as potential risk buffering mechanisms.
Northwest Kenya offers the opportunity to make an explicit com-
parison of risk across the transition — from FHG to pastoralism —
between two economic systems that have seen less attention, and
unpack the variables necessary to evaluate mobility as a potential
buffering mechanism in each economy. Ethnographic and ethno-
archaeological data demonstrate how FGH and pastoralist groups
might experience, conceptualize, and respond to risk in different
ways than farmers and terrestrial hunter-gatherers. By presenting
these perspectives, and engaging with nuanced definitions of
mobility in recent studies of contemporary pastoralists, we are not
claiming specific, direct historical analogies between any ethno-
graphic sources and archaeological subjects (sensu Wylie, 1985).
Rather, we seek to situate the discussion of risk in the eastern
African Holocene within a frame that explicitly acknowledges
factors relevant to fishing and pastoral economies.

Considering risk in FHG economies

Archaeologists have long recognized that economies with a special
focus on aquatic resources-be they FHG groups during the AHP,
Mesolithic fisher — foragers of northern Europe, or various “shell
mound” groups in the Americas — are distinct from those based pri-
marily on terrestrial resources (e.g. Boethius et al., 2020; Fischer
etal.,2007; Gaspar et al., 2011; Maritan et al., 2018; Marquardt and
Watson, 2005; McQuade and O'Donnell, 2007; Richards and
Schulting, 2006; Robson and Ritchie, 2019; Sutton, 1977). It fol-
lows that such groups may experience and perceive risk in ways
that are linked to distinctive aspects of their environments’ physiog-
raphy and seasonality, and their technological repertoires and sys-
tems of social organization. Around Lake Turkana, the ethnographic
record furnishes important analogs when considering fishing prac-
tices by FHG societies during the African Humid Period and earlier
periods (Gifford-Gonzalez et al., 1999; Smith, 2018).
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Relatively little information is available about historic mobil-
ity and settlement patterns by contemporary FHG peoples or
peoples whose pastoralist economies include fishing components.
Derbyshire (2019) describes numerous and longstanding Turkana
fishing communities on the western lakeshore and their prefer-
ence (contra development schemes) for impermanent and move-
able settlements/structures. Along the northeast lakeshore, prior
to the mid-1970s, men from specialist groups within Dassanach
agropastoralist societies moved within an ~80km stretch to fish
and hunt while family members stayed in Ethiopian farming set-
tlements. Stewart and Gifford-Gonzalez (1994) note their cre-
ation of both long- and short-term base camps, fish processing
camps, and fish waste discard sites. El-molo FHG communities
today live in two permanent villages on the southeastern shores of
Lake Turkana, but previously lived in smaller and more wide-
spread settlements on the northern, eastern, and southern edges of
Lake Turkana and on its islands (Dyson and Fuchs, 1937; Kiura,
2005a, 2005b; Sobania, 1988; Vagnby and Jacobs, 1974).

Stewart (1989: 70-77) and Smith (2018) emphasize the sig-
nificance of certain habitats at specific times of year: deep-water
river mouths early in the rainy season, receding waters as the wet
season ends, shallow basins where fish may be easy targets (e.g.
Ferguson’s Gulf in Turkana today) and deltas with slow, narrow
channels (e.g. the Kerio Delta in Turkana today). Smith’s inter-
views reveal Turkana fishermen’s rich knowledge of different
implements and multiple potential fishing sites that could be used
in different seasons or depending on particular weather develop-
ments. Gifford-Gonzalez et al. (1999) note variable yields from
day to day and depending on habitat and target species. Scherer
(1978: 65-77) describes working groups of different sizes and
gender compositions among El-molo, conducting spear-fishing
(individual men), net fishing (large group of women, arranging
their individual nets in a series and helped by small children), and
spear or harpoon hunting of crocodiles and hippos (groups of 2—4
men). Other methods employed by contemporary fishing com-
munities around Lake Turkana include the construction of weirs
and the use of both thrust/drag and stationary baskets (Scherer,
1978: 66-70).

Although contemporary methods in fishing and aquatic hunt-
ing likely differ from AHP practices in many ways, they impart
several important lessons. First, some forms of mobility are likely
to have been central to the AHP FHG economic strategy, even
within routine seasonal and interannual patterns of rainfall and
water body flow. Second, AHP fishing groups likely had a reper-
toire of technologies that could be deployed in diverse locations
along lakeshores, rivers, and deltas, potentially insulating groups
from risks that would accrue if they focused on a single method,
place, or habitat. Third, the specifics of contemporary fishing
practices reveal ways in which unusually rapid changes in lake
level — or even more subtle changes in seasonality of rainfall and
water movement through rivers into lakes — could have made fish-
ing systems less predictable, introducing new risks and opportu-
nities as bays dried or filled, river deltas moved, and flooding or
spawning times shifted.

A fourth insight arises from Derbyshire’s (2019) observation
that — contra ethnographic accounts emphasizing the pastoral ele-
ments of their economy — Turkana people living in shoreline com-
munities have been involved in fishing for more than a century.
Oral histories and linguistics place the origins of the Turkana eth-
nic group in eastern Uganda and South Sudan, far from the lake;
oral accounts describe not a simple history of migration but a com-
plex tapestry of movements, fusion with/separation from other
groups, and economic adjustments to changing social, political,
and environmental circumstances (Lamphear, 1988). Despite their
notional roots elsewhere and the high value placed on animal
husbandry, a substantial subset of the emerging Turkana ethnic
group has gravitated to the shore and become expert in fishing

technologies suitable for Rift lake environments. Similarly, pasto-
ralist Dassanach groups on the eastern side of the lake have long
included fishing communities (Gifford-Gonzalez et al., 1999;
Sobania, 1988). Histories for other pastoralist groups such as Sam-
buru echo some of these notes, recounting periods when herders
suffered crises and livestock losses, moved to the lake, and merged
(at least temporarily) with local fishing groups such as El-molo
(Sobania, 1988). Together, these histories provide valuable alter-
natives to the idea that people turned to herding as a way to miti-
gate risks in fishing at the end of the AHP; it is equally plausible
that herders, encountering many obstacles in a new and rapidly
changing environment, found their way to the lakeshore with some
livestock and joined forces with local fishers to invent a new liveli-
hood, retaining some cultural features from both groups. Der-
byshire (2021: 5; see also Derbyshire et al., 2021) and Lane (2013)
both note that archaeological and historical records attest to con-
siderable fluidity in social identities and economic foci since the
advent of pastoralism in eastern Africa 5000 years ago.

Risk perception and strategic action in pastoral
economic contexts

Risks faced by pastoral communities have been studied in a wide
array of environments and from a variety of disciplinary stand-
points within and outside of anthropology. Reviewing this work,
Bollig and Gobel (1997) describe the singular constraints and
opportunities of animal husbandry. They identify risks related to
droughts (of variable duration), diseases (of variable contagion
and morbidity), demographic growth pressures/demands, and
degree of involvement in capitalist economic systems. They also
emphasize the need to distinguish between different scales of risk
(i.e. individual/family vs larger groups). Compared to other sub-
sistence economies, pastoral advantages include mobility, both in
terms of the ability to easily move to prime areas or away from
difficulties (contra farmers), and the possession of resources that
can move themselves (contra hunter-gatherers); the variety of
pastoral products (meat, dairy, leather, dung, and possibly horn/
antler); and rapid growth and reproduction of livestock under
optimal conditions. Disadvantages include potential catastrophic
losses during epidemics and droughts, and biological constraints
on reproduction (animal and human) that delay recovery from
these crises. These insights, and other observations by McCabe
(1997), White (1997), Van Dijk (1997), and Mace and Sear (1997)
in Africa and others on other continents, reveal fundamental dif-
ferences in how pastoralists experience risk in comparison to
people following other economic strategies.

Longstanding models of pastoralist behavior emphasized
equilibrium dynamics, in which herders presumably maintain
stable numbers of livestock below “carrying capacities” for
rangeland ecosystems (see Galaty and Johnson, 1990). Scholars
now favor disequilibrium (nonequilibrium) frameworks for
understanding the ecology of pastoralism in arid and semi-arid
environments, acknowledging relatively predictable, unavoid-
able droughts that periodically decimate livestock holdings
(Behnke and Scoones, 1993; Ellis and Swift, 1988; see also
McCabe, 2021). Herders plan for these droughts and manage
livestock accordingly, typically by emphasizing responsive,
flexible patterns of mobility and building livestock redundancy
into the system. A synthesis by Roe et al. (1998) reconsiders
“risk” as understood by pastoralists managing herds as part of
disequilibrial systems, and notes that rather than trying to avoid
hazards altogether they instead aim to avoid systemic failures by
proactively planning and improving response, as Turkana pasto-
ralists do routinely today (see McCabe, 2004). The long-term
resilience of pastoralist systems, as discussed by Wright (2019),
depends entirely on their adaptive capacity for withstanding
these risks.
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Using contemporary ethnographic and ecological research to
build models for the behavior of early pastoralists across eastern
Africa is notably fraught, because today, livestock holdings include
camels, and herders are well-integrated into market systems. Also,
it is well documented that the predictability of key resources in
Kenya can change even within a few decades due to social or envi-
ronmental factors. Boles et al. (2019) and McCabe (1997) describe
several cases in which predictable environments have suddenly
transformed, for example, due to causes such as government-
imposed circumscription of movements and prohibitions on con-
trolled pasture burning. Although environmental conditions are far
drier today than they were 5000 years ago, it remains unclear how
predictable or unpredictable resources would have been in the past.
This returns us to Contreras’s (2017) concerns about temporal pre-
cision — How (un)predictable were the environments in Turkana
during the exact time that herding began? — and about mechanisms
of change — Were the main agents of early animal husbandry
around Lake Turkana incoming pastoralists, local FHG groups, or
a combination of the two? And what were their primary motives?
Although answers to these questions are not yet firmly in hand,
recent paleoenvironmental research has helped delineate the nature
of unpredictability during and just after the AHP, putting us in a
better position to interrogate and build upon existing archaeological
data.

Evaluating relations between mobility, risk, and

reliability

Mobility has long been conceptualized in binary terms (i.e. “sed-
entary” vs “mobile”) or as a spectrum (from “sedentary” to
“highly mobile”). Today, multi-scalar reckonings of mobility
within and beyond Africa acknowledge the universality of move-
ment — of people(s), their ideas, and their material cultures. Schol-
ars emphasize its centrality to individuals’ daily lives and to social
groups’ uses of landscapes (Antonites and Ashley, 2016; Honey-
church, 2015; Kahn, 2013; Salazar and Smart, 2011; Ventresca
Miller and Makarewicz, 2017; Whallon, 2006). Ethnographic and
historical records for pastoral societies throughout eastern Africa
(e.g. Dyson-Hudson and Dyson-Hudson, 1980; Pas Schrijver,
2019; Western and Dunne, 1979), including extensive ethno-
graphic work among contemporary pastoralists living in the Tur-
kana Basin (e.g. Little and Leslie, 1999; McCabe, 2004; McCabe
et al., 1999; Sobania, 2011), attest to mobility’s centrality to pas-
toralist lifeways, as structured by settlement needs, grazing
requirements for livestock, and other factors.

These studies demonstrate diverse mobility systems among
eastern African pastoralists, including seasonal, but flexible, strat-
egies in which houses and households or partial households move
periodically (or as needed) to accommodate arid, unpredictable,
or changing environments (Behnke and Scoones, 1993; Home-
wood, 2008). Cattle, sheep, goats, and donkeys have various
needs for pasture, water, and salt, and patterns of livestock mobil-
ity (i.e. grazing decisions) are structured by numerous factors
including distribution of those resources across dry- and rainy-
season landscapes, herd sizes, settlement densities, etc. (see Cop-
polillo, 2000). Residential mobility is particularly crucial during
dry seasons and drought situations because relocating entire
households or sending individuals who guard cattle to temporary
camps near preferential niche pastures can reduce strain on both
herders and livestock (Butt, 2010; Butt et al., 2009). Logistical
movement of cattle is also a common response to heightened risks
of raiding and/or conflict (Kaimba et al., 2011). It can accompany
fluid aggregation and disaggregation of households as circum-
stances permit (Pike, 2004).

These perspectives reframe Halstead and O’Shea (1989)’s
view of mobility as a possible response to risk and/or uncertainty.
In pastoral societies, mobility is much more than a response to

risk: it is a fundamental element of the food production system. A
wide array of factors may shape decisions about moving people
and herds. Scholars trying to discern motives for an economic
shift to pastoralism therefore face equifinalities. For example,
FHG groups adopting pastoralism could have been countering
risk through diversification (broadening their subsistence base to
include domestic animals), or through mobility (focusing on
resources that can be moved across an unpredictable landscape)
— either of which might require or prompt reconfigurations of
other social practices as well. At the same time, any pastoralists
migrating into northwest Kenya from nearby areas may have had
to adjust their mobility strategies to meet new or rapidly changing
environments around Lake Turkana. To understand these changes,
and the AHP conditions that preceded them, we now turn to cli-
mate and environmental records.

Climate and ecology records
during and after the AHP

The AHP saw abrupt, pronounced lake level rises in most of
northern and eastern Africa following a 20%—45% increase in
precipitation due to a northern hemisphere insolation maximum
(Barker et al., 2004; DeMenocal et al., 2000; Fischer et al., 2020;
Junginger and Trauth, 2013). However, recent studies of lake
sediments and strandlines have shown that AHP climatic condi-
tions varied diachronically and geographically (Grant et al., 2017;
Shanahan et al., 2015). Quantities and seasonality of precipitation
in different areas would have been governed by both insolation
effects on monsoon strength, and lateral shifts in the Congo Air
Boundary (Junginger and Trauth, 2013). Paleoenvironmental
indicators, including isotopic records showing regional and local
changes in vegetation, cast the major transition to dry conditions
at~5ka in a new light, and force a reconsideration of how changes
in precipitation and environments might have presented chal-
lenges and opportunities to FHG communities and early pastoral-
ists at various times and places.

Lake sediments

Lake sediments provide valuable tools for reconstructing past
lake levels, water chemistry, and hydrological connections.
Strand lines (wave cut notches, beach berms or shell beds) indi-
cate past lake level elevations. Microfossils (e.g. ostracods, dia-
toms) support evaluation of lake water chemistries. Fish bones
and biogenic carbonates can be used to infer the evaporative
status via 8'%0, and %7 Sr/® Sr analyses can indicate water prov-
enance and past hydrological connections. Pollen, phytoliths
and leaf waxes preserved in lake sediments give insights into
local and regional vegetation. Together, these proxies provide a
basis for developing Lake Balance Models (LBM) and scenarios
for past climate change.

Geochronology of lake sediments poses several challenges.
Erosion of exposed sediments can displace evidence, and shore-
line elevation reconstructions can vary due to measurement
devices and/or isostatic rebound (Garcin et al., 2009; Melnick
et al., 2012). Diverse processes can produce “reservoir effects’:
carbonates in lake sediments may yield dates that are too old,
either due to inputs from old carbonate rocks in the catchment or
hydrothermal activity. A study at Lake Asal has dated living snails
to 2.2-1.7ka (Gasse and Fontes, 1989). Parallel dating studies
have shown age differences of 500-1500 years (Lake Abiyata:
organic versus inorganic matter, see Gibert et al., 1999), and
1700-2200 years (Suguta: charcoal vs gastropods; see Garcin
etal., 2009; Junginger et al., 2014). Parallel radiocarbon measure-
ments on different materials in Lake Turkana sediments showed
that reservoir ages can vary over time, and different materials can
bear different reservoir ages, for example, similar ages for
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shorelines deposited and living gastropods (Beck et al., 2019;
Garcin et al., 2012). Thus, records based solely on carbonate ages
should be taken with caution, whereas radiocarbon ages from
charcoal or terrestrial plants are more reliable.

Reservoir effects can hinder precise chronological compari-
sons between different lake records. However, scholars agree on
the broad outlines of the AHP and are investigating its sub-
regional expressions. Besides generally enhanced moisture avail-
ability, equatorial Eastern Africa likely received additional
moisture through a third rainy season in August-September, when
the Congo Air Boundary pushed farther eastward than it usually
does today (Beck et al., 2019; Bloszies et al., 2015; Costa et al.,
2014; Junginger and Trauth, 2013). Moisture from the Atlantic-
derived West African monsoon was recycled through vegetation
in the Congo Basin and reached the Suguta and southern Turkana
catchment (Camberlin, 1997; Junginger and Trauth, 2013; Nich-
olson, 1996). Major drought events during the AHP correlate with
cold spells in the Northern Hemisphere (e.g. the Younger Dryas,
YD), and small-scale events likely relate to small-scale solar irra-
diation changes also observed in West African and Indian Mon-
soon domains (Gupta et al., 2003; Junginger et al., 2014; Neff
et al., 2001; Stager et al., 2002; Weldeab et al., 2007). Below, we
review the response time and magnitude of Paleolakes Suguta,
Chew Bahir, and Turkana to small and larger drought events,
which depend on lake depths, catchment size, and thus the amount
of water needed to establish and/or maintain water levels through
drought periods.

Paleolake Suguta. Paleolake Suguta (today saline Lake Logipi)
has a catchment of 13,000 km? incorporating the East African Pla-
teau region. During the AHP, water from Lakes Nakuru-Element-
eita, Bogoria, and Baringo overflowed into the Suguta basin
(Figure 1). The paleolake record is based on shoreline elevations
measured with differential GPS, lake sediment investigations of
gastropods, grain sizes, Total Organic Carbon (TOC) and C/N
ratios, and LBM. The exact onset of the AHP is unclear but maxi-
mum shorelines ~13.9ka indicate Suguta was then ~300m deep
and 2200 km? (Figure 2a). During the YD (12.8-11.6ka) Suguta
desiccated completely but high lake levels resumed ~11.6ka.
Amidst generally high lake levels during the AHP, sediments and
strandlines record at least nine distinct regression episodes
between 11ka and 8.5ka; Suguta dropped 90 and 150m within
<100years. Its rapid, high-amplitude lake level fluctuations echo
regional records: recessions correlate with short-term moisture
reductions recorded in Kilimanjaro dust deposits, likely caused
by brief changes in solar irradiation (Garcin et al., 2009; Jungin-
ger and Trauth, 2013; Junginger et al., 2014).

LBM suggests the Suguta catchment received 21%-26% more
rainfall than today during the AHP. Suguta would have spilled
over into the Kerio-Turkana catchment during highstand epi-
sodes. Suguta’s middle Holocene recession and final desiccation
began after 6.7ka and took ~1700years (Borchardt and Trauth,
2012; Junginger and Trauth, 2013).

Lake Chew Bahir. At the foothills of the Southern Ethiopian Pla-
teau, the Chew Babhir (Ch’'ew Bahir==Salt Sea in Amharic) basin
today has a 20,650km? catchment fed by the Weyto and Segan
Rivers (Figure 1). During the AHP, Lakes Abaya and Chamo
temporarily overflowed into this basin; by 240years after AHP
onset, Chew Bahir attained a > 2500km? surface area and 45m
depth, and overflowed into the Turkana Basin (Figure 2b). Chew
Bahir lake level research combines concentration of Potassium
(K) in the lake sediments and LBM. K changes in the sediments
reflect authigenic clay alteration due to pH changes in lake
waters and thus water levels (Foerster et al., 2018). LBM shows
a dependency of input waters from Abaya/Chamo with 20 to
30% increased precipitation during highstand. Shallow lake

bathymetry makes Chew Bahir sensitive to even short-term
moisture changes. It dried up quickly and often within a 50-year
period at 13.2-11.7, 11-10.7, 9.8-9.0, 7.8-7.5, and 7.1-6.8ka
(Fischer et al., 2020). Beginning ~6ka, Chew Bahir lake levels
declined for 1000 years, including 14 short episodes where K
records indicate complete desiccation (Fischer et al., 2020; Foer-
ster et al., 2012, 2018; Trauth et al., 2018).

Lake Turkana. Lake Turkana’s catchment (138,000 km?) includes
both SW Ethiopia (Omo River) and western Kenya (Turkwel and
Kerio Rivers). Today the Omo delivers the vast majority of
incoming water, but during the AHP the Kerio and Turkwel made
substantial contributions, and Suguta and Chew Babhir spillovers
gave variable inputs. Lake Turkana rose >80 m above its present
level and increased in surface area from 6500km’ toward
>22,500km?, before overflowing into the Nile Basin (Bloszies
et al., 2015; Garcin et al., 2009; Junginger and Trauth, 2013; van
der Lubbe et al., 2017; Figure 2c). LBM suggests these changes
required a 20% increase in moisture (Hastenrath and Kutzbach,
1983).

Several lake level investigations have integrated observations
from many locations and prior publications. Perhaps due to differ-
ent proxies and reservoir effect handling, they differ in some
details but agree on fundamentals. At AHP onset it is unclear
whether Lake Turkana started to rise from a+50m or +20m
paleo-lake level (Figure 2c). Between at least four distinct spill-
over episodes, Turkana dropped by 20-80m (Beck et al., 2019;
Bloszies et al., 2015; Garcin et al., 2012).

Recession may have occurred in multiple stages, with schol-
ars suggesting slightly different timing: Whereas Bloszies et al.
(2015) suggest highstands persisted to 5.1ka, followed by a
rapid recession, Garcin et al. (2012) describe an initial drop to
15m below spillover level 6.4-5.2ka, followed by a dramatic
drop of 50m between 5.2 and 5.0ka. The loss of spillover from
Suguta and Chew Bahir likely contributed to Turkana’s regres-
sion (Junginger and Trauth, 2013). Despite this, and noticeable
shifts in Lake Turkana’s outline as the AHP ended, strontium
isotope ratios suggest water provenance changed only gradually
(van der Lubbe et al., 2017). Shoreline elevations 4.5—1.5ka are
not well known, but thought to be lower than most prior reces-
sion episodes.

Botanical records

In addition to lake level records, isotopic records from sedimen-
tary leaf waxes can reveal geographic and temporal variation
beyond simple aridification as the AHP ended. Deuterium iso-
tope values (6D) of leaf waxes can be used to reconstruct isoto-
pic values of past precipitation. Similarly, stable carbon isotopes
(813C) of leaf waxes can show the relative contribution of C,
(woody plants, shrubs and forbs) and C, (tropical lowland
grasses) vegetation. Depending on sampling locations, records
may reflect conditions aggregated across major parts of Lake
Turkana’s catchment (basinal scale), or more localized (sub-
basinal) areas. Like the lake records described above, they
reveal geographic and temporal variation beyond simple aridifi-
cation as the AHP ended.

Leaf wax 8D values correlate to precipitation values, but plant
form imparts an isotopic fractionation which must be corrected for
(Garcin et al., 2012; Sachse et al., 2006, 2012). Using leaf wax 6D
values in n-alkanoic acids in southern basin piston core sediment
sequences (Morrissey, 2014), we can explore variations in paleo-
precipitation: from ~12ka to 6ka, 8D, fluctuates between
—20%o and 20%o (Figure 2d). Though values remain low relative to
the rest of the sequence, significant and consistent 5D enrichment
indicates aridity from ~6kya to the present (Figure 2d), following
orbitally-mediated hydrological changes.
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Figure 2. Paleoclimatic and paleoenvironmental records. (a—c) Lake level reconstructions for Suguta (a) (Junginger et al., 2014), Chew Bahir
(b) (Fischer et al., 2020), Lake Turkana (c). (d) Leaf wax 8D ;. values calculated from leaf wax 8D values from southern Turkana Basin piston
core data. Precipitation 3D was calculated by first estimating the apparent fractionation (¢, ) of deuterium by plant form using enrichment
values and methods in Sachse et al. (2012). (e) Summed probability density (SPD) plot of dates from Holocene-aged Turkana archaeological
sites (Sl Table 2); cow denotes appearance of livestock in the archaeological record. SPD was created from probability densities of calibrated
radiocarbon dates in R using the package “rcarbon” (Crema and Bevan, 2021). (f) Changing fractions of C, plants (f,) calculated from 8'*C___
values using a simple two-endmember linear mixing model with 8'*C___values from modern African C, and C, plants (Garcin et al., 2014).
Shading represents error in estimated f., due to natural variation in §'3C __values of endmembers. Leaf waxes were extracted from southern
Turkana piston cores (black, Morrissey, 2014) and northern Turkana lacustrine sediments (green, Chritz et al., 2019). (g) Changing fractions
of woody cover (f,) in leaf wax records from southern (white) and northern (black) Turkana Basin (SI Table I). Estimated f,_ calculated from
8'3C,,, values of modern African vegetation (Garcin et al., 2014). Due to a lack of n-alkanoic acid §'>C values from modern vegetation, the
closest n-alkane analog (C,,) was used. We then followed the methods of Magill et al. (2013) to estimate &,, s, and calculate approximate
8'3C,, values from 8"3C,, to generate a sedimentary C,, woody cover model using data from Cerling et al. (201 1). The resulting equation

relating sedimentary §'*C,, values to fraction woody cover is f,. = (sin(-1.743693 - 0.085482 5'>C,,))2. (h). Representation of various plant types in
phytolith assemblages from the east side of Lake Turkana (local & basinal inputs).
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Leaf wax 8'°C records from northern (Area 103 sediments, 16
samples), and southern ends of Lake Turkana (piston cores, 21
samples) indicate variable responses to climatic changes (Figure
2f, SI Table 1; Chritz et al., 2019; Morrissey, 2014). Using a linear
two-end member mixing model and C,/C, endmember values
from an Africa-wide dataset (Garcin et al., 2014), fraction C, (f,)
contributions to sedimentary leaf waxes were calculated. In the
north, where sediments were deposited quickly by the Omo River,
C, plants’ representation within the biomass fluctuated between
30% and 60% without any clear direction of change between 10.5
and 6ka. Leaf wax records are unavailable for more recent peri-
ods, but pollen records from Core 8P in the north end of Lake
Turkana show grass input fluctuating generally between 40% and
60% from 2.5ka to recent times (Mohammed et al., 1996). In the
south, deposition was slower and likely reflected conditions in the
Turkwel and Kerio catchments; here, f.., represented <20% of the
contributing biomass 12—4ka, and then increased to 100% from
4ka to present (Figure 2f). Comparing northern and southern
cores, it is clear that the two sub-areas of Lake Turkana’s catch-
ment experienced very distinct sequences of ecological change.

Woody cover is another dimension of the past environments
people encountered that we can extract from 8C_ _ records.
Fraction woody cover (f;, ) estimates were calculated using an
arcsine squared model (Cerling et al., 2011), employing the Gar-
cin et al. (2014) modern Africa wax dataset, and aligning these
values to modern African woody cover models for soil organic
matter (Cerling et al., 2011; Magill et al., 2013; Figure 2g).
Though this woody cover model cannot distinguish between trees
and shrubs (Cerling et al., 2011), £, estimates for Turkana allow
us to use UNESCO biome classifications (White, 1983) to
describe past environments. In Area 103, reconstructed f, _ indi-
cates a wooded grassland to open wooded grassland environment
for the northern Turkana catchment. Piston core data indicate that
the southern Turkana catchment had a more wooded/bushy envi-
ronment until 4ka; following the appearance of herders (Figure
2e), the environment progressively opened and became a grass-
land by around 1.5ka (Figure 2g).

Phytolith samples from archaeological sites can provide further
insight in heterogeneous patterns of vegetation in the basin. East of
Lake Turkana, phytoliths show vegetation structure changed
through time: on the Karari Ridge, FxJj108 was wooded bushland
with palm trees 9.6-9.3ka. Near Ileret, vegetation at FwJj27 and
Fwlj5 shifted from more wooded to open wooded grasslands from
4.2 to 0.93ka. At Koobi Fora, phytolith data from Dongondien
(Gali4) indicate grassy woodlands with significant presence of
wetlands/swampy habitats (Kinyanjui, 2018) (Figure 2h).

Herbivore isotope records

Isotopic records from herbivore tooth enamel (SI Figure 1) have
generated more local pictures of vegetative changes in NW Kenya,
and support comparisons between lake-margin versus inland areas
(see discussion in Chritz et al., 2019). Broadly, the representation
of grazers in APP taxa (Artiodactyla, Perissodactyla, Proboscidea;
following Cerling et al., 2015) from archaeological sites decreases
over time. The representation of grazers at archaeological sites is
>60% during the AHP (SI Figure 1). A suite of samples from the
four AHP sites in and west of Lothagam give a granular depiction
of local vegetation change: the Napudet Basin alternated between
a shallow bay (highstands) and pasture for C, grazers (recessions)
(Chritz et al., 2019). Post-AHP, tooth enamel isotopic records (c.
5—4ka) are only available from adjacent archaeological sites Don-
godien and Gali2 on Koobi Fora Ridge, which would have formed
a peninsula on Turkana’s eastern shore as the lake was shrinking.
These samples, from the earliest livestock in eastern Africa, show
a shift to diets richer in C, resources (Chritz et al., 2019). Taken
altogether these data, along with leaf wax based paleoenvironmen-
tal reconstructions (Figure 2f and g), show that even during the

AHP when environments were predominately woody/bushy/
shrubby, landscapes held enough C, grasses to support large-bod-
ied grazers. A significant expansion in C, grasses didn’t occur until
after herders had arrived in the basin.

Together, the records of lake levels, leaf waxes, phytoliths,
and herbivore tooth isotopes all indicate considerable dynamism
in climate and environment across the AHP and immediately
thereafter. Recurring lake level fluctuations for Turkana, Suguta,
and Chew Bahir would have made fishing less predictable at vari-
ous points, necessitating flexible strategies in terms of both tech-
nology and mobility. Leaf wax isotopic records indicate vegetation
fluctuations in the north end of the Turkana Basin, which would
have affected terrestrial resources for HGF groups during the
AHP. The transition to post-AHP conditions may have had mul-
tiple steps, with lake regressions occurring earlier and more dra-
matically than vegetation change. Here, however, we run into
issues of scale: current leaf wax data indicate vegetation changes
on sub-basinal scales, and lake level data reflect regional climate
events that produced locally important changes in shorelines.
Applying paleoenvironmental knowledge to the archaeological
record also encounters issues of chronological precision and cau-
sality, as the next section will demonstrate.

The archaeological record

Archaeological expressions of human settlement episodes in the
Turkana Basin 15—4ka encompass a range of site types, from small
scatters to localities with multiple phases of occupation and mortu-
ary activities by FHG groups, and from ephemeral signs of pastoral
occupation to communal cemeteries built for multi-generational
use. Understanding of how these sites were situated on local land-
scapes is an essential foundation for discussing economic and
social changes that may (or may not) be linked to risk/response.

Fisher-hunter-gatherers around Lake Turkana during
the African Humid Period

Research beginning in the 1960s revealed numerous FHG sites
around Lake Turkana (Table 1, Figure 3). AHP fishing sites pro-
duced barbed bone points and lithic assemblages rich in small or
backed pieces; some, such as Lowasera and Lothagam-Lokam
(hereafter referred to as Lokam), also had larger stone tools made
from non-obsidian volcanics. A subset of sites had pottery (FxJj12N,
Galjl12, Gali3), some with decorations reminiscent of AHP sites
near Khartoum (FxJj12N). This, along with barbed bone points, led
scholars to include Turkana in syntheses postulating or critiquing
the idea of broad cultural links across northern/eastern Africa (Holl,
2005; Keding, 2017; Sutton, 1977; see also Yellen, 1998). Dates for
early-researched sites and localities (where available) are regarded
as imprecise due to possible contamination (apatite) or reservoir
effect (fish bone, shell) (see Collett and Robertshaw, 1983). Fur-
thermore, many are from undated erosional contexts. Recent
research has expanded the range of known sites and behaviors
(Kokito, Dilit, Nataruk; see Beyin, 2021; Beyin et al., 2017;
Mirazon Lahr et al., 2016a), and furnished more reliable dates for
previously researched sites (Lothagam Lokam). Reliable dates,
calibrations, and probability distributions appear in Table 2 and
Figure 4; a comprehensive list of all dates appears in SI Table 2.
Turkana AHP sites are situated along elevated lakeshores
(Wright et al., 2015), and often have barbed bone points indica-
tive of aquatic pursuits. While many areas around Lake Turkana
have not been systematically surveyed, both Barthelme (1981)
and Beyin (Beyin, 2011; Beyin et al., 2017) covered substantial
areas in diverse physiographic settings. Thus, careful comparison
of AHP site contexts and use histories (Table 1) yields valuable
perspectives. Most known AHP sites were located at the edge of
protected bays or lagoons, near the mouths of local watercourses,
and along peninsulas. Certain locations around the lake offered
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Table I. AHP fishing sites around Lake Turkana (clockwise from north end). Elevations (m above sea level) are in bold if a site has been
georeferenced, and in itdlic if a site is not georeferenced but located precisely enough with respect to known landforms so that elevation data
are likely to be within the range indicated. A * indicates that current site information is not precise enough to estimate elevation.

Sites, elevations

Situation within local landscape during periods of occupation or use.

References

FxJj12: 435 m Paleobeaches 2 km east of the Kokoi Horst. During AHP, Kokoi landmass Barthelme (1985: 98—-127)
FxJj12N: 448 m would have been an island or peninsula sheltering the channel or bays
east of it from heavy wind and waves.
GaJjl: 431 m Highstand beach on upper Koobi Fora Ridge, which would have pro- Barthelme (1985: 26—68; 86-97)
GaJj2: 431 m truded into Lake Turkana as a peninsula. Each of the three sites appears
Gajjl2: 425m to cover a broad area and have multiple occupation horizons.
GalJil I: 433 m On SE slope of Koobi Fora ridge; would have overlooked enlarged Alia Barthelme (1985: 69-85)
Bay during AHP. Barthelme suggests it represents an occupation/use of a
near-shore Etheria reef/sandbar as a fishing station in a manner paralleling
recent fishing practices of El Molo.
Gali3: 423 m Lower down in western Koobi Fora Ridge. Low density of artifacts inter- Barthelme (1985: 128—134)
preted as short occupational duration.
Lowasera: East side of small paleo-inlet on NE corner of Alia Bay during AHP. Small Phillipson (1977)
439m water-course (usually dry today, likely active during AHP) enters the area
from the NE.
Nataruk: Gently sloping lagoon. In situ human remains suggest local violent deaths Mirazoén Lahr et al. (201 6a,
449 m occurred 10.5-9.5ka. Nataruk’s elevation suggests deposition during a 2016b), Stojanowski et al. (2016)

modest regression phase.

Lothagam-Lokam:

Locality > | km? between two north-south volcanic ridges that together

Robbins (1967, 1972, 1974,

455m constituted a peninsula jutting into the AHP mega-lake. Beach deposits are 1980), Goldstein (2019)
in elevated areas at or near spillover elevations, with numerous concentra- SIE
tions of habitation and mortuary remains from c. 10 to 6 ka The shallow
Napudet Bay lay <Ikm to the west, over the lesser volcanic ridge.

Zu-13 Site just SW of the main outcrop of the Napudet Hills, overlooking the Robbins (1972)

*

Napudet Basin, which was a shallow bay during the AHP.

S

Bb-9, Zu-10, Zu-6, Zu-7, Sand
Spit:

Napudet Basin elevations are
420-450 m asl.

Sites at various elevations within the Napudet Basin/Bay, which was
inundated and dried several times during the AHP. All sites would have
been submerged during maximum transgression phases. Zu-6 has pottery
with dotted wavy line motif; Bb9, Zu-6, and Zu-10 have human remains;
at Zu-10 an arrow point was embedded in a human torso.

Robbins (1972, 1980), Phenice
et al. (1980)
S

Kokito 1: 447 m
Kokito 2: 437 m
Dilit: 450 m

Inlet where lake waters intrude into gaps/valleys in the Losedok ridge sys-
tem, near where a local stream/river would have entered the lake. Kokito
| and 2 show occupations of near-highstand beaches during the early
AHP by aceramic FHG groups with backed geometric tools and barbed
bone points; occupations were ~13.5ka and at times during the intervals
13.3—-12.6ka and 11.2-10.2ka. Dilit (7.5ka) had fauna, lithics, an ostrich
eggshell (OES) bead, and non-diagnostic pottery.

Beyin et al. (2017), Prendergast
and Beyin (2018), Beyin (2011,
2021)

SIE

various combinations of terrestrial animal, plant, and aquatic
resources at different times of year and under different climate
conditions. Diversity in FHG site types appear to reflect the com-
plexity of settlement systems that were developed to make use of
these landscapes. Several sites/localities show evidence for mul-
tiple phases of occupation separated by centuries or millennia,
indicating renewed use when lake levels and other conditions
once again made an area particularly advantageous. As shorelines
shifted during the AHP’s transgressions and regressions, FHG
groups necessarily relocated: some sites are located along high-
stand beaches, while others are at lower elevations. The notion of
the AHP as a time of stasis and low risk can be rejected by a
record of human responses to shifting shorelines. Fishing areas
must have changed in depth or seasonality, grown, shifted, or dis-
appeared, such that human groups would have had to make regu-
lar adjustments in settlement locations, mobility strategies, and
fishing methods and tools.

Suggestions that FHG groups in riverine settings in the
Sahara and Sudan “continually occupied the same sites for long
periods of time throughout the year” (Garcea, 2006: 214) invite
considerations of mobility among fishing groups around Lake
Turkana. Stewart (1989: 76) contrasts riverine versus lakeshore

fishing: whereas rivers “provide directional movement and it is
only a matter of devising appropriate implements to trap what
flows past,” shoreline fishing requires intimate knowledge of
fish ecology and behavior, targeting waters that are shallow or
receding. Around Lake Turkana, Stewart (1989: 160—168) dis-
tinguishes between the “selective fishing” (using spears or har-
poons to hunt a few species of aquatic prey) demonstrated in
assemblages from FHG sites near highstand elevation, and more
diverse, less selective assemblages from GalJi3 and later occupa-
tional phases at Lokam and Lowasera, indicative of using weirs
or ring nets. Given significant routine seasonal and year-to-year
fluctuations in lake level (observed today, and likely in the past)
all of the fishing methods described above — selective or not —
would have required groups to shift their fishing areas, and pos-
sibly even site locations, multiple times per year. FHG groups
living around Lake Turkana may have moved more often than
the riverine peoples of the Sahara and Sudanese Nile.

Middle Holocene aridity and the advent of herding

Herding first appears in the Lake Turkana Basin in the mid-
Holocene arid phase just after the AHP, ~5—4 ka. Distinct from
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Figure 3. (a) Archaeological sites and paleoenvironmental sampling areas of the study area with respect to paleo-lakes as well as modern
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as well as Bb-9 and Bb-14 (Robbins, 1972) cannot be reliably mapped using currently available information. (c) Detail of Lake Turkana’s eastern

shore from the lleret to Bar Asuma River inputs.

preceding AHP industries, lithic technology associated with
herding economies entailed a greater emphasis on a more uni-
form strategy of obsidian blade and bladelet production
(Goldstein, 2019). Obsidian use by early herders was fairly
localized but North Island sources required watercraft (Ndi-
ema et al., 2010, 2011). Sand-tempered ceramics from this
period, often highly decorated, represent the earliest known
examples of Nderit tradition pottery, which later spread south
to central Kenya and Tanzania (Grillo et al., 2022; Wandibba,
1980).

Most archaeological data for this period is from megalithic
“pillar site” cemeteries, and must be interpreted through a mortu-
ary lens with the appropriate caveats. At least seven pillar sites
with megalithic basalt columns, elevated platforms, stone circles
and/or cairns were constructed near Lake Turkana’s Ska paleo-
shoreline (Figure 3; SI Table 3; see also Githinji (1994), Grillo
and Hildebrand (2013), Hildebrand et al. (2011, 2018), Hildeb-
rand and Grillo (2012, in press); Koch et al. (2002), Nelson
(1995), Sawchuk et al. (2018, 2019a, 2019b, in press); Wilshaw
etal., 2016). At the six pillar sites that have seen excavation, char-
coal and ostrich eggshell yielded secure dates between 5.3 and
4.3 ka; mortuary components include primary and sometimes sec-
ondary burials. At least two sites have revealed deliberately con-
structed mortuary cavities containing high densities of burials.
Buried individuals span all ages and both sexes, often with highly
individualized ornaments including various types of stone and
ostrich eggshell beads, perforated animal teeth and hippo tusks,

ivory bangles and rings, and remnants of headpieces decorated
with rodent teeth. At the seventh site (Aliel, unexcavated), a sur-
face ceramic sample yielded a slightly earlier date. Nderit pottery
is present at some pillar sites but not all. We have previously
noted the absence of evidence for social stratification, and have
suggested that communal cemeteries may have helped to unite
otherwise dispersed herding groups inhabiting an unpredictable,
changing landscape (Hildebrand et al., 2018; Sawchuk et al.,
2018). While this interpretation remains plausible, current evi-
dence from pillar site architecture, artifacts, and interred individu-
als cannot be tied back to their community’s perceptions of risk or
mobility patterns in an explicit fashion.

Few pastoral habitation sites have been located or excavated
(Table 3). This limits our knowledge of settlement patterns and
day-to-day life. Chronological ambiguities compound the chal-
lenge: early research at habitation sites yielded unreliable dates
on bone, shell, and burned earth, and charcoal dates for Dongo-
dien and Gali2 are secure but have wide calibrated age ranges
(Table 2; Figure 4; SI Table 2). Even if more secure dates are
obtained, locational relationships between sites and contemporary
lakeshores may remain imprecise because Lake Turkana receded
so rapidly. All of these factors make it difficult, based on current
data, to understand pastoral approaches to landscape use and
mobility, assess the relative importance of fishing versus aquatic
resources to groups in the immediate aftermath of the AHP, and
gauge the degree to which people perceived their environments as
risky.
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Figure 4. Probability distribution curves for radiocarbon dates presented in Table 2. Radiocarbon dates were calibrated in R using package
“rcarbon” (Crema and Bevan, 2021). We used a 50/50 IntCal20 (Reimer et al., 2020) and SHCal20 (Hogg et al., 2020) mixed calibration curve.

Pillar sites are red; all other sites are black.

“Before and dfter” versus processes of change

This brief archaeological review reveals the ways current data
may or may not be substantial enough to evaluate potential dif-
ferences in risk and/or mobility during AHP versus post-AHP
times. An even more fundamental challenge to causal interpreta-
tions is that “before and after” contrasts do not necessarily illu-
minate the conditions and challenges people faced during the
actual time of economic transition. Caprines are present by 4.5 ka
in a burial context at Lothagam North (Hildebrand et al., 2018),
and by 4 ka at Dongodien (Marshall et al., 1984), but it would be
premature to rule out a slightly earlier presence of livestock.
Most identifiable fauna from mortuary contexts at the pillar sites
represent charismatic wild species like hippo, lion, and hyena
that likely do not reflect typical subsistence activities. Archaeo-
logical coverage of the tail end of the AHP is thin: Nakwaperit 1,
the sole archaeological occurrence securely dated to this time
(5.7ka on excavated OES), has Nderit pottery on the surface,
raising the possibility of cultural shifts even before the lake’s
recession. Given that leaf wax data now suggest that vegetation
changes may have unfolded for centuries after Turkana’s dra-
matic recession, we must consider two chronologically distinct
environmental processes that might — or might not — have posed
new risks, and triggered changes in economy, technology, and
mobility. Thus, current chronological imprecision hinders causal
interpretation. Resolving these questions may hinge on new
excavations in areas spanning the environmental transition to
post-AHP conditions. For example Lokam’s northern end may
preserve early recessional shorelines, Also, along the Lower
Turkwel, outcrops stretching several km east from Nakwaperit 1
may capture sites that followed retreating shorelines and deltas
during the 5.3-3.9ka recession.

Discussion: Ways forward

The Turkana Basin provides a signature example of how difficult
it can be to articulate theory and data on questions of risk, even in
research areas that have fairly well-developed archaeological data

sets. This archaeological case also shows how critical it is to
attack such issues from both ends — theory and data — and how
both the (possible) risks and (possible) responses must be subject
to independent interrogation via paleoenvironmental data.

Fisher-hunter-gatherer groups during the African
Humid Period

Although leaf wax records confirm the operation of global insola-
tion effects on precipitation within the Turkana catchment
(Figure 2d), lake sediments demonstrate that Lakes Suguta, Chew
Bahir, and Turkana varied in the timing and speed of AHP onset,
the timing, severity, and duration of recessions during the AHP,
and the speed of final recessions ~5ka. The contrast between shal-
low Chew Babhir versus deep Suguta, and between abrupt versus
gentle shorelines around Lake Turkana also may have been impor-
tant in shaping local fishing practices and preferred technologies.
Auvailability of good fishing grounds likely varied in time and
space. Current data suggest that amidst environmental shifts, rela-
tively mobile FHG groups selected specific kinds of settings for
fishing and habitation. Many sites lie within peninsulas, inlets,
areas near large bays, and points where internal drainages entered
Lake Turkana. Although site size is difficult to assess, current data
do not suggest large-scale settlements. Among other things, these
data call for reflection on the proposed idea of sedentism/territori-
ality and interpersonal violence in the early Holocene (Mirazon
Lahr et al., 2016a, but see Stojanowski et al., 2016). Mirazén Lahr
et al. (2016a: 387) cite the presence of pottery in AHP contexts as
possible evidence for food storage and therefore reduced mobility
in a stable and resource-abundant landscape, but other scenarios
are possible. A certain degree of mobility would have been neces-
sary to meet seasonal, year-to-year, and longer-term shifts in lake
levels and fishing areas, and would not necessarily preclude small-
scale ceramic production for cooking/processing fish, shellfish,
and/or other foods. We emphasize that FHG groups would have
faced substantial risks and uncertainties throughout the AHP, long
before the dramatic drop in lake level 5.3-3.9ka.
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Table 3. Middle Holocene habitation sites around Lake Turkana, clockwise from northeast end. S=Sites studied through survey only;

S/E =Sites studied through survey and excavation. Elevations are in bold if a site has been georeferenced, and in italic if a site is not
georeferenced but located precisely enough with respect to known landforms so that elevation data are likely to be within the range indicated.
A * indicates that current site information is not precise enough to estimate elevation.

Site

Context during occupation

References

lleret Stone Bowl site (Fw)j5):
442m

0.5 km south of a westbound river channel. Main occupation layer deposited
after major lake regression and incision of the laga. Location near freshwater
spring, and possible use when shoreline was distant, suggest use during arid
phases. Obsidian artifacts indicate travel/exchange as far as Suguta (south)
and Ethiopian highlands (north).

Ashley et al. (2011), Barthelme
(1985), see also Ndiema (201 1),
Ndiema et al. (2010, 201 1),
Nash et al. (2011)

S/E

Dongodien (Gaji4): 414 m
Koobi Fora Ridge (Gali2):
414m

Adjacent sites on south flanks of Koobi Fora Ridge about halfway between
highstand and present shore. Artifacts accumulated just above beach sands
at both sites, indicating people lived near the shore. At Dongodien, a slight
transgression deposited shallow-water sediments over the occupation hori-
zon, before a major recession. Both sites produced abundant caprines, some
cattle, and wild terrestrial and aquatic fauna. Neither yielded barbed bone
points, suggesting a shift away from fishing and aquatic hunting. Dongodien
obsidian came from diverse sources.

Ashley etal. (2011, 2017),
Barthelme (1985: 137-192),
Marshall et al. (1984), Ndiema
(2011), Ndiema et al. (2010,
2011)

S/E

Zu-11: West side of Napudet basin. Nderit and other ceramics, lava stone blades, Robbins (1972)
442+ 12 and wild terrestrial fauna. S
Bbl4 Overlooks Lorungalup River. Nderit pottery. Phenice et al. (1980)

*

Robbins (1972) S

Nakwaperit 1: 442 m
Nakwaperit 2: 455 m

Multiple sites along | km of outcrops of lacustrine and deltaic deposits on
south bank of Turkwel River. Nakwaperit | has Nderit pottery on the sur-
face, an eroding burial, and subsurface charcoal dated to 5.7 ka; Nakwaperit
2 has Nderit pottery on the surface, multiple burials, and an intact habitation
layer as yet undated.

Hildebrand (2019)
SIE

Kangatotha:
443 m

Atop outcrops of lacustrine & deltaic deposits on north bank of Turkwel
River east of Nakwaperit. Nderit pottery, small lithics.

Robbins (1972)
S

Ethnographic observations of FHG groups hold lessons for
archaeologists trying to document economic strategies during the
AHP for their own sake, or to serve as a baseline for investigating
“fishing to herding” transitions around Lake Turkana and else-
where in Africa. Better knowledge of contemporary fishing prac-
tices can help us envision a variety of technologies that people
might have deployed in the past, and examine site records (faunal,
or lithic) that might reveal their use. Understanding the potential
significance of different habitats for fishing and aquatic hunting
can inspire us to develop more precise, locally situated models of
lake level shifts’ potential impacts on people’s livelihoods, for
example, how changes in lake levels might or might not spoil
some productive environments and create new opportunities else-
where. These could then be reformulated as hypotheses that might
be testable in specific areas. For example, a null hypothesis might
state that across the entire AHP, sites located at highstand beaches
should have similar lithic assemblages to those located along
recessional shorelines; refutation of this null hypothesis might
support interpretations of shifts in technology in response to lake
level changes.

The advent of pastoralism

Insights from pastoral ethnographic records and rangeland ecol-
ogy — together with Contreras’s (2017) caveats regarding our
means of evaluating scale, precision, and mechanisms of environ-
mental and social change — can help recalibrate archaeological
theories about risks experienced by early herders. First, we can
interrogate paleoenvironmental data to determine whether, when,
where, and how unpredictability became acute, identifying pos-
sible times and places of special tension. Second, we can attempt
to discern variation or continuity in material culture between ten-
sion points versus more stable times and places. Third, we must
give particular attention to scale, seeking to maximize chrono-
logical precision in both types of records at possible tension

points/places, while avoiding generalizations from one well-stud-
ied site or locality to too broad an area or time segment.

Lake level drops would have reshaped shorelines, emptied
bays, and exposed new plains. While it is tempting to leap to a
generalized inference that the landscape was “predictably unpre-
dictable” during the centuries of recession, the local effects of
these recessions would have varied depending on littoral slope:
People living along steeper lake margins near Suguta, and where
Lake Turkana hit adjacent volcanic ridges, would have seen less
dramatic landscape changes than those living by Chew Bahir or in
shallow areas where a small drop in lake level could cause a long-
distance shoreline retreat.

Leaf wax 8'°C records demonstrate that Lake Turkana’s south-
ern catchments maintained predominantly C; vegetation at least
1000years after lake levels began falling. A shift to C, plants
began ~4ka, such that significant vegetation change in Turkwel/
Kerio catchments did not occur until pastoralism was already
established around the lake. Parallel 8'°C data is not yet available
for Turkana’s northern catchment (Omo), so post-AHP changes in
SW Ethiopian highland vegetation are not known. Capturing this
information is essential in order to determine whether vegetation
changes were unified, or offset, between northern and southern
catchments. Conducting leaf wax 8'*C and phytolith studies on
sediments from Suguta, Chew Babhir, and hyper-local catchments
that collected in small areas but didn’t connect to Lake Turkana
(e.g. Ayaningeng Inland Delta ~50km west of today’s lakeshore)
would allow us to assess unpredictability with more spatial preci-
sion. An expanded set of tooth enamel isotopic records could also
strengthen our knowledge of local environmental change.

On the archaeological side, even as we pursue additional (and
better-dated) assemblages, we can use new methods to query
behaviors that may have been responses to risk, such as human
movements, social networks, and exchange. “Material mobility,”
the movement of objects and animals, is a potential indicator of any
or all of those. It is ripe for comparison within and between periods.
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Research into obsidian sourcing (Nash et al., 2011; Ndiema et al.,
2010, 2011) has already made substantial contributions to our
understanding of early pastoral movements and/or exchange net-
works, but has not yet been applied comprehensively to AHP
assemblages. Similar methods may help to identify clay sources,
and track movement of pottery vessels after manufacture. A first
goal would be to examine variation in source diversity among sites
of a particular time period. One could then query distinctions
between periods to see if, for example, pastoral sites demonstrated
a greater diversity of sources than AHP sites. Even if we cannot
definitively attribute an instance of heightened material mobility to
exchange versus other social interaction versus movements of indi-
viduals or people, the increased circulation of objects (whatever the
proximate cause) might be an indication of risk mitigation through
more spatially extended, or frequently mobilized, social networks.

Mobility

Ethnographic and ethnoarchaeological records testify to mobility
among contemporary people pursuing fishing economies, with
movements of individuals or groups of fishers shaped by seasonal
changes in habitat, targeted prey species, technologies, and momen-
tary conditions. Lake level records of fluctuating shorelines of Chew
Babhir, Suguta, and Lake Turkana during the AHP virtually guarantee
that FHG groups around these lakes made major adjustments in their
movements and technologies to cope with interannual and more
long-term changes. Although certain sites/areas (e.g. Lokam) may
have been within reach of a broad array of different types of fishing
grounds and therefore less vulnerable to some of these changes, we
should revise our view of AHP FHGs to recognize their possibly
substantial degree of locational and technological flexibility.

For herders, human mobility must be acknowledged as a fea-
ture of their livelihood, and so not necessarily a response to risk
per se. The great variety of movement types among contemporary
pastoralists (of selected individuals or an entire group, across
short or long distances, undertaken periodically or only in extre-
mis) underlines the daunting nature of reconstructing pastoral
mobilities in the past. This is particularly true for the earliest pas-
toralists around Lake Turkana, who were navigating new land-
scapes, knowledge systems, and/or organizations in a changing
climate. To date, settlement data for early pastoralists around Tur-
kana is woefully inadequate to the task of understanding settle-
ment systems. However, human remains from AHP sites and
pastoralist cemeteries support possible examination of human
mobility via strontium (Sr) isotope analysis of tooth enamel. Con-
struction of an Sr isoscape for the circum-Turkana region, plus
bulk and serial sampling of teeth from humans recovered from
archaeological sites, may reveal whether, and how, patterns of
human movement differed between FHG and pastoral phases, and
from site to site within each phase.

Conclusions

Increased risk, or an increasing desire to mitigate risk, has figured
in many proposed explanations for early food production pro-
posed in different parts of the world, particularly in contexts
where environments were becoming more arid. The Turkana
Basin of eastern Africa, where the transition from FHG to pastoral
economies is associated with a major aridification event, might at
first glance seem to be an obvious example of this phenomenon.
However, attempts to evaluate causal relationships between
paleoenvironmental events and human behavioral changes have
been hampered by (among other issues) familiar problems of dis-
similar paleoenvironmental and archaeological analytic scales,
both spatial and chronological.

Decades of fieldwork near Lake Turkana have now generated
extensive paleoenvironmental sequences and rich archaeological
assemblages that do not yet support unequivocal answers, but

rather reveal the complexity of the task before us. Contrary to pre-
vious suggestions that AHP conditions offered stable resources,
we find that fishing communities likely faced substantial risks
throughout the AHP. As the AHP ended, lake levels dropped rap-
idly but terrestrial vegetation may have changed more gradually
than previously thought. The mechanisms through which herding
took hold around Lake Turkana are still murky. There is an exten-
sive middle ground between diffusionist interpretations (e.g. that
fishers encountering catastrophic lake level changes adopted live-
stock obtained through exchange), and migrationist interpretations
(e.g. that pastoralists moved into the area and took over, with little
interest in lacustrine resources). For example, it may be that both
fishers and herders were encountering new risks and new opportu-
nities together and joined forces to invent a hybrid livelihood,
retaining some economic and cultural features from both groups.
Equally, incoming pastoralists may already have had their own tra-
ditions of fishing and aquatic resource use before they reached
Turkana’s shores. While these potential interpretations do not
negate the general idea of risk as an influential mechanism, they
demonstrate how difficult it is to pinpoint exactly how risks might
have operated, and evaluate risk reduction against other possible
motives for socioeconomic change. They also may serve as a cau-
tion in other parts of Africa where datasets are less secure. This
work will contribute to productive comparisons of fishing-to-herd-
ing transitions between regions, between areas with different rain-
fall regimes, and between lacustrine versus riverine versus inland
settings (e.g. Garcea, 2006; Khalidi et al., 2020).

Methodological advances offer encouraging opportunities for
paleoenvironmental analysis that can help evaluate risk on more
local geographic scales in Turkana and other research areas. They
also provide more direct ways to assess mobility of people, live-
stock, and objects that might — or might not — indicate human
strategies to mitigate risk. While these research tools will gener-
ate exciting new datasets, the paramount challenge is to situate
interpretations within a framework that incorporates momentary,
seasonal, and long-term dilemmas faced by communities of fish-
ers and pastoralists. This requires explicit efforts to understand
mobility systems, attitudes toward risk and risk mitigation, and
other factors that structure decision-making by communities
actively practicing these economic strategies. Archaeologists
should continue to incorporate ethnographic information into
their models, and to gain new perspectives via ethnoarchaeologi-
cal research with fishing and pastoralist communities. Finally, as
demonstrated elsewhere by Duwe and Preucel (2019), new col-
laborations with local research partners from these communities
should yield insights that enhance interpretive frameworks.
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Appendix P6 - Human-environmental interactions and
seismic activity in a Late Bronze to Early Iron Age settlement
center in the southeastern Caucasus
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Long-term human-environmental interactions in naturally fragile drylands are a
focus of geomorphological and geoarchaeological research. Furthermore,
many dryland societies were also affected by seismic activity. The semi-arid
Shiraki Plain in the tectonically active southeastern Caucasus is currently
covered by steppe and largely devoid of settlements. However, numerous
Late Bronze to Early Iron Age city-type settlements suggest early state
formation between ca. 3.2-2.5 ka that abruptly ended after that time. A
paleolake was postulated for the lowest plain, and nearby pollen records
suggest forest clearcutting of the upper altitudes under a more humid
climate during the Late Bronze/Early Iron Ages. Furthermore, also an impact
of earthquakes on regional Early Iron Age settlements was suggested. However,
regional paleocenvironmental changes and paleoseismicity were not
systematically studied so far. We combined geomorphological,
sedimentological, chronological and paleoecological data with hydrological
modelling to reconstruct regional Holocene paleoenvironmental changes, to
identify natural and human causes and to study possible seismic events during
the Late Bronze/Early Iron Ages. Our results show a balanced to negative Early
to Mid-Holocene water balance probably caused by forested upper slopes.
Hence, no lake but a pellic Vertisol developed in the lowest plain. Following,
Late Bronze/Early Iron Age forest clear-cutting caused lake formation and the
deposition of lacustrine sediments derived from soil erosion. Subsequently,
regional aridification caused slow lake desiccation. Remains of freshwater fishes
indicate that the lake potentially offered valuable ecosystem services for
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regional prehistoric societies even during the desiccation period. Finally,
colluvial coverage of the lake sediments during the last centuries could have
been linked with hydrological extremes during the Little Ice Age. Our study
demonstrates that the Holocene hydrological balance of the Shiraki Plain was
and is situated near a major hydrological threshold, making the landscape very
sensitive to small-scale human or natural influences with severe consequences
for local societies. Furthermore, seismites in the studied sediments do not
indicate an influence of earthquakes on the main and late phases of Late
Bronze/Early Iron Age settlement. Altogether, our study underlines the high
value of multi-disciplinary approaches to investigate human-environmental
interactions and paleoseismicity in drylands on millennial to centennial time

scales.

KEYWORDS

Southern Caucasus,
paleohydrology, hydrological modelling, paleoseismicity

1 Introduction

The dynamics of human-environmental interactions on
centennial to millennial timescales that are characterized by
thresholds are a focus of geomorphological and
geoarchaeological research (Dotterweich, 2008; Harden et al,
2014; Barton et al., 2016; Menges et al., 2019; Dong et al., 2020;
Liu et al., 2021). Especially naturally fragile drylands (Fletcher
et al., 2013) are ideal to investigate such long-term interactions:
On the one hand, human societies in drylands are highly affected
by even small-scale environmental variations (Schmidt et al.,
2011; Balbo et al, 2016), and on the other hand, drylands
sensitively react towards small-scale human disturbances (Neff
et al.,, 2008; Suchodoletz et al., 2010; O’Henry et al., 2017; Rosen
et al,, 2019). Furthermore, given that many drylands are located
in tectonically active regions, next to environmental and societal
factors also destructive seismic events impacted the local
prehistoric societies (Nur and Cline, 2000; Force, 2017; Lazar
et al., 2020).

Located between Mesopotamia and the Eurasian steppes, the
southern Caucasus (Georgia, Armenia, Azerbaijan) occupies a
distinctive place in Old World archaeology (Smith, 2005;
Manning et al, 2018). Given its location in the active
continental Arabia-Eurasia collisional zone this region is
characterized by strong seismic activity (Ismail-Zadeh et al,
2020), forming a natural hazard also for former regional
societies (Varazanashvili et al, 2011). Here and in the
neighboring regions of eastern Turkey and northwestern Iran,
the Late Bronze to Early Iron Ages between about 3.5 and 2.8 ka
were characterized by large fortified permanent settlements and
an increasing sociopolitical hierarchy and complexity, leading to
the development of the region’s first territorial polities with
complex bureaucracies (Smith, 2005; Sagona, 2018; Erb-Satullo
et al,, 2019; Herrmann and Hammer, 2019). One important
settlement center during that time was the Shiraki Plain in the
semi-humid to semi-arid southeastern Caucasian lowlands that is
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largely devoid of settlements today (Figure 1). Here, several Late
Bronze to Early Iron Age city-type fortified settlements of the so-
called Lchashen-Tsitelgori tradition (Sagona, 2018) were found
during the last years, suggesting early state formation since ca.
3.2 ka (Furtwingler et al., 1998; Maisuradze and Mindiashivili,
1999; Winter, 1999; Pitskhelauri et al., 2016; Bukhrashvili et al.,
2019) (Figure 2). However, this phase of intensive settlement,
maybe also extending over the Middle Iron Age (Manning et al.,
2018), abruptly ended around 2.5 ka, and only minor human
activity seemed to have continued afterwards (Arnhold et al.,
2020). Based on destroyed wall structures and secondary
buildings that were built on top of a former building layer in
the intensively studied Didnauri settlement (Figure 2), it was
suggested that the region was affected by strong seismic activity
during the beginning of the Early Iron Ages (Pitskhelauri, 2018).
The Shiraki Plain and its surroundings currently lack surficial
water resources and mostly show a typical steppe vegetation
dominated by grassland. However, a paleolake was suggested for
the lowest part of the plain (Maruashvili, 1971), and pollen
records from the nearby Udabno region (Figure 1) with
similar climatic and environmental conditions and a similar
Late Bronze/Early Iron Age settlement history (Kunze, 2017)
suggest intensive forestation of the upper altitudes until the Late
Bronze Age under a more humid climate compared with today
(Kvavadze and Todria, 1992). Therefore, besides substantial
variations of human activity this also suggests different
environmental and hydrological conditions in this region
during the past. However, unlike the well-studied humid
western Caucasian lowlands and regions >1,000 m a.s.l. in the
Lesser Caucasus mountain range (Connor and Sagona, 2007a;
Connor et al., 2007b; Messager et al., 2013; Joannin et al., 2014;
Connor et al., 2018), existing studies from the lower-altitude
semi-humid to semi-arid south-eastern Caucasus region are
limited to scattered pollen records with generally rather poor
chronostratigraphic control (Gogichaishvili, 1984; Connor and
Kvavadze, 2008), or to fluvial-geomorphological (Ollivier et al.,
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The Caucasus region with the distribution of Late Bronze/Early Iron Age cultures (Sagona, 2018). The Shiraki Plain is shown with a red rectangle,
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2015, 2016; Suchodoletz et al, 2015, 2018), paleoecological
(Bliedtner et al., 2018, 2020a; Suchodoletz et al., 2020) or
paleoclimatic (Bliedtner et al., 2020b) investigations of fluvial
sediments. However, due to their discontinuous character fluvial
sediment archives generally show a relatively poor chronological
resolution (Lewin and Macklin, 2003). Therefore, Holocene
human-environmental interactions in the semi-humid to
semi-arid south-eastern Caucasus region are currently not well
understood. Furthermore, beyond the historical period the
possible impact of seismic events on former regional societies
has not been studied so far (Varazanashvili et al., 2011).
During this multi-disciplinary study that was carried out on
the semi-arid Shiraki Plain we combined geomorphological,
sedimentological, chronological and paleoecological data as
well as hydrological modelling to: (i) Reconstruct regional
paleoenvironmental changes during the Holocene, (ii) identify
possible natural versus human causes, and (iii) study possible
seismic events during the Late Bronze/Early Iron Ages. Our study
help better
interactions in the fragile drylands of the southeastern

will to understand human-environmental
Caucasus especially during the Late Bronze to Early Iron Age

period when early state formation occurred in this region.

2 Study area

The endorheic Shiraki Plain is located in eastern Georgia
between ca. 41°18’ and 41°27'N, and 46°11' and 46°30'E
(Figure 2) at altitudes between about 550 and 650 m a.s.l.,
covering a catchment area of about 300 km’. To the west,
south, and north the plain is surrounded by low mountain
ridges with highest altitudes of up to 970 m a.s.l. The plain
forms part of the Kura Fold-and-Thrust-Belt, consisting of a
series of south-vergent faults and thrusts that are composed of
deformed Plio-/Pleistocene flysch to molasse sediments. These
are formed by conglomerates, sands, loams, clays and sandstones
(Gambkrelidze, 2003; Forte et al., 2010).

The regional climate is continental semi-arid. Mean
temperatures range between ca. -4°C in January and ca.
23°C in July, and mean annual precipitation is around
490 mm (Furtwingler et al, 1998). The surface of the
Shiraki Plain is covered by Vertisols (Matchavariani, 2019).
The current xerophytic vegetation is characterized by steppe
species such as Allium atroviolaceum, Muscari tenuiflorum
and Puccinellia distans, and large parts of the plain are used
for intensive of wheat and sunflowers
(Furtwidngler et al., 1998).

Permanent surface water is currently largely missing in the

agriculture

plain and on the surrounding mountain ridges, but seasonal
creeks descend from the slopes. Due to this lack of permanent
surface water resources the area is largely devoid of settlements
today, and only in the northern part some larger villages are
located. In contrast, west of the Shiraki Plain a seasonal salt lake
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FIGURE 3

The lowest part of the Shiraki Plain with Late Bronze/Early

Iron Age archaeological sites (Varazashvili and Pitskhelauri, 2011),
core drillings, the studied trench and the maximal extension of the
endorheic palaeolake based on the results of the occurrence

of lake sediments that was extrapolated to the lowest part of the
Shiraki Plain. However, given that lake sediments must have been
deposited below a water column of unknown depth, the real
maximal extension of the lake must have been somewhat larger
than shown here.

(Lake Kochebi) is located at an altitude of ca. 780 m a.s.l.
(Figure 2).

3 Methods
3.1 Field work

3.1.1 Stratigraphical mapping

To detect and map the extension of the formerly
postulated paleolake (Maruashvili, 1971, 478f.), we applied
vibracore drillings in the deepest parts of the plain using an
Atlas Copco Cobra Pro hammer with a 60 mm diameter open
corer: In a first step, 11 drillings were irregularly distributed
over the topographically deepest part of the plain to verify
and roughly outline the distribution of the possible paleolake
sediments. In a second step, 10 further drillings were
performed along a transect from the approximate center of
the paleolake towards the northwest until the lacustrine
the
between the transect drillings in the approximate center of

sediments disappeared. Whereas initial distance
the paleolake was 200 m, to properly map the largest spatial
extension of lacustrine sediments we reduced the drillings to
distances of 100 m between drillings T6 and T8 at the
northwestern transect margin (Figure 3). Supported by

Ad-hoc (2005) and the Munsell soil color chart, the
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sediments were mapped according to basic field properties
(approximate grain size, wet sediment color, structure, stone
content, sedimentary/pedogenic  horizons, carbonate
content, hydroxymorphic features, occurrence of gypsum
crystals). The
according to Jahn et al. (2006). To obtain a detailed
their
underlying sediments, in the approximate center of the
paleolake an artificial ca. 3m deep trench was dug into
NNE - SSW direction using a shovel excavator (Figure 3).
Similar to the drillings, basic field properties of the sediments
were described according to Jahn et al. (2006) and Ad-hoc

(2005).

grain size distribution was classified

lacustrine and over- and

stratigraphy of the

3.1.2 Delineating the paleolake extension

First, we first built up a well-resolved digital terrain model
(DTM) of the central Shiraki Plain by performing differential
GPS (D-GPS) measurements with a resolution of some
centimeters during September and November 2019 using a
Stonex device operating with the Georgian CORS system
(http://geocors.napr.gov.ge/SBC/spider-business-center). To
cover a large area, these measurements were conducted
along transects from a slowly moving vehicle. Later, these
point measurements were interpolated in Arc Map GIS 10.4.
1 using the “Topo To Raster” tool, and a raster DTM was
constructed that was integrated into the existing SRTM DTM.
Subsequently, we properly mapped the highest altitude of lake
sediments that were detected in the drilling transect, and then
extrapolated this altitude to the complete central part of the
Shiraki Plain using the newly creating well-resolved DTM.
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3.2 Laboratory analyses

3.2.1 Sedimentological analyses

Fourteen sediment samples were taken from the main
sedimentological units in the trench for sediment analyses
(Figure 4). Prior to the analyses the samples were air-dried,
and material >2 mm was removed by sieving.

Grain size was measured using 10 g of bulk sample material.
After removing organic matter with 35% H,O,, the samples were
dispersed in 10ml 04N sodium pyrophosphate solution
(Na,P,0;), and subsequently treated in an ultrasonic bath for
ca. 45 min. The sand content (63-2000 um) was determined by
wet sieving, and the clay and silt content by measuring the
material <63 um with X-ray granulometry (XRG) using the
SediGraph IIT 5120 (Micromeritics).

Calcium carbonate contents were determined according to
Scheibler (Schlichting et al., 1995): Depending on the pre-tested
approximate carbonate content, 1-10 g of material were filled
into an Eijkelkamp Calcimeter apparatus, and 10% HCI was
added continuously until the reaction ceased. Carbonate-bound
C was calculated based on the CO, volume that was produced
during the reaction.

Element distributions were measured on 32 mm-pellets that
were produced by mixing and pressing 8 g of the ground material
with 2 g CEREOX Licowax prior to measurement with a Spectro
Xepos X-ray fluorescence spectrometer.

Measurements of mass-specific magnetic susceptibility ()
were MS3
susceptibility meter equipped with a MS2B dual frequency
sensor. After softly grounding and densely packing the

performed using a Bartington magnetic
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material into plastic boxes, volumetric magnetic susceptibility
was measured with a frequency of 0.465 kHz (k; r). Normalizing
ki p with the sample mass yielded mass-specific magnetic
susceptibility x.

Total carbon and nitrogen were determined using a Vario EL
cube elemental analyser on material that was ground in a
vibratory mill for ca. 10 min (required grain size <30 pm).
Total organic carbon (TOC) was calculated by subtracting
inorganic carbon (calculated from carbonate-bound C) from
total carbon.

Black carbon (BC) content and its aromaticity were
determined by measuring benzene polycarboxylic acids
(BPCA) contents and patterns, respectively, according to
Glaser et al. (1998) with the first step modified by Brodowski
et al. (2005). This method comprises metal removal with 4 M
trifluoroacetic acid (Brodowski et al., 2005), followed by nitric
acid digestion (170°C, 8 h under pressure), cation exchange
chromatography, derivatization (trimethylsilylation) and gas
chromatography with flame ionization detection (Glaser et al.,
1998). The sum of the individual BPCAs was converted to the
black carbon content by multiplication with 2.27 (conversion
factor for charcoal; Glaser et al, 1998). The challenge of the
samples under study was their high gypsum content, which
interfered with BPCA analysis probably due to complexation
with dissolved Ca during the procedure. The best compromise to
solve this problem was to use smaller amounts of material for the
analysis (100 mg instead of 500 mg).

3.2.2 Numerical dating
Numerical dating was carried out in the CEZ radiocarbon
laboratory Mannheim (Germany).

3.2.2.1 Radiocarbon dating

For radiocarbon dating we used one bulk sediment sample
(location see Figure 4). The sample was prepared with the Acid-
Base-Acid method (Steinhof et al., 2017), and the bulk organic
matter after removing NaOH-soluble organic matter was dated.
The age was calibrated using the software SwissCal applying the
Intcal20 calibration curve (Reimer et al., 2020).

3.2.2.2 Luminescence dating

For luminescence dating three samples were taken (locations
see Figure 4) during night, and directly packed into light-proof
plastic bags. To sample only material that was not influenced by
sunlight, we removed the outer 20 cm of the material right before
sampling. Sample preparation under subdued red light included
sieving recovering material between 90 and 200 pm and <90 um,
following treatment with 10 and 30% HCI to remove carbonate,
and with 10 and 37% H,0, for about 14 days to remove organic
matter. Only for sample MAL-10551 (55 cm) the coarse grain
fraction 90-200 um could be obtained in a datable amount.
However, given a still very low amount of material we did not
apply any density separation or etching to this fraction, resulting
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in a polymineral coarse grain fraction. Furthermore, for all
samples the polymineral fine grain fraction 4-11 pm was
separated from the sieve fraction <90 um according to Stoke’s
Law in Atterberg settling tubes. The luminescence measurements
were carried out on a Rise TL-DA-20 luminescence reader
equipped with a”°Sr/*°Y B-source (0.056 Gy/s for coarse grain,
0.074 Gy/s for fine grain). For the polymineral coarse
(90-200 pm) and fine grain (4-11 pm) measurements applying
the post-IR IR protocol of Buylaert et al. (2012) with a
measurement temperature of 290 °C (pIRIR,gy), we used a
BG3/BG39 filter combination. We also aimed to compare
feldspar and quartz fine grain measurement with respect to
bleaching, since quartz bleaches faster than the feldspar
PIRIR,qo signal (Kars et al, 2014). However, since also the
fine grain fraction did not consist of enough material to etch
away the feldspar, we measured the fine grain quartz signal by
applying the single aliquot regeneration protocol of Murray and
Wintle (2000) using an U340 filter that largely removes the
feldspar emission. The a-values of polymineral and quartz fine
grain were measured with an **Am a-source (0.115 Gy/s), and
the a-value of 0.08 + 0.03 for feldspar coarse grain was taken as a
mean value from various literature about this kind of material
(Wallinga et al., 2001; Rees-Jones and Tite, 2007; Kreutzer et al.,
2018). Anomalous fading of the polymineral samples was tested
by comparing the luminescence signals of not irradiated discs
with those of irradiated discs directly after irradiation, and after
seven and after 30 days following irradiation.

In parallel with the luminescence samples, ca. 500 g of
material were taken from the same positions during daylight
for dose rate determination. Given that samples MAL-10551 and
MAL-10552 were located near stratigraphic borders, for both
samples additional dose rate samples from facies SH-D were
taken from nearby positions assumed to contribute ca. 30% of the
gamma dose rate (see Table 1). After drying the samples at 105 °C
for 24 h, dose rates were measured with low-level y-spectrometry
using a Canberra GCW4023 device. Given deep sediment
desiccation for an unknown period after lake desiccation as
could be recognized when opening the trench, a water content
of 15 + 10% was assumed to encompass the water contents of the
complete burial periods. The cosmic dose rate was calculated
according to Prescott and Hutton (1988), assuming a density of
the overlying sediments of 1.6 g/cm’. The parameters used for
age calculation and the luminescence ages are shown in Table 1.

3.2.3 Micromorphological analyses

One oriented block was taken for micromorphological
analyses. After air-drying and impregnating with Oldopal P
80-21, the hardened block was cut and sliced into an upper
(u) and a lower (I) 70 * 50 mm thin section (locations see
Figure 4). Micromorphological description and analysis of the
thin has Olympus
BX51 petrographic microscope, following the guidelines of
Stoops (2021).

sections been done wunder an
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TABLE 1 Measurement parameters and results of luminescence dating from the trench.

Sample Sample Th [ppm] U [ppm] K [%] Assumed
number  depth water
and facies content
[%]
MAL- 55 cm (facies SH-E) 6.24 £ 1.17 2.0 £ 0.08 1.62 £ 0.05 15 + 10
10551

70 cm (facies SH-D)* 3.26 £ 0.11 1.16 £ 0.05  0.83 £0.03

MAL- 125 cm (facies SH-C) 7.34 £ 0.21 1.78 £ 0.07 1.86 + 0.06 15+ 10
10552

110 cm (facies SH- 4.10 £ 0.14 1.16 £ 0.05 1.01 +0.04

D)*
MAL- 155 cm (facies SH-B) 6.48 + 0.18 1.62 £ 0.06 1.80 + 0.06 15+ 10
10553

*assumed to contribute ca. 30% of the gamma dose rate.
“Taken from literature (Wallinga et al., 2001; Rees-Jones and Tite, 2007; Kreutzer et al., 2018).

Kind
of measurement

fine-grained feldspar
fine-grained quartz

coarse-grained
feldspar

fine-grained feldspar

fine-grained quartz

fine-grained feldspar

fine-grained quartz

Dose
rate
[Gy/ka]

3.71 £0.32
2.77 +£0.23
2.40 + 0.61

3.26 £0.22
3.04 £0.21

3.03 £0.20
2.83 +0.20

Cosmic
dose
rate
[Gy/ka]

0.22 + 0.02
0.22 £ 0.02
0.22 £ 0.02

0.20 + 0.02
0.20 £ 0.02

0.19 £ 0.02
0.19 £ 0.02

Equivalence
dose

[Gy]

8.83 + 0.56
1.34 + 0.06
0.76 £ 0.19

23.83 £0.28
12.85 £ 0.1

35.06 + 0.31
20.12 £ 0.15

a-value

0.18 + 0.02
0.05 £ 0.02
0.08 + 0.03**

0.09 + 0.02
0.06 + 0.02

0.08 + 0.02
0.05 £ 0.02

Anomalous
fading

no

yes

yes

Age [ka]

2.38 £0.21
0.48 + 0.05
0.32 + 0.09

7.35 £ 0.49
425+03

116 £ 0.7
7.1 £0.5s
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3.2.4 Paleoecological analyses

Four sediment samples of about 1kg were taken for
paleoecological analyses (locations see Figure 4), and sieved
with distilled water with mesh widths of 0.71 and 0.21 mm,
respectively. Subsequently, organic material such as charcoal,
bones, teeth or seeds was analyzed using an Amscope
binocular (magnification = 40).

3.3 Hydrological modelling

Based on a DTM (SRTM C-band; Farr et al., 2007) we
delineated the catchment boundaries using ArcGIS 10.3,
the of the
Subsequently, we processed the catchment DTM using the

defining lowest  point basin manually.
freq function of the R raster-package of Hijmans (2020) to
calculate the geomorphologically possible maximal lake size
and volume (All calculations are available at Gihub: https://
github.com/MLFischer/Shiraki-Plain-Water-Balance, 03/22).

Then, we used three Holocene time periods to calculate the
water balance of the catchment. Paleoenvironmental and
paleoclimatic data were taken from a pollen reconstruction
that covers the period around the Late Bronze/Early Iron Ages
in the Udabno region ca. 80 km to the west with very similar
ecological and climate conditions (Kvavadze and Todria,
1992): (a) The Early/Mid Holocene with a mainly forest-
covered basin above and fertile meadow grassland below
the timberline at ca. 700 m a.s.l. For this period a similar
annual temperature as today and a maximal precipitation
amount as for period (b) were assumed. (b) The Late
Bronze/Early Iron Ages with a clear-cut basin covered by
fertile meadow grassland, a lake with a size of at least 5 km?
(taken from this study), a reconstructed higher annual
temperature of ca. 1.5 °C and higher precipitation of ca.
200-300 mm/a compared with today, and (c) a modern-day
climate scenario with a drier grassland-covered basin and no
lake. For the modern period, for comparison we also
calculated the water balance for the altitude of current salt
Lake Kochebi (located ca. 230 m higher than the lowest part of
the Shiraki Plain) (location see Figure 2).

Based on major (paleo-)environmental properties as
summarized in Supplementary Table S1, for each time
land established
parametrization approach (e.g. Brutsaert, 1982; Bougealt,
1991; Blodgett et al, 1997; Bergner et al., 2003) to
calculate the actual evapotranspiration rate (ETa). Climate

period and cover we used an

variables such as air temperature, relative humidity, surface
conditions (surface drag coefficient, albedo, emissivity and
soil moisture availability) were parametrized following
1991, the
reconstructions of Kvavadze and Todria (1992). Cloud

Bougealt, and using paleoenvironmental

coverage was achieved using a global cloud coverage

Frontiers in Earth Science

08

10.3389/feart.2022.964188

dataset (Wilson and Jetz, 2016), and the cloud parameter
was set according to Budyko (1974). Insolation was set
according to Laskar et al. (2004). Modern-day climate
variables were set using global gridded climate data (New
et al,, 2002). Temperature differences to the modern-day
conditions were applied either using the paleoclimate
reconstruction of Kvavadze and Todria (1992), or by using
adiabatic average temperature gradients. Based on the
precipitation and evapotranspiration rates we calculated
the annual water flux volumes regarding the different land
cover proportions within the basin.

4 Results
4.1 Field work

4.1.1 Stratigraphical mapping

To facilitate the stratigraphical description, we start here with
the detailed description of the trench in the lowest part of the
Shiraki Plain to establish the different facies, and then continue
with the description of the drilling cores.

4.1.1.1 Trench

The facies described from bottom to top are shown in
Figure 4:

- Facies SH-A (300 - 144 cm): The base of the trench is formed
by brown (10YR4/3) carbonate-rich heavy clay with a polyedric
structure. This material contains in-situ carbonate, gypsum, and iron
oxide precipitations. Given the very fine grain sizes, we suggest that
these deposits could represent limnic sediments of a paleolake.
Between ca. 250 and 144cm facies SH-A and SH-B are
interfingered with each other, and the vertical cones in the
interfingering zone showed widths of ca. 20 cm. We suggest that
these deformation structures were linked with seismic shocks.

- Facies SH-B (144 - 135 cm): This facies consists of very dark
gray (10YR3/1) heavy clay with a polyedric structure, and contains
less gypsum precipitations and much less carbonate compared with
facies SH-A. In some parts also reddish iron oxide stains were found.
Given its high clay content and shiny slickensides on the aggregate
surfaces, this material was interpreted as the Ahb horizon of a buried
pellic Vertisol that had developed on the surface of facies SH-A and
was overprinted by light-coloured gypsum precipitations. Given that
it is not a surficial but buried soil, possibly formerly existing vertical
cracks should not be recognizable any more.

- Facies SH-C (135 - 113 cm): Similar to facies SH-B this
facies consists of black (7.5YR2.5/1) heavy clay with a fine
polyedric structure. However, in difference to the former
slight horizontal layering was recognizable. The matrix of this
facies is mostly free of carbonate, and contains some mycelia-like
gypsum precipitations and brownish iron oxide stains. This facies
was interpreted as layered lacustrine sediments mostly consisting
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Stratigraphies of the drilling cores of the transect in the central Shiraki Plain (cores T1 - T8) with derived former maximal lake level that was based
on the occurrence of lake sediments. However, given that lake sediments must have been deposited below a water column of unknown depth, the
real maximal lake level must have been somewhat higher than shown here.

of eroded Vertisol material from the surrounding slopes (lake
facies I).

- Facies SH-D (113 - 70 cm): This facies consists of dark
reddish gray (5YR4/2), (dark) grayish brown (10YR4/2) and
brown (7.5YR5/2) up to 1 cm thick evaporative carbonate and
gypsum layers alternating with clastic layers of heavy clay that are
broken by desiccation cracks. Numerous in-situ gypsum
precipitations cause a pseudosand structure of the greyish
evaporative layers, whereof the proportion increases upwards.
This facies was interpreted as lacustrine sediments of a
successively drying lake (lake facies II).

- Facies SH-E (70 - 0 cm): This facies unconformably overlies
facies SH-D, and consists of carbonate-rich black (7.5YR2.5/1)
heavy clay with a polyedric structure and shiny slickensides on
the aggregate surfaces. This material contains carbonate and
gypsum precipitations. It was interpreted as a vertisol-derived
colluvial layer. In the WNW trench wall, at ca. 40 cm depth a ca.
10 cm thick layer of material of facies SH-D was intercalated.
However, in the neighbouring NNE trench wall it could be
recognized that this material forms part of a series of small
inclined load structures that were detached from the upper part
of facies SH-D and squeezed into the material of facies SH-E. We
suggest that these inclined load structures were linked with
seismic shocks. The upper part of facies SH-E was strongly
disturbed by recent human activity (recent Ap horizon).

4.1.1.2 Drillings

The lowest parts of all drillings were formed by facies SH-A.
However, with increasing distance from the former lake center
such as in drillings T7 and T8 (Figure 3), the grain size of this
facies coarsened and changed from heavy clay to silty clay. The
intermixture of facies SH-A and SH-B (Figure 4) was found in all
cores (Figure 5). Unfortunately, given the similar sediment
properties of facies SH-B and SH-C these could not well be
differentiated from each other in the cores. However, black-
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coloured material potentially originating from one of both facies
was mostly found in the center of the plain, but not in cores
TPCW, TPSS and T6 - T8. Overlying facies SH-D was detected in
all cores but cores T7B and T8. Although facies SH-B was eroded
in core T7B, some intermixing of this facies and facies SH-E was
observed here. Facies SH-E was found in all cores. The core
stratigraphies are listed in Supplementary Tables S2, 3, and the
stratigraphy of the drilling transect is shown in Figure 5.

4.1.2 Delineating the maximal paleolake
extension

To build up the well-resolved DTM of the central Shiraki
Plain we measured 10,700 points with D-GPS. These points
showed altitudes between 554 and 642m asl. The larger
study area was covered with an irregular grid of measurement
transects that followed existing earth roads, being denser in the
central part of the plain where the study area is located (Figure 2).
The maximal paleolake extension was derived by taking the
altitude of core T7 that forms the northwesternmost drilling
core of the transect towards the former northwestern lake margin
where lake sediments (facies SH-D) were observed (555.34 m
a.s.l; Figure 5), and subsequently following this contour line in
the newly created well-resolved DTM. This resulted in a maximal
lake extent of ca. 6.2 km®.

4.2 Laboratory analyses

4.2.1 Sedimentological analyses
The results of the sedimentological analyses are shown in
Figure 6, and the data can be found in Supplementary Table S4.
The grain size is largely dominated by clay, with irregularly
varying values between 73 and 98% found throughout the
sequence. The sand fraction strongly fluctuates between
0.5 and 21% within the sequence, showing the lowest values
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FIGURE 6
Analytical results of the trench.

TABLE 2 Results of radiocarbon dating from the trench.

Sample number Material

Sample depth

132 cm MAMS-46350 sediment matrix

in facies SH-E. However, most of the sand was formed by in-situ
precipitated gypsum crystals (pseudosand).

Calcium carbonate contents varied between 14 and 20% in
facies SH-A. Facies SH-B showed a sharp drop to a value of
4%, and in facies SH-C carbonate contents dropped even more
down to values between 0.4 and 0.2%. In facies SH-D
carbonate values strongly increased to values between
20 and 11%, and similar values around 16% were also
found in facies SH-E.

To analyze the inorganic element distributions, we first
correlated the elements Si, Ti, Al, Fe, Rb, K, Zr, Ti, Mn, P, Ca,
Mg and S in a correlation matrix. These elements are
commonly included in element ratios that are used to trace
grain sizes (Croudace et al, 2006), possible volcanic
provenances (Zielhofer et al., 2017), paleo-redox conditions
(Koinig et al., 2003) or human impact (Holliday and Gartner,
2007), or form the main components of silicates, gypsum and
carbonates (Salminen, 2005). The results showed that the
highest negative correlations exist between the siliciclastic
elements Ti, Rb, Zr, Si and Al as well as Fe on the one
hand, and Ca and S forming the main components of
the other hand
(Supplementary Table S5). Therefore, we used the ratio Si/S

calcium carbonate and gypsum on

to trace changes between siliciclastic layers and layers
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characterized by a high content of (evaporative) gypsum.
This ratio shows high values between 117 and 40 in facies
SH-A, an intermediate value of 20 in facies SH-B, slightly
lower values between 13 and 10 in facies SH-C, an upwards
decreasing trend from 6 to 1 in facies SH-D, and intermediate
values between 20 and 26 in facies SH-E.

Relatively high of mass-specific ~magnetic
susceptibility (x) between 0.31 and 0.18 * 10°° m’/kg were
measured in facies SH-A, and a slightly lower value of 0.16

values

* 10°m’/kg in facies SH-B. Uniform intermediate values of
0.11* 10° m3/kg were found in facies SH-C, and in facies SH-
D low values with an upwards decreasing trend from 0.08 to
0.03 * 10° m*/kg were observed. Facies SH-E showed higher
values around 0.25 * 10°° m*/kg.

Facies SH-A showed relatively low values of total organic
carbon (TOC) between 0.3 and 0.5%. In contrast, facies SH-B
showed a higher value of 1.0% that only slightly dropped to
0.9% in facies SH-C. Facies SH-D showed lower values
between 0.4 and 0.7% that strongly increased to values
between 3.1 and 3.3% in facies SH-E. Low TOC/N ratios
between 3 and 6 in facies SH-A increase to values around 9
in facies SH-B and SH-C, subsequently decreasing to values
between 3 and 7 in facies SH-D. In facies SH-E this ratio
increases again to values around 11.
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FIGURE 7

Lower sample (1): (A) Porostriation along fissures (arrows) resulting from stress (argilloturbation) due to swelling-shrinking. Some gypsum lenses
occur at the top as loose discontinuous infillings. (B) Upper part of the reduced material, with layered sorting of particle sizes and subhorizontal
organic intercalations. (C) Hypocoating of Fe-oxihydroxides along a pore (dark line) that has been broken by swelling-shrinking (argilloturbation) and
is seen now as infilling of fragments together with gypsum lenses. (D) Hypocoatings of Fe-oxihydroxides around pores, and loose infilling of iron
spheres, pseudomorphs after pyrite framboids. Some of the pseudomorphs show luster under incident light, which indicates that pyrite oxidation has
not been complete. Upper sample (u): (E) Dark inclusions in the groundmass corresponding to particulate organic matter. (F) Loose discontinuous
infilling of Fe nodules, pseudomorphs after pyrite framboids developed on organic materials. (G) Geodic nodules of sparite. (H) Loose continuous
infilling of lenticular gypsum in a biopore (note the root section) together with an impregnative hypocoating of Fe-oxyhydroxides.

Black carbon (BC) contents ranged between 0.8 and
6.1gkg™ in all facies but SH-D, where no black carbon
could be detected. Black carbon contribution to TOC
ranged between 19 and 37% in all but facies SH-D. The
patterns of the individual benzenepolycarboxylic acids
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showed an equal contribution of benzenetetracarboxylic
acids (B4CA), benzenepentacarboxylic acid (B5CA) and
(B6CA),

of condensation

benzenehexacarboxylic acid demonstrating a

similar high degree (Supplementary

Table S6).
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FIGURE 8

Water balance model of the Shiraki Plain for three different scenarios during the Holocene based on different annual precipitation and
evapotranspiration values. The resulting annual water balances are shown in the lower parts in blue: (A) Early/Middle Holocene. (B) Late Bronze/Early
Iron Age. (C) Today. For the latter period, for comparison the current water balance for the altitude of recent salt lake Kochebi west of the Shiraki Plain

is shown (location see Figure 2).

4.2.2 Numerical dating
4.2.2.1 Radiocarbon dating

The results of radiocarbon dating can be found in Table 2,
and the age is shown in its stratigraphic position in Figure 4.

4.2.2.2 Luminescence dating

Luminescence dating yielded different ages for different grain
sizes and minerals, ranging between 11.6 + 0.7 ka and 0.32 *
0.09 ka. However, the ages of the three samples are in the
stratigraphic order. The results of luminescence dating can be
found in Table 1, and the ages are shown in their stratigraphic
positions in Figure 4.

4.2.3 Micromorphological analyses

Lower sample (1) and approximately the lower half of
upper sample (u) were taken from facies SH-C, and showed a
blocky structure that was highly separated by fissures. This
structure was moderately bioturbated, and most pores were
occupied by lenticular gypsum crystals of different sizes that
showed frequent inclusions. The birefringence fabric of the
micromass is porostriated, i.e. shows stress features along
the fissures what reflects some swelling-shrinking processes
linked to argilloturbation (Figure 7A). Due to abundant very
small organic particles the micromass is speckled. Upwards,
material increases as

organic layered

intercalations (Figure 7B). Pedofeatures not related to

amorphous

gypsum precipitation include redoximorphic phenomena
such as nodules of Fe- and Mn- oxi-hydroxides as well as
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clusters of small spheres of Fe-oxides after pyrite framboids
(Figure 7C). The latter are often located next to organic
residues, and some of those spheres still keep some
unaltered pyrite inside (Figure 7D). The redoximorphic
pattern can be classified as stage F or G of Vepraskas
et al. (2018), meaning extreme, permanent reduction
conditions.

The upper part of sample (u) was taken from facies SH-C.
This sample is composed of a 0.5 cm thick layer of lenticular
gypsum crystals that underlies clayey material with a lighter color
compared with the clayey material of sample (1), but that also
contains microparticles of organic matter (Figure 7E). Fe-oxide
pseudomorphs after pyrite are equally present (Figure 7F), and
the redoximorphic pattern corresponds to stage B of Vepraskas
et al. (2018) indicating moderate reduction conditions. As the
most striking pedofeatures of this sample we find micrite and
geodic sparitic nodules of probably biogenic origin that could be
derived from algae or other organisms living in shallow water
conditions (Freytet and Verrecchia, 2002) (Figure 7G). In
particular, infillings of calcitic excrements in channels are
difficult to explain, unless they were made by fauna mixing
materials with different calcite contents (Figure 7G).

Scans of the thin sections of both samples can be found in
Supplementary Figure S2.

4.2.4 Paleoecological analyses

Different types of organic material were detected in the
samples, i.e. charcoal, plant or wood tissues, plant roots,
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Landscape evolution of the Shiraki Plain: (A) Early/Middle Holocene. (B) Middle/Late Holocene. (C) Late Bronze/Early Iron Ages. (D) Later part of
Late Bronze/Early Iron Ages and/or following period. (E) Last centuries—I. (F) Last centuries—II.

probably fish bones that could not be assigned to certain
species, and in samples I and II fish teeth of the family
Cyprinidae (sample locations see Figure 4).

The results are listed in Supplementary Table S7, and a
photo of fish teeth and probably fish bones from sample II is
shown in Supplementary Figure S3.

4.3 Hydrological modelling

The minimal Holocene lake size of ca. 6.2 km? that was
calculated during this study should have hosted a water volume
of ca. 0.006 km®. This water volume is much lower compared
with the value of ca. 0.75 km® for a lake with a size of about
70 km? that would have formed at the altitude of the theoretical
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modern-day outflow of the plain at ca. 577.5 m a.s.l. However,
according to our data that water level was never reached during
the Holocene, i.e. the Shiraki Plain was always endorheic during
that period.

For the Early/Mid Holocene we assumed a similar
temperature as today and calculated an ETa of 481-565 mm
a”' on fertile meadow grassland and of up to 1,092-1,648 mm a™*
over forests, and for the Late Bronze/Early Iron Ages with a
reconstructed higher temperature of ca. 1.5°C (Kvavadze and
Todria, 1992) an ETa of 517-607 mm a™* over fertile meadow
grassland and of 822 mm a™' over the paleolake. For the modern-
day climate we calculated an ETa over drier grassland of
429-508 mm a”', and for the conditions at the ca. 230 m
higher altitude of current salt lake Kochebi this results in a

slightly lower current drier grassland ETa of 400-475 mm a™'.
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For the Early/Mid Holocene with an assumed maximal
precipitation amount of 700-800 mm a™' (0.21-0.24 km® a™')
and the timberline located at 700 m a.s.] we calculated an ETa
volume over forests of 0.05-0.08 km® a!, and for the fertile
meadow grassland below the timberline an ETa volume of
0.12-0.14 km® a”'. This would result in a balanced water
budget of -0.02-0.06 km*® a™' (Figure 8A). For the Late
Bronze/Early Iron Ages with a reconstructed precipitation
amount of 700-800 mm a~' (0.21-0.24 km® a™'; Kvavadze and
Todria, 1992), for a lake size of 5-10 km? we calculated an ETa
volume of 0.004-0.008 km® a™’, and a fertile meadow grassland
ETa (covering the rest of the basin) of 0.16-0.18 km® a™'. This
results in a positive water budget between 0.02 and 0.08 km® a™
(Figure 8B). For the modern-day time with a precipitation
amount of about 500 mm a' (0.15km® a™') and a drier
grassland evapotranspiration of 0.13-0.15km?® a™', this results
in an overall balanced water budget of -0.002-0.022 km?®a’!, and
for the climatic conditions at the ca. 230 m higher altitude of
current salt lake Kochebi the model shows a slightly positive
water budget of 0.007-0.029 km?® a™" (Figure 8C).

5 Discussion

5.1 Holocene landscape evolution of the
Shiraki Plain

Based
sedimentological,

on our stratigraphical, chronological,

micromorphological and paleoecological
data we reconstructed the Holocene landscape evolution of

the Shiraki Plain:

i) During the Early/Mid-Holocene no lake existed in the
central part of the Shiraki Plain (Figure 9A). Instead, the
clay-rich material parent material (facies SH-A) was
overprinted by Vertisol formation (facies SH-B) what is
also confirmed by our analytical data: Depending on the
local conditions Vertisols show strongly varying TOC
contents that also encompass the measured value of ca.
1%, and similar TOC/N ratios around or slightly higher
than 10 were also reported from other Vertisols (Virmani
etal, 1982; de la Rosa et al., 2008). BC was hardly studied in
Vertisols so far. However, according to Reisser et al. (2016),
next to the contents of organic carbon and clay one factor
that strongly determines the soil BC dynamics is the regional
climate. Accordingly, our measured proportion of BC of
TOC of about 30% and the equal proportions of the
benzenepolycarboxylic acids B4CA, B5Ca and B6Ca
(Figure 6) are typical for Chernozems (Rodionov et al,
2010) that are found in regions with climate conditions
that are similar as those of the Shiraki Plain (Strouhalova
et al,, 2019). No numerical ages are available for the start of
Vertisol formation. However, the bulk sediment radiocarbon
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age of 5.3 - 5.0 cal ka BP from facies SH-B, averaging the age
of organic matter in the soil matrix (Wang and Amundson,
1996), demonstrates that Vertisol formation must have
lasted at least until that time. Looking at the luminescence
ages, fine-grained feldspar pIRIR,y, dating gave a minimum
age of 11.6 + 0.7 ka (no fading correction applied), and fine-
grained quartz an age of 7.1 + 0.3 ka. Soil turbation processes
cause the input of bleached mineral grains into the soil
matrix also after sediment deposition (Bateman et al.,
2003). Hence, in difference to the radiocarbon ages dating
the soil organic matter, the luminescence ages should reflect
argilloturbation linked with Vertisol formation. The large
difference between both luminescence ages can possibly be
explained with the much better bleachability of quartz
compared with the pIRIR,q, feldspar luminescence signal
(Kars et al., 2014). The cone-like intercalation of facies SH-A
and SH-B indicates a strong seismic event when the Vertisol
(SH-B) was already well developed, i.e. this event must have
occurred during the Mid-to Late Holocene (Figure 9B).

A permanent lake must subsequently have covered the pellic
Vertisol in the central part of the Shiraki Plain. The first lake
phase is reflected by horizontally layered facies SH-C
9C). the
lacustrine character is demonstrated by micromorphology

(Figure Besides layering, its (permanent)

that showed pyrite formation and redoximorphic stages F or
7C,D),
conditions (Vepraskas et al., 2018). These must have been

G (Figures indicating permanent reduction
caused by longer-lasting permanent covering of the
sediments by lake water. The sedimentological properties
of facies SH-C with a TOC content around 0.9%, the grayish
to black color, TOC/N ratio around 9, equal proportions of
the benzenepolycarboxylic acids B4CA, B5Ca and B6Ca and
proportions of BC of TOC of ca. 33 to 22% are similar with
those of the underlying Vertisol horizon (facies SH-B;
Figure 6). This indicates the origin of facies SH-C from
eroded Vertisols around the lake. Lower values of magnetic
susceptibility compared with facies SH-B could possibly be
explained with partial destruction of the magnetic signal
under anoxic conditions (Hanesch and Scholger, 2005)
(Figure 6). The origin of facies SH-C from eroded
Vertisols is also supported by the observation that the
Vertisol horizon (facies SH-B) was not detected between
transect cores T6 and T8 located towards the former lake
margin: The flat topography and rapid covering by lake water
should have protected the Vertisol against soil erosion in the
central plain, whereas it was eroded from the not water-
covered and steeper parts of the plain beyond the paleolake
(Figure 5). PIRIR90
luminescence dating gave a minimum age of 7.4 + 0.5 ka

shore Fine-grained  feldspar
(not corrected for anomalous fading) for facies SH-C, and
fine-grained quartz an age of 4.3 + 0.3 ka. Given the better
bleachability of quartz compared with the pIRIRy9, signal

(Kars et al., 2014), the quartz age probably best approximates
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iii)

the depositional age of the lake sediments. Archaeological
finds show intensive settlement of the Shiraki region during
the Late Bronze to Early Iron Ages since ca. 3.2 ka
(Furtwéngler et al, 1998, 1999; Maisuradze
Mindiashivili, 1999; Pitskhelauri et al., 2016; Bukhrashvili
et al, 2019). Given that no large-scale human settlement is

and

known from the Shiraki Plain prior to that time, the Vertisols
must have been eroded by agricultural activity of that culture.
Hence, on the one hand the chronological difference between
the luminescence-dated start of Vertisol erosion reflected by
the deposition of black-colored lacustrine facies SH-C, and
the start of intensive human activity some centuries later, can
possibly be explained by so far incomplete numerical dating
of the archeological finds. Thus, further numerical dating of
archaeological sites could result in older ages. On the other
hand, this difference could also be explained by insufficient
bleaching of the fine-grained vertisol-derived material during
its colluvial transport from the slopes towards the central
lake basin (Fuchs and Lang, 2008).

After an unknown period of time the lake must have dried
out. This process is indicated by facies SH-D formed by the
alternation of clastic clayey with evaporitic carbonate and
gypsum layers (Figure 9D). Accordingly, unlike lower lake
facies SH-C with <1% carbonate facies SH-D contains ca.
10-20% carbonate. Likewise, increasing sand contents up
to >21% can be attributed to gypsum crystals (pseudosand)
that were not destroyed during preparation of the grain size
samples (Figure 6). In facies SH-D the micromorphological
analyses show only moderate reduction conditions as
indicated by stage B of the redoximorphic pattern
(Vepraskas et al, 2018). Furthermore, shallower lake
conditions compared with facies SH-C are also indicated
by micrite and geodic sparitic nodules of probably biogenic
origin likely derived from algae or other organisms living in
shallow water conditions (Freytet and Verrecchia, 2002), and
regular desiccation of the lake bed is indicated by numerous
desiccation cracks within the clayey layers. The upwards
increasing proportion of evaporitic carbonate and gypsum
compared with clastic clayey material probably reflects an
intensified desiccation trend with time. This trend is also
indicated by upwards decreasing Si/S ratios and decreasing
values of mass-specific susceptibility, reflecting the relative
increase of S-containing gypsum and parallel decrease of
siliciclastic material towards the top, respectively (Figure 6).
Fish teeth of the family Cyprinidae (including species such as
carps and minnows) were found in upper facies SH-D. These
species are not seasonal, and require fresh or at least brackish
water conditions (Kottelat and Freyhof, 2007). Hence, also
during the final period of lake desiccation the lake must have
had longer stable phases with fresh or brackish water,
allowing the establishment of stable fish populations that
could potentially have been used by the local populations.
This also demonstrates that the desiccation process must
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have continued over a longer period. Going from the central
plain towards its margin, facies SH-C was detected up to
transect core T7 (Figure 5). Based on its altitude we derived a
maximal lake extent of ca. 6.2km” and maximal depth
of >1.5m (Figures 3, 5). However, given that deposition
of facies SH-C must have been linked with a water column of
unknown depth, these calculated maximal values should
actually be minimum values. There are no numerical ages
for the end of lake desiccation, however, the luminescence
sample taken from overlying facies SH-E gave a fine-grained
feldspar pIRIR,g, age of 2.4 + 0.2 ka, a fine-grained quartz
age of 0.5 + 0.05 ka and a coarse-grained feldspar pIRIR
age of 0.3 £ 0.1 ka. Both feldspar pIRIR,, ages did not show
anomalous fading. The older fine-grained quartz age
compared with the coarse-grained feldspar pIRIR,q, age
probably indicates that slower bleaching of the latter
signal compared with quartz (Kars et al., 2014) must have
been counterbalanced by the better bleachability of coarse
compared with fine grains (Olley et al., 1998). However, it is
also possible that due to argilloturbation, causing the input of
younger material, these youngest ages are to some degree
underestimated (Bateman et al., 2003). Hence, the youngest
coarse-grained feldspar pIRIR,9 age of 0.3 + 0.1 ka should
represent a terminus ante quem for lake desiccation.
Accordingly, also historic maps from the 18th century AD
(= ca. 0.3 ka) do not show a lake or swamp in the central
Shiraki Plain (Vakhushti Bagrationi Institute of Geography
Thilisi, 1997).

Finally, during the last centuries the dried paleolake was
covered by a colluvium (facies SH-E) (Figure 9E), although
on the current soil map this material is shown as part of the
regional surficial Vertisols (Matchavariani 2019). Besides its
black color also the TOC/N-ratio of ca. 10-11 is similar with
the values for the buried Vertisol (facies SH-B), supporting
an origin of this material from eroded surrounding Vertisols.
Significantly higher TOC contents of >3% and higher values
of the magnetic susceptibility compared with facies SH-B can
possibly be explained with the longer time of Vertisol
formation and current agriculture, causing continued
input of organic material and magnetic enhancement
(Jordanova and Jordanova, 1999). However, the lower
proportion of BC of TOC of about 16% should indicate a
dilution of BC by other kinds of organic material. Given the
large absence of human settlements following the Late
Bronze/Early Iron Ages (Arnhold et al, 2020), definite
causes for the deposition of the colluvial layer cannot be
given here. However, a strong phase of fluvial activity was
detected in the regional rivers for a later phase of the Little Ice
Age between 0.5 and 0.4 ka (Suchodoletz et al., 2018). This
phase must have been linked with at least seasonal stronger
discharge caused by more intensive precipitation compared
with today. Although the total precipitation amount was
obviously not enough to cause renewed longer-lasting lake
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formation in the Shiraki Plain, we suggest that due to

preceding anthropogenic deforestation extreme
precipitation events during that time could have caused
surface erosion and colluvial deposition in the semi-arid
landscape of the central Shiraki Plain also without direct
human influence. Following its deposition, colluvial facies
SH-E was interfingered with underlying facies SH-D by a
strong seismic event in the form of inclined load structures

(Figure 9F).

5.2 Changes of the hydrological balance
between natural and human controls

Hydrological modelling helped to retrace the observed
changes of the regional hydrological balance of the Shiraki
Plain, and to identify possible natural and human drivers:

the
comparable ecological and climatic conditions, we

(i) From neighbouring Udabno region showing
know that prior to the Late Bronze/Early Iron Ages
the slopes above 700 m a.sl. have been intensively
forested, and that species-rich meadows were found
below 700 m a.s.l. (Kvavadze and Todria, 1992). The
detailed regional climate evolution of that period is
that we applied the maximal
amount of 700-800 mm that

reconstructed for the Late Bronze/Early Iron Ages and

not known, so

precipitation was
the current annual temperature. Given that at least parts
of that period in the southern Caucasus were warmer
compared with today (Connor and Sagona, 2007a) and
drier compared with the Late Bronze/Early Iron Age
(Connor and Kvavadze, 2008; Bliedtner et al., 2020b),
the calculated water balances for that time should
represent maximum values. Using those parameters,
we obtained a balanced instead of a positive water
budget that would be required for lake formation.
Hence, the observed existence of a terrestrial Vertisol
and not a lake in the central Shiraki Plain for this time
could be supported by hydrological modelling.

(ii) In the Udabno region the forests were largely clear-cut

during the Late Bronze/Early Iron Ages, and annual

1.5 °C

precipitation 200-300 mm higher compared with today

temperatures were up to and annual
(Kvavadze and Todria, 1992). Using those parameters
also for the Shiraki Plain that was settled by the same
cultures, we obtained a positive water budget that even
remained positive when the reconstructed paleolake
surface with a higher ETa was taken into account.
Thus, observed lake formation, indicating a significant
change of the regional water budget during that time,
could be retraced by hydrological modelling. Since we did

not change the annual precipitation amount compared
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with the period before, and even used a higher annual
ETa
hydrological modelling, the change towards a positive

temperature leading to higher values for
water budget must have been caused by the large-scale
human-induced regional forest clearcutting that reduced
regional
(iii) Using the current climate and the drier grassland
vegetation of the Shiraki Plain for hydrological
modelling, we again obtained a balanced water budget.
This could explain the observed lake desiccation. Since
grassland vegetation in the whole catchment has
probably persisted since clear-cutting during the Late
Bronze/Early Iron Ages, that change of the water budget
must have been linked with the regional aridification
trend that was observed since that time (Kvavadze and
Todria, 1992; Bliedtner et al., 2020b). Interestingly, when
using the present environmental conditions of the ca.
230 m higher altitude where the current salt lake Kochebi
is located, we obtained a slightly positive water balance
what could possibly explain the existence of that lake.
Although next to climatic parameters lake formation is
also influenced by hydrogeological factors (winter, 1999),
however, two other similar salt lakes in the Gareja region
are located at about 760 m a.s.l. (Jikurebi lake) and at
about 820 m a.s.l. (Kopatadze lake), respectively. Hence,
the existence of those lakes seems to confirm that the
current water budget of the Shiraki Plain is very close to
positive values, i.e. that also smaller-scale changes of the
controlling factors could currently cause a shift towards a
positive water budget allowing lake formation.

However, limitations of such kind of hydrological modelling
remain, as unquantified processes may affect the water balance as
well. These include e.g. cloud cover changes, whereof no paleo
information is available. Further unquantified processes could be
seasonality changes, rapid snow melt and/or intensified run-off
within the basin. Additionally, specific values for a class-specific
ETa may differ interannually, as the vegetation reacts in a
dynamic way to the available moisture. Therefore, our ETa
estimates represent the best-possible long-time averages using
this method.

Altogether, our hydrological modelling suggests that the
Holocene hydrological balance of the Shiraki Plain was and is
situated near a major hydrological threshold (White, 2019).
That means that also relatively small-scale human or natural
changes of the regional water balance caused a change from
balanced/negative to positive values or vice versa, with
significant geoecological changes due to lake formation or
desiccation in the central Shiraki Plain. These changes should
also strongly have influenced the living conditions of former
local societies by supply or removal of water and fish

resources.
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5.3 Paleoseismic activity

The Shiraki Plain forms part of the NW-SE trending Kura Fold-
and-Thrust-Belt which accommodated ~25 km of shortening (Forte
etal, 2010). While thrust front advance is generally towards the SW
defining the southern margin of the Shiraki Plain, Forte et al. (2010)
postulated the presence of a backthrust at its northern margin.
According to these authors, the neotectonic expression of the latter
structure in the field suggests its relatively young age. It follows that
SW-directed thrust belt dynamics, including backthrusting towards
the NE, controlled the formation of the endorheiic Shiraki Plain.
Historic as well as recent seismic activity (Varazanashvili et al,, 2011;
Ismail-Zadeh et al, 2020; Kldiashvili, 2021) suggests that these
processes are still ongoing. The latter authors documented three
large earthquakes in the Alaverdi region located ca. 100 km to the
northwest during the last 500 years. These occurred in 1530
(reconstructed magnitude 5.7), between 1667 and 1668, and in
1742 AD (reconstructed magnitude 7).

Seismites are deformational structures attributable to seismic
shocks, and classification schemes including tentative links to
earthquake magnitudes were proposed by Rodriguez-Pascua et al.
(2000) and Moretti and Sabato (2007). During the last years such
structures in lacustrine sediments received growing interest as
archives for paleoseismic activity (Archer et al, 2019). However,
many of such studies have focused on lakes in high-relief regions
that are also susceptible to slope failures not related to earthquakes,
rendering the seismicity interpretation more difficult. In contrast,
the stratigraphic sequence of the Shiraki region records deposition in
a relatively low relief region and should therefore provide an ideal
archive for past seismicity. The geometries observed at the base of
the trench walls (Figure 4) indicate an interfingering of facies SH-A
and SH-B in the form of vertical cones, and are interpreted as load
structures (Moretti and Sabato, 2007). Given that the internal
layering is difficult to recognize, these structures may represent
pillow structures according to Rodriguez-Pascua et al. (2000) which
these authors tentatively linked with an up to magnitude 7
earthquake. As shown in Figure 4, these cones are
unconformably overlain by lake facies SH-C and SH-D. Within
the uppermost part of SH-D, a series of inclined load structures,
verging towards WNW, are observed (Figure 4). A similar situation
is also interpreted from cores TPNW and TPE, since material of
facies SH-D was found within facies SH-E here (Supplementary
Table S2; location of the cores see Figure 3). The absence of internal
layering hinders a further definition of these soft-sediment
deformation features. However, we note that the load structures
between SH-A and SH-B are vertical, whereas a sense of shear with
top to the WNW-direction must have been present during the
formation of the inclined load structures in SH-D and SH-E
(Supplementary Figure S1). The strike of these inclined load
structures is at a right angle to the main tectonic transport
direction of the Greater Caucasus with top to the SW-direction
and available fault plane solutions (Forte et al., 2010; Ismail-Zadeh
et al,, 2020). According to the latter authors, all active faults in the
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Shiraki Plain trend NW-SE and no perpendicular accommodation
structures have been mapped yet (Supplementary Figure S4).

The above observations indicate the presence of two distinct
seismites. These are separated from each other by at least one angular
unconformity that is represented by lake facies I (SH-C) and the lower
part of lake facies II (SH-D), and thus record two individual
earthquakes. Based on the available chronological data the first
earthquake must have occurred when the Vertisol, represented by
facies SH-B, was already well developed but vertisol-derived lake facies
I (SH-C) was still not deposited. Hence, the first event must have
occurred during the Middle to Late Holocene prior to the intensive
phase of Late Bronze/Early Iron Age settlement with large-scale soil
erosion. The second earthquake must have occurred when the
colluvial layer (SH-E) already covered the paleolake sediments
(facies SH-D), ie. during the last centuries. However, given the
available dating we cannot safely attribute the latter seismic event
to a certain historic earthquake mentioned above (Varazanashvili
et al,, 2011; Kldiashvili, 2021). Altogether, based on our available data
the two recorded strong seismic events should not have occurred
during the main and late phases of the Late Bronze/Early Iron Age
settlement period. Therefore our data do not support the hypothesis of
Pitskhelauri (2018), who suggests strong seismic activity in the Shiraki
Plain during the start of the Early Iron Age.

6 Conclusion

Using a multi-disciplinary approach, during our study in the
semi-arid Shiraki Plain we reconstructed Holocene human-
environmental interactions in an important Late Bronze/Early
Iron Age settlement center in the southeastern Caucasus. Our
data show a balanced to negative water balance during the Early
and Middle Holocene, so that no lake could develop in the lowest
part of the plain but a terrestrial vertisol had formed instead. It is
very likely that similar with the neighbouring Udabno region
forestation of the higher altitudes contributed to the balanced to
negative water balance. Subsequently Late Bronze/Early Iron age
human activity since at latest 3.2 ka obviously changed the regional
water balance by forest clearcutting, leading to the formation of a
lake with a size of several square kilometres in the lowest part of the
plain. However, the lake level never reached the necessary altitude
for an outflow so that the lake always remained endorheic. Strong
human impact on the landscape during that intensive settlement
period is also demonstrated by the deposition of vertisol-derived
material on the lake bottom resulting from soil erosion processes.
Subsequently the lake dried out during a longer period, probably
caused by a regionally observed aridification trend. Given that
freshwater fishes could thrive in the lake even during parts of the
desiccation period, the lake potentially offered valuable ecosystem
services for the regional prehistoric societies of that period. During
the last centuries the lake sediments were covered by a vertisol-
derived colluvium, and given the absence of large-scale human
activity between the Early Iron Ages and the recent period its
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deposition must have been linked with hydrological extremes during
the Little Ice Age. Also seismites were detected in the studied
sediments that were probably related with two individual
earthquakes. Given that one event must have occurred prior to
the intensive phase of Late Bronze/Early Iron Age settlement, and
the second after large-scale colluvial deposition during the last
centuries, strong earthquakes did obviously not affect the main
and late phases of Late Bronze/Early Iron Age settlement in the
Shiraki Plain.

Our study demonstrates that the Holocene hydrological
balance of the Shiraki Plain was and is situated near a major
hydrological threshold. Consequently, also relatively small-
scale human or natural influences on this semi-arid
landscape can cause significant geoecological changes that
strongly affected the living conditions of local societies due
to lake formation or desiccation in the central part of the
plain. Hence, the results of our study underline the high
fragility of drylands towards also small-scale external
perturbations, and demonstrate the high value of multi-
disciplinary approaches to investigate their long-term

evolution on millennial and centennial time scales.
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