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Abstract

Lake Victoria is a key example of both exceptional biodiversity and increased human pressure
leading to ecosystem degradation. Although this lake is known for one of the most diverse
and renowned radiations of endemic fish species, many of which are facing extinction, the ori-
gin and evolutionary linkage of these species to past climate fluctuations, nutrient cycles, and
plankton communities have remained unknown. This thesis aims to shed light on the paleoen-
vironmental context of aquatic evolution in Lake Victoria over space and time by studying four
long sediment records across a depth transect ranging from deep-water to nearshore, shallow-
water sites.

The initial study addresses the key question of how Lake Victoria refilled during the Latest
Pleistocene and the paleoclimate conditions influencing its re-emergence after a dry period.
By reconstructing the hydrological variability of the lake through a detailed analysis of four
new sediment cores, the research sheds light on previously debated aspects of its refilling his-
tory following the Latest Pleistocene desiccation. The analysis reveals that extensive wetland
ecosystems existed before the current lake was established, suggesting rapid refilling driven by
changing precipitation. This refined history aligns with regional climate records, highlighting
complex past conditions in Eastern Africa.

The second study investigates spatiotemporal changes in primary production within Lake
Victoria over the past 17,000 years and their link to environmental factors. To gain a compre-
hensive understanding of Lake Victoria’s long-term paleolimnological evolution, we employed
a multiproxy approach on a set of long sediment cores. The results reveal phases of ecosystem
shifts driven by hydroclimate, mixing, and nutrient availability. During the initial wetland
phase, green algae and chromophytes dominated. With lake-level rise during the African Hu-
mid Period, aquatic productivity increased, leading to cyanobacteria and chromophyte dom-
inance. Strong mixing and high primary production with diatom blooms characterized the
early and mid-Holocene.

A collaborative study examines eutrophication and ecological consequences in Mwanza
Gulf over the past century. This study of short sediment cores from this southern embayment
indicates that the lake is sensitive to human impacts, such as increased nutrients and rising
water levels, which can lead to eutrophication and disruption of the food web. The study’s key
findings indicate a gradual increase in algal production since the 1920s, reaching its peak in the
1980s, which reflects the growing eutrophication of the lake. Additionally, the study reveals the
significant impact of the 1960s lake-level rise on cladocerans, indicating the effects of habitat
alteration. Finally, the study found no clear evidence of predation control or grazing pressure
on plankton communities.

Collectively, this thesis unravels the past of Lake Victoria’s ecosystem, revealing its inter-
connected evolution with climate and human development over thousands of years. By in-
tegrating advanced methodologies and various biogeochemical markers, it paints a detailed
picture of the lake’s changing conditions, highlighting the diverse environments within this
large tropical ecosystem, and provides important baseline conditions for interpreting the evo-
lutionary trajectories in Lake Victoria.
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1. Introduction

1.1 General motivation

Freshwaters as a whole are a hotspot for biodiversity and provide irreplaceable services for
both nature and society, influencing biogeochemical processes, ecological dynamics, ecosystem
productivity, and human health and welfare from local to global scales (Albert et al., 2021). De-
spite their vital value, these ecosystems are increasingly threatened by human activities and
environmental change (Carpenter et al., 2011; Dudgeon et al., 2006; Strayer & Dudgeon, 2010).
The long-term protection of freshwater ecosystems is largely dependent on understanding the
underlying physical processes and assessing natural conditions before disturbance. This un-
derstanding is particularly important in tropical regions that harbor over 80% of the world’s
freshwater fish but experience some of the most rapid land-use changes on Earth (Barlow et al.,
2018).

Eastern Africa stands out as a region of remarkable ecological and evolutionary signifi-
cance, assembling hotspots of both human origins and biodiversity. Through its central loca-
tion between the two branches of the East African Rift System, Lake Victoria is a critical site in
understanding the intricate interplay between paleoclimate and biodiversity. In addition, Lake
Victoria served as a stark example of increased human pressure, eutrophication, and subse-
quent ecosystem collapse. The lake houses some of the most diverse and renowned radiations
of endemic fish species, many of which have already vanished or are currently under threat
of extinction (Hecky et al., 2010; Kaufman, 1992; Witte et al., 2012). Although the modern as-
semblages are extensively studied, direct evidence of the origin and drivers of this exceptional
biodiversity including their evolutionary linkage to climate fluctuations, nutrient cycles, and

plankton communities are virtually unknown.

Continuous sediment records have emerged as valuable tools to assess the sensitivity of
lake ecosystems to environmental or climate changes across various time scales (Adrian et al.,
2009). By analyzing various indicators, from sediment geochemistry to fossil remains embed-
ded in the sediment, these records provide a rich paleoenvironmental context of the lake’s past
and hold immense value in resolving paleoclimatic, biogeographic, and evolutionary debates

in the tropics (e.g. Dommain et al., 2022; Saulnier-Talbot et al., 2018).

As part of the interdisciplinary SNSF Sinergia Lake Victoria Project, the present thesis aims
to contribute to the understanding of the paleoenvironmental context of aquatic evolution in
Lake Victoria by analyzing the sedimentary record to reconstruct the lake’s aquatic conditions
in response to past climatic and environmental changes.

1.1.1 The SNSF Sinergia Lake Victoria Project and research objectives

As this thesis is part of the SNSF Sinegia Lake Victoria Project, the aim is to reconstruct the
evolutionary history of the Lake Victoria ecosystem, investigate the influence of external factors
on species assemblages, and explore the ecosystem changes linked to lake eutrophication and
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mass extinction in the last century of Lake Victoria (Fig. 1.1). By examining sediment cores, the
project integrates approaches from paleolimnology, evolutionary biology, and paleoecology to
provide detailed and quantitative reconstructions of past environments. These sediment cores
along an onshore-offshore gradient provide a spatial-temporal framework for tracing the lake’s
evolution and habitat transitions over time (Sinergia project proposal 2018).

Reconstruction of ecosystem
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FIGURE 1.1: Schematic view on the SNSF Sinergia Lake Victoria project approach.

The project will thus help to understand (Sinergia project proposal 2018):

¢ The interaction between physical environments and species during the emergence and
maintenance of a biodiversity hotspot.

* The role of climate and environment and species during the emergence of cichlid fishes

* The origins of genome variation crucial for cichlid fish radiation and the processes in-
volved in assembling this variation into numerous new species.

¢ The impact of cichlid radiation on ecosystem dynamics, particularly exploring the recip-
rocal relationships between ecosystem and food web structure and the adaptive radiation
of cichlid fishes.

The overall project consists of four work packages:

I. A paleolimnology perspective on the evolution of the Lake Victoria ecosystem
II. Diversity and diversification — the adaptive radiation (= rapid diversification) of cichlid
fishes in Lake Victoria
III. Lake Victoria plankton and benthos dynamics — interactions with cichlid radiation
IV. Diversification and ecosystem functioning —a dynamic relationship with eco-evolutionary
teedbacks

This thesis presents the paleolimnological and geoscientific results as part of the first work
package and focuses on the paleoenvironmental and climatic aspects influencing nutrient and

paleoproductivity in the lake. The primary objectives of this thesis are:

(1) How did Lake Victoria refill during the Latest Pleistocene? And what were the paleocli-
mate conditions that influenced its re-emergence?
(2) What are the spatiotemporal changes in primary production in Lake Victoria over the last

17 ka? And how are these changes influenced by environmental factors?
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(3) When did anthropogenic eutrophication begin in the Mwanza Gulf of Lake Victoria? And
what are the associated ecological changes that have occurred over the past century?

1.2 Research background

1.2.1 Paleoclimate variability in eastern Africa

The hydroclimate in Eastern Africa is characterized by two major convergence zones: The
seasonal migration of the Intertropical Convergence Zone (ITCZ) following the solar maximal
radiation and the Congo Air Boundary (CAB), which defines the confluence of Atlantic- and
Indian-Ocean-derived moist air masses (Fig. 1.2). On longer timescales, orbital variations ac-
count for variations in ocean-land contrasts and sea surface temperature influencing the mon-
soonal systems (e.g., Kutzbach and Street-Perrott, 1985; Saji et al., 1999; Schreck and Semazzi,
2004). While the primary drivers of the regional hydroclimate variability are well understood,
their impact on each study site as well as their relative influence, are areas of ongoing research
and discussion. Therefore, the following section highlights the key paleoclimate events that
have impacted the region.

During the Last Glacial Maximum (LGM), Eastern Africa experienced severe and widespread
aridity, which reached its peak during northern-hemispheric Heinrich Stadial 1 (HS1) (~17.5-
14.5 ka; Yang et al., 2023). This aridity is apparent in various paleoclimate records, such as
Chew Bahir Basin (Foerster et al., 2012), Lake Chala (Verschuren et al., 2009), Lake Tanganyika
(Tierney et al., 2010; Tierney et al., 2008), and Lake Malawi (Castafieda et al., 2009), as well
as in significant reduction in lake levels across the region (Gasse, 2000). Lake Victoria com-
pletely desiccated during this period (e.g. Johnson et al., 1996, further discussion in chapters 3,
and 4). A successive period of aridity in tropical eastern Africa occurred during the Younger
Dryas (YD) (12.6-11.7 ka) (deMenocal et al., 2000; Gasse, 2000; Gasse et al., 2008), although
lipid biomarker records suggest that the timing and severity of this drought event varies across
the region. Pronounced responses to the YD drying were found in the Lakes Chala and Tan-
ganyika (Tierney et al., 2008, 2011). In contrast, Lake Tana (Costa et al., 2014) and Lake Victoria
displayed either no or muted signals in lipid biomarkers (Berke et al., 2012; Wienhues et al.,
accepted, Chapter 5).

After the YD termination, the Indian Ocean monsoon experienced a strong resurgence (Tal-
bot et al., 2007), leading to a rapid onset of moist conditions in eastern Africa. The period of
increased humidity is commonly known as the African Humid Period (AHP) (e.g. deMenocal
et al., 2000; Gasse, 2000), or more precisely as the Eastern African Humid Period (EAHP) (11-5
ka) at the regional level (Tierney et al., 2011). Maximum regional humidity is widely recorded
in various hydroclimate records in the region in the early Holocene (e.g. Barker et al., 2004;
Gasse, 2000), succeeded by a moderately humid mid-Holocene period (e.g. Baxter et al., 2023;
Stager and Mayewski, 1997). Regional differences are observed in the termination of the AHP
(~5 ka), ranging from gradual to abrupt transition (e.g. Liu et al., 2017; Tierney and deMeno-
cal, 2013). In the late Holocene, arid conditions prevailed in eastern Africa, marked by abrupt
regional drought between ~4.7 and 3.2 ka is commonly recorded in paleoclimate archives (Ver-
schuren et al., 2009).
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FIGURE 1.2: Map of lakes in eastern Africa and July and January positions for ITCZ and CAB (inset).

While these overarching paleoclimate patterns are evident in eastern Africa, each lake ex-
hibits varying sensitivity to external forcings influenced by lake parameters, location, and local
topography (Olaka et al., 2010). To this end, this thesis presents novel high-resolution sediment
records from Lake Victoria that contribute to the understanding of the dynamic relationship be-
tween hydroclimatic changes and the lake system.

1.2.2 Biodiversity

The endemic cichlid fish in several of the African Great Lakes stand as the most strik-

ing examples of explosive speciation, where hundreds of cichlid fish species evolved rapidly
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within the same ecosystem, each developing unique ecological adaptations to exploit special-
ized niches (Fig. 1.3, Salzburger et al., 2014). This remarkable diversification is primarily at-
tributed to the dynamic geological and paleoclimate history, which has affected the age, depth,
and hydrographic connectivity of the lakes in the region. For instance, past changes in hydro-
climate caused significant fluctuations in lake levels (Danley et al., 2012). In contrast to the
extremely deep and ancient Lakes Tanganyika and Malawi, which retained significant water
bodies despite lake-level drops of 100-250 m (e.g. Cohen et al., 2007; McGlue et al., 2008), Lake
Victoria stands as a relatively young, shallow lake (<70 m water depth), having undergone
complete desiccation and mass extinction during the latest Pleistocene ~17 ka ago (e.g. Johnson
et al., 1996; Wienhues et al., in press, Chapter 4 of this thesis).

One of the main enigmas arising is how Lake Victoria’s cichlids managed to repopulate and
speciate rapidly following desiccation. The discovery of the desiccation event in Lake Victo-
ria’s geological history has led to more complex hypotheses about the lake’s cichlid evolution.
Some hypotheses suggest that the cichlid radiation in Lake Victoria was fueled by recent spe-
ciation events while others propose that the lake’s current diversity is the result of refugia that
survived the desiccation event (e.g. Elmer et al., 2009; Seehausen, 2002; Seehausen et al., 2003;
Verheyen et al., 2003). It highlights the importance of continuous biogeochemical and palaeoe-
cological records to understand the environmental context and lake response to perturbations
when studying the impact of climate change in shaping the biodiversity of aquatic ecosystems
(e.g. Cohen et al., 2022). This approach has been successfully used in other ancient lake systems
(e.g. Albrecht & Wilke, 2008; Ivory et al., 2016; Wilke et al., 2020).

The study of Lake Victoria sediments, which cover the entire sedimentation history of the

modern lake, can help to address these questions and provide the paleoenvironmental and

paleoclimatic context for interpreting evolutionary history.

FIGURE 1.3: Macroevolutionary history of cichlid speciation and their morphological diversity. The two
fastest radiations, Lake Victoria and Lake Malawi, are highlighted in green (adapted from McGee et al.,
2020).



Chapter 1. Introduction

1.2.3 Environmental change and eutrophication

The Lake Victoria catchment is one of the most densely populated areas in Africa, while
the lake itself supports one of the world’s largest inland fisheries (Juma et al., 2014). Land use
changes, increased nutrient loading, and the introduction of exotic species triggered eutrophi-
cation, causing a cascading effect on Lake Victoria’s biodiversity (Downing et al., 2014).

Early signs of eutrophication in Lake Victoria date back to the 1920s (Hecky et al., 2010;
Njagi et al., 2022; Verschuren et al., 2002). Agriculture, deforestation, and wastewater discharge
increased nutrient inputs from agriculture, resulting in phytoplankton blooms that peaked in
the mid-1980s (Hecky, 1993). This has led to a decline in water transparency, a increase in bot-
tom water anoxia, and a shift in phytoplankton community composition towards dominance
by cyanobacteria (Hecky, 1993; Verschuren et al., 2002), while the zooplankton community
shifted to small species dominance (Gophen et al., 1995; Mwebaza-Ndawula, 1994; Wanink et
al., 2002). In addition, cyanobacteria dominance caused increasing concentrations of cyanotox-

ins (e.g., microcystin) in the water (Onyango et al., 2020).

In 1954, the Nile perch, a large predatory fish, was introduced into Lake Victoria. This
species rapidly expanded its population and reached high densities in the 1980s. Simultane-
ously, a decline in the diversity and biomass of haplochromine cichlid fishes was observed.
These endemic fishes were once the dominant fish species in the lake (Witte et al., 1992). The
introduction of Nile perch is thought to have played a major role in this decline (Witte et al.,
2007). Although the haplochromine population recovered in the last decades (Seehausen et al.,
1997), the species diversity remains well below pre-Nile perch levels (Kishe-Machumu et al.,
2015; Witte et al., 2000).

The interconnectivity of these events and processes in the food web has motivated numer-
ous research studies focusing on how eutrophication and fishing pressure have altered the
ecology of Lake Victoria in all aspects of the food web from algae to fish. Analyzing changes in
nutrient concentrations, algal community and abundance, and zooplanktivorous fish density

over time in sediments an provide valuable insights into this complex issue.
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1.3 Outline of the thesis

In many respects, Lake Victoria is a unique study site to address questions about lake
responses to paleoclimate changes and ecosystem interactions on millennial to decadal time
scales. In the following chapters, this thesis provides a detailed characterization of the pale-
olimnological conditions of Lake Victoria with a focus on sedimentological analysis of physic-
ochemical variables, nutrient dynamics, ecosystem paleoproductivity, and algal communities.

Chapter 2 provides a detailed introduction to the study site and methods employed in this
thesis. Summaries of co-authored publications demonstrate the contribution of this thesis to

the overall project.

Chapter 3 summarizes previous paleoenvironmental research with a focus on sediment cores
and
chronologies. The extensive and detailed literature review is central to the contextualization of

the investigations presented in the subsequent chapters.

Chapter 4 focuses on the re-filling history of Lake Victoria after its desiccation in the latest
Pleistocene. By combining chrono-lithostratigraphy of a set of sediment cores and palynologi-
cal evidence, this chapter presents a refined and robust lake-level reconstruction, enabling the

investigation of shifts in aquatic habitats.

Chapter 5 investigates the hydroclimate variability and primary production responses in Lake
Victoria from the latest Pleistocene to the Holocene. Based on an extensive multivariate dataset,
it provides a more accurate, time- and space-transgressive view on environmental changes in
the lake and determines major phases of ecosystem change.

Chapter 6 focuses on anthropogenic eutrophication and associated ecological changes in the
Mwanza Gulf, a southern embayment in Lake Victoria, over the past century. Through an in-
depth analysis of sediment surface cores, this chapter unravels the timing and extent of alter-
ations in phytoplankton and zooplankton assemblages in relation to changes in fish community
structure.

Chapter 7 synthesizes the major findings and conclusion of the present thesis. An outlook is

given for future research on Lake Victoria.

Appendix I complements Chapter 3 by providing a summary table of Lake Victoria sediment

cores and their chronologies and references to the original publications.

Appendix II contains a detailed overview over all analyzed cores and established core com-
posites.



Chapter 1. Introduction

1.4 References

Adrian, R., O’Reilly, C. M., Zagarese, H., Baines, S. B., Hessen, D. O., Keller, W., Livingstone,
D. M., Sommaruga, R., Straile, D., Donk, E. V., Weyhenmeyer, G. A., & Winder, M.
(2009). Lakes as sentinels of climate change. Limnology and Oceanography, 54(6), 2283~
2297. https:/ /doi.org/10.4319 /10.2009.54.6_part_2.2283

Albert, J. S., Destouni, G., Duke-Sylvester, S. M., Magurran, A. E., Oberdorff, T., Reis, R. E.,
Winemiller, K. O., & Ripple, W. J. (2021). Scientists” warning to humanity on the fresh-
water biodiversity crisis. Ambio, 50(1), 85-94. https:/ /doi.org/10.1007 / s13280-020-
01318-8

Albrecht, C., & Wilke, T. (2008). Ancient Lake Ohrid: biodiversity and evolution. Hydrobiologia,
615(1), 103-140. https:/ /doi.org/10.1007 /s10750-008-9558-y

Barker, P. A., Talbot, M. R., Street-Perrott, F. A., Marret, F., Scourse, J., & Odada, E. O. Late
Quaternary climatic variability in intertropical Africa (R. W. Battarbee, F. Gasse, & C. E.
Stickley, Eds.). In: Past Climate Variability through Europe and Africa (R. W. Battarbee, F.
Gasse, & C. E. Stickley, Eds.). Ed. by Battarbee, R. W., Gasse, E., & Stickley, C. E. De-
velopments in Paleoenvironmental Research. Dordrecht: Springer Netherlands, 2004,
pp- 117-138. 1SBN: 978-1-4020-2121-3. https:/ /doi.org/10.1007 /978-1-4020-2121-3_7

Barlow, J., Franga, F.,, Gardner, T. A., Hicks, C. C., Lennox, G. D., Berenguer, E., Castello, L.,
Economo, E. P, Ferreira, J., Guénard, B., Gontijo Leal, C., Isaac, V., Lees, A. C., Parr,
C. L., Wilson, S. K., Young, P. J., & Graham, N. A.J. (2018). The future of hyperdiverse
tropical ecosystems. Nature, 559(7715), 517-526. https:/ /doi.org/10.1038 /s41586-018-
0301-1

Baxter, A. J., Verschuren, D., Peterse, F., Miralles, D. G., Martin-Jones, C. M., Maitituerdi, A.,
Van der Meeren, T., Van Daele, M., Lane, C. S., Haug, G. H., Olago, D. O., & Sinninghe
Damsté, J. S. (2023). Reversed Holocene temperature-moisture relationship in the Horn
of Africa. Nature, 620(7973), 336-343. https:/ /doi.org/10.1038 /s41586-023-06272-5

Berke, M. A., Johnson, T. C., Werne, ]. P,, Grice, K., Schouten, S., & Damsté, J. S. S. (2012).
Molecular records of climate variability and vegetation response since the Late Pleis-
tocene in the Lake Victoria basin, East Africa. Quaternary Science Reviews, 55, 59-74.
https:/ /doi.org/10.1016 /j.quascirev.2012.08.014

Carpenter, S. R,, Stanley, E. H., & Vander Zanden, M. J. (2011). State of the World’s Freshwater
Ecosystems: Physical, Chemical, and Biological Changes. Annual Review of Environment
and Resources, 36(1), 75-99. https:/ /doi.org/10.1146 /annurev-environ-021810-094524

Castafieda, I. S., Werne, J. P, Johnson, T. C., & Filley, T. R. (2009). Late Quaternary vegetation
history of southeast Africa: The molecular isotopic record from Lake Malawi. Palaeo-
geography, Palaeoclimatology, Palaeoecology, 275(1), 100-112. https:/ /doi.org/10.1016 /j.
palaeo.2009.02.008

Cohen, A. S., Campisano, C. J., Arrowsmith, J. R., Asrat, A., Beck, C. C., Behrensmeyer, A. K.,
Deino, A. L., Feibel, C. S., Foerster, V., Kingston, J. D., Lamb, H. F, Lowenstein, T. K,,
Lupien, R. L., Muiruri, V., Olago, D. O., Owen, R. B,, Potts, R., Russell, ]. M., Schaebitz,
E,... Yost, C. L. (2022). Reconstructing the Environmental Context of Human Origins in

10


https://doi.org/10.4319/lo.2009.54.6_part_2.2283
https://doi.org/10.1007/s13280-020-01318-8
https://doi.org/10.1007/s13280-020-01318-8
https://doi.org/10.1007/s10750-008-9558-y
https://doi.org/10.1007/978-1-4020-2121-3_7
https://doi.org/10.1038/s41586-018-0301-1
https://doi.org/10.1038/s41586-018-0301-1
https://doi.org/10.1038/s41586-023-06272-5
https://doi.org/10.1016/j.quascirev.2012.08.014
https://doi.org/10.1146/annurev-environ-021810-094524
https://doi.org/10.1016/j.palaeo.2009.02.008
https://doi.org/10.1016/j.palaeo.2009.02.008

Chapter 1. Introduction

Eastern Africa Through Scientific Drilling. Annual Review of Earth and Planetary Sciences,
50(1), 451-476. https:/ /doi.org/10.1146 /annurev-earth-031920-081947

Cohen, A. S, Stone, J. R., Beuning, K. R. M., Park, L. E., Reinthal, P. N., Dettman, D., Scholz,
C. A, Johnson, T. C., King, J]. W,, Talbot, M. R., Brown, E. T., & Ivory, S. J. (2007). Ecolog-
ical consequences of early Late Pleistocene megadroughts in tropical Africa. Proceedings
of the National Academy of Sciences, 104(42), 16422-16427. https:/ /doi.org/10.1073/pnas.
0703873104

Costa, K., Russell, J., Konecky, B., & Lamb, H. (2014). Isotopic reconstruction of the African
Humid Period and Congo Air Boundary migration at Lake Tana, Ethiopia. Quaternary
Science Reviews, 83(83), 58-97. https:/ /doi.org/10.1016/j.quascirev.2013.10.031

Danley, P. D., Husemann, M., Ding, B., DiPietro, L. M., Beverly, E. ]., & Peppe, D. J. (2012). The
Impact of the Geologic History and Paleoclimate on the Diversification of East African
Cichlids. International Journal of Evolutionary Biology, 2012, 1-20. https:/ /doi.org/ 10.
1155/2012 /574851

deMenocal, P., Ortiz, J., Guilderson, T., Adkins, J., Sarnthein, M., Baker, L., & Yarusinsky, M.
(2000). Abrupt onset and termination of the African Humid Period: rapid climate re-
sponses to gradual insolation forcing. Quaternary Science Reviews, 19(1), 347-361. https:
//doi.org/10.1016/50277-3791(99)00081-5

Dommain, R., Riedl, S., Olaka, L. A., deMenocal, P, Deino, A. L., Owen, R. B., Muiruri, V.,
Miiller, J., Potts, R., & Strecker, M. R. (2022). Holocene bidirectional river system along
the Kenya Rift and its influence on East African faunal exchange and diversity gradi-
ents. Proceedings of the National Academy of Sciences, 119(28), €2121388119. https:/ / doi.
org/10.1073 /pnas.2121388119

Downing, A. S., van Nes, E. H., Balirwa, ]. S., Beuving, J., Bwathondji, P., Chapman, L. J., Cor-
nelissen, I. ]. M., Cowx, L. G., Goudswaard, K. P. C., Hecky, R. E,, Janse, J. H., Janssen,
A. B. G, Kaufman, L., Kishe-Machumu, M. A., Kolding, J., Ligtvoet, W., Mbabazi, D.,
Medard, M., Mkumbo, O. C,, ... Mooij, W. M. (2014). Coupled human and natural sys-
tem dynamics as key to the sustainability of Lake Victoria’s ecosystem services. Ecology
and Society, 19(4). https:/ /doi.org/10.5751/ES-06965-190431

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z.-I., Knowler, D. J., Lévéque, C.,
Naiman, R. J., Prieur-Richard, A.-H., Soto, D., Stiassny, M. L. J., & Sullivan, C. A. (2006).
Freshwater biodiversity: importance, threats, status and conservation challenges. Bio-
logical Reviews, 81(2), 163-182. https:/ /doi.org/10.1017 /51464793105006950

Elmer, K. R., Reggio, C., Wirth, T., Verheyen, E., Salzburger, W., & Meyer, A. (2009). Pleistocene
desiccation in East Africa bottlenecked but did not extirpate the adaptive radiation of
Lake Victoria haplochromine cichlid fishes. Proceedings of the National Academy of Sci-
ences, 106(32), 13404-13409. https:/ /doi.org/10.1073 /pnas.0902299106

Foerster, V., Junginger, A., Langkamp, O., Gebru, T., Asrat, A., Umer, M., Lamb, H. F,, Wen-
nrich, V., Rethemeyer, J., Nowaczyk, N., Trauth, M. H., & Schaebitz, F. (2012). Climatic
change recorded in the sediments of the Chew Bahir basin, southern Ethiopia, during
the last 45,000 years. Quaternary International, 274, 25-37. https:/ / doi.org /10.1016 /j.
quaint.2012.06.028

11


https://doi.org/10.1146/annurev-earth-031920-081947
https://doi.org/10.1073/pnas.0703873104
https://doi.org/10.1073/pnas.0703873104
https://doi.org/10.1016/j.quascirev.2013.10.031
https://doi.org/10.1155/2012/574851
https://doi.org/10.1155/2012/574851
https://doi.org/10.1016/S0277-3791(99)00081-5
https://doi.org/10.1016/S0277-3791(99)00081-5
https://doi.org/10.1073/pnas.2121388119
https://doi.org/10.1073/pnas.2121388119
https://doi.org/10.5751/ES-06965-190431
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1073/pnas.0902299106
https://doi.org/10.1016/j.quaint.2012.06.028
https://doi.org/10.1016/j.quaint.2012.06.028

Chapter 1. Introduction

Gasse, F. (2000). Hydrological changes in the African tropics since the Last Glacial Maximum.
Quaternary Science Reviews, 19(1), 189-211. https:/ /doi.org/10.1016 /S0277-3791(99)
00061-X

Gasse, F, Chalié, E, Vincens, A., Williams, M. A.J., & Williamson, D. (2008). Climatic patterns in
equatorial and southern Africa from 30,000 to 10,000 years ago reconstructed from ter-
restrial and near-shore proxy data. Quaternary Science Reviews, 27(25), 2316-2340. https:
/ /doi.org/10.1016/j.quascirev.2008.08.027

Gophen, M., Ochumba, P. B. O., & Kaufman, L. S. (1995). Some aspects of perturbation in the
structure and biodiversity of the ecosystem of Lake Victoria (East Africa). Aquatic Living
Resources, 8(1), 27-41. https:/ /doi.org/10.1051/alr:1995003

Hecky, R. E. (1993). The eutrophication of Lake Victoria. Internationale Vereinigung fiir theoretis-
che und angewandte Limnologie: Verhandlungen. https:/ /doi.org/10.1080/03680770.1992.
11900057

Hecky, R. E., Mugidde, R., Ramlal, P. S., Talbot, M. R., & Kling, G. W. (2010). Multiple stressors
cause rapid ecosystem change in Lake Victoria. Freshwater Biology, 55(s1), 19-42. https:
//doi.org/10.1111/j.1365-2427.2009.02374.x

Ivory, S. J., Blome, M. W,, King, J. W., & Cohen, A. S. (2016). Environmental change explains
cichlid adaptive radiation at Lake Malawi over the past 1.2 million years. Proceedings of
the National Academy of Sciences, 113(42), 11895-11900. https:/ /doi.org/10.1073 / pnas.
1611028113

Johnson, T. C., Scholz, C. A., Talbot, M. R, Kelts, K., Ricketts, R. D., Ngobi, G., Beuning, K.,
Ssemmanda, 1., & McGill, J. W. (1996). Late Pleistocene Desiccation of Lake Victoria and
Rapid Evolution of Cichlid Fishes. Science, 273(5278), 1091-1093. https:/ /doi.org/10.
1126/science.273.5278.1091

Juma, D. W, Wang, H., & Li, F. (2014). Impacts of population growth and economic develop-
ment on water quality of a lake: case study of Lake Victoria Kenya water. Environmental
Science and Pollution Research, 21(8), 5737-5746. https:/ /doi.org/10.1007 /s11356-014-
2524-5

Kaufman, L. (1992). Catastrophic Change in Species-Rich Freshwater Ecosystems. BioScience,
42(11), 846-858. https:/ /doi.org/10.2307 /1312084

Kishe-Machumu, M. A., van Rijssel, J. C., Wanink, J. H., & Witte, F. (2015). Differential recovery
and spatial distribution pattern of haplochromine cichlids in the Mwanza Gulf of Lake
Victoria. Journal of Great Lakes Research, 41(2), 454—462. https:/ /doi.org/10.1016/j.jglr.
2015.03.005

Kutzbach, J. E., & Street-Perrott, F. A. (1985). Milankovitch forcing of fluctuations in the level of
tropical lakes from 18 to 0 kyr BP. Nature, 317(6033), 130-134. https:/ /doi.org/10.1038/
317130a0

Liu, X., Rendle-Biihring, R., Kuhlmann, H., & Li, A. (2017). Two phases of the Holocene East
African Humid Period: Inferred from a high-resolution geochemical record off Tanza-
nia. Earth and Planetary Science Letters, 460, 123-134. https:/ /doi.org/10.1016 /j.epsl.
2016.12.016

12


https://doi.org/10.1016/S0277-3791(99)00061-X
https://doi.org/10.1016/S0277-3791(99)00061-X
https://doi.org/10.1016/j.quascirev.2008.08.027
https://doi.org/10.1016/j.quascirev.2008.08.027
https://doi.org/10.1051/alr:1995003
https://doi.org/10.1080/03680770.1992.11900057
https://doi.org/10.1080/03680770.1992.11900057
https://doi.org/10.1111/j.1365-2427.2009.02374.x
https://doi.org/10.1111/j.1365-2427.2009.02374.x
https://doi.org/10.1073/pnas.1611028113
https://doi.org/10.1073/pnas.1611028113
https://doi.org/10.1126/science.273.5278.1091
https://doi.org/10.1126/science.273.5278.1091
https://doi.org/10.1007/s11356-014-2524-5
https://doi.org/10.1007/s11356-014-2524-5
https://doi.org/10.2307/1312084
https://doi.org/10.1016/j.jglr.2015.03.005
https://doi.org/10.1016/j.jglr.2015.03.005
https://doi.org/10.1038/317130a0
https://doi.org/10.1038/317130a0
https://doi.org/10.1016/j.epsl.2016.12.016
https://doi.org/10.1016/j.epsl.2016.12.016

Chapter 1. Introduction

McGee, M. D,, Borstein, S. R., Meier, J. I., Marques, D. A., Mwaiko, S., Taabu, A., Kishe, M. A.,
O’Meara, B., Bruggmann, R., Excoffier, L., & Seehausen, O. (2020). The ecological and
genomic basis of explosive adaptive radiation. Nature, 586(7827), 75-79. https:/ / doi.
org/10.1038/s41586-020-2652-7

McGlue, M. M., Lezzar, K. E., Cohen, A.S., Russell, J. M., Tiercelin, J.-]., Felton, A. A., Mbede, E.,
& Nkotagu, H. H. (2008). Seismic records of late Pleistocene aridity in Lake Tanganyika,
tropical East Africa. Journal of Paleolimnology, 40(2), 635-653. https:/ /doi.org/10.1007 /
s10933-007-9187-x

Mwebaza-Ndawula, L. Changes in relative abundance of zooplankton in northern Lake Victo-
ria, East Africa (H. J. Dumont, J. Green, & H. Masundire, Eds.). In: Studies on the ecology
of tropical zooplankton (H. J. Dumont, J. Green, & H. Masundire, Eds.). Ed. by Dumont,
H.J., Green, J., & Masundire, H. Developments in Hydrobiology. Dordrecht: Springer
Netherlands, 1994, pp. 259-264. 1SBN: 978-94-011-0884-3. https:/ /doi.org/10.1007 /978-
94-011-0884-3_19

Njagi, D. M., Routh, J., Odhiambo, M., Luo, C., Basapuram, L. G., Olago, D., Klump, V,, &
Stager, C. (2022). A century of human-induced environmental changes and the com-
bined roles of nutrients and land use in Lake Victoria catchment on eutrophication.
Science of The Total Environment, 835, 155425. https:/ /doi.org/10.1016/j.scitotenv.2022.
155425

Olaka, L. A., Odada, E. O., Trauth, M. H., & Olago, D. O. (2010). The sensitivity of East African
rift lakes to climate fluctuations. Journal of Paleolimnology, 44(2), 629-644. https:/ / doi.
org/10.1007/s10933-010-9442-4

Onyango, D. M., Orina, P. S., Ramkat, R. C., Kowenje, C., Githukia, C. M., Lusweti, D., &
Lung’ayia, H. B. O. (2020). Review of current state of knowledge of microcystin and
its impacts on fish in Lake Victoria. Lakes & Reservoirs: Science, Policy and Management for
Sustainable Use, 25(3), 350-361. https:/ /doi.org/10.1111/1re.12328

Saji, N. H., Goswami, B. N., Vinayachandran, P. N., & Yamagata, T. (1999). A dipole mode in
the tropical Indian Ocean. Nature, 401(6751), 360-363. https:/ /doi.org/10.1038 /43854

Salzburger, W., Van Bocxlaer, B., & Cohen, A. S. (2014). Ecology and Evolution of the African
Great Lakes and Their Faunas. Annual Review of Ecology, Evolution, and Systematics, 45(1),
519-545. https:/ /doi.org/10.1146 /annurev-ecolsys-120213-091804

Saulnier-Talbot, Chapman, L. J., Efitre, J., Simpson, K. G., & Gregory-Eaves, 1. (2018). Long-
Term Hydrologic Fluctuations and Dynamics of Primary Producers in a Tropical Crater
Lake. Frontiers in Ecology and Evolution, 6. https:/ /doi.org/10.3389/fevo.2018.00223

Schreck, C. J., & Semazzi, F. H. M. (2004). Variability of the recent climate of eastern Africa.
International Journal of Climatology, 24(6), 681-701. https://doi.org/10.1002 /joc.1019

Seehausen, O. (2002). Patterns in fish radiation are compatible with Pleistocene desiccation of
Lake Victoria and 14 600 year history for its cichlid species flock. Proceedings of the Royal
Society of London. Series B: Biological Sciences, 269(1490), 491-497. https:/ /doi.org/10.
1098 /rspb.2001.1906

13


https://doi.org/10.1038/s41586-020-2652-7
https://doi.org/10.1038/s41586-020-2652-7
https://doi.org/10.1007/s10933-007-9187-x
https://doi.org/10.1007/s10933-007-9187-x
https://doi.org/10.1007/978-94-011-0884-3_19
https://doi.org/10.1007/978-94-011-0884-3_19
https://doi.org/10.1016/j.scitotenv.2022.155425
https://doi.org/10.1016/j.scitotenv.2022.155425
https://doi.org/10.1007/s10933-010-9442-4
https://doi.org/10.1007/s10933-010-9442-4
https://doi.org/10.1111/lre.12328
https://doi.org/10.1038/43854
https://doi.org/10.1146/annurev-ecolsys-120213-091804
https://doi.org/10.3389/fevo.2018.00223
https://doi.org/10.1002/joc.1019
https://doi.org/10.1098/rspb.2001.1906
https://doi.org/10.1098/rspb.2001.1906

Chapter 1. Introduction

Seehausen, O., Alphen, J. ]. M. v., & Witte, E. (1997). Cichlid Fish Diversity Threatened by Eu-
trophication That Curbs Sexual Selection. Science, 277(5333), 1808-1811. https:/ / doi.
org/10.1126 /science.277.5333.1808

Seehausen, O., Grosjean, M., Gilbert, T., & Matthews, B. (2018). SNSF Sinergia project proposal:
20,000 years of evolution and ecosystem dynamics in the world’s largest tropical lake recon-
structed from sediment cores, fossils and ancient DNA. Sinergia Project Proposal. Retrieved
January 13, 2024, from https://data.snf.ch/grants/grant/183566

Seehausen, O., Koetsier, E., Schneider, M. V,, Chapman, L. J., Chapman, C. A., Knight, M. E.,
Turner, G. E, Alphen, J. J. M. v,, & Bills, R. (2003). Nuclear markers reveal unexpected
genetic variation and a Congolese-Nilotic origin of the Lake Victoria cichlid species
flock. Proceedings of the Royal Society of London. Series B: Biological Sciences, 270(1511),
129-137. https:/ /doi.org/10.1098 /rspb.2002.2153

Stager, J., & Mayewski, P. (1997). Abrupt Early to Mid-Holocene Climatic Transition Registered
at the Equator and the Poles. Science, 276(5320), 1834-1836. https:/ /doi.org/10.1126 /
science.276.5320.1834

Strayer, D. L., & Dudgeon, D. (2010). Freshwater biodiversity conservation: recent progress
and future challenges. Journal of the North American Benthological Society, 29(1), 344-358.
https://doi.org/10.1899/08-171.1

Talbot, M. R., Filippi, M. L., Jensen, N. B., & Tiercelin, J.-]. (2007). An abrupt change in the
African monsoon at the end of the Younger Dryas. Geochemistry, Geophysics, Geosystems,
8(3). https:/ /doi.org/10.1029/2006GC001465

Tierney, J. E., Russell, J. M., Eggermont, H., Hopmans, E. C., Verschuren, D., & Sinninghe
Damsté, J. S. (2010). Environmental controls on branched tetraether lipid distributions
in tropical East African lake sediments. Geochimica et Cosmochimica Acta, 74(17), 4902—
4918. https:/ /doi.org/10.1016/j.gca.2010.06.002

Tierney, J. E., & deMenocal, P. B. (2013). Abrupt Shifts in Horn of Africa Hydroclimate Since the
Last Glacial Maximum. Science, 342(6160), 843-846. https:/ /doi.org/10.1126/science.
1240411

Tierney, J. E., Russell, J. M., Huang, Y., Damst¢, J. S. S., Hopmans, E. C., & Cohen, A. S. (2008).
Northern Hemisphere Controls on Tropical Southeast African Climate During the Past
60,000 Years. Science, 322(5899), 252-255. https:/ /doi.org/10.1126 /science.1160485

Tierney, J. E., Russell, ]. M., Sinninghe Damsté, J. S., Huang, Y., & Verschuren, D. (2011). Late
Quaternary behavior of the East African monsoon and the importance of the Congo
Air Boundary. Quaternary Science Reviews, 30(7), 798-807. https:/ /doi.org/10.1016/j.
quascirev.2011.01.017

Verheyen, E., Salzburger, W., Snoeks, J., & Meyer, A. (2003). Origin of the Superflock of Cichlid
Fishes from Lake Victoria, East Africa. Science, 300(5617), 325-329. https:/ /doi.org/10.
1126 /science.1080699

Verschuren, D., Johnson, T. C., Kling, H. J., Edgington, D. N., Leavitt, P. R., Brown, E. T., Talbot,
M. R., & Hecky, R. E. (2002). History and timing of human impact on Lake Victoria, East
Africa. Proceedings of the Royal Society of London. Series B: Biological Sciences, 269(1488),
289-294. https:/ /doi.org/10.1098 /rspb.2001.1850

14


https://doi.org/10.1126/science.277.5333.1808
https://doi.org/10.1126/science.277.5333.1808
https://data.snf.ch/grants/grant/183566
https://doi.org/10.1098/rspb.2002.2153
https://doi.org/10.1126/science.276.5320.1834
https://doi.org/10.1126/science.276.5320.1834
https://doi.org/10.1899/08-171.1
https://doi.org/10.1029/2006GC001465
https://doi.org/10.1016/j.gca.2010.06.002
https://doi.org/10.1126/science.1240411
https://doi.org/10.1126/science.1240411
https://doi.org/10.1126/science.1160485
https://doi.org/10.1016/j.quascirev.2011.01.017
https://doi.org/10.1016/j.quascirev.2011.01.017
https://doi.org/10.1126/science.1080699
https://doi.org/10.1126/science.1080699
https://doi.org/10.1098/rspb.2001.1850

Chapter 1. Introduction

Verschuren, D., Sinninghe Damsté, J. S., Moernaut, ., Kristen, I., Blaauw, M., Fagot, M., & Haug,
G. H. (2009). Half-precessional dynamics of monsoon rainfall near the East African
Equator. Nature, 462(7273), 637-641. https:/ /doi.org/10.1038 /nature08520

Wanink, J. H., Katunzi, E. E. B., Goudswaard, K. P. C., Witte, F,, & Densen, W. L. T. v. (2002).
The shift to smaller zooplankton in Lake Victoria cannot be attributed to the “sardine’
Rastrineobola argentea (Cyprinidae). Aquatic Living Resources, 15(1), 37—43. https:/ /doi.
org/10.1016/50990-7440(01)01145-7

Wienhues, G., Lami, A., Bernasconi, S. M., Jaggi, M., Morlock, M. A., Vogel, H., Cohen, A. S.,
Courtney Mustaphi, C., Heiri, O., King, L., Kishe, M. A., Misra, P, Muschick, M., Ngoepe,
N., Matthews, B., Seehausen, O., Temoltzin-Loranca, Y., Tinner, W., & Grosjean, M. (ac-
cepted). Latest Pleistocene and Holocene primary producer communities and hydrocli-
mate in Lake Victoria, eastern Africa. Quaternary Science Reviews.

Wienhues, G., Temoltzin-Loranca, Y., Vogel, H., Morlock, M. A., Cohen, A. S., Anselmetti, F. S.,
Bernasconi, S. M., Jaggi, M., Tylmann, W., Kishe, M. A., King, L., Ngoepe, N., Courtney-
Mustaphi, C. J., Muschick, M., Matthews, B., Mwaiko, S., Seehausen, O., Tinner, W.,
& Grosjean, M. (in press). From desiccation to wetlands and outflow: Rapid re-filling
of Lake Victoria during the Latest Pleistocene 14-13 ka. Journal of Great Lakes Research,
102246. https:/ /doi.org/10.1016/j.jglr.2023.102246

Wilke, T., Hauffe, T., Jovanovska, E., Cvetkoska, A., Donders, T., Ekschmitt, K., Francke, A.,
Lacey, J. H., Levkov, Z., Marshall, C. R., Neubauer, T. A., Silvestro, D., Stelbrink, B.,
Vogel, H., Albrecht, C., Holtvoeth, ]J., Krastel, S., Leicher, N., Leng, M. J., ... Wagner, B.
(2020). Deep drilling reveals massive shifts in evolutionary dynamics after formation of
ancient ecosystem. Science Advances, 6(40), eabb2943. https:/ /doi.org/10.1126 /sciadv.
abb2943

Witte, F, Msuku, B. S., Wanink, J. H., Seehausen, O, Katunzi, E. F. B.,, Goudswaard, P. C., &
Goldschmidt, T. (2000). Recovery of cichlid species in Lake Victoria: an examination of
factors leading to differential extinction. Reviews in Fish Biology and Fisheries, 10(2), 233—
241.

Witte, E, Silsbe, G. M., Hecky, R. E., Goudswaard, P. C., Guildford, S. J., Kishe-Machumu,
M. A., & Wanink, J. H. (2012). Did the loss of phytoplanktivorous fish contribute to
algal blooms in the Mwanza Gulf of Lake Victoria? Hydrobiologia, 679(1), 283-296. https:
//doi.org/10.1007/s10750-011-0893-z

Witte, F., Wanink, J. H., Kishe-Machumu, M., Mkumbo, O. C., Goudswaard, P. C., & Seehausen,
O. (2007). Differential decline and recovery of haplochromine trophic groups in the
Mwanza Gulf of Lake Victoria. Aquatic Ecosystem Health & Management, 10(4), 416—-433.
https://doi.org/10.1080/14634980701709410

Witte, F., Goldschmidt, T., Wanink, J., van Oijen, M., Goudswaard, K., Witte-Maas, E., & Bouton,
N. (1992). The destruction of an endemic species flock: quantitative data on the decline
of the haplochromine cichlids of Lake Victoria. Environmental Biology of Fishes, 34(1), 1-
28. https:/ /doi.org/10.1007 /BF00004782

15


https://doi.org/10.1038/nature08520
https://doi.org/10.1016/S0990-7440(01)01145-7
https://doi.org/10.1016/S0990-7440(01)01145-7
https://doi.org/10.1016/j.jglr.2023.102246
https://doi.org/10.1126/sciadv.abb2943
https://doi.org/10.1126/sciadv.abb2943
https://doi.org/10.1007/s10750-011-0893-z
https://doi.org/10.1007/s10750-011-0893-z
https://doi.org/10.1080/14634980701709410
https://doi.org/10.1007/BF00004782

Chapter 1. Introduction

Yang, Y., Zhang, L., Yi, L., Zhong, F, Lu, Z., Wan, S., Du, Y., & Xiang, R. (2023). A contracting
Intertropical Convergence Zone during the Early Heinrich Stadial 1. Nature Communi-
cations, 14(1), 4695. https:/ /doi.org/10.1038 /s41467-023-40377-9

16


https://doi.org/10.1038/s41467-023-40377-9







2. Study sites and methodology
2.1 Site description — Lake Victoria

Lake Victoria (0.5°N to 3.0°S; 1135 m a.s.l.) is situated in the depression between the two
branches of the East African Rift System and is the world’s largest tropical lake (surface area of
68,800 km?). With a maximum water depth of 68 m and an average water depth of 40 m (John-
son et al., 1996), the lake is relatively shallow compared to the surrounding Rift Valley lakes.
The lake’s bathymetry reveals a shallow bowl-shaped basin devoid of prominent topographic
features and characterized by gentle slopes.

Hydrology: Lake Victoria’s water balance is predominantly influenced by rainfall and evap-
oration. Over 80% of the water entering the lake comes from direct precipitation, while approx-
imately 70% of the water leaving the lake evaporates into the atmosphere (Beverly et al., 2020;
Yin & Nicholson, 1998, 2002). River runoff makes a small contribution to the lake’s overall wa-
ter input (Crul, 1995). The lake drains northward via the Victoria or White Nile, which accounts
for 24% of the water loss. The outflow has been controlled since 1959 (Nalubaale Dam; Kull
(2000)).

Climate (Fig. 2.1 A and B): The tropical climate is controlled by seasonal rainfall migration,
creating two distinct rainy seasons from March to May (long rains) and October to Decem-
ber (short rains) (Nicholson, 2018). Moist air masses originate from the Indian and Atlantic
Oceans and are primarily controlled by the interplay between the northward and southward
movements of the Afrotropical rain belt (widely known as the Intertropical Convergence Zone,
ITCZ), and the westward and eastward shifts of the Congo Air Boundary (CAB).
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FIGURE 2.1: Location and climate context of Lake Victoria. (A) Boreal summer (JJA) and winter (DJF)
position of the Intertropical Convergence Zone (ITCZ) and Congo Air Boundary (CAB).(B) Climate
pattern after Spigel and Coulter (1996). (C) Picture of the eutrophic Mwanza Bay (© G. Wienhues)

Limnology: Lake Victoria is currently classified as holomictic, with the water column un-
dergoing a complete overturn once a year during the cool and windy dry season from May
to August. Stratified water column conditions and bottom water anoxia were caused by pro-
gressive eutrophication in the 20! century (Hecky et al., 1994; Verschuren et al., 2002). Rising
nutrient levels also led to changes in phytoplankton composition, transitioning from diatoms
to cyanobacteria, a trend that is most evident in the protected and shallow embayments of
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Lake Victoria (Fig. 2.1C) (Meyers & Teranes, 2001; Silsbe et al., 2006). These disruptions to the
lake’s ecosystem have had a devastating impact on fish biodiversity, with the introduction of
Nile perch in the 1950s exacerbating the situation (Hecky et al., 1994; Mugidde, 1993; Stager &
Mayewski, 1997).

2.2 Methodology

This section summarizes the key methodologies used in this thesis (Fig. 2.2). More details
about the methods can be found in the respective chapters (Chapters 3, 4, and 5).

ctructive methods:

' Establishment of
Multi-sensor core logging (MSCL) core composites

Micro X-ray fluorescence scanning (uXRF)
Hyperspectral Imaging (HSI)

Ictive methods: -nologies:

Stable carbon and nitrogen isotopes (*C,"*N) « 'C Chronology
Biogenic silica (bSi) «  219Ph Chronology
« Grain size distribution

« Sedimentary pigments on HPLC

Phosphorus fractions

FIGURE 2.2: Schematic summary of workflow and multi-proxy data set generated in this thesis. Picture
of the coring platform on Lake Victoria in 2018 (OM. Muschick).

2.21 Core retrieval and composite stratigraphy

Sediment cores for the present thesis were retrieved during a field campaign in 2018. A
series of sediment cores were extracted using a UWITEC piston corer along a nearshore to
offshore transect from the eastern shoreline (Fig. 2.3B). Multiple cores were collected at four
different coring sites, designated as LVC18-S1 to LVC18-54 (hereafter LV1 to LV4). The water
depths at these coring sites ranged from 13.4 to 63 meters below the modern lake level (m.b.1.L
in October 2018) (Fig. 2.3C). Additionally, short surface cores were retrieved at the sites LV1
and LV3 mainly for chronological assessment of the sediment top (LVC19-S1 and S3). In the
southern Mwanza Gulf, several short surface cores were obtained using UWITEC gravity corer
(Fig. 2.3D). The cores SC12, SC14, and SC19 were subsequently selected for further analysis.

The cores were split lengthwise, and the core halves were sedimentologically described
following Schnurrenberger et al. (2003) as well as initially examined using non-destructive an-
alytical techniques: micro X-ray fluorescence (#XRF) and hyperspectral spectral scanning (HSI)
(more details in Chapters 4, 5, and 6).

For the coring sites LV1, 2 and 4, a continuous composite sediment sequence was created
from parallel cores (Appendix II). The stratigraphic correlation between the core sections was
established using tie points from elemental profiles derived from XRF data (example Figure
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FIGURE 2.3: (A) Catchment and bathymetry of Lake Victoria with the indicated location of the long and

surface coring sites modified from Wienhues et al. (in press). (B) Inset map of the coring transect with

the long cores LVC18-51 (LV1), LVC18-52 (LV2), LVC18-53 (LV3), and LVC18-54 (LV4). (C) Depth profile

of the coring transect in distance to the shoreline. Bathymetric data are from Hamilton et al. (2022). (D)

Inset satellite image of the Mwanza Gulf with the location of the surface cores SC12, SC14, and SC19
(Google, 2024)

AIL1 in Appendix II). Due to the homogeneous nature of the sediment, the sediment cores
lacked visual markers. Core LV3 is a single continuous piston core, and the three core seg-
ments were simply added together. An overview of the cores used in this thesis in presented
in Table 2.1. Detailed tables of the composite correlation can be found in Appendix IL

2.2.2 Chronologies

Sediment chronologies were determined by radiocarbon dating of handpicked macroscopic
charcoal pieces and terrestrial plant macrofossils. For the piston cores (LV1, 2, and LV4), we
used the precise chronologies developed by Temoltzin-Loranca et al. (2023a). The age-depth
model for core LV3 is presented in Wienhues et al. (accepted) (Chapter 3). All samples were an-
alyzed with the MICADAS system at the University of Bern (Szidat et al., 2014) and calibrated
with IntCal20 (Reimer et al., 2020). Age-depth models were constructed using the software
rbacon (Blaauw & Christen, 2011; Blaauw et al., 2021).

The age of the surface cores (5C12, SC19, LVC18-S1, and LVC18-S3) was determined by
radionuclide dating, utilizing alpha spectrometry for 2'°Pb (measured indirectly by ?!°Po) and
gamma spectrometry for 2°Ra and 1¥Cs at the University of Gdansk (Tylmann et al., 2016). The
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TABLE 2.1: Summary of piston and surface cores taken during coring campaign 2018, including the
analyses applied on each core.

Core ID Coordinates Depth Coring Composite Analyses applied on
(Segments) [m] Site Core composite core
(short name)

Piston cores (offshore to nearshore)

LVC18-4L (1-10)  01°02,966’'S  63.0 4 LVC18-S4 (LV4) HSI, XRF, §13C, 61N, bSi,
33°47,768'E Pigments, Grain Size

LVC18-1B (1-7) 01°06,979'S  37.6 1 LVC18-S1 (LV1) HSI, XRE, §'3C, §'°N, bSi,
33°54,811'E Grain size, Pigments,

Phosphorus

LVC18-1C (1 -6) 01°06,982'S  37.6 1
33°54,804'E

LVC18-2E (1-9) 01°07,850'S  22.6 2 LVC18-S3 (LV2) HSI, XRE, §'3C, §'°N, bSi,
33°56,779E Pigments, Grain Size

LVC18-2F (1 - 8) 01°07,849'S 22,6 2
33°56,779'E

LVC18-3] (1-3) 01°08,344'S  13.4 3 LVC18-S3 (LV3) HSI, XRF
33°58,593'E

Surface cores (offshore to nearshore)

LVC18-1-S1* 01°06,914'S  37.0 1 (LVC18-S1) 210pp, XRF, HSI
33°55,146'E

LVC18-3-S2 01°06,914'S  10.0 3 (LVC18-S3) 210pp, XRF, HSI
33°55,146'E

* The sediment core was not further used due to the loss of the uppermost sediment section,
as indicated by 2°Pb and HSI analyses.

Surface cores (Mwanza Gulf)

LVC18-TSG-SC12  02°33,473'S  14.5 G (SC12) 210pp, XRF, HSI, §13C,
32°52,470'E 6N, Pigments,
Phosphorus
LVC18-TSG-SC14  02°33,473'S  14.5 G (SC14) XRE, HSI, (invertebrates)
32°52,470'E
LVC18-TSI-SC19 02°33,015'S  10.5 I (SC19) 210pp, XRF, HSI, §13C,
32°51,023'E 6N, Pigments,
Phosphorus

219Pb chronologies were determined by commonly used model algorithms: The constant rate of
supply (CRS), constant flux with constant sedimentation (CFCS) (Appleby, 2001) as well as the
Bayesian plum model (Aquino-Lépez et al., 2018). Calculating >!°Pb ages by multiple models
helps to assess their sensitivity and performance compared to each other. All data sets were
tested (and corrected) for missing 2'’Pb unsupported inventories according to Tylmann et al.
(2016).

2.2.3 Non-destructive sediment analyses

On the full core segments, magnetic susceptibility (MS) and sediment density (y-ray at-
tenuation) was measured with a GEOTEK multi-sensor core logger (MSCL) at the Institute of
Geological Sciences, University of Bern. However, the data obtained from the sediment cores
was not used due to the interference caused by the surrounding iron-containing tape.
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X-ray fluorescence (XRF) analysis was conducted on split core halves to assess changes in
the elemental composition of sediments from Lake Victoria, serving as indicators of significant
shifts in the lake’s environment (Davies et al., 2015). XRF measurements were performed at 50
mA, 30 kV, and 30-second integration time over 5 mm intervals (LV4, 1, and 2, surface cores)
and 10 mm intervals (LV3). The scans were conducted using an ITRAX core scanner equipped
with a Cr- and Mo-anode X-ray tube at the Institute of Geological Sciences, University of Bern.
The selection of key elements for analysis was guided by the quality of the data and the research
questions of interest.

In addition, hyperspectral imaging (HSI) core scanning was performed on fresh core halves
to gain information about paleoproduction in Lake Victoria. A hyperspectral camera (Specim
PFD4K-65-V10E; 400-1000 nm) was used with exposure 120 ms, aperture f/1.9, field of view
90.2 mm, frame rate 8.0 Hz, and scanning speed 0.55 mm/s. The analysis of the spectral
data follows the methodology outlined by Butz et al. (2015). The relative absorption band
depth index (RABD655-680max) was utilized to quantify the absorption trough of total green
chloropigments (TChl, including chlorophyll 4, b, and colored degradation products), which
serves as an indicator of aquatic primary production and/or total algal biomass (Leavitt &
Hodgson, 2001; Michelutti & Smol, 2016). Detailed instrumental and methodological descrip-
tions can be found in Butz et al. (2015) and Zander et al. (2022).

2.2.4 Destructive analytical techniques

Additional analytical techniques were performed after taking discrete samples. The sam-
pling strategies employed are thoroughly detailed in the individual research articles (Chap-
ters 3, 4, and 5).

The concentration and isotope composition of nitrogen and carbon (TC%, TN%, 6'3C, §'°N)
in the sediments of Lake Victoria were simultaneously determined using a ThermoFisher Flash-
EA 1112 coupled with a Conflo IV interface to a ThermoFisher Delta V isotope ratio mass spec-
trometer (IRMS) at the Geological Institute, ETH Zurich. Isotope ratios are reported in the
conventional J-notation with respect to atmospheric N, (AIR) and the V-PDB (Vienna Pee Dee
Belemnite) standards, respectively. For 013C and 6'°N calibration, atropine (613C = -21.4%o,
SN = -2.9%0), peptone (61°C = -15.64%o, SN = 6.67%o), and nicotinamide (5'3C = -42.2%o,
61N = -1.99%0) in-house standards with known carbon and nitrogen content and isotopic com-
position. Measurement reproducibility for both nitrogen and carbon was better than 0.2%..
Carbon and nitrogen analysis on ashed sediment samples (loss-on-ignition at 550°C) confirmed
the absence of inorganic carbon. Therefore, samples were not acidified before isotopic analysis
(Kennedy et al., 2005), and total carbon (TC) values represent total organic carbon (TOC) in
Lake Victoria’s sediments.

Biogenic silica (bSi) was determined following the wet-alkali method of Ohlendorf and
Sturm (2008). Accordingly, 100 mg of freeze-dried sediment was extracted using 1M NaOH
solution at 90°C for 3h. Organic matter was removed by H,O; prior to leaching (Mortlock &
Froelich, 1989). Extracted Si was measured with inductively coupled plasma mass spectrom-
etry (Agilent ICP-MS 7700x). Lithogenic elements (Fe, Al) were simultaneously measured for
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lithogenic Si correction (Mortlock & Froelich, 1989). The solid residual after bSi leaching was
used for grain size distribution analysis. To avoid the formation of flocs, a dispersion solu-
tion comprising sodium hexametaphosphate (NaPO3)s and sodium carbonate (Na,CO3) was
applied. After ultrasonic treatment, the samples were measured by laser diffraction (Malvern
Mastersizer 2000 equipped with an automated wet dispersion unit) at the Institute of Geog-
raphy, University of Bern. Due to instrumental bias during the grain size measurement that
noticeably affected the grain size distribution in the clay and silt fraction, the data was deemed
unreliable and therefore not used. The biogenic silica as well as the grain size analysis were
applied to the offshore cores LV1, LV2, and LV4.

Sequential phosphorus (P) extraction was applied to the offshore core LV1, as well as the
two surface cores SC12 and SC19 from Lake Victoria following the protocol developed by the
Standards, Measurements, and Testing (SMT) of the European Commission (Ruban et al., 1999,
2001; Tu et al., 2021). Three independent extractions using NaOH and HCl were carried out
to measure five P fractions: non-apatite inorganic P (hereafter referred to as Fe-P), calcium
phosphate apatite (AP), inorganic P (IP), organic P (OP), and total P (TP). Analytical efficiency
was assessed by analyzing certified reference sediment material (CRM) BCR®-683. Extractable
P concentrations were measured colorimetrically in 4ml macro-cuvettes using the malachite
green method at an absorbance of 610 nm (Ohno & Zibilske, 1991) with the spectrophotome-
ter (Shimadzu UV-1800). Separate standard calibration curves were prepared and measured
for each measurement batch and sample matrix. The obtained results from offshore site LV1
yielded no evidence of substantial phosphorus fractionation in Lake Victoria. Considering the
time- and labor-intensive nature of this analysis, the limiting amount of sample material, and
the inconclusive results, it was decided to not proceed with this analysis on subsequent long
cores.

Sedimentary pigments were analyzed on two offshore cores (LV1 and LV4) and two surface
cores (LV12 and LV19). The pigments were extracted by using 95% acetone following the pro-
cedure outlined by Sanchini and Grosjean (2020). The quantification of pigment extracts was
carried out using high-performance liquid chromatography (HPLC) at the CNR Water Research
Institute in Verbania, Italy, following the method described by Lami et al. (2000). All HPLC pig-
ment concentrations were expressed as nMol per gram of organic carbon, as recommended by

Lami et al. (2000). The analysis was restricted to taxonomically diagnostic pigments.
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2.3 Co-authored publications

Building upon the data and research presented in this thesis, this section summarizes my
contribution in the co-authored publications. Figure 2.4 provides an overview of these publi-

cations.

Paleolimnology/Geosciences Paleoecology/Palynology

» Chapter 4: Wienhues et al., in press,

P1 Temoltzin-Loranca et al., 20233,
Journal of Great Lakes Research

Quaternary Science Reviews

- Chapter 5: Wienhues et al., accepted,

Quaternary Science Reviews P2 Temoltzin-Loranca et al., 2023b,

Palaeogeography, Palaeo-

- Chapter 6:King & Wienhues et al., climatology, Palaeoecology

revised, Ecosystems

Paleoecology/ Evolutionary biology/
Algal community ecology Fish community
P4 King et al., 2024, Freshwater P3 Ngoepe et al., 2023, Nature
Biology
« King & Wienhues et al., revised, P5 Ngoepe et al., accepted, Biology Letters

Ecosystems (Chapter 6)

FIGURE 2.4: Co-authored publications (P1 to P5) from the Lake Victoria Sinergia Project (state: Feb.
2024).

P1: A chronologically reliable record of 17,000 years of biomass burning in the Lake Victoria
area

Yunuen Temoltzin-Loranca, Erika Gobet, Boris Vanniére, Jacqueline EN. van Leeuwen, Giulia
Wienhues, Sonke Szidat, Colin Courtney-Mustaphi, Mary Kishe, Moritz Muschick, Ole See-

hausen, Martin Grosjean, Willy Tinner
Quaternary Science Reviews (2023a)

This study presents a new chronological framework for a set of sediment cores from Lake
Victoria. It provides a continuous and independent radiocarbon chronology based on macro-
scopic charcoal and novel palynological and charcoal records for three sediment cores along a
transect (LV1, 2, and 4). The palynological data served additionally as a biostratigraphic control
across this transect. The data revealed that, during the Last Glacial Maxima and Heinrich Sta-
dial 1, a dominant savanna landscape prevailed, characterized by low fire frequency before 15
ka and increased fire occurrence between 15 and 14 ka. Subsequently, the Afromontane forest
expanded as warmer and wetter conditions promoted rainforest growth, leading to a decline
in fire events, notably during the Eastern African Humid Period (11.5 to 5 ka). A peak in fire
activity was noted at the end of this exceptionally humid period around 5 ka. However, un-
expectedly low fire frequencies followed during the Iron Age and subsequent periods. These
results reveal that long-term vegetation dynamics in the Lake Victoria area were mainly driven
by (hydro-)climate, at least until the early Iron Age (~ 2.4 — 1.1 ka), when human impact became
important. Fire activity may have been controlled by combined factors such as fuel availability,

temperature, and moisture.
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I contributed to this by joining the core opening campaign and scanning all core segments
(XRF and HSI) prior to subsampling. Based on these scans, I created and provided the master
core composite. Furthermore, I actively discussed, reviewed, and commented on the manuscript
text.

P2: Long-term ecological successions of vegetation around Lake Victoria (East Africa) in

response to latest Pleistocene and Early Holocene climatic changes

Yunuen Temoltzin-Loranca, Erika Gobet, Boris Vanniére, Jacqueline EN. van Leeuwen, Giulia
Wienhues, Colin Courtney-Mustaphi, Mary Kishe, Moritz Muschick, Leighton King Pavani
Misra, Nare Ngoepe, Blake Matthews, Hendrik Vogel, Oliver Heiri, Ole Seehausen, Martin
Grosjean, Willy Tinner Palaeogeography, Palaeoclimatology, Palaeoecology (2023b)

The study presents a refined high-resolution palynological and macrocharcoal (woody and
herb charcoal) record from offshore core LV4 during the Late Pleistocene-Holocene transition
(16.6 to 9 ka), a period that involves major hydroclimate changes. A special focus lays on the
drivers of ecological successions from savanna to Afromontane and tropical rainforest at Lake
Victoria. By the end of the widespread drought in eastern Africa during the Heinrich Stadial 1
(~16.5 ka), arboreal taxa (Celtis and Podocarpus) expanded at the expense of savanna, followed
by the spread of Afromontane tree species (Olea and Macarang) around 15.5 — 15 ka. Herb
macrocharcoal influx indicates that mainly grasses fueled fires in the savanna. As temperatures
and humidity continued to rise (13.2 —10.7 ka), Afromontane vegetation dominated by Olea ex-
panded towards the lowlands and tropical rainforests established, and woody-dominated fuel
types started to replace grassland fires. By the onset of the Holocene, the tropical savanna had
largely been replaced by tropical rainforest, while Afromontane forests moved to higher eleva-
tions. These results suggest that the biome reorganization was primarily driven by moisture

and temperature changes.

Similar to the first co-authored publication, I contributed to this study by joining the core
opening campaign, providing the master composite as well as the elemental ratios (Zr/Ti
and Rb/Zr) shown in this article. Furthermore, I reviewed and provided feedback on the
manuscript.

P3: A continuous fish fossil record reveals key insights into adaptive radiation

Nare Ngoepe, Moritz Muschick, Mary A. Kishe, Salome Mwaiko, Yunuen Temoltzin-Loranca,
Leighton King, Colin Courtney Mustaphi, Oliver Heiri, Giulia Wienhues, Hendrik Vogel,
Maria Cuenca-Cambronero, Willy Tinner, Martin Grosjean, Blake Matthews, Ole Seehausen

Nature (2023)

The study presents a fossil-based reconstruction of the Lake Victoria fish assemblages and
provides insights into the temporal development of an adaptive radiation community through
time and a deeper understanding of the evolution of the lake’s fish diversity. A set of sedi-
ment cores (LV1 to LV4) were screened for fish teeth, which were morphologically assigned
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to five fish families (catfish, cyprinoids, radiating haplochromine cichlids, and non-radiated
oreochromine cichlids). This fossil data set was discussed in light of key evolutionary diversi-
fication concepts: (i) ecological versatility (= the ability of species to access new resources and
populate a wider range of habitats), (ii) ecological opportunity (= the opening of new ecologi-
cal niches and availability of resources), (iii) hybrid ancestry (= the genetic diversity stemming
from hybridization events of ancestral lineages), and (iv) priority effect (= possible early habi-
tat occupation or monopolization by haplochromine cichlids). It was observed that initially, all
major fish taxa colonized the shallow wetland environment in the Victoria basin. However, as
the lake level rose, only haplochromine cichlids colonized in the deep and open-water habitats,
while other taxa remained in littoral inshore habitats. These results support the differential
habitat versatility of cichlid fishes compared to other fish groups and that ecological versatility
was key to the adaptive radiation of cichlid fishes in Lake Victoria. The coincidence of ecolog-
ical opportunity with ecological versatility and hybrid ancestry was crucial for the explosive
adaptive radiation that occurred in Lake Victoria. Furthermore, the simultaneous arrival of all
major fish taxa as the modern lake formed contradicts the notion of ecological priority effects
in the early stages of the lake’s evolution.

My contributions to this study included joining the core opening campaign, providing the
master composite as well as the reconstruction of the lake formation and lake-level dynamics,
capturing the transition from the wetland environment to a deep and open lake in the latest
Pleistocene, and the age-depth model for core LV3, employed in this study. I was involved in
discussions about sedimentological, geomorphological, and environmental dynamics charac-
terizing the aquatic habitats across the core transect in Lake Victoria.

P4: Temporal dynamics of invertebrate community assembly in Lake Victoria since the Late
Pleistocene based on chitinous remains

Leighton King, Colin Courtney-Mustaphi, Maria Cuenca-Cambronero, Giulia Wienhues, Nare
Ngoepe, Moritz Muschick, Yunuen Temoltzin-Loranca, Hendrik Vogel, Martin Grosjean, Willy
Tinner, Andrew Cohen, Mary Kishe, Oliver Heiri, Ole Seehausen, Blake Matthews

Freshwater Biology, 2024

This study analyzed the fossil remains of invertebrates in a Lake Victoria sediment core to
trace changes in invertebrate community composition and gain insights into their temporal dy-
namics in response to climatic and environmental variability. For this end, chitinous remains
of chironomids and midges (Chaoboridae) from one sediment core (LV1) were examined. The
study identified four distinct phases in the invertebrate community, each corresponding to
different climatic and environmental conditions. First, colonizing species became established,
followed by a transition from benthic to pelagic species indicating rising water levels in re-
sponse to increasing humidity during the Late Pleistocene-Holocene transition (13.7 — 9.1 ka).
A high abundance of dipteran larvae and high diatom production corresponds to the Holocene
African Humid Period (9.1 —4.7 ka). The subsequent appearance of the littoral Cladocera Alona
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(~4.7 ka) coincides with the end of the African Humid Period, suggesting the establishment of
seasonal wind-driven oxygenation of the water column. During the last 1.3 ka, increasing
planktonic cladoceran assemblages dominated the invertebrate community, which are most
likely linked to human impact and food availability.

My contributions to this study included participating in the core opening campaign, pro-
viding the master composite, and through discussions and comments on the manuscript text.
Additionally, I provided the biogenic silica data for the cores LV1 and LV4, which facilitated
the comparison of the invertebrate data with previous studies from Lake Victoria at different
water depths.

P5: Testing alternative hypotheses for the decline of cichlid fish in Lake Victoria using fish

teeth time series from sediment cores

Nare Ngoepe, Alenya Merz, Leighton King, Giulia Wienhues, Mary A. Kishe, Salome Mwaiko,
Pavani Misra, Martin Grosjean, Blake Matthews, Colin Courtney Mustaphi, Oliver Heiri, An-
drew Cohen, Willy Tinner, Moritz Muschick, Ole Seehausen

Biology Letters, accepted

This study examines the impact of various factors, including eutrophication, fishing pres-
sure, and the introduction of non-native species on the haplochromine cichlid fish community

of Lake Victoria during the 20t

century. By analyzing fish teeth time series from two surface
cores (SC9 and SC14) in the Mwanza Gulf, the study reveals a significant decline in cichlid
populations preceding the arrival of the Nile perch. This indicates that eutrophication and as-
sociated ecosystem changes likely played a more significant role in the decline of cichlids than

the introduction of Nile perch.

My contribution to this study included core splitting, core picture scans, and providing the
hyperspectral data sets for each surface core, which were crucial for visually correlating to the
210pb dated cores and providing feedback on the manuscript.
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3. Paleoenvironmental research at Lake Victoria

Lake Victoria has captivated scientific interest for several decades. This chapter provides a
comprehensive overview of the paleoenvironmental research conducted on Lake Victoria, set-
ting the stage for the detailed investigations presented in the subsequent Chapters 4, 5, and
6.

3.1 Sediment cores from Lake Victoria

Previous research on Lake Victoria has played a crucial role in deciphering its complex
history. Figure 3.1 presents a comprehensive review of the sediment cores and their lithologies.
Pioneering studies in the 1960s and mid-1980s provided valuable insights but focused on sites
at intermediate water depth (namely the cores: P2, 64-4, and Ibis-1 also known as Damba
core, and Ibis-3; (Kendall, 1969; Stager, 1984; Stager et al., 1986; Talbot & Livingstone, 1989).
The International Decade for the East African Lakes (IDEAL) project in the mid-1990s marked
a significant advance involving extensive piston coring and seismic surveys, and provided
multiple offshore cores from the deposition center (e.g., Johnson et al., 1996; Scholz et al., 1998)
(see Fig. 3.1A).

The precise timing of Lake Victoria’s desiccation remained controversial due to repeated re-
assessments of radiocarbon ages (Stager et al., 2002) and re-interpretations of the same stratig-
raphy (e.g. for core V95-2P; Beuning et al., 1997b, 2002; Johnson et al., 1996; Stager & Johnson,
2000; Talbot & Leerdal, 2000; Verschuren et al., 1998, see Table Al.1), whereby the wide range of
radiocarbon ages is partly attributed to the quality of the dated material (mostly bulk samples,
or pollen-algae fraction, few charcoal dates) and analytical constraints in the past. Overall, this

resulted in a variety of interpretations of Lake Victoria’s desiccation and re-filling history.

The seismic profiles from the year 1998 reveal a persistent discontinuity, suggesting com-
plete desiccation of the central basin (Johnson et al., 1996; Scholz et al., 1998). The last des-
iccation of Lake Victoria is marked by dry, dense or crumbly sediment interpreted as paleo-
Vertisol, found in most offshore cores (Johnson et al., 1996). Common features associated with
subaerial exposure are vertical cracks, gypsum precipitates and/or degraded and reworked
organic material (e.g., Talbot & Livingstone, 1989; Talbot & Leerdal, 2000). Radiocarbon dating
on these paleosols indicates that the end of the desiccation is predominantly centered around
16 ka BP (Beverly et al. (2020), Johnson et al. (2000), Stager (1984), and Stager and Johnson
(2008); Fig. 3.1A, Chapter 4, Fig. 4.4). The duration of the lake desiccation is estimated from
500 years (Kendall, 1969) to several thousand years (Johnson et al., 1996). It is also conceiv-
able that Lake Victoria experienced multiple low stands during the Latest Pleistocene drought
(Stager & Johnson, 2008). However, the onset, duration, and continuity of latest Pleistocene
desiccation remain unknown, as only undated seismic profiles are available to interpret the
older part of the record (Johnson et al., 1996; Scholz et al., 1998). Between 16.0-16.5 ka, a rapid
re-establishment of high lake levels has been proposed (Beuning et al., 2002; Talbot & Leerdal,
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FIGURE 3.1: Schematic overview of sediment cores and their location in Lake Victoria relevant for the
contextualization and interpretation of the cores (LV1, 2, 3, and 4) in this thesis. (A) Schematic transect
of sediment profiles along coring depth with relevant radiocarbon ages (in cal. ka BP). Radiocarbon
ages in red are from basal subaerial exposed sediment from the offshore cores providing a temporal
range for the last major lake desiccation. Radiocarbon ages in blue indicate sedimentary discontinuities
in intermediate/shallow water cores and depict temporal transgression of the lake level in the latest
Pleistocene. (B) Illustrative depiction of the basal sediment section from the offshore cores with brief
sediment descriptions. Triangles indicate the position of the 4C ages presented in the figure above.
Please note that the figure is not to scale and does not accurately represent the actual core lengths. A
detailed list of references used is provided in Appendix I (Table AL.1 and AlL2)
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2000) which contrasts with a proposed second desiccation event around 15 ka (Stager & John-
son, 2008; Stager et al., 2011; Talbot & Leerdal, 2000). However, this second desiccation layer
is poorly dated and was not found in other offshore sediment cores (see Fig.3.1B). Contrarily,
shallow water/brackish diatom species have been described in sediment sections overlying
the exposed paleosol layer (Stager et al. (2002) and Talbot and Livingstone (1989); see Fig. 3.1B)
that suggest that shallow water conditions persisted initially. However, this will be discussed
in detail in Chapter 4.

Sediment discontinuities, such as shell or sand layers from cores of intermediate to shallow
water depth (e.g., Ibis-1 and P2), have previously been correlated to deepwater offshore records
or used to infer repeated desiccation events (Stager et al., 2011; Talbot & Livingstone, 1989).
However, the basal ages of these cores and the original age-depth models (Kendall, 1969; Stager
et al., 1986) appear to be affected by ancient carbon contamination. Stager and Johnson (2000)
adjusted the age-depth model for the nearshore cores P2 and 64-4, resulting in more reasonable
ages that indicate progressive flooding (~14 and 11.5 ka) of the sites as the lake began to refill.
Consistent with this pattern, at ~13.5 ka, a transition of shallow water to pelagic conditions is
indicated by a peak and subsequent decline of pennate diatoms in core Ibis-1 (Stager & Johnson,
2008; Stager et al., 2002) (see Fig. 3.1A). Conversely, mollusk shells in core Ibis-1 provide a
relatively wide age estimate of 14.2-15.9 ka (Stager et al., 2002).

3.2 Lake-level dynamics and outflow formation

Lake Victoria’s post-desiccation history, encompassing its transition from a closed basin to
an exoreic lake with the establishment of the Victoria Nile outflow (today, its discharge controls
~80% of the nonflood-season flow along the lower Nile River; Adamson et al. (1980)) has been
of interest to various scientific disciplines, including paleoclimatology, aquatic paleoecology,
evolutionary biology, and archeology.

Figure 3.2 presents a comprehensive review of inferred lake-levels of Lake Victoria. Accord-
ing to a pronounced phase of diatom decline in an offshore core V95-2P, an outflow from Lake
Victoria was suggested to have occurred between 8 and 6.7 ka (Johnson et al., 1998). Oxygen
isotopes on sedimentary cellulose suggested that Lake Victoria was a closed basin until about
8 ka (Beuning et al., 1997a; Stager & Johnson, 2000), but was later revised to ~13 ka considering
the more reliable V96-7P chronology (Beuning et al., 2002). This time aligns with a study using
strontium isotope signatures of upper Nile catchment water bodies proposing a lake overflow
no later than 13.5 ka (Talbot & Laerdal, 2000). Additionally, a diatom-inferred lake-level recon-
struction of Lake Victoria, derived from core Ibis-1 (see Fig. 3.2), suggests a re-establishment of
hydrologically-open conditions following a temporary closure of the outflow around 14 ka ago
(Stager et al., 2011). The strontium stratigraphy from Lake Albert, downstream of Lake Victoria
and Lake Edward, indicates the arrival of Lake Victoria water between 14.5 and 14 ka (Williams
et al., 2006). However, a major constraint remains the age-depth model for the Lake Albert sed-
iment records, which relies on bulk *C samples and includes erosional discontinuities (Berke
et al., 2014; Beuning et al., 1997a).
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Further downstream, evidence of remarkably high floods, documented in abandoned chan-
nels and *C-dated former deposits of the White Nile in Sudan, supports a terminal Pleistocene
age estimate (14-15 ka) for throughflow from Lakes Victoria and Albert (Adamson et al., 1980;
Adamson et al., 1982; Williams et al., 2000). This estimate significantly precedes the timing
proposed by Beuning et al. (2002)and Talbot and Leaerdal (2000).
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T

FIGURE 3.2: Summary of inferred lake-levels of Lake Victoria from literature.

Fossil beach deposits located above the modern level of Lake Victoria (Temple, 1963, 1964a,
1964b, 1967; Temple, 1969) suggest that the lake level was once higher, and Lake Victoria once
occupied a much larger area. Although their process of formation remains unknown, the tilted
strandlines found at significantly higher elevations are thought to have formed during past
pluvial periods in the Victoria basin during the middle Pleistocene. However, the horizontal
orientation of beach deposits at elevations of 18, 12, and 3 meters suggests that they were
formed after the end of tectonic activity in the region (Kendall, 1969; Temple, 1969). The lowest
3-m strandline, dated to be ~4 ka (3720 C years BP), marks a Holocene lake stage and the
separation of the small Lake Nabugabo from Lake Victoria (Stager et al., 2005; Temple, 1969).

3.3 References

Adamson, D. A., Gasse, F, Street, E. A., & Williams, M. a. J. (1980). Late Quaternary history of
the Nile. Nature, 288(5786), 50-55. https:/ /doi.org/10.1038/288050a0

Adamson, D. A., Williams, M. A. J., & Gillespie, R. Palaeogeography of the Gezira and of
the lower Blue and White Nile valleys (1st Edition). In: In A land between two niles
(1st Edition). 1st Edition. Routledge, 1982, pp. 165-219. https:/ / doi.org /10.1201 /
9781315136356-9

Berke, M. A,, Johnson, T. C., Werne, J. P, Livingstone, D. A., Grice, K., Schouten, S., & Sin-
ninghe Damsté, J. S. (2014). Characterization of the last deglacial transition in tropical
East Africa: Insights from Lake Albert. Palaeogeography, Palaeoclimatology, Palaeoecology,
409, 1-8. https://doi.org/10.1016/j.palaeo.2014.04.014

Beuning, K. R. M., Talbot, M. R., & Kelts, K. (1997a). A revised 30,000-year paleoclimatic and
paleohydrologic history of Lake Albert, East Africa. Palaeogeography, Palaeoclimatology,
Palaeoecology, 136(1), 259-279. https:/ /doi.org/10.1016 /S0031-0182(97)00034-5

38


https://doi.org/10.1038/288050a0
https://doi.org/10.1201/9781315136356-9
https://doi.org/10.1201/9781315136356-9
https://doi.org/10.1016/j.palaeo.2014.04.014
https://doi.org/10.1016/S0031-0182(97)00034-5

Chapter 3. Paleoenvironmental research at Lake Victoria

Beuning, K. R., Kelts, K., Ito, E., & Johnson, T. C. (1997b). Paleohydrology of Lake Victoria, East
Africa, inferred from 80/1°0 ratios in sediment cellulose. Geology, 25(12), 1083-1086.
https:/ /doi.org/10.1130/0091-7613(1997)025<1083:polvea>2.3.co;2

Beuning, K. R., Kelts, K., Russell, ]., & Wolfe, B. B. (2002). Reassessment of Lake Victoria-Upper
Nile River paleohydrology from oxygen isotope records of lake-sediment cellulose. Ge-
ology, 30(6), 559-562. https:/ /doi.org/10.1130/0091-7613(2002)030<0559:ROLVUN>2.
0.CO;2

Beverly, E. ]J., White, J. D., Peppe, D. ], Faith, J. T., Blegen, N., & Tryon, C. A. (2020). Rapid Pleis-
tocene desiccation and the future of Africa’s Lake Victoria. Earth and Planetary Science
Letters, 530, 115883. https:/ /doi.org/10.1016/j.epsl.2019.115883

Johnson, T. C., Chan, Y., Beuning, K., Kelts, K., Ngobi, G., & Verschuren, D. Biogenic Silica
Profiles in Holocene Cores from Lake Victoria: Implications for Lake Level History and
Initiation of the Victoria Nile (J. T. Lehman, Ed.). In: Environmental change and response
in east african lakes (J. T. Lehman, Ed.). Ed. by Lehman, J. T. Monographiae Biologicae.
Dordrecht: Springer Netherlands, 1998, pp. 75-88. ISBN: 978-94-017-1437-2. https:/ / doi.
org/10.1007/978-94-017-1437-2_6

Johnson, T. C., Kelts, K., & Odada, E. (2000). The Holocene History of Lake Victoria. Ambio,
29(1), 2-11.

Johnson, T. C., Scholz, C. A., Talbot, M. R,, Kelts, K., Ricketts, R. D., Ngobi, G., Beuning, K.,
Ssemmanda, I., & McGill, J. W. (1996). Late Pleistocene Desiccation of Lake Victoria and
Rapid Evolution of Cichlid Fishes. Science, 273(5278), 1091-1093. https:/ /doi.org/10.
1126/science.273.5278.1091

Kendall, R. L. (1969). An Ecological History of the Lake Victoria Basin. Ecological Monographs,
39(2), 121-176. https:/ /doi.org/10.2307 /1950740

Scholz, C. A., Johnson, T. C., Cattaneo, P., Malinga, H., & Shana, S. Initial Results of 1995 IDEAL
Seismic Reflection Survey of Lake Victoria, Uganda and Tanzania (J. T. Lehman, Ed.). In:
Environmental change and response in east african lakes (J. T. Lehman, Ed.). Ed. by Lehman,
J. T. Monographiae Biologicae. Dordrecht: Springer Netherlands, 1998, pp. 47-57. ISBN:
978-94-017-1437-2. https:/ /doi.org/10.1007 /978-94-017-1437-2_4

Stager, J. C. (1984). The diatom record of Lake Victoria (East Africa): the last 17,000 years. Pro-
ceedings of the Seventh International Diatom Symposium, 455-476.

Stager, J. C., & Johnson, T. C. (2008). The late Pleistocene desiccation of Lake Victoria and the
origin of its endemic biota. Hydrobiologia, 596(1), 5-16. https:/ /doi.org/10.1007 /s10750-
007-9158-2

Stager, J. C., Reinthal, P. N., & Livingstone, D. A. (1986). A 25,000-year history for Lake Victoria,
East Africa, and some comments on its significance for the evolution of cichlid fishes.
Freshwater Biology, 16(1), 15-19. https:/ /doi.org/10.1111/j.1365-2427.1986.tb00944.x

Stager, J. C., Ryves, D. B., Chase, B. M., & Pausata, F. S. R. (2011). Catastrophic Drought in the
Afro-Asian Monsoon Region During Heinrich Event 1. Science, 331(6022), 1299-1302.
https:/ /doi.org/10.1126 /science.1198322

39


https://doi.org/10.1130/0091-7613(1997)025<1083:polvea>2.3.co;2
https://doi.org/10.1130/0091-7613(2002)030<0559:ROLVUN>2.0.CO;2
https://doi.org/10.1130/0091-7613(2002)030<0559:ROLVUN>2.0.CO;2
https://doi.org/10.1016/j.epsl.2019.115883
https://doi.org/10.1007/978-94-017-1437-2_6
https://doi.org/10.1007/978-94-017-1437-2_6
https://doi.org/10.1126/science.273.5278.1091
https://doi.org/10.1126/science.273.5278.1091
https://doi.org/10.2307/1950740
https://doi.org/10.1007/978-94-017-1437-2_4
https://doi.org/10.1007/s10750-007-9158-2
https://doi.org/10.1007/s10750-007-9158-2
https://doi.org/10.1111/j.1365-2427.1986.tb00944.x
https://doi.org/10.1126/science.1198322

Chapter 3. Paleoenvironmental research at Lake Victoria

Stager, J. C., Westwood, J., Grzesik, D., & Cumming, B. E. (2005). A 5500-year environmen-
tal history of Lake Nabugabo, Uganda. Palaeogeography, Palaeoclimatology, Palaeoecology,
218(3), 347-354. https:/ /doi.org/10.1016/j.palaeo.2004.12.025

Stager, J., & Johnson, T. (2000). A 12,400 14c yr Offshore Diatom Record From East Central Lake
Victoria, East Africa. Journal of Paleolimnology, 23(4), 373-383. https:/ /doi.org/10.1023/
A:1008133727763

Stager, J., Mayewski, P. A., & Meeker, L. (2002). Cooling cycles, Heinrich event 1, and the desic-
cation of Lake Victoria. Palaeogeography, Palaeoclimatology, Palaeoecology, 183(1), 169-178.
https:/ /doi.org/10.1016 /S0031-0182(01)00468-0

Talbot, M. R., & Livingstone, D. A. (1989). Hydrogen index and carbon isotopes of lacustrine
organic matter as lake level indicators. Palaeogeography, Palaeoclimatology, Palaeoecology,
70(1), 121-137. https:/ /doi.org/10.1016/0031-0182(89)90084-9

Talbot, M. R., & Laerdal, T. (2000). The Late Pleistocene - Holocene palaeolimnology of Lake Vic-
toria, East Africa, based upon elemental and isotopic analyses of sedimentary organic
matter. Journal of Paleolimnology, 23, 24. https:/ /doi.org/0.1023/ A:1008029400463

Temple, P. H. (1963). Raised features along the southern shoreline of Lake Victoria. Proceedings
of the symposium, the east African Academy, 1, 13-22.

Temple, P. H. (1964a). Evidence of lake-level changes from northern shoreline of Lake Victoria,
Uganda, 31-58.

Temple, P. H. (1964b). Lake Victoria levels. Proceedings of the Easz African Academy, 2, 50-58.

Temple, P. H. (1967). Causes and intermittent decline of the level of Lake Victoria during the
Late Pleistocene and Holocene.

Temple, P. H. (1969). Some biological implications of a revised geological history for Lake Vic-
toria. Biological Journal of the Linnean Society, 1(4), 363-371. https:/ /doi.org/10.1111/j.
1095-8312.1969.tb00126.x

Verschuren, D., Edgington, D. N., Kling, H. J., & Johnson, T. C. (1998). Silica Depletion in Lake
Victoria: Sedimentary Signals at Offshore Stations. Journal of Great Lakes Research, 24(1),
118-130. https:/ /doi.org/10.1016 /S0380-1330(98)70804-4

Williams, M., Talbot, M., Aharon, P., Abdl Salaam, Y., Williams, F., & Inge Brendeland, K. (2006).
Abrupt return of the summer monsoon 15,000 years ago: new supporting evidence from
the lower White Nile valley and Lake Albert. Quaternary Science Reviews, 25(19), 2651—
2665. https:/ /doi.org/10.1016/j.quascirev.2005.07.019

Williams, M. A. J., Adamson, D., Cock, B., & McEvedy, R. (2000). Late Quaternary environ-
ments in the White Nile region, Sudan. Global and Planetary Change, 26(1), 305-316. https:
//doi.org/10.1016/50921-8181(00)00047-3

40


https://doi.org/10.1016/j.palaeo.2004.12.025
https://doi.org/10.1023/A:1008133727763
https://doi.org/10.1023/A:1008133727763
https://doi.org/10.1016/S0031-0182(01)00468-0
https://doi.org/10.1016/0031-0182(89)90084-9
https://doi.org/0.1023/A:1008029400463
https://doi.org/10.1111/j.1095-8312.1969.tb00126.x
https://doi.org/10.1111/j.1095-8312.1969.tb00126.x
https://doi.org/10.1016/S0380-1330(98)70804-4
https://doi.org/10.1016/j.quascirev.2005.07.019
https://doi.org/10.1016/S0921-8181(00)00047-3
https://doi.org/10.1016/S0921-8181(00)00047-3







4. From Desiccation to wetlands and outflow: Rapid re-filling of
Lake Victoria during the Latest Pleistocene 14 — 13 ka

in press in the Journal of Great Lakes Research

Giulia Wienhues!", Yunuen Temoltzin-Loranca?, Hendrik Vogel3 ,Marina A. Morlock®#, Andy
Cohen®, Flavio S. Anselmetti®, Stefano M. Bernasconi®, Madalina ]aggié, Wojciech Tylmann7,
Mary A. Kishe®, Leighton King”1?, Nare Ngoepe”'?, Colin J. Courtney-Mustaphi'l'?, Moritz

Muschick®1?, Blake Matthews’1?, Salome Mwaiko”!?, Ole Seehausen®1?, Willy Tinner?, and

Martin Grosjean’

! Qeschger Center for Climate Change Research and Institute of Geography, University of Bern, Bern Switzerland
2 Institute of Plant Sciences, University of Bern,Bern, Switzerland

3 Institute of Geological Sciences, University of Bern, 3012 Bern, Switzerland

4 Department of Ecology and Environmental Sciences, Umea University

5 Department of Geosciences, University of Arizona, Tucson, Arizona, USA

6 Department of Earth Sciences, ETH Ziirich, Zurich, Switzerland

7 Institute of Geography, Gdansk University, Gdansk, Poland

8 Tanzania Fisheries Research Institute, Dar es Salaam, Tanzania

9 Department of Fish Ecology and Evolution, Swiss Federal Institute for Aquatic Science and Technology (EAWAG), Kastanien-
baum, Switzerland

1o Aquatic Ecology and Evolution, Institute of Ecology and Evolution, University of Bern, Bern, Switzerland
11Depalrtrnent of Environmental Sciences, University of Basel, Basel, Switzerland

12 Nelson Mandela African Institution of Science and Technology, Arusha, Tanzania

Abstract

Reconstructing hydrological variability is critical for understanding Lake Victoria’s (LV) ecosystem his-
tory, the evolution of its diverse endemic fish community, the dynamics of vegetation in the catchment,
and the dispersal of aquatic and terrestrial fauna in the East African Rift system during Latest Pleis-
tocene and Holocene times. Whereas consensus exists on widespread desiccation of LV ~18 -— 17 ka, the
re-filling history (16 — 13 ka) has remained highly controversial. Here, we present data from four new
sediment cores along a depth transect. We use lithostratigraphic core correlation, sediment facies, XRF
data, wetland vegetation analysis (Typha pollen), and *C chronologies of unprecedented precision to
document Latest Pleistocene lake-level variability.

At our coring site in the central basin, local Typha wetlands existed >16.7 ka, alternating with peri-
ods of desiccation. Moisture increased slightly between ca. 16.7 — 14.5 ka and wetlands with permanent,
shallow ponds established simultaneously in the center and the marginal, more elevated parts of the flat
lake basin. After ca. 14.0 ka, lake levels increased; wetlands in the central basin were submerged and
replaced by lacustrine environments and a >50 m deep lake established ca. 13.5 ka, likely with inter-
mittent overflow most of the time. The lake reached modern or even above-modern levels around 10.8
ka. This lake-level history is consistent with regional terrestrial paleoenvironmental reconstructions, no-
tably the expansion of afromontane and rainforest. Our data suggest a complex picture of paleoclimatic
conditions in Eastern Africa and teleconnections to the North-Atlantic and Indian Ocean domains.

Keywords: Climate Change, Late Quaternary, Limnogeology, Paleolimnology, Lake sediments,
Eastern Africa

43



Chapter 4. Re-filling of Lake Victoria

Sediment core transect reveals deglacial wetland conditions in Lake Victoria, East Africa
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4.1 Introduction

Latest Pleistocene refilling had profound impacts on the ecological processes of Lake Vic-
toria (Johnson et al., 1996). The most prominent example is the richness of endemic hap-
lochromine cichlid fish species, which started evolving very rapidly after the refilling of the lake
began ~16 ka ago (Stager et al., 2002). This is the fastest vertebrate species radiation known on
Earth (McGee et al., 2020; Seehausen, 2002). It has been argued that lake-level variability with
desiccation and refilling was a critical environmental constraint and driver for the radiation of
cichlid fish species in Lake Victoria (Johnson et al., 1996; Muschick et al., 2018; Seehausen, 2002).
Moreover, there is growing evidence that Early Holocene hydroclimatic changes (African Hu-
mid Period (AHP)) and related hydrological connectivity played an important dual role as cor-
ridors or barriers for fish and mammal dispersal in Eastern Africa. Therefore, comprehensive
information on the timing and rate of past lake-level fluctuations of Lake Victoria is imperative
to better understand the relation between hydroclimatic change, lake development, and biotic
responses in the lake and in the catchment including the cichlid fish adaptive radiation, other
evolutionary processes, species dispersal, fire history, and vegetation dynamics (Dommain et
al., 2022; McGee et al., 2020; Temoltzin-Loranca et al., 2023), among others.

Sediment-based reconstructions of lake-level fluctuations reveal direct evidence of lake re-
sponses to hydroclimatic variability. Earlier studies on sediment cores, predominantly from
the northern and central parts of Lake Victoria (Johnson et al., 1996; Kendall, 1969; Stager, 1984;
Stager & Johnson, 2008; Stager et al., 2011; Talbot & Livingstone, 1989) provided a complex but
still ambiguous and controversial picture of the lake’s refilling history after the Latest Pleis-
tocene desiccation. The desiccation period is well established and diagnosed with dry, dense
crumbly sediment interpreted as paleo-Vertisol found in the basal strata of sediment cores from
the deepest part of the lake (Johnson et al., 1996). According to Stager and Johnson (2008), the
lake may have had multiple low stands and “began to re-fill ca. 15,000 years ago [...] then fell
again to virtually complete desiccation some time between 15,900 and 14,200 years ago”. Later, Stager
et al. (2011) proposed a substantial lake transgression between 16.0 and 14.5 ka which is, how-
ever, not supported by regional 6Dy, 40, hydroclimatic data (Berke et al., 2012; Tierney et al.,
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2008, 2011). Similarly, the short-term desiccation event around 15 ka (14.2 ka Stager et al., 2011)
was not found in other sediment cores (e.g., V95-1P, V96-7P; Beuning et al., 2002; Johnson et al.,
1996), and the timing of these putative events remained unclear.

Inconsistencies in the interpretation of the Latest Pleistocene lake-level history, particularly
between 16 and 14 ka are possibly partly attributable to large distances between the different
coring and study sites (Fig. 4.1), different water depths in several sectors of the large lake, dis-
parities in lithologies of the sediment cores and substantial uncertainties in the 4C chronologies
(Beuning et al., 2002; Stager et al., 2011; Stager & Johnson, 2000; Talbot & Laerdal, 2000). Some
of the published *C dated sediments were repeatedly reinterpreted and have changed over
time along with updated sediment descriptions, different and newly applied the Latest Pleis-
tocene lake-level history, particularly between 16 and 14 ka are possibly partly attributable to
large distances between the different coring and study sites (Fig. 4.1), different water depths in
several sectors of the large lake, disparities in lithologies of the sediment cores and substantial
uncertainties in the *C chronologies (Beuning et al., 2002; Stager et al., 2011; Stager & Johnson,
2000; Talbot & Leerdal, 2000). Some of the published 14C reservoir corrections and calibration
models applied.

Here, we present data from a set of four new sediment cores along an offshore to nearshore
transect on the eastern part of the lake (Fig. 4.1; Supplementary Material Table S4.1). The tran-
sect is designed to reveal accurate and detailed spatial-temporal documentation of Lake Victo-
ria’s Late Quaternary lake-level history and emergence of its modern lacustrine ecosystem. We
review the major findings from previous studies in light of our novel chrono-lithostratigraphic
approach. We build on sediment core chronologies with unprecedented precision and discuss
the paleoclimate conditions that have impacted the Late Quaternary lake-level transgression in
the Victoria Basin. Finally, we place our findings into context with the fire history and vegeta-
tion dynamics in the catchment of the lake and with East African paleoclimate records.

4.2 Material and methods

4.2.1 Study site and experimental description

Lake Victoria (0.5°N to 3.0°S, 68,800 km?) is located in a depression between the two branches
of the East African Rift (Fig. 4.1). Today, the lake is shallow with a maximum water depth of 68
m (Johnson et al., 1996). Bathymetric surveys reveal a bowl-shaped lake basin without major
topographic features and with very gentle slopes (0.035°- 0.15°; Hamilton et al., 2022). The hy-
drological budget of the lake is positive and controlled by direct precipitation (1790 mm yr~!;
>80% of incoming water) and lake surface evaporation (1551 mm yr~!; ~70 % of outgoing wa-
ter, Yin & Nicholson, 1998)). River runoff from the small catchment area (drainage ratio ~2.67)
is limited (runoff coefficient 9%; Crul et al., 1995)) and contributes 338 mm yr~! to the lake’s
water balance (Yin & Nicholson, 1998). The northern outflow is the primary source of the White

Nile River.

Precipitation occurs in two rainy seasons (March to May and October to December) as a
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FIGURE 4.1: (A) Catchment and bathymetry of Lake Victoria with coring sites: V95-1P (Johnson et al.,
1996); V95-2P (Johnson et al., 1996); V96-7P (Johnson et al., 1996); Ibis 3 (Stager et al., 1986); LVC18-
5S4, LVC18-S1, LVC18-S2 and LVC18-S3 (Temoltzin-Loranca et al., 2023, and this work); Ibis 1/Damba
Channel (Stager et al., 1986); P2 and 64-4 (Kendall, 1969) (B) Inset map of the coring transect with LVC18-
S1 (LV1), LVC18-S2 (LV2), LVC18-S3 (LV3), and LVC18-54 (LV4); this work; (ESM Table S1). (C) Depth
profile of the coring transect in distance to the shoreline. Bathymetric data are from Hamilton et al.

46

(2022).



Chapter 4. Re-filling of Lake Victoria

result of the changing position of mesoscale convection (Nicholson, 2018) and is, on long time-
scales, influenced by the seasonal migration of the Afrotropical rain belt, the position of the
Congo Air Boundary and the strength of the Indian and Atlantic monsoons predominantly con-
trolled by orbital, greenhouse gas and North Atlantic forcing (Beverly et al., 2020; Castafieda
et al., 2016; Nicholson, 2018; Stager & Johnson, 2000; Verschuren et al., 2009).

In 2018, UWITEC piston cores were taken along a depth transect starting from the eastern
shoreline (Fig. 4.1A-B; Table S4.1). Overall, multiple cores were collected at four different
coring sites LVC18-51 to LVC18-54 (hereafter LV1 to LV4) with water depths ranging from 13.4
to 63 m below modern lake level (m.b.1l. in October 2018; Fig. 4.1C). A continuous master
composite core was established for each coring site. The stratigraphic correlation is based on
tie points inferred from XRF data (Fig. S4.1).

4.2.2 Chronology, lithostratigraphy, and analytical methods

The chronologies for cores LV1, LV2, and LV4 were established based on 14C dates from
85 sieved (50 ym mesh) and handpicked terrestrial plant-macrofossils and charcoal pieces (for
details see Temoltzin-Loranca et al. (2023). The age model for LV3 is based on 14C dates from 11
sieved (50 ym mesh) and handpicked charcoal pieces (this work: Fig. S4.2, and Tables 54.2 and
S4.3). C accelerator mass spectrometry (AMS) analysis was performed for all samples with
the MICADAS system at the Laboratory for the Analysis of Radiocarbon (LARA) at the Univer-
sity of Bern (Szidat et al., 2014). Calibration was performed with IntCal20 (Reimer et al., 2020).
Freeze-dried and homogenized sediment samples from a short gravity core nearby LVC18-53
(LVC18-S3-5C2) were analyzed for *’Cs and ??°Ra directly by gamma-ray spectrometry us-
ing a HPGe well-type detector (GCW 2021) at the Faculty of Oceanography and Geography,
University of Gdansk, Poland. 2!°Pb activities were measured indirectly by 2°Po using alpha
spectrometry (Table S4.3). For details see Tylmann et al. (2016). Unsupported 2'°Pb was calcu-
lated with the level-by-level method. Sediment ages were obtained using a Bayesian statistical
approach with the software package rplum (Aquino-Lépez et al., 2018) and with the Constant
Flux-Constant Sedimentation (CF-CS) model.

Lithofacies description and interpretation of the sediment across the paleosol-wetland-lake
continuum follows the model of Ashley et al. (2013) which was developed for the Loboi Swamp
in Kenya. Following Richardson et al. (2022) we use the term ‘wetland” for an environment
inferred from >30 % emergent vegetation (here mainly Typha as identified by pollen analysis;
Temoltzin-Loranca et al. (2023)) in a mosaic with shallow (<2-3 m) ponds of up to a few ha
in size with lentic water. According to Temoltzin-Loranca et al. (2023) this environment was
treeless. Pollen samples with >5 % Typha pollen are interpreted as representative of local stands
of cattail (rational pollen percentage limit, Davis et al. (1991)).

Scanning X-ray fluorescence (XRF) for major elemental composition was carried out on core
halves using both a Mo- and Cr-anode X-ray tube and an ITRAX core scanner at the Institute of
Geological Sciences, University of Bern. XRF measurements were performed at 50 mA, 30 kV,
and 30 s integration time over 5 mm intervals.

Total organic carbon (TOC) and nitrogen isotope compositions (§°N) were measured on
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homogenized and freeze-dried samples in tin capsules using a ThermoFisher Flash-EA 1112
coupled with a Conflo IV interface to a ThermoFisher Delta V isotope ratio mass spectrometer
(IRMS) at the Geological Institute, ETH Zurich. Isotope ratios are reported in the conventional
d-notation with respect to atmospheric N, (AIR) and VPDB (Vienna Pee Dee Belemnite) stan-
dards, respectively. Analytical reproducibility of the measurements is better than 0.2 %.. Total
sulphur was measured on 10 mg homogenized and freeze-dried samples using a CNS Vario El
cube Elemental Analyser.

4.3 Results and discussion

4.3.1 Late Pleistocene lake-level variability

The lithostratigraphy at our deep-water site LV4 (63 m.b.11.) reveals (partial) exposure of
the lake floor from at least ~20.2 ka (bottom of LV4), until prior to ~16.4 ka, as indicated by a 14
cm section of fine-grained, dry and dense mud below 763 cm sediment depth (Fig. 4.2 and Fig.
54.3). The low water content and high bulk density compared with the overlying sediment (Fig.
4.3) suggest episodically exposed environments (Ashley et al., 2013). At 16.6 ka (777-778 cm
sediment depth), Typha pollen > 5 % indicate local stands of cattail and wetland environments
with shallow ponds. Because of the low-energy aquatic depositional environment (sedimenta-
tion rates < 0.1 mm yr‘1 ; Temoltzin-Loranca et al., 2023), wetland sediments are often difficult
to distinguish from lacustrine deposits (Ashley et al., 2013). Today, heliophilous Typha is grow-
ing in ponds and up to tens of meters away from the lake shoreline and at water depth up to
1 m (Grace & Wetzel, 1981). Since Typha pollen is unlikely to travel large distances we use it as
an indicator for local wetland environments (Temoltzin-Loranca et al., 2023). Basal sediments
at LV4 dated between ~20.2 and 16.6-16.4 ka (Fig. 4.4 and Fig. S4.3), lack features of soil forma-
tion (paleo-Vertisol), in contrast to what has been observed at other sites in the central basin at
this time (Fig. 4.4; Johnson et al., 1996; Talbot & Leaerdal, 2000). Instead, our data suggest that
wetlands persisted locally at least from ~16.6 ka onwards, similar to wetlands found adjacent
to modern savannas in parts of the surrounding landscapes. However, the lack of pollen in
several of the basal samples (e.g., between 763 and 776 cm) is interpreted as indicating century-
scale drier intervals with lower water tables and oxidation of organic matter, supporting the
general view of episodic subaerial exposure of the site. Given the very flat topography of the
lake basin, the presence of wetlands with small ponds at LV4 does not refute the existence of a
paleo-Vertisol elsewhere in the central basin of the lake at the same time (Fig. 4.5A).

An initial, weak, and limited increase in moisture is inferred to have occurred between 16.4
and 15.0 ka. The continuing presence of abundant Typha pollen (>5 %) and sponge spicules at
the offshore site (LV4, 63 m.b.1.1.) and the near shore site (LV2, 22.6 m.b.11.; >15 % Typha pollen;
Fig. 4.2) suggest extended and persistent wetland conditions at both sites. Increasing Rb/K
values, interpreted as indicating erosional input from the catchment, and chemical weathering
of lithogenic material (Burnett et al., 2011; Davies et al., 2015) remained at low levels (Fig. 4.3).
This suggests that transport of poorly weathered lithogenic material from the catchment was
limited under generally dry conditions. The relatively high 6'°N values observed in this part
of the core are typical for soil organic matter N sources from a grassland-dominated catchment
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FIGURE 4.2: Chronology and lithostratigraphy of cores LV4, LV1, LV2 and LV3 along the transect and
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stands of cattail and wetland environments (Temoltzin-Loranca et al., 2023). The widths of the strati-
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only for dates within the discussed period > 10 ka) (Temoltzin-Loranca et al., 2023, data for LV3 in ESM
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FIGURE 4.3: Water content, dry bulk density (DBD), 015N, total S and TOC/S ratios from core LV4 indi-

cating the dry conditions prior to 16.4 ka (brown), the wetland period (green), the rapid lake-level rise

14.2-13.6 ka (dark blue) and the freshening and open system of Lake Victoria after 13.5 ka (light blue).

The Rb/K ratio is standardized for better comparison between the coring sites (LV4, 1, and 2). Higher

Rb/K values indicate erosion and input of poorly weathered lithogenic material from the catchment
with increased humidity. The Zr/Ti ratio depicts a very similar trend as Rb/K (not shown).

under still relatively dry conditions and N starvation, or caused by local N limitation in the
wetlands (Temoltzin-Loranca et al., 2023; Williams et al., 2006). Our data do not support a major
lake transgression for this period as proposed by Stager et al. (2011). Instead, the synchronous
presence of permanent wetlands across a large horizontal and vertical gradient in the lake
basin (from sites at 63 to 22.6 m.b.11.) suggests that shallow water bodies, possibly sustained
by near-surface groundwater tables and/or local surface runoff, persisted simultaneously in
large parts of the basin with its nearly flat topography. Local geomorphic processes, such as by
animal activity, and/or erosion, may have played a role in promoting the formation of wetlands
(Tooth & McCarthy, 2007). Nevertheless, steadily decreasing Typha pollen at the deep-water site
LV4 suggests gently increasing water tables from 16 ka onwards and a growing distance from
the local Typha stands at the lake shores. Given the nearly flat topography of the lake basin,
only a very subtle rise in lake level would create a substantial increase in distance between
the Typha stands and the core site. A permanent and widespread shallow lake close to the
elevation of LV4 would correspond to a very shallow <5 m-deep lake covering roughly < 25 %
of the modern surface with an extensive zone of fringing wetlands (Fig. 4.5A). It is conceivable

that perennial wetlands with ponds occupied large parts of the basin.

Evidence for a second desiccation event 15.9 — 14.2 ka (Stager & Johnson, 2008; Stager et
al., 2011, Fig. 4.4) is absent in LV4. Instead, our record reveals continuous sedimentation of
fine sediment with lower bulk density and higher organic matter content 15 — 14 ka (Fig. 4.3
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lished chronologies)); V96-7P (Beuning et al., 2002; Stager et al., 2002); Ibis 3 (Stager et al., 2002; Talbot &
Livingstone, 1989); LVC18-51-4 (Temoltzin-Loranca et al., 2023, this work marked); Ibis 1/Damba Chan-
nel (Stager & Johnson, 2008; Stager et al., 2011); P2 and 64-4 (Kendall, 1969; Stager & Johnson, 2008).
Note that coastal cores P2 and 64-4 have much higher sedimentation rates and the lacustrine sediments
have a lower topographic position (26 m.b.L.1.). Red circles indicate dated sediments interpreted mostly
as subaerial exposed deposits or paleo-Vertisols, possibly with local episodic wetlands, suggesting a
consistent picture of very dry conditions prior to 17 ka and ending by 16 ka at latest. Green squares
represent sediment interpreted as shallow water and wetland conditions. Diagnostic features include
Typha pollen (>5%, Temoltzin-Loranca et al., 2023), low hydrogen index values (Ibis 1 and 3; Talbot
& Livingstone, 1989) or abundant brackish water diatoms (Ibis 1; Stager et al., 2011). Blue diamonds
indicate sediments deposited in deeper lacustrine conditions and flooding at the coring sites. Yellow di-
amonds mark *C dates in littoral sand deposits with significant reworking and age inversions. The grey
shading marks the discussed period of heterogenic sediment features and diverging interpretations.
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and Fig. $4.3). Rb/K (at site LV4 and 1V2) and 6'°N remain at constantly low and high lev-
els, respectively, suggesting that a drastic change in the environment was unlikely during this
period. Also, sedimentation rates remained unchanged (5 mm yr~!, Temoltzin-Loranca et al.,
2023) suggesting uninterrupted wetland or very shallow lake conditions at that site (Fig. 4.5B)
with nearby or local Typha stands (around 5 % Typha pollen). During this same time period,
local Typha stands persisted concurrently at high elevation in the lake basin (LV2, 22 m.b.1.1),
where dark greyish, coarse mud formed at that time (Fig. 4.2 and 54.3).

Between 14.0 and 13.6 ka, we observe a phase of very rapid uninterrupted lake-level rise. At
site LV2 (22.6 m.b.1.L.), local stands of Typha disappeared, and wetland deposits were replaced
by lacustrine littoral deposits (sand with mollusk fragments) prior to 13.6 ka. Continuous la-
custrine environmental conditions were established at LV2 site (22.6 m.b.1.1.) by ~13.6 ka (Fig.
4.2). At the near-shore site (LV3, 13.4 m.b.1.l.) dense, brownish-grey mud was deposited but
partly reworked and eroded possibly due to littoral wave action (hiatus in LV3, Fig. 4.2). The si-
multaneous replacement of littoral deposits with pelagic deposits at LV1 (37.6 m.b.1.1.) and LV2
around 13.8 — 13.6 ka is chronologically well constrained and suggests a very rapid lake trans-
gression, over a timespan of a few hundreds of years. A 40-50 m deep lake was established by
~13.6 ka (Fig. 4.5C), an inference which is also supported by observations from the coastal cores
Ibis-1 and P2 in the northern part of Lake Victoria (Dommain et al., 2022; Stager, 1984; Stager
et al., 2002; Talbot & Livingstone, 1989). In the central part of the lake (LV4), Rb/K gradually
increased, which is interpreted as indicating enhanced erosional input from the catchment and
stronger K leaching from soils under more humid climatic conditions. §'°N values decreased
sharply during the lake-level rise at both LV4 and V95-P2 (Talbot et al., 2006), suggesting the
rapid lake transgression between 14.0 and 13.6 ka (Fig. 4.5C) was a basin-wide phenomenon.
Low 6°N may result from greater N input from the catchment, as has been suggested in Lake
Albert (Talbot et al., 2006), and/or increased atmospheric N fixation from cyanobacteria and
reduced denitrification in an open basin, as has been suggested for Lake Titicaca (Ballantyne
etal., 2011).

Shortly thereafter (13.5-13.2 ka), the lake level reached topographic outflow as suggested
by a step change in the S and TOC/S profiles, and a stabilization of 6'°N at consistently lower
values in LV4 (Fig. 4.3), very similar in the structure and timing (within the chronological
uncertainty) as found in V95-2P (Talbot et al., 2006) Rb/K values further increased at both sites
LV4 and LV2 (Fig. 4.3). TOC/S ratios, often used as a salinity indicator (Cohen, 2003) increase
sharply and indicate freshening due to lake overflow 13.4 ka (Fig. 4.3). Likewise, the decreasing
trend of 6'°N and the subsequent stabilization at lower values could reflect a combination of
(i) a source shift away from the terrestrial soil-derived N towards more aquatic N sources,
and/or (ii) a decrease in denitrification rates as the system becomes more hydrologically open
(Ballantyne et al., 2011). The lake overflow and freshening at that time is temporally consistent
with Sr isotope data from the White Nile domain (Talbot & Leerdal, 2000) and 6'8O¢ejiy0se data
from core V96-7P (Beuning et al., 2002).

Thereafter, Rb/K and 6'°N values in the central part of the lake (LV4) remained constantly
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high and low, respectively, suggesting sustained erosional influx of lithogenic material and nu-
trients in a wetter climate and hydrological boundary conditions that support a permanent
large lake with an outflow during most of the time. We do not find evidence in the 6"°N
or TOC/S data for longer periods of closed-basin conditions and prolonged periods with in-
creased aridity, for instance during the Younger Dryas (YD, ca. 12.8 — 11.7 ka). Water levels
quickly reached the near-shore site LV3 (13.4 m.b.L1; Fig. 4.2, Fig. 4.5D). However, sedimenta-
tion is discontinuous at that site and the large scatter of 1*C dates in the 20 cm sand deposit (Fig.
4.2, Fig. 54.2 and S4.3) suggests sediment reworking under wave action and fluctuating lake
levels at high stages. Following this dynamic phase, continuous lacustrine deposition started at
the shallow water site LV3 10.8 ka (Fig. 4.2, Fig. 4.5D), marking yet another lake-level increase
to modern or even above modern levels (Stager & Johnson, 2008; Stager & Mayewski, 1997).
Rb/K values (at LV4) reach maximum levels ca. 11 ka, possibly suggesting maximum humid-
ity (African Humid Period), although a decrease thereafter could have results from landscape
stabilization under rainforest expansion (Temoltzin-Loranca et al., 2023, Fig. 4.6).

4.3.2 Latest Pleistocene environmental and regional climatic change

Lake Victoria’s refilling history is consistent with dry conditions in the Latest Pleistocene
prior to ~15 ka and the transition to much wetter conditions at the onset of the African Humid
Period, starting between 15 and 13 ka, is widely observed in equatorial Eastern African paleo-
climate records (Fig. 4.6; Castafieda et al., 2016; Gasse, 2000; Junginger & Trauth, 2013; Loakes
et al., 2018; Otto-Bliesner et al., 2014; Shanahan et al., 2015; Wolff et al., 2011).

Closed-lake basins, such as Lake Victoria prior to 13.6 ka, are excellent recorders for past
hydroclimatic changes, because they respond very sensitively to changes in P-E and adjust
lake levels immediately to even subtle climatic changes. Today, the water budget of the lake is
mainly controlled by direct precipitation and evaporation (Yin & Nicholson, 1998). A climate-
water-budget model for Lake Victoria (Beverly et al., 2020) suggests that, depending on pale-
oclimate scenarios including temperature, precipitation, and orbital forcing, Lake Victoria can
completely dry out and re-fill to modern levels within centuries to a few millennia. Impor-
tantly, in the flat lake basin, small changes in water depth translate into large changes in lake
surface area (Olaka et al., 2010). This has three important implications which that act as pos-
itive feedbacks to the lake’s water balance: (i) changes in the fraction of lake surface versus
land strongly influence the water balance of the lake (runoff coefficient today 9 %, Crul et al,,
1995), (ii) a large lake has higher cloudiness which reduces evaporation (Yin & Nicholson, 1998)
and, (iii) the size of the lake controls precipitation in the catchment; today ca. 80 % of the in-
flow in Lake Victoria is recycled moisture from the large lake itself (Beverly et al., 2020; Yin &
Nicholson, 2002). Accordingly, Lake Victoria would dry out within centuries if precipitation
rates fell below 75 % of modern values (Beverly et al., 2020). Conversely, and depending on the
temperatures, the Latest Pleistocene dry lake basin would fill up to modern levels within a few
centuries if precipitation rates are close to modern and runoff is generated in the catchment
(Beverly et al., 2020), implying that there is only a narrow hydroclimatic range that keeps the
lake between desiccation and overflow. This paleoclimatic scenario and hydrological response
of Lake Victoria (Beverly et al., 2020) could well explain the rapid lake-level increase inferred
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from our data between 14 and 13.5 ka.

Hydroclimate also directly influences terrestrial vegetation and fire regimes in the catch-
ment of Lake Victoria (Karp et al., 2023; Temoltzin-Loranca et al., 2023). Therefore, information
on past vegetation dynamics and fire regimes serves as an independent validation of the lake
level reconstruction’s implications for paleoprecipitation. Pollen analysis on LV4 (Temoltzin-
Loranca et al. (2023)) shows that, prior to 13.5 ka, the area was dominated by savanna grass-
lands with only very small traces of mesophilous Afromontane vegetation (e.g., Olea, Podocar-
pus). Flammable biomass and fire activity was persistently low but increased slightly between
15 and 14 ka (Temoltzin-Loranca et al. (2023)). This corresponds well with generally dry condi-
tions and only weakly increased moisture after 15 ka as inferred from the lake level reconstruc-
tion (Fig. 4.4, Fig. 4.5, Fig. 4.6). The rapid lake-level rise after 14 ka is largely synchronous with
a substantial increase in Afromontane vegetation after 13.5 ka; local stands of Olea and Podocar-
pus established after 13.5 ka (Temoltzin-Loranca et al. (2023)). Rainforest expands continuously
after 10.7 ka, synchronously with the shift in 6Dje;fyar (Fig. 4.6, Berke et al. (2012)) and the
final lake-level rise to modern or above modern levels. Rb/K values reach their maximum and
decrease with the expansion of the rainforest after 11 ka.

The temporal link between Lake Victoria’s low lake levels and Heinrich Event H1 at ~16
ka and shifts in the monsoon and Congo Air Boundary is well described and emphasizes the
orbital and greenhouse gas forcings as well as teleconnections with North Atlantic meltwa-
ter/SST and Indian Ocean forcings (Castafieda et al., 2016; Otto-Bliesner et al., 2014; Stager et
al., 2002). Similar observations have been made for other lakes in the East African Rift (Jungin-
ger & Trauth, 2013; Loakes et al., 2018, among others). Relative aridity has been documented in
multiple records from tropical Africa and the Nile Basin between 18 and 16 ka, followed by an
increase in humidity until 14-13 ka and a marked drying during the Younger Dryas (YD) ~12
ka (Fig. 4.6; Berke et al., 2012; Castafieda et al., 2016; Loakes et al., 2018). Our findings are con-
sistent with this picture, although the moisture increase in Lake Victoria after 16 ka was rather
weakly expressed and delayed compared with lipid-biomarker records from Lake Tanganyika
(Fig. 4.6) and the northern Nile Basin (Castafieda et al., 2016). But the timing in Lake Victoria
goes along with most records in tropical West and Eastern Africa 0-5°N that do not show the
significant and abrupt hydroclimatic change before 14 ka (Loakes et al., 2018; Shanahan et al.,
2015). Aside of chronological disparities, it is most conceivable that, depending on (i) the pale-
oclimatic proxy used and (ii) the type of site-specific (eco)-hydrological linkage between water
in precipitation and plants (Bodé et al., 2020), the timing of the reconstructed hydroclimatic
change differs from site to site. Additionally, orographic effects might determine regional, and
site-specific atmospheric hydroclimate conditions. Given the flat topography of the Lake Victo-
ria lake basin, the role of runoff from the catchment, positive cloud-evaporation feedbacks and
the overflow at the level of the sill, the lake level variability of Lake Victoria was mostly driven
by non-linear processes and thresholds (of surface runoff and/or overflow). As a consequence,
the response would be expected to be somewhat different from other sites in tropical Eastern
Africa. This may also explain why, compared with other records from lakes Challa and Albert
and model simulations (Fig. 4.6; Otto-Bliesner et al., 2014; Tierney et al., 2011), the Younger
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Dryas (YD) drying is poorly expressed in our records, possibly with the exception of the sed-
iment hiatus and sand layer in LV3 (Fig. 4.2) and a plateau or even a local minimum in the
general Rb/K increase in LV2 and LV4 between 13 and 12 ka (Fig. 4.3). The YD drying was
apparently not long and/or strong enough to convert the open lake system into a closed lake
system, which would be clearly detectable in our proxies from the more profundal sites.

In general, the two periods of rapid lake-level rise in Lake Victoria (14.0--13.5 ka and 11 ka)
align with major northern hemisphere warming events: the onset of the Bolling—Allerod (here
mostly the Allerod) and the onset of the Holocene. Both events are associated with abrupt
intensification of the East African monsoon system (Overpeck et al., 1996; Shanahan et al.,
2015). Paleoclimate model simulations suggest that these abrupt increases in precipitation in
tropical and subtropical Africa are attributable to a combination of orbital and greenhouse gas
forcings, North Atlantic meltwater forcings and western Indian Ocean sea surface temperatures
(Otto-Bliesner et al., 2014), possibly enhanced by land surface — climate feedbacks (Shanahan
etal., 2015).

However, when examined in detail, Latest Pleistocene hydroclimatic variability in Eastern
Africa between 14 and 13 ka seems to show a spatially and temporally heterogeneous pattern
that is still not fully understood (Berke et al., 2014; Loakes et al., 2018). This seems particularly
to be the case for 6Dy 40y proxies which are not only related to the ‘amount effect’ (effective
moisture) but also to the ‘source effect’ (Costa et al., 2014, Atlantic versus Indian Ocean mois-
ture sources). Accordingly, shifts in 6Dje;fax may also be modulated by topographic features
and/or displacements of the Congo Air Boundary which further complicates a convergence of
different single-site interpretations into a consistent paleoclimatic picture (Fig. 4.6; Berke et al.,
2014; Castafieda et al., 2016; Costa et al., 2014; Junginger & Trauth, 2013; Loakes et al., 2018).

4.4 Conclusions

We conclude from our data that Lake Victoria experienced widespread desiccation with lo-
calized seasonal wetlands between ~20.2 and 16.7 ka. A first moisture increase 16.7-—15.0 ka es-
tablished permanent wetlands with very shallow ponds in the center of the Lake Victoria basin
surrounded by a savanna landscape with predominance of grasses. Subsequently, moisture
levels further increased; a shallow permanent lake was formed and wetlands extended across
most of the lake basin around 14.5 ka. A final lake-level increase occurred between ~14.0 ka
until 13.5 ka, when the lake reached outflow levels with concurrent expansion of Afromontane
and rainforest vegetation. The beginning of the Holocene (after 11.5 ka) is marked by a second
significant increase to modern, or even above-modern lake levels and a landscape dominated
by rainforest vegetation. This revised history of the Lake Victoria drainage basin hydroclimate
variability may serve, among others, as a basis to further test ecosystem responses to hydrocli-
mate change. It can also help to assess to which extent the desiccation and refilling history and
subsequent lake-level changes, as well as emerging hydrological connectivity of river systems
in Eastern Africa were constraining and driving pacemakers for the evolution of the lake’s en-

demic species richness and the species dispersal and range dynamics of terrestrial species.
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4.7 Supplementary Material

Sediment cores and 1C chronologies from Lake Victoria

The information about the coring sites for the piston cores LVC18-S1 to LVC18-54 and the
short gravity core LVC18-S3-SC2 (*°Pb dating; this study) is shown in Table S4.1.

TABLE S4.1: Sediment cores from Lake Victoria 2018

Core ID Location Water depth  Core length Chronology
Lat (°S) Long (°E) (mb.m.lL)* (m)
LVC18-54 (LV4) 1.049433° 33.796133° 63 7.78 Temoltzin-Loranca et al. (2023)
LVC18-S1 (LV1) 1.115230° 33.9191° 37 7.22 Temoltzin-Loranca et al. (2023)
LVC18-S2 (LV2) 1.130833° 33.946333° 22.6 8.01 Temoltzin-Loranca et al. (2023)
LVC18-S3 (LV3) 1.139067° 33.97655° 134 2.51 This work
LVC18-S3-SC2  1.13910°  33.97655° 10 0.40 This work

Fresh sediment of LVC18-S3 was sieved (50 #m mesh) continuously at 2 cm intervals; char-
coal fragments (> 50 um) were handpicked and immediately frozen following the procedure
of Temoltzin-Loranca et al. (2023). A total of 26 samples (23 of charcoal, 3 bulk sediment) were
selected for *C dating (Table S4.2). The dates on bulk sediments are parallel dates to charcoal
dates; they were taken for a different purpose (assessing C reservoir effects in LV) and are
excluded from the chronology (Fig. S4.2). Samples with small mass (< 300 ugC) were mea-
sured with the direct gas measurement, larger samples were measured from graphite targets.
14C AMS analysis was performed for all samples with the MICADAS system at the Labora-
tory for the Analysis of Radiocarbon (LARA) at the University of Bern (Szidat et al., 2014).
Calibration was performed with IntCal20 (Reimer et al., 2020). Freeze-dried and homoge-
nized sediment from a short gravity core nearby LVC18-S3 (LVC18-53-SC2) were analyzed for
137Cs and ??°Ra directly by gamma-ray spectrometry using a HPGe well-type detector (GCW
2021) at the Faculty of Oceanography and Geography, University of Gdansk, Poland. 2'°Pb
activities were measured indirectly by !°Po using alpha spectrometry (Table S4.3). For details
see Tylmann et al. (2016). Unsupported 2°Pb was calculated with the level-by-level method.
Sediment ages were obtained using a Bayesian statistical approach with the software package
rplum (Aquino-Lépez et al., 2018) and with the Constant Flux-Constant Sedimentation (CF-CS)
model corrected for the missing inventory (Tylmann et al., 2016). The ¥Cs activity profile data
was inconclusive and was not used in the final age model The >!°Pb chronology of the short
core suggests that the surface sediment at the coring site LVC18-53 is recent and that, today,

sediment erosion, reworking and focusing are all insignificant.

The final age-depth model for LVC18-S3 (Fig. S4.1) was established by combining the %!°Pb
and 10 *C dates, using the rBacon software (version 2.5.8) (Blaauw & Christen, 2011), with the
rplum 21%Pb ages constraining the top of the core. Radiocarbon ages from the sand layer are
reworked and were not included in the final model. In order to build the age-depth model, the
core LVC18-53 was split into three intervals based on lithology using the boundary function in

rbacon.
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stippled line). The 2!°Pb chronologies (CF-CS and rplum) of the surface core LVC18-S3-5C2 are shown
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Table 54.2: AMS *C ages and calibrated *C ages of the sediment core LVC18-S3.

Laboratory Core and Sample Sediment Carbon Measurement “CyrBP  Error Median 95 % C.L Lithology Included
Code 1D depth mass (calyr BP)  ages in model
(cm) ugC (£1l0) (Yes/No)
BE-17652.1.1 LVC3J1_9-10 0.5 660 graphite 2549 39 2626 2744-2497 homogenous fine N (contaminated)
mud
BE-17653.1.1 LVC3]J1_34-35 25.5 527 graphite 2927 43 3077 32042950  homogenous fine Y
mud
BE-17654.1.1 LVC3J1_59-60 50.5 449 graphite 4562 31 5214.5 5425-5063  homogenous fine Y
mud
BE-17655.1.1 LVC3J2_22.5- 75.5 395 graphite 4745 44 5492 5578-5332  homogenous fine N (bulk)
23.5_bulk mud
BE-17656.1.1 LVC3]2_47.5-48.5 100.5 318 graphite 4858 42 5589 5696-5483  homogenous fine Y
mud
BE-17657.1.2 LVC3J2_72.5-73.5 125.5 986 graphite 7828 53 8612 8927-8464  homogenous fine Y
mud
BE-17678.1.1 LVC3J3_23.5- 175.5 5.8 gas 12347 161 14478.5  15068-13937  homogenous fine N (reworked)
24.5_char mud
BE-17663.1.1 LVC3J3_39.5-41.5 191.5 8.9 gas 9562 131 10894.5 11195-10520 homogenous fine Y
mud
BE-17664.1.1 LVC3J3_41.5-42.5 193.5 65.3 gas 10475 117 12356 12683-11940  sand N (potentially
reworked)
BE-17665.1.1 LVC3]3_42.5-43.5 194.5 33.1 gas 11405 123 13283  13499-13102 sand
BE-17666.1.1 LVC3]3_43.5-44.5 195.5 58.3 gas 8218 144 9183 9475-8722  sand

* Material dated: ¢ = charcoal, b = bulk

Continued on next page
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Table S4.2: AMS *C ages and calibrated C ages of the sediment core LVC18-S3. (Continued)

Laboratory Core and Sample Sediment Material* Carbon Measurement 4CyrBP  Error Median 95 % C.IL Lithology Included
Code 1D depth mass (calyr BP)  ages in model
(cm) ugC (x1l0) (Yes/No)
BE-17667.1.1 LVC3J3_44.5-45.5 196.5 c 122.4 gas 10416 311 12162.5  12869-11275 sand
BE-17668.1.1 LVC3J3_45.5-46.5 197.5 c 330.5 gas 11629 404 13576 14839-12842  sand
BE-17669.1.1 LVC3J3_48.5-49.5 200.5 c 42.1 gas 11907 186 13788 14350-13397  sand
BE-17660.1.1 LVC3]3_49.5- 201.5 b 435 graphite 7582 458 8465 9496-7607  sand
50.5_bulk
BE-17679.1.1 LVC3]3_49.5- 201.5 c 30.9 gas 8471 161 9448 9949-9051 sand
50.5_char
BE-17670.1.1 LVC3J3_60.5-61.5 212.5 c 18.3 gas 11578 269 13466 14040-12949  sand/sed. interface Y
BE-17671.1.1 LVC3J3_62.5-63.5 214.5 c 15.2 gas 12047 148 13936 14680-13604  brownish sediment Y
BE-17672.1.1 LVC3J3_63.5-64.5 215.5 c 37.1 gas 12513 141 14701 15232-14176  brownish sediment Y
BE-17673.1.1 LVC3J3_64.5-65.5 216.5 c 23 gas 12304 578 14531 16159-13226  brownish sediment N (large error)
BE-17674.1.1 LVC3J3_66.5-67.5 218.5 c 76 gas 12430 215 14602  15300-13922  brownish sediment Y
BE-17675.1.1 LVC3J3_67.5-68.5 219.5 d 72.2 gas 4588 510 5188 6349-3901 brownish sediment N (large error)
BE-17676.1.1 LVC3J3_68.5-69.5 220.5 c 11.2 gas 8471 161 9454 9933-9045 brownish sediment N (low C)
BE-17661 LVC3J3_73.5- 225.5 b 44 graphite 7776 102 8571 8949-8399 brownish sediment N (bulk)
74.5_bulk
BE-17681.1.1 LVC3J3_73.5- 2255 c 48 gas 12347 161 14466 15057-13909  brownish sediment Y
74.5_char

* Material dated: ¢ = charcoal, b = bulk

Continued on next page
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Table S4.2: AMS *C ages and calibrated C ages of the sediment core LVC18-S3. (Continued)

Laboratory Core and Sample Sediment Material* Carbon Measurement 4CyrBP  Error Median 95 % C.IL Lithology Included

Code 1D depth mass (calyr BP)  ages in model
(cm) ugC (£1lo) (Yes/No)

BE-17662 LVC3J3_98.5-99.5 250.5 c 19 graphite 11975 204 13883 14749-13464  greyish sediment N (low C)

* Material dated: ¢ = charcoal, b = bulk
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FIGURE 54.3: Core description and line scan images of the basal part of the sediment cores LVC18-54,
LVC18-51, LVC18-S2, and LVC18-3. The composite sediment depths (master core) and the radiocarbon
ages (cal yr BP) are noted at the side.

TABLE S4.3: 219Pb and 1%7Cs data from the sediment core LVC18-S3-SC2

Laboratory Code Mid-depth cum. dry mass 210pp Error Total ¥’Cs Error Age CF-CS* Age rplum
unsupported activity
Coring year 0.000 2018.83 2018.80
LVC18_3_SC2_B_01 0.375 0.038 340.1 12.9 21.5 44 2016.00 2013.10
LVC18_3_SC2_B_02 1.000 0.128 175.3 8.6 16.3 5.8 2009.31 2007.40
LVC18_3_SC2_B_03 1.500 0.233 125.2 75 26.8 7.0 2001.51 2000.30
LVC18_3_SC2_B_04 2.000 0.340 116.7 7.4 24.6 6.0 1993.48 1993.20
LVC18_3_SC2_B_05 2.500 0.444 119.0 7.4 315 5.8 1985.74 1983.20
LVC18_3_SC2_B_06 3.000 0.542 83.1 6.5 20.1 5.3 1978.46 1973.30
LVC18_3_SC2_B_07 3.500 0.655 36.7 5.5 1970.01 1965.20
LVC18_3_5C2_B_08 4.000 0.783 29.9 5.4 1960.47 1957.20
LVC18_3_SC2_B_09 4.500 0.911 17.6 5.1 1950.95 1950.40
LVC18_3_SC2_B_10 5.000 1.048 17.1 51 1940.79 1943.70
LVC18_3_SC2_B_11 5.500 1.195 12.2 49 1929.81 1934.80
LVC18_3_SC2_B_12 6.000 1.347 16.2 5.1 1918.50 1925.90
LVC18_3_S5C2_B_13 6.500 1.506 8.0 5.0 1906.64 1913.50
LVC18_3_SC2_B_14 7.000 1.676 6.7 4.8 1893.95 1901.20

* Inventory correction 22.1 Bq/g; mean MAR 0.013 + 0.001; mean SR 0.053 + 0.003.
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Abstract

Lake Victoria is an ideal site to investigate Late Quaternary hydroclimatic variability and related ecosys-
tem responses. The Lake Victoria ecosystem is emblematic of the catastrophic effects that human activi-
ties, particularly cultural eutrophication, can have on freshwater biodiversity. However, little is known
about the long-term spatial and temporal pattern of aquatic primary paleo-production (PP,q) and pro-
ducer communities in Lake Victoria and how these patterns relate to past climate variability, landscape
evolution, lake hydrology, mixing regimes, nutrient cycling, and biodiversity dynamics in the past 17
kyr. We use sediments from four well-dated cores along a transect from offshore to nearshore sites, and
exploit XRF element scanning and hyperspectral imaging data, TC, TN, bSi, 6'>C and §'°N, and sedi-
mentary pigments to investigate paleolimnological variability and change. Our findings demonstrate
that changes in PP,q and algal communities during the past 17 kyr were closely related to hydroclimatic
changes, lake mixing, and nutrient availability. During the wetland phase (16.7 -14.5 cal la BP), PPaq
levels remained generally low, while chromophytes and chlorophytes dominated the algal community.
Following the rapid lake level rise (~14.2 ka) during the early African Humid Period (AHP), PP,q lev-
els steadily increased, accompanied by a shift towards cyanobacteria and chromophytes. During the
Holocene, our results suggest repeated short-lived arid intervals (~10.5, ~9 , 7.8-7.2, ~4 and 3.2-3.0 cal
ka BP) and two distinct periods of enhanced lake mixing associated with high PP,q and high diatom
productivity: the first one between 11 and 9 cal ka BP, which coincided with the maximum of the AHP
(high precipitation, high wind, enhanced mixing), and the second, less pronounced one, between 7 and
4 cal ka BP. Between these two periods (i.e. 9-7 cal ka BP) we observe reduced diatom productivity,
relatively low PP, and high C/N ratios, suggesting conditions with more stable lake stratification, likely
associated with reduced wind strength, and some nutrient limitation (N and P). Finally, the drier con-
ditions around the end of the AHP (ca. 4 cal ka BP) and during the late Holocene were associated with
decreasing lake mixing and increasing dominance of cyanobacteria. Given our reconstruction of PP,q
over the past 17 kyr, we conclude that the levels in the 20" century are unprecedentedly high, consistent
with the massive human-mediated impact on the Lake Victoria ecosystem including biodiversity loss.
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Keywords: Quaternary, climate change, paleolimnology, limnogeology, sedimentary pigments,
eutrophication

5.1 Introduction

Lake Victoria, the largest freshwater lake in the tropics, is renowned for its unique aquatic
biodiversity (Sayer et al., 2018) and holds significant socio-economic value for the surround-
ing countries (Nyamweya et al., 2023). Over the course of the last century, however, Lake
Victoria has faced profound environmental challenges including eutrophication, the introduc-
tion of invasive species, and land use changes in the catchment, among other challenges, that
have substantially altered the ecological functioning and sustainability of ecosystem services
(Gikuma-Njuru & Hecky, 2005; Njagi et al., 2022; Sitoki et al., 2010).

In Lake Victoria, eutrophication due to anthropogenic activities has been documented to
have left signatures that date back the 1920s (Hecky et al., 1994) and led, for instance, to the
development of hypoxia and harmful algal blooms (Hecky et al., 1994; Onyango et al., 2020),
increased abundances of primary producers, shifts in zooplankton composition, loss of fish
biodiversity and, finally, to a much simpler food web structure (Kaufman, 1992; van Zwieten
et al., 2016). However, given the complex interaction between abiotic and biotic factors con-
trolling aquatic ecosystems, the interconnectivity between catchment and lake processes, and
the relatively short observational periods, it is unclear whether currently observed changes
and states of the aquatic ecosystem exceed the range of past long-term patterns of variability
(Johnson et al., 1996; Temoltzin-Loranca et al., 2023a; Wienhues et al., accepted). Additionally,
it is uncertain to what extent changes in the aquatic ecosystem are controlled by the manifold
potential determining factors (climate, nutrient cycles, vegetation, and others).

Aquatic primary production is frequently used to assess the trophic status of lake ecosys-
tems (Jones & Smol, 2024; Michelutti & Smol, 2016). Several methods exist to reconstruct long-
term (centennial to multi-millennial) variability of aquatic primary paleo-production (PP,q)
from lake sediments (e.g., organic C, N, bSi, diatom-inferred total P, sedimentary chlorophylls
and their diagenetic products), but interpretations can be quite challenging. This is because
PP,q can be affected by many potentially interacting factors, such as climate (temperature, so-
lar radiation, wind), nutrient dynamics in the catchment and the lake, hydraulic changes, lake
mixing, light conditions and transparency of the lake water, and aquatic food web structure
(Jones & Smol, 2024). Furthermore, basin-wide assessments of PP,q can be complicated by
large spatial variability within a lake, which is also documented from contemporary studies
for Lake Victoria (Frank et al., 2023; Gikuma-Njuru et al., 2013). It is also well established that
interpreting sedimentary PP,q proxies can be challenging because they can undergo substantial
diagenetic alteration (Rydberg et al., 2020).

Records of sedimentary photosynthetic pigment biomarkers and their diagenetic products
can offer more detailed insight into past communities of primary producers (mainly phyto-
plankton), although their low taxonomic resolution limits species-level distinction. Neverthe-

less, these records can serve as informative indicators of associated ecological conditions (e.g.
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light and nutrient conditions, thermal stratification) and aquatic food web structure (Gikuma-
Njuru et al., 2013; Leavitt & Hodgson, 2001). Analysis of sedimentary pigments is common in
mid- and high-latitude or high-elevation lakes, but rare in tropical and subtropical lakes, par-
ticularly in Africa (Loakes et al., 2018; Meyer et al., 2018; Saulnier-Talbot et al., 2018; Uveges
et al., 2020). In such conditions, high temperatures and accelerated decomposition enhance the
potential for pigment degradation already in the water column, making them less likely to be
preserved in the sediment (Buchaca et al., 2019). It remains an open question whether sedimen-
tary pigments from warm tropical lakes such as Lake Victoria yield interpretable and reliable
data useful for paleoenvironmental interpretations.

Hence, the objective of our study is to investigate: (i) the detectability and degree of preser-
vation of pigments in the sediments of Lake Victoria and their use as proxy indicators of PPaq
under tropical conditions, (i) to explore the spatio-temporal variability of PP,q and primary
producer communities since the Late Pleistocene re-filling of Lake Victoria after 17 cal ka BP
and, (iii) to examine the likely environmental factors controlling primary production during
the latest Pleistocene and Holocene. To reach these objectives, we use sediments from four
well-dated cores along a transect from offshore (63 m water depth) to nearshore (13 m wa-
ter depth) that span the last 17 kyr (Temoltzin-Loranca et al., 2023a). The transect embraces
a wide range of ecological conditions across the lake. The recently refined chronology of the
lake’s refilling during the latest Pleistocene (Wienhues et al., in press) and new information
on regional vegetation dynamics and fire regimes from palynological and charcoal evidence
(Temoltzin-Loranca et al., 2023a; Temoltzin-Loranca et al., 2023b) provide the hydroclimatic
and catchment-process context for changes in PP,q, along with the documented shifts in inver-
tebrate and fish dynamics (King et al., 2024; Ngoepe et al., accepted, 2023). A better picture of
the time-space transgressive variability of PP,q and its underlying causes in Lake Victoria will
help to better understand trajectories of the lake ecosystem evolution under multiple stressors
through time. Our results may also provide information on lake eutrophication and its effects
on evolutionary dynamics by delivering new insights into potential first-order effects of inter-
nal changes in the lake’s biogeochemical conditions.

5.2 Material and methods

5.2.1 Study area

Lake Victoria (0.5 °N to 3.0 °S; 68,800 km?, 1135 m.a.s.l) is located in equatorial eastern
Africa between two branches of the East African Rift Valley (Fig. 5.1). The lake is relatively
shallow, with a mean water depth of ~40 m and a maximum water depth of 68 m (Johnson
et al., 1996).

Modern Lake Victoria is a hydrologically open lake and responds sensitively to rainfall vari-
ations (Beverly et al., 2020; Yin & Nicholson, 1998). The hydrological budget is controlled by
direct precipitation (>80% of incoming water) and lake surface evaporation (~70% of outgoing
water) (Yin & Nicholson, 1998). River runoff makes only a limited contribution to the water
input (Crul et al., 1995) and the lake drains through the Victoria Nile in the north. The tropical
climate is characterized by two distinct rainy seasons with long rains (March — May) and short
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FIGURE 5.1: Catchment and bathymetry of Lake Victoria with sediment cores (LVC18-S1 to LVC18-

54; hereafter referred to as LV1 to LV4, this study, orange circles) and previously collected cores (red

diamonds) (A) Inset map of the African continent with the location of Lake Victoria and the position of

the Intertropical Convergence Zone (ITCZ) and CAB during the months January and July. (B) and (C)

Inset map and depth profile of the coring transect (adapted from Wienhues et al., in press). (D) Sediment

core lithologies from LV1-4. The positions of 1*C dates are denoted as triangles (Temoltzin-Loranca et
al., 2023a; Wienhues et al., in press)

rains (October — December). Moist air masses derive from the Indian and Atlantic Oceans, re-
spectively, and are mainly governed by the interplay between the north-south migration of the
Afrotropical rain belt and the west-east movement of the Congo Air Boundary (CAB).

Currently, Lake Victoria is monomictic, with the water column overturning during the
cooler and windier dry season from May to August. Progressive eutrophication during the
20™ century resulted in more stable lake stratification and anoxic bottom waters (Hecky et al.,
1994; Verschuren et al., 2002), which are estimated to cover more than 40% of the lake’s bottom
area (Hecky et al., 1994). The rise in aquatic primary production was accompanied by a shift
from diatoms to cyanobacteria blooms and this coincided, along with the introduction of Nile
perch in the 1950s, with a dramatic loss of fish biodiversity (Hecky et al., 1994; Mugidde, 1993;
Ngoepe et al., accepted; Stager et al., 2009).

5.2.2 Sediment chronologies

A series of UWITEC piston cores were obtained in October 2018 along a depth transect off
the eastern shoreline (Fig. 5.1A-B). From multiple parallel cores at each coring site, continuous
master composite cores were established for four coring sites namely LVC18-S1 to LVC18-54
(hereafter referred to as LV1 to LV4). The water depths at the coring sites range from 13.4-63
meters below the modern lake level (m.b.1.1.) (Fig. 5.1C-D) (Wienhues et al., in press). Radio-
carbon chronologies for LV1, LV2, LV4 (Temoltzin-Loranca et al., 2023a), and LV3 (Wienhues
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et al., in press) were established based on sieved, handpicked and taxonomically identified
terrestrial plant macrofossils and charcoal using *C AMS MICADAS dating and Bacon age
modeling (Blaauw & Christen, 2011). Details of these complex chronologies are provided in
Temoltzin-Loranca et al. (2023a). The stratigraphic positions of the 1*C dates in the composite
cores are marked in Fig. 5.1D.

5.2.3 Geochemical methods

Multiple non-destructive geochemical analyses (XRF and hyperspectral imaging) on fresh
split core halves were performed prior to discrete subsampling for biogeochemical analyses (10
or 20 cm intervals, 1-3 cm?; Table S5.1).

Scanning X-ray fluorescence (XRF) was carried out using a Cr-anode (for LV1-3) and both Mo-
and Cr-anode X-ray tube (LV4) on the ITRAX core scanner at the Institute of Geological Sci-
ences, University of Bern. XRF measurements were performed at 50 mA, 30 kV, and 30 seconds
integration time with 5 mm (LV4, 1 and 2) and 10 mm (LV3) intervals. For further analyses, we
selected key XRF elements and elemental ratios based on data quality and interpretations of in-
terest (Davies et al., 2015): Zr, Ti, Fe, and K represent lithogenic sediments; Si/Ti is interpreted
as biogenic Si (bSi) and Rb/K relates to chemical weathering and hydroclimate.

Hyperspectral imaging (HSI) scans were performed on fresh split-core halves following
Butz et al. (2015). The relative absorption band depth index (RABD655-680max) was used to
quantify the absorption trough of total green chloropigments (TChl including chlorophyll 4, b,
and coloured degradation products) and is interpreted as total algal abundance and a proxy
for aquatic paleo-productivity (Michelutti & Smol, 2016). Further methodological details are
described in Butz et al. (2015) and Zander et al. (2022).

Total carbon (TC), §'3C and 6">N were measured on homogenized, freeze-dried samples
packed in tin capsules using a ThermoFisher Flash-EA 1112 coupled with a Conflo IV interface
to a ThermoFisher Delta V isotope ratio mass spectrometer (IRMS) at the Geological Institute,
ETH Zurich. Isotope ratios are reported in the conventional J-notation with respect to atmo-
spheric N, (AIR) and VPDB (Vienna Pee Dee Belemnite) standards, respectively. Analytical
reproducibility of the measurements is better than 0.2 %.. Due to the absence of inorganic car-
bon in the sediment (tested by CNS analysis on ashed samples), samples were not acidified
prior to isotopic analysis. Thus, TC reflects total organic carbon (TOC) in these samples.

Biogenic silica (bSi) analysis followed the wet-alkali method of Ohlendorf and Sturm (2008).
Extracts were measured with ICP-MS (Agilent ICP-MS 7700x). Organic matter was removed
by H,O; prior to leaching (Mortlock & Froelich, 1989). The solid residual after bSi leaching was
used for grain size distribution analysis by laser diffraction, using a Malvern Mastersizer 2000
instrument (Fig. S5.4).

For LV1, sequential phosphorus extraction was performed on 200 mg homogenized, dry
samples following the standardized SMT protocol of the European Commission (Ruban et al.,
1999, 2001; Tu et al., 2021; Williams et al., 1976). Phosphate concentrations were determined
photometrically through the malachite green method (Ohno & Zibilske, 1991; Tu et al., 2021).
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Analytical efficiency was controlled with the certified reference sediment material (CRM) BCR-
684 and showed good agreement (Table S5.2).

Sedimentary pigments were extracted following Sanchini and Grosjean (2020). The pigment
extracts were quantified with high performance liquid chromatography (HPLC) at the CNR
Water Research Institute in Verbania, Italy (method by Lami et al. (2000)). All HPLC pigment
concentrations were expressed as nMol per g of organic carbon to minimize matrix dilution

effects by clastic sediment (Lami et al., 2000).

5.2.4 Statistical analyses

All statistical analyses were performed using R v4.1.2 (Team, 2021). XRF and HSI data were
averaged to 0.5 cm resolution (for LV3 at 1 cm). The data were transformed using the centred
log ratio (clr) transformation (Aitchison, 1982) and scaled prior analyses. A principal com-
ponent analysis (PCA) was conducted on a correlation matrix using the vegan::rda() function
(Oksanen et al., 2019). Unconstrained cluster analysis was done using the ward.D2 clustering
method with the Euclidean distance (Murtagh & Legendre, 2014) to delineate sediment sections
with similar geochemical compositions (lithotypes). Additionally, stratigraphically constrained
cluster analysis (CONISS) clustering (Grimm, 1987) was applied to divide the core sequences
into sediment units using the R package rioja (Juggins, 2015). The number of significant clusters
and principal components was determined based on the broken-stick model (Bennett, 1996).

A separate CONISS clustering was performed on the HPLC sedimentary pigment dataset
(pigment zones). We selected pigments that can be associated to algal groups. Pigment con-
centrations were Hellinger-transformed and scaled prior to analysis. A broken-stick model was

used to determine the number of pigment zones (Bennett, 1996).

5.3 Results and interpretation

5.3.1 Lithotypes and primary production

At our deepest coring site (LV4), cluster analysis on selected biogeochemical XRF and HSI
proxies revealed five lithotype-clusters (hereafter lithotypes) and five CONISS zones (Units I -
V), whereby the boundaries of the lithotypes and the units closely match each other (Fig. 5.2).

The basal sedimentary Unit I in LV4 (16.7 — 14.5 cal ka BP; 778 — 692 cm; Fig. 4.2; coring
site at 63 m water depth) is characterized by clastic, fine, dense mud with high Zr, Ti, Fe, and
K counts and low PP,q (low TChl, Br, Si/Ti), representing sedimentation in a landscape with
shallow, episodically dry ponds. These ponds were surrounded by extended wetlands during
the dry period prior to 16.2 cal ka BP (Wienhues et al., in press). The highest values of clastic
indicators (Zr, Ti, Fe, K) are found in the basal part of the core where dry bulk density is high
and water content low. From 16.2 cal ka BP onwards, fine uniform organic mud was deposited,

still in a pond-wetland environment.

In Unit II (between 14.5 and 11.5 cal ka BP; 692 — 565 cm), the deposition of fine, uniform,
organic mud continues. At 14.2 cal ka BD, a first marked increase of PP,q is recorded (TChl),
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whereas lithogenic indicators (Ti, Fe, K) continuously decrease towards a minimum at 11.2 cal
ka BP. In this period, Si/Ti largely correlates with bSi concentrations, suggesting the predomi-
nantly biogenic origin of excess Si (Si/Ti; silicified algae, Brown, 2015). The sediments of Unit
IT reflect deposition in the rapidly infilling lake between 14.2 — 13 cal ka BP and the subsequent

establishment of the modern lake with an overflow towards the Nile (Wienhues et al., in press).
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FIGURE 5.2: Selected bio-geochemical variables (XRF, HSI, bSi, TOC, 513C, 615N, and atomic C/N ratio)
and PCA scores plotted by age for LV4. For Zr, Ti, Fe, and K, the blue color refers to the scale at the
bottom. The colored bar shows the lithotypes identified by unconstrained cluster analysis. The strati-
graphically constrained cluster boundaries (Units I-V) are shown as horizontal dashed grey lines. The
position of the potential cryptotephra is indicated with an asterisk (Lane et al., 2018). The principal com-
ponent biplot shows the first two principal components with loadings of each variable depicted as black
arrows. Data points in the PCA biplot are grouped and colored by cluster/lithotype. The corresponding
figures for LV1-3 are shown in the Supplementary Material (Figs S5.1, S5.2, S5.3)

Sediments of Unit I1I (11.5 — 9.5 cal ka BP; 565 — 427 cm) still consist of fine, uniform, organic
mud. At the onset of the Holocene, a further pronounced increase in PP,q is observed. Smear
slide analysis and high bSi, Si/Ti values suggest that the increase in TChl in Unit III is mostly
related to diatoms. In Lake Victoria, high diatom abundance has been interpreted mainly as
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indicative of enhanced water column mixing (Gikuma-Njuru et al., 2013; Johnson et al., 1998;
Stager et al., 1997; Stager et al., 2003; Stager & Johnson, 2000). Most likely, allochthonous input
of nutrients from the catchment was enhanced due to increased rainfall during that time (Cock-
erton et al., 2015; Kendall, 1969). A rapid increase in precipitation is also supported by elevated
Rb/K ratios and a further lake level rise around 10.8 cal ka BP (Wienhues et al., in press). The
relatively low values of clastic indicators (Zr, Ti, Fe, K) are related to enhanced deposition of
biogenic components in the sediment (matrix effect, bSi > 20%) and higher sedimentation rates
(Temoltzin-Loranca et al., 2023a) rather than reduced allochthonous sediment flux.

Unit IV (9.5 —7.2 cal ka BP; 427 — 326 cm) continues with the deposition of fine uniform
organic mud. In contrast to the diatom-rich Unit III, sediments of Unit IV suggest lower PP,q
(TChl), specifically lower diatom production (bSi, Si/Ti), which points towards reduced mixing
and enhanced water column stratification. Rb/K remains at high levels suggesting continuing
strong chemical weathering (Davies et al., 2015; Wienhues et al., in press) and humid hydrocli-

matic conditions.

Sediments of Unit V (7.2 cal ka BP- Present; 326 — 0 cm) still consist of fine uniform organic
mud. Visually, there is no difference to the sediment in Unit IV. Conditions remained overall
very stable during the mid-to-late Holocene. Unit V starts with a local maximum in diatom
production (high bSi and Si/Ti, enhanced lake mixing) and Rb/K (chemical weathering, hy-
droclimate), and a concomitant local minimum in clastic indicators between 7.2 — 5.8 cal ka
BP. Overall, PP,q (TChl) remains very high with slightly increasing trends towards 1 cal ka BP
followed by weakly decreasing trends in the last millennium. BSi concentrations start declin-
ing already around 4.2 cal ka BP. Peaking TChl values in the uppermost part of the core reflect
the contemporary eutrophication evident since the last century (Hecky et al., 1994; Verschuren
et al., 2002). A short-term peak of Zr at 3 cal ka BP may correspond to a cryptotephra layer
previously described in the V95-1P core and dated to 3151 — 2537 cal. BP (Lane et al., 2018).
This aligns with a prominent anomaly of magnetic susceptibility observed in several other LV
cores (Johnson et al., 2000).

PCA of the entire LV4 core shows that negative scores of PC axis 1 (PC1, 63.1% of the vari-
ance, Fig. 5.2) are associated with clastic lithogenic indicators (Zr, Ti, Fe, K, Rb) whereas pos-
itive PC1 scores are associated with PP,q (TChl, Br, Si/Ti) and humid hydroclimate (Rb/K).
Therefore, the scores of PC1 reflect the change from clastic sedimentation under late-glacial
dry conditions to organogenic sediment driven by increasing PP,q and humidity at the onset of
the Holocene (11.7 cal ka BP). Accordingly, PP,y maxima are found between 11.7 - 9.5 cal ka BP
and, with a few exceptions, from 7.2 cal ka BP onwards. PC axis 2 (PC2, 16.4% of the variance)
is mainly driven by Si/Ti (diatom productivity; interpreted as lake mixing; Stager & Johnson,
2000). Accordingly, positive PC2 scores suggest well-mixed conditions between 16.5 and 9 cal
ka BP, in particular between 12-9 cal ka BP, and around 6 cal ka BP whereas periods with higher
water column stability are found between 9-7 cal ka BP and from 4 cal ka BP onwards.

For comparison, the lithotypes, clusters, and PCA of the cores from the shallower sites (LV1-
LV3) are shown in Figs. S5.1, S5.2, S5.3. Despite the differences in water depth at the coring
sites, the lithotypes in LV1, LV2 and LV3 exhibit a geochemical composition which is similar
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to the one observed in LV4 (the colours in Figs. S5.1, S5.2, S5.3 represent similar lithotypes as
in LV4, Fig. 5.2). Significant differences among the cores are found in the basal sand layers in
LV2 and LV3, and in two clay layers in the near-shore core LV3. At the deepwater sites (LV1
and LV4), the variability in the sediment composition is primarily explained by changes in PP,q
(PC1) and water column mixing (PC2). Conversely, at shallower sites (LV2 and LV3), sediment
variability is increasingly controlled by clastic components and grain size (PC2 in LV2, PC1
in LV3). Furthermore, and in contrast to the offshore sites, bSi concentrations correlate only
poorly with Si/Ti ratios at the more littoral sites, suggesting that nearshore Si sources are more
mixed. Overall bSi concentrations are substantially lower in the cores LV1 (max. 4 wt%, 38 m
water depth) and LV2 (max. 9 wt%, 23 m water depth) than in the centre of the lake at LV 4
(max. 15 wt%, 63 m water depth). This agrees with the increasing relative importance of clastic
sediments with greater proximity to the shore.

The frequency and position of the cluster and zone boundaries reveal differences between
the four cores along the transect. Notably the deepwater core LV4 exhibits the most pronounced
alterations in the geochemical composition during the initial part of the record after 16.7 cal ka
BP until 7.2 cal ka BP. In contrast, the intermediate cores LV1 (38 m.b.L1.) and LV2 (23 m.b.L1.)
demonstrate higher variability in the mid-to-late Holocene. In the case of LV1 (38 m.b.1L.1.),
periods of elevated PP,q (TChl, bSi) are observed from 6 cal ka BP to 3.2 cal ka BP and from 1.8
cal ka BP onwards. Similarly, LV2 shows enhanced PP,q (TChl, bSi) from 1.7 cal ka BP onwards
and less pronounced between 8.7 and 6.2 cal ka BP.

Among all cores, the nearshore core LV3 (13 m.b.L1.) displays the largest and most visible
lithological changes. In contrast to the three other cores, LV3 shows two clay-rich layers (rich
in K, K/ Al) between 10.7-9.5 cal ka BP and between 6.5-5.5 cal ka BP, respectively. In LV3, PPoq
(TChl) increases substantially around 2.5 cal ka BP whereas PP,q in LV1,2, and 4 remains largely
stable until the 20™" century and increases rapidly thereafter. A distinct Zr peak around ~8.4 cal
ka BP is observed in both LV1 and LV2, but not in LV4 and LV3. The reasons are not known
but could be related to some differential sediment reworking at that time. A cryptotephra is
not reported for this time. Additionally, a second local maximum of Zr in LV1 and LV2 around
3.0-1.9 cal ka BP could correspond to the Zr peak associated with the cryptotephra (Lane et al.,
2018) in LV4 around 3 cal ka BP.

5.3.2 Bulk organic geochemistry

In LV4 (63 m.b.11.), the TOC content ranges between 3 wt% at the bottom of the core (>16.4
cal ka BP) to high values around 20 wt% in the Holocene (Units IV-V from 9.5 cal ka BP
onwards, Fig. 5.2). The marked decline of TOC concentrations in the diatom-rich Unit III
(11.2 — 9.5 cal ka BP) is attributable to increased bSi and sedimentation rates during that time
(Temoltzin-Loranca et al., 2023a). In the more near-shore cores LV1 and LV2, TOC concentra-

tions decrease with increasing lithogenic proportions (Figs. S5.1, S5.2).

In LV1, LV2 and LV4 cores, §!3C values span from -24 to -19 %o (Figs. 5.1 and S5.1, S5.2).
Prior to 13.5 cal ka BP, more negative §'3C values in LV4 likely reflect the abundance of swamp
vegetation which yields more negative values than phytoplankton (Meyers, 1997). All cores
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show a significant trend towards less negative values during lake infilling and establishment
(ca. 13.5 cal ka BP and early Holocene) and trends towards more negative values in the mid-
and late Holocene. During the Holocene, TOC and §'3C are positively correlated and reach
maxima between 9.5 and 7.3 cal ka BP. The positive correlation suggests a close link between
organic matter remineralization and the lake’s carbon cycle(Talbot & Leerdal, 2000). Here, high
values indicate good organic matter preservation related to more stable water column stratifi-
cation (low diatom productivity) during that time.

In all cores, the 6'°N values are relatively high with values up to +8.3 %o (LV4) notably in the
lower parts of the cores (Figs. 5.2, S5.1 and S5.2) when shallow pond and wetland environments
prevailed. In all cores, 6'°N values drop sharply at the time of lake level transgression at 13.5
cal ka BP in LV4 (63 m.b.1.1.), at 12.6 cal ka BP in LV1 (38 m.b.1.1.) and at 11.5 cal ka BP in LV2 (23
m.b.1L), respectively, when the Nile outflow established northward (Wienhues et al., in press).
Afterwards, throughout the Holocene, 61°N values remained remarkably stable within a very
narrow range (mean values LV1, LV2 and LV4 between 1.9 %oand 3.4 %0+0.5%0). LV1 and LV2
show stable 5'°N values in the early Holocene and slightly negative trends between 8 cal ka
BP and 1.2 cal ka BP ranging between +2.7 and +1.2 %o, and positive trends in the last two
millennia. Our data are consistent with the 61°N pattern described in the offshore core V95-2P
(Talbot et al., 2006).

The C/N ratios in LV4 show a general increase from C/N=13 (at 16 cal ka BP) to a maxi-
mum of C/N=22 between 10 and 7.3 cal ka BP, followed by decreasing trends to C/N=14 in
modern times (Fig. 5.2). Similar trends are reproduced in LV1 and LV2, albeit with generally
lower values (C/N =10 — 16; Figs. S5.1 and S5.2). These C/N values are above the values that
are typically found in organic matter of purely planktonic origin (C/N < 10; Meyers, 1997).
However, smear slide analysis revealed predominantly algal sources of organic matter and did
not support terrestrial origin. Talbot and Laerdal (2000) ascribed high C/N ratios in Lake Vic-
toria sediments to algal growth under N-deficient conditions (Healey & Hendzel, 1980; Hecky
et al., 1994) and proposed adjusted C/N thresholds for aquatic organic matter sources in the
lake (Fig. 5.3A). Following this argument, nitrogen limitation appears to be most pronounced
in the deep water (LV4) and progressively less limiting in shallower regions of the lake (LV1
and LV2; Fig. 5.3A). This spatial pattern could be explained by closer proximity of the more
nearshore sites to N sources from the catchment or stronger light limitations because of more
turbid conditions at near-shore sites (Fadum & Hall, 2023; Guildford et al., 2003).

Additionally, Fig. 5.3B indicates a linear relationship between TOC and C/N. Accordingly,
highest C/N values coincide with maximal organic matter (TOC %), peaking between 9 and 7
cal ka BP. From 7 cal ka BP onwards, TOC remains relatively high, while the C/N ratios decline,

suggesting a change in organic matter production and preservation.

5.3.3 Phytoplankton pigment stratigraphy

The sedimentary pigments provide specific information about algal communities. Pigment
taxonomic affiliations and their interpretation follow those of Bianchi and Canuel (2011) and
Leavitt and Hodgson (2001): Chlorophyll 2 and its derivatives pheophorbide a, and pheophytin
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FIGURE 5.3: (A) TOC vs. TN for the cores LV4, LV1, and LV2. C/N boundaries for endmembers (aquatic

or terrestrial organic matter; Meyers, 1997)). Dashed lines indicate algal C/N composition under moder-

ate and severe nitrogen deficiency (Talbot & Laerdal, 2000). (B) TOC vs C/N for the cores LV4, LV1, and

LV2. The LV4 data is subdivided into distinct diatom productivity periods in Lake Victoria presented in
Fig. 5.7.

a, and B, B-carotene are indicators for total phytoplankton biomass and are used as proxies
for paleo-productivity (Michelutti & Smol, 2016) . Pheophytin a occurs in senescent algae,
and pheophorbide a potentially indicates zooplankton grazing. Diadinoxanthin, diatoxanthin,
and fucoxanthin are mainly associated with chromophyte algae (diatoms, dinoflagellates, and
chrysophytes). Dinoxanthin and peridinin indicate dinoflagellate algae, whereas alloxanthin is
associated with planktonic cryptophytes. Lutein is found in green algae (chlorophytes). Echi-
nenone and zeaxanthin are marker pigments for cyanobacteria, whereas myxoxanthophyll and
canthaxanthin are specifically common in colonial cyanobacteria. The pigment oscillaxanthin
is characteristic of the filamentous cyanobacterium Oscillatoria (Lami et al., 2000). Pigments
with episodic occurrence and unidentifiable carotenoids were not included in our analyses but
are listed in Table S5.1.

The CONISS analysis on sedimentary pigments in LV4 revealed four pigment zones (PZ) (Fig.
5.4A):

PZ-LV4-1 (>16.4 cal ka BP; 758 — 778 cm): In the lowest strata of the deep-water site LV4
(>16.4 ka), one single cyanobacteria pigment (myxoxanthophyll) could be detected in its de-
graded form, suggesting that preservation conditions for pigments and organic compounds
were overall poor. This is expected for sediments in a dry environment with frequent desicca-

tion and sub-aerial exposure (Wienhues et al., in press).

PZ-LV4-1 (>16.4 cal ka BP; 758 — 778 cm): In the lowest strata of the deep-water site LV4
(>16.4 ka), one single cyanobacteria pigment (myxoxanthophyll) could be detected in its de-
graded form, suggesting that preservation conditions for pigments and organic compounds
were overall poor. This is expected for sediments in a dry environment with frequent desicca-
tion and sub-aerial exposure (Wienhues et al., in press).

PZ-LV4-1I (16.4-14.1 cal ka BP; 758 — 668 cm): Green algae (lutein) prevailed, alongside with
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some chromophytes (diadinoxanthin, fucoxanthin). The presence of fucoxanthin is surprising
since this pigment is generally reported as labile (Hurley & Armstrong, 1990). Cyanobacteria
(myxoxanthophyll, canthaxanthin, echinenone) are detected continuously but at low concen-
trations (normalized to Corg). Alloxanthin (cryptophytes) and lutein (green algae) are abun-
dant. The high concentrations of pheophorbide a and low concentrations of chlorophyll a (Figs.
5.4A and 5.5) suggest grazing by zooplankton. According to Uveges et al. (2020) and Itoh et al.
(2007) lutein is better preserved in zooplankton fecal pellets.

PZ-LV4-1II (14.1 — 5.2 cal ka BP; 668 — 168 cm): Most carotenoids show similar patterns
between 14.1 and 5.2 cal ka BP BP with peak relative abundances between 11-10 cal ka BP fol-
lowed by a relative decline ca. 9 cal ka BP and stable conditions until 5.3 cal ka BP (Fig. 5.2). Di-
atoxanthin, a pigment indicative of diatoms, emerges at the onset of this pigment zone 14.2 cal
ka BP. Increasing abundance of cyanobacteria is suggested by myxoxanthophyll, zeaxanthin,
and echinenone between 13.5 and 12.5 cal ka BP. Pheophorbide 4, indicative of zooplankton
grazing (Carpenter et al., 1988; Leavitt & Carpenter, 1990), rises between 14.1 and 9.5 cal ka BP,
whereas Chl a2 and pheophytin a remain at low levels. Around 13.5 cal ka BP and between 8
and 5 cal ka BP, elevated Chl a values suggest better pigment preservation conditions (Swain,
1985). PZ-LV4-III corresponds to the period of rapid lake infilling and the establishment of the
modern lake with the Nile overflow (Wienhues et al., in press).

PZ-LV4-1V (5.2 cal ka BP — Present; 168 — 0 cm): The uppermost pigment zone shows a rise
in TChl (chlorophylls and diagenetic products) indicating increasing phytoplankton produc-
tion and/or better pigment preservation. Oscillaxanthin points to a shift to more eutrophic
conditions as Oscillatoria blooms are often found at the initial phase of eutrophication in lakes
(Havens et al., 1998). Interestingly, the dinoflagellate-associated dinoxanthin appears along
with oscillaxanthin, whereas peridinin, another dinoflagellate pigment, is absent. In contrast,
cryptophytes likely became outcompeted since alloxanthin disappears as oscillaxanthin lev-
els peak (5.2 — 2.4 cal ka BP). The predominance of zeaxanthin (cyanobacteria) over lutein
(green algae) suggests a temporal cyanobacteria dominance between 5.2 — 3.6 cal ka BP. Other
cyanobacteria pigments (myxoxanthophyll, echinenone) remain relatively constant. Finally,
high pigment concentrations (chlorins, cyanobacteria, TChl) in the topmost samples represent
the recent eutrophication of the lake.

AtLV1 (37 m.b.11.), CONISS revealed three pigment zones covering the last 13.7 cal ka BP (Fig.
5.4B):

PZ-LV1-1 (13.7 — 7.7 cal ka BP; 722 — 490 cm): This zone is dominated by cyanobacteria
(zeaxanthin, canthaxanthin, myxoxanthophyll, echinenone) and some chromophytes, mainly
diatoms (diadinoxanthin). Whereas -B-carotene was not detected in LV4, it is relatively abun-
dantin LV1. Overall, relative pigment concentrations are variable, and low Chl a values suggest
relatively poor pigment preservation. This limits further interpretations in this zone.

PZ-LV1-11 (7.7 — 4.7 cal ka BP; 490 — 370 cm): This PZ reveals the most diverse pigment spec-
tra and highest pigment concentrations of the entire core, suggesting a diverse phytoplankton
community. During this phase, colonial cyanobacteria (myxoxanthophyll, canthaxanthin and
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FIGURE 5.4: HPLC sedimentary pigment stratigraphy for (A) LV4 and (B) LV1. Pigment zones were
defined by CONISS analyses (far right). TChl Index, BSi, IP, and OP were not included in the cluster
analyses.
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oscillaxanthin) dominate under better stratified water column conditions (low bSi values be-
tween 7.7 and 6 cal ka BP; Fig 5.6). Enhanced algal blooms and reduced light exposure (bet-
ter preservation) likely contributed to elevated Chl a values during this period. Furthermore,
chromophytes (diatoxanthin, dinoxanthin) become abundant. Notably, the pigment composi-
tion of PZ-LV1-II resembles that observed in PZ-LV4-1V, suggesting similar conditions in the
mid-Holocene mid-shore and late Holocene offshore.

PZ-LV1-1II (4.7 cal ka BP — Present; 370 — 0 cm): From 4.7 cal ka BP onwards, the pigments
reflect the presence of green algae (lutein), dinoflagellates (peridinin), other siliceous algae (di-
adinoxanthin, diatoxanthin), and cyanobacteria (echinenone, zeaxanthin, canthaxanthin). The
very labile pigment peridinin (dinoflagellates) is sporadically detected within this zone, sug-
gesting good pigment preservation. Cryptophytes (alloxanthin) episodically appear between
4.2 — 2.5 cal ka BP and in the last 500 years. Overall, chlorophyll a, B-B-carotene and TChl)

9th

decrease until reaching a minimum in the 19" century whereas derivatives such as pheophytin

a and total phosphorus (TP; Figs 5.4B, S5.5) gradually increase.

5.3.4 Chlorin and pigment preservation

The ratios between chlorophyll a and its degradation products are often used to evaluate the
degree of pigment degradation and/or zooplankton grazing (Bianchi & Canuel, 2011). In Lake
Victoria overall, the chlorophyll degradation products pheophytin a and pheophorbide a are
the most abundant sedimentary pigments (Fig. 5.5B) suggesting substantial cellular senescence
and/or zooplankton grazing in the water column. Other chlorophyll degradation products
such as pyropheopytin, pyropheophorbide, or chlorophyllide were not detected.

Relative to its degradation products, Chla was detected only at low concentrations (<22% in
LV4 and <15% in LV1) with highest values at the top of both cores. Only the deepwater site LV4
displays a gradual rise in Chl a from 7 cal ka BP onwards, along with an overall greater relative
proportion of Chl a to the chlorin content (Fig. 5.5A and B). This trend could be attributed to
the gradual increase of hypolimnetic hypoxia as a result of enhanced stratification (low bSi,
Fig. 5.2) and, hence, better pigment preservation at the deep-water site LV4 compared to LV1.
Chl a is especially sensitive to dissolved oxygen (Leavitt & Hodgson, 2001).

In both cores, the ratio between pheophytin a (general cell senescence) and pheophorbide a
(cell destruction by grazing; Bianchi & Canuel, 2011) increases from older to younger ages (Fig.
5.5B) suggesting that zooplankton grazing was the dominant process for Chl a degradation

prior to ca. 8 cal ka BP, whereas cell senescence was more important thereafter.

The Chlorophyll Preservation Index (CPL; Chla / (Chl a + pheophytin a)) is used as an indi-
cator of pigment preservation/degradation (Buchaca & Catalan, 2008) and reveals substantial
fluctuations at both sites through time (Fig. 5.5A). At LV4, high CPI values suggest better
preservation of pigments around 14 cal ka BP and from 7 cal ka BP onward. At LV1, high CPI
values are recorded around 9 cal ka BP and between 8 — 4 cal ka BP. Among other factors, dif-
ferences in light exposure and sedimentation might contribute to these local periods of better
pigment preservation. Nevertheless, the CPI ratio is generally low in LV, emphasizing the high
degradation activity in this tropical system.
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FIGURE 5.5: (A) Time series of Chl a and CPI (Chlorophyll Preservation Index) for LV4 and LV1. (B)
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indicate the age of the data points (cal. ka BP).

5.4 Discussion

Opverall, our results suggest that it is possible to quantify spatio-temporal variability of PPaq
in a tropical lake based on bio-geochemical analyses, and to provide insights into the under-
lying abiotic and biotic processes that determine PP,q over the past 17 kyr of Lake Victoria’s
history, from its initial infilling to the onset of cultural eutrophication.

5.4.1 Pigment preservation

Studies of sedimentary pigments in tropical lakes are still limited. In tropical and relatively
shallow Lake Victoria, it is reasonable to assume that elevated microbial activity, seasonal mix-
ing and regular oxygenation of the water column favoured transformation and degradation of
photosynthetic pigments. In general, some pigment degradation is evident in the dominance of
chlorophyll derivatives in both cores LV1 and LV4 and low CPI (Fig. 5.5). Notably, the degree
of chlorophyll preservation is better with greater water depth (better in LV4 than in LV1). This
is consistent with findings from other pigment studies showing that shallower and near-shore
regions tend to experience elevated levels of photodegradation and/or higher grazing activ-
ity. Both processes lead to the degradation of photosynthetic pigments (Cuddington & Leavitt,
1999).

The intermediate site LV1 (37 m.b.1.L.) is currently located within the range of the seasonal
mixed layer depth, which is between 25 to 40 m (Hecky et al., 1994, Mugidde, 1993; Ram-
lal, 2002). Therefore, at site LV1, the highly variable degree of pigment preservation (CPI) and
episodic occurrence of very labile peridinin (Fig. 5.4B) might be the combined result of changes
in the mixed layer depth and oxygenation, water turbulence, exposure to light (photooxidation)
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and zooplankton grazing. Unfortunately, factoring out the relative importance of each of these
environmental variables is not possible at the current stage of our research. Oxygen depletion
also currently occurs periodically in the deep waters of Lake Victoria (LV4), potentially favour-
ing pigment preservation (Hecky et al., 1994; MacIntyre & Hamilton, 2024). This is in line with
the higher proportion of Chl a relative to its degradation products in LV4, and the persistent
presence of the very labile carotenoid fucoxanthin (Fig. 5.4) which is known to degrade quickly
(Hurley & Armstrong, 1990; Repeta, 1989).

Cyanobacterial pigments are persistently found throughout both cores. These pigments are
known to be more stable and less affected by grazing activity (Leavitt & Hodgson, 2001). These
effects could result in over-representation of cyanobacteria compared with producers of more
labile carotenoids. Nevertheless, the discernible but expected degradation signature in the
phytopigments, and the structure of the pigment stratigraphies (pigment zones) suggest that
major shifts in phytoplankton communities are preserved and can be cautiously interpreted.
The deepwater site LV4 appears to be the least affected, providing more reliable pigment data,
while interpretations from LV1 should be approached with greater caution.

5.4.2 The transition from wetlands to an exorheic lake

Prior to the rapid and massive lake level rise 14.0 — 13.6 cal ka BP, the area of modern Lake
Victoria was covered by a tropical wetland environment with relatively shallow ponds (<16.7
ka, Wienhues et al., in press). Between 16.2 and 14.1 cal ka BP, sedimentary pigments indi-
cate the presence of a chlorophyte and chromophyte algal assemblage, which includes cryp-
tophytes, during this phase of shallow water conditions (Zoneyys II; Fig. 5.4) which markedly
differs from the diatom-cyanobacteria phytoplankton composition after ~14.1 cal ka BP (i.e. the
phase of the lake-level rise). The sediments show low values in TOC, TChl, and other pigments
(e.g., diatoxanthin, myxoxanthophyll), more negative 5'°C values, and predominance of clastic
sediments: overall an environment with low PP,4 and poor pigment preservation in shallow
water conditions with light and oxygen exposure and possible sediment reworking. The low
513C values, pollen data (Temoltzin-Loranca et al., 2023a) and n-alkanes (Cockerton et al., 2015)
suggest abundant Typha macrophytes covering extended wetland areas in the LV basin dur-
ing that time. Emergent macrophytes play a crucial role in wetlands and shallow lake systems
by modulating chemical and physical parameters (e.g nutrient levels, light, and turbulence),
shaping the phytoplankton community structures and biomass. This may have had propagat-
ing impacts on zooplankton, fish, and the aquatic food web in general (Scheffer & Jeppesen,
1998; They et al., 2014; Zeng et al., 2012). For example, field surveys in tropical lakes indi-
cate that macrophytes can induce a shift from cyano- to chloro- and cryptophyte dominance
(Finkler Ferreira et al., 2018; Fonseca & Bicudo, 2010).

With the major lake-level rise and establishment of the outflow to the Nile river between
14.1 and 13.6 cal ka BP Wienhues et al., in press, a gradual decrease in chlorophytes and chro-
mophytes was observed, accompanied by a rise in PP,q, as evidenced by the TChl, Chl a and
pheophorbide a levels. The rise of the lake level was likely the cause for a reduction in mixing
as suggested by a temporal peak of cyanobacteria and the presence of Nitzschia fonticola (Stager
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& Johnson, 2000).

5.4.3 Mixing and nutrient dynamics shaping primary paleo-production

The phytoplankton distribution in tropical lakes is especially sensitive to mixing dynamics,
including the extent of the mixed layer and the duration of deep mixing, both driven by in-
terannual climate variability (e.g., Sarmento et al., 2006; Talling, 1966). Also in Lake Victoria,
water column mixing, combined with light availability, largely controls the modern seasonal
distribution of phytoplankton (Cézar et al., 2012).

Currently in Lake Victoria diatoms constitute the major plankton community during the
well-mixed windy season from April to September offshore (MacIntyre et al., 2014). This mix-
ing period is characterised by high nutrient and low light conditions. In contrast, cyanobacteria
and chlorophytes become more abundant during the rainy season with reduced wind activity
and density gradients (MacIntyre et al., 2014), low nutrient and high light conditions in the
epilimnion. This shift in phytoplankton composition has been attributed to the ability of di-
atoms to grow under turbulent and light-limited conditions, whereas buoyant cyanobacteria
are favored by stable water column conditions (Reynolds, 1987, 2006). Today, the lake-wide
convection over the water body is seasonally driven by southeastern and northwestern mon-
soonal winds, which are linked to the seasonal movement of the intertropical rain belt and the
Indian Ocean temperature (Cozar et al., 2012; MacIntyre et al., 2014). These processes may also
have played a role in the past and provide a conceptual model to link past monsoonal activ-
ity and hydroclimate with lake mixing and nutrient availability and, finally, PP,q and primary
producer communities.

Our record of diatom paleo-productivity (bSi; Fig. 5.7), along with the interpretation of
Stager and Johnson (2000) and Stager et al. (2003) from other sectors of Lake Victoria, suggests
two periods with sustained water column mixing (bSi maxima) and nutrient recycling between
10.8 and 9 cal ka BP and, less pronounced, between 7 and 4.5 cal ka BP, separated by a period
with enhanced stratification (local bSi minimum) between ca. 9 and 7 cal ka BP. In LV4, the
changes of the mixing regimes (bSi record) are also reflected in changing lithofacies (strong
mixing in clusters 4 and 2, rather stratified conditions in cluster 1; Fig. 5.2), in the PC2 loadings
(positive during mixing phases) and K/Rb ratios (enhanced precipitation and erosion during
periods with strong mixing; Fig. 5.2). Although water column temperature is generally posi-
tively correlated to the lake’s water column stability, this pattern is not reflected in the TEXgs
water temperature record (Berke et al., 2012).

The isochronic alignment of all existing bSi records from Lake Victoria (Fig. 5.7; Beuning
et al., 2002; Johnson et al., 1998; Talbot and Laerdal, 2000) highlights spatial heterogeneity in di-
atom production within the lake. This heterogeneity is expected due to varying sedimentation
regimes, wind patterns, mixing dynamics, shaping the nutrient distribution across different

regions of the lake.

Nevertheless, similar patterns emerge in bSi records from core sites in closer proximity
and/or at comparable water depths. This suggests that changing hydroclimatic conditions at
the onset of the Holocene and the mid-Holocene had profound impacts on nutrient dynamics
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and algal community compositions, with substantial spatial heterogeneity across various re-
gions within the lake. This observation is most relevant because it documents the imperative
of a large number of cores from different sites to capture the full ecosystem variability in space
and time. The extent to which the observed spatial variation in diatom and algal dynamics
in Lake Victoria reflect differential degradation of biomarker or real spatial-temporal shifts in

primary production remains unclear at the current stage of our research.

The first maximum in diatom productivity 10.8 — 9 cal ka BP can be attributed to exception-
ally wet conditions and enhanced monsoonal activity at the onset of the Holocene as recorded
over eastern Africa (Garcin et al., 2007; Gasse, 2000; Talbot et al., 2007). In LV, these humid
conditions with strong monsoonal activity led to a positive water balance (P/E) and high lake
level during that time (Berke et al., 2012; Stager & Mayewski, 1997; Wienhues et al., in press).
Sufficient delivery of nutrients from the catchment (N, P, and Si) was concomitant with high
input of weathered material (Rb/K) during this time (Cockerton et al., 2015). Efficient recycling
of hypolimnetic nutrients during times of deep mixing may have contributed to a widespread
and sustained increase in PP,q, which is particularly visible in LV4 (Fig. 5.4). Importantly,
Cockerton et al. (2015) found that Si was not a limiting factor for diatom productivity but, in-
stead, favoured the proliferation of heavily silicified diatom species, particularly Aulacoseira
spp., previously identified in offshore, deep-water and shallow-water cores from Lake Victoria
during this period (Stager & Johnson, 2000; Stager & Mayewski, 1997).

In contrast, the decline in bSi across offshore sediment cores between 9 and 7 cal ka BP
(Fig. 5.7) would reflect increased lake stratification. During this period, diatom frustules are
absent in the core V95-2P (Stager & Johnson, 2000); TChl concentrations were relatively low and
clastic input reduced (LV4; Figs. 5.2 and 5.5A). It is conceivable that a combination of factors
contributed to the reduction of silicifiers and the general shift in algal assemblages offshore:
reduced water column mixing and N limitation (maxima in C/N ratios, Fig. 5.5B) may have
out-competed diatoms in favour of cyanobacteria (visible in LV1), and/or the preservation

conditions of diatom frustules in the sediment were poor.

Nutrient limitation in the lake could also be the result of better N retention in the dense
rainforest which prevailed in the catchment during that time (9-7 cal ka BP; Temoltzin-Loranca
et al., 2023a). Dense rainforest could also efficiently capture Si, reduce Si flux to the lake (Street-
Perrott & Barker, 2008) and limit diatom growth. However, Cockerton et al. (2015) concluded
that, at least in core V95-1P, the Si pool was sufficient during that time. Nutrient enrichment
studies in LV have shown that, today, phytoplankton biomass is primarily limited by light
which, during periods of stratification and clear water, could result in moderate P and N defi-
ciency (Guildford & Hecky, 2000; Guildford et al., 2003). Indeed, offshore N limitation around
9-7 cal ka BP is supported by very high C/N ratios (Fig. 5.3B). Evidence for P limitation during
this time is provided by the very low sedimentary total phosphorus TP concentrations (mostly
inorganic P) in LV1 between 13 - ~4 cal ka BP (Fig. 5.4B). The green alga Botryococcus is adapted
to low P and N conditions, thriving in oligotrophic to mesotrophic environments (Smittenberg
et al., 2005). Its notable peak between 9 and 6 cal ka BP in the offshore core V95-1P, as inferred
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from lipid biomarkers (Cockerton et al., 2015), provides evidence for the inference of nutri-
ent deficiency in that period. The bSi profile from LV3 (Fig. 5.7) and diatom assemblages from
nearshore, shallow water cores Ibis-1 and 64-4 lack the period of low diatom production (Stager
et al., 2003; Stager & Mayewski, 1997) that is evident in the deepwater cores. This suggests that
the discussed nutrient-deficient conditions were restricted to the deepwater regions of the lake.

The transition from the early to mid-Holocene has been interpreted as a transition towards
moderate water column mixing (Stager & Johnson, 2000). This is evident in the second bSi
maximum during the mid-Holocene offshore around 7 cal ka BP (Fig. 5.7), and it began with
respect to diatom assemblages in nearshore cores ~8 cal ka BP (Stager et al., 2003; Stager &
Mayewski, 1997). Mixing increases the nutrient availability in the photic zone. Interestingly,
this is best seen at LV1 (intermediate water depth), whereas this bSi maximum is only moder-
ately expressed in the deepwater cores (Fig. 5.7). Increased diatom productivity during that
time is not reflected in the phytoplankton biomarker stratigraphy at LV4 (Fig. 5.4); this could
be related to the labile nature of diatom pigments and the enhanced degree of pigment degra-
dation (Fig. 5.5). Stager and Johnson (2000) and Stager and Mayewski (1997) found abundant
Nitzschia spp. in this interval, a diatom group with weakly silicified frustules and the authors
inferred an environment with suppressed mixing and low Si/P ratios, pointing to some Si lim-
itation. Similar conclusions were reported by Cockerton et al. (2015) for this time. Supporting
evidence for enhanced stratification is also found in the pigment zone II at LV1 (7.7 — 4.7 cal ka
BP; Figs. 5.4 and 5.5), showing enhanced cyanobacteria, less severe N limitation (lower C/N
ratios, Fig. 5.3B) and better pigment preservation. Maxima in §'*C and total organic carbon
(TOC) point to a less pronounced degradation of organic matter, which is in line with less
oxygenated bottom water conditions reported by Talbot and Laerdal (2000) for that time.

The termination of the AHP with increasing aridity after 5 — 4 cal ka BP (Gasse, 2000) had
a substantial impact on the lake ecosystem. Both cores LV4 and LV1 reveal the change in the
pigment zone largely at the same time (4.7 — 4.4 cal ka BP; Fig. 5.6), marking the gradual de-
crease of 6"°C in all cores whereas PP,q (TChl) remains relatively high. Subsequently, diatom
productivity decreased systematically (Fig. 5.7) suggesting gradually increasing lake stratifi-
cation across Lake Victoria towards the late Holocene. After 5 cal ka BP, expanding savanna,
increasing fire activity, and emerging anthropogenic impacts (during the Iron Age ~2.4 -1.1 cal
ka BP) likely enhanced erosional and atmospheric influx of P and N to the lake (Battistel et al.,
2017; Temoltzin-Loranca et al., 2023a). Total sedimentary P has notably increased after 2 cal ka
BP.

Unprecedentedly high values of TChl in the 20*" century suggest that, at least at coring sites
LV1, LV3 and LV4, PP,q values and eutrophication of the past decades have exceeded the range
of variability Lake Victoria has experienced in the past 17 kyr. This is not the case for most of
the other proxies analysed in this study.
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FIGURE 5.6: Compilation of lithotypes, TChl, bSi, s13C, sedimentary units (Figs 5.2, S5.1. S5.2, S5.3) and
pigments zones (Fig. 5.4 across the transect with the four sediment cores (LV1 to LV4).

5.4.4 Primary production and regional hyydroclimate changes

It has been demonstrated in several eastern African lakes (Loiselle et al., 2014; Stager et al.,
2009; Tierney et al., 2010; Wolff et al., 2011) that climate variability influences lake water mix-
ing and, ultimately, shapes PP,q and producer communities. Also, the water balance greatly
depends on the regional hydroclimate (Olaka et al., 2010).

In general, the lake-level evolution of Lake Victoria during the past 17 kyr agrees with
regional hydroclimate records (e.g. Lakes Tana and Chala) and follows broadly northern hemi-
sphere summer insolation strength, although with non-linear responses (Fig. 5.8). Arid con-
ditions prevailed in eastern Africa and the Lake Victoria area during the Latest Pleistocene,
especially during the early Heinrich Stadial 1 (18.3 — 16.3 cal ka BP; Stager et al., 2011; Yang
et al., 2023). Whereas regional hydroclimate proxies (6Dwax) show a rather gradual increase in
moisture at the beginning of the African Humid Period after 16 cal ka BP (Fig. 5.8; deMenocal
etal., 2000), Lake Victoria filled-in with a delay but very rapidly between 14.2 and 13.5 cal ka BP
(Wienhues et al., in press). The wetland — shallow pond environment transformed into the deep
exorheic lake of modern size. The increase in precipitation and concomitant rapid lake-level
rise had profound impacts on the vegetation in the region, causing the spread of Afromontane
forests (Kendall, 1969; Temoltzin-Loranca et al., 2023a; Van Zinderen Bakker & Coetzee, 1988)
and affecting aquatic primary producers and lake ecology. Specifically, PP,q increased, and
chloro- and chromophyte assemblages typical for wetlands were replaced by chromophyte and
cyanobacteria dominated assemblages in the pelagic areas of the lake (Fig. 5.8C).

Impacts of the Younger Dryas climate event (12.8-11.6 cal ka BP; YD), a period of significant
aridity in eastern Africa (Castafieda et al., 2016; Meyer et al., 2020), has not been identified in
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FIGURE 5.7: Compilation of bSi records across Lake Victoria displayed in composite core lengths (Be-
uning et al., 2002; Talbot and Leerdal, 2000; Verschuren et al., 1998, and three LV cores from this study)
and isochrones of phases with high (low) bSi values. Schematic core lithologies were derived from sed-
iment descriptions in the literature (Beuning et al., 2002; Talbot & Leerdal, 2000; Verschuren et al., 1998;
Wienhues et al., in press). Orange triangles mark 4C dates. The bSi records from V95-3P and V95-6P
have only one “C date and were omitted but display distinctly different bSi profiles (see full figure is
provided in the Supplementary Material; Fig. S5.6) Note the different scales of the x-axis.

Lake Victoria’s pollen and dDyax records up to now (Berke et al., 2012; Temoltzin-Loranca et al.,
2023b). However, a detailed inspection of the Rb/K records (Fig. 5.2) and, more specifically,
of the profile records in LV4 (Fig. 5.8C) reveals a pause of the wetting trend and lake-level
rise (Wienhues et al., in press) during the YD period. The Rb/K and K records of LV4 show
striking similarity (although much weaker in the amplitude) with the K minima in the Chew
Bahir record from southern Ethiopia (4.77°N, 36.84°S; Foerster et al., 2012, 2015). Moreover,
the similarity with the Chew Bahir K record (Foerster et al., 2012) allows us to identify, with
confidence, other short-lived dry intervals in the Lake Victoria basin ~10.5, around 9 cal ka BP,
between 7.8 — 7.2 cal ka BP, around 4 cal ka BP and between 3.2 — 3.0 cal ka BP (red shading in
Fig. 5.8C).

At the beginning of the Holocene, monsoonal moisture transport abruptly intensified (Tal-
bot et al., 2007). Regionally, wet conditions were established in the Early Holocene (11.5 -9
ka; Berke et al., 2012; Costa et al., 2014; Tierney et al., 2008, 2011) and rainforest expanded in
the Victoria catchment (Temoltzin-Loranca et al., 2023a, Fig. 5.8C). Maximum summer/winter

inter-hemispheric insolation contrast is argued to have caused warming in the western Indian
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Ocean and enhanced southeastern monsoon over eastern Africa (Abram et al., 2007, 2020; Tier-
ney et al., 2011; Verschuren et al., 2009) and, ultimately, increased seasonality and windiness
in the Lake Victoria region. Accordingly, the lake was well mixed and primary production
reached a local maximum; particularly diatom production was high (Fig. 5.8C). According to
Costa et al. (2014) also the eastward displacement of the Congo Air Boundary provided addi-
tional moisture from the Atlantic Ocean and Congo basin rainforests. The second half of the
AHP appears to be more moderate in wind strength and rainfall amount (Liu et al., 2017). A
gradual drying and cooling trend from 9 — 8 cal ka BP towards the mid Holocene occurred in the
region, likely causing a reduction of tropical rainforests and moderate expansion of subtropical
Afromontane vegetation (Berke et al., 2012; Kendall, 1969; Temoltzin-Loranca et al., 2023a). A
more abrupt change in hydroclimate conditions occurred around ~8 cal ka BP, known as the
early-mid Holocene climate transition (EMHT; Stager et al., 1997). This transition is evidenced
by a drastic shift in diatom assemblages, indicating reduced mixing in the northern part of the
lake. The causes of these different sensitivity and responses of algal communities across the
lake remain unknown.

Regionally, this coincides with relatively dry mid Holocene conditions in easternmost equa-
torial Africa (Chala BIT index) attributed to insolation-induced reduced monsoonal intensity
(Stager et al., 2003; Verschuren et al., 2009) (Fig. 5.8D). These relatively subtle climatic changes
were apparently enough to reduce water column mixing and aquatic primary production (no-
tably diatoms) basin-wide between 9 and 7 cal ka BP (Figs 5.6, and 5.8). Primary producer
assemblages offshore remained dominated by chromophytes and cyanobacteria It is conceiv-
able that enhanced lake stratification led to nutrient deficiency in the photic zone during that
time (Fig. 5.3B).

With the termination of the AHP, the climate became gradually drier from 6 cal ka BP
onwards, although with spatiotemporal variations (Berke et al., 2012; Shanahan et al., 2015)
and the catchment vegetation opened with the expansion of savanna (Temoltzin-Loranca et
al., 2023a). As a result of declining lake levels, Lake Nabugabo separated from Lake Victoria
~5 cal ka BP ago (Stager et al., 2005a) and shallow-water diatom assemblages established in
the Pilkington Bay (Stager et al., 2003). A regional drought around 4 — 3 cal ka BP has been
documented in several eastern African records (e.g. Foerster et al., 2012; Tierney et al., 2011).
Droughts around that time are also found in the Rb/K and K records of LV4 (Fig. 5.8C) and
coincide with increased biomass burning in the Lake Victoria catchment (Temoltzin-Loranca et
al., 2023a). With the late Holocene drying trend, water column mixing got gradually reduced
and enhanced stratification established. Accordingly, diatom productivity decreased (Fig. 5.6)
and the mid Holocene chromophyte and cyanobacteria-dominated communities were more

prominently represented by cyanobacteria (Fig. 5.8).

5.5 Conclusions

Motivated by the need to better understand the long-term spatial and temporal structure of
changes in PP,q and producer communities, and to explore the utility of sedimentary pigments
in tropical lakes, we investigated four sediment cores along an offshore to nearshore transect
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FIGURE 5.8: The Lake Victoria record in the context of regional paleoclimate records. dDje,¢ wax indicates
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lake level with tie points (this study; Stager et al., 2005b; Wienhues et al., in press), catchment vegeta-
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covering the last 17 kyr. Our findings reveal a strong connection between hydroclimate vari-
ations, lake mixing, nutrient availability, and primary production, shedding light on changes
in the lake’s primary producers and algal communities over time. Furthermore, this study

places the anthropogenic eutrophication of the 20"

century, which has profoundly altered the
aquatic ecosystem of Lake Victoria, in a Latest Pleistocene-Holocene context, emphasizing the

long-term trajectory of the lake’s primary productivity.
We draw the following conclusions:

* During the initial wetland phase (16.7 —14.5 cal ka BP), Lake Victoria exhibited low PPaq,
predominantly characterized by chloro- and chromophytes. The presence of emergent
aquatic macrophytes likely played a role in shaping the lake’s ecosystem and phytoplank-
ton community during this period.

¢ The rapid rise in lake level after 14.2 cal ka BP and the establishment of deep exorheic
lake, resulted in increased PP,q and a shift towards a dominance of chromophytes and
cyanobacteria in the algal community.

* The Holocene period was marked by two distinct phases of increased lake mixing, higher
primary production, and enhanced diatom productivity. The first phase occurred be-
tween 11 and 9 cal ka BP during the peak of the African Humid Period (AHP), char-
acterized by intensified precipitation, wind activity, and water column mixing. A less
pronounced second phase was observed between 7 and 4 cal ka BP. Between 9 and 7 cal
ka BP, a prolonged period of stable water column conditions with low diatom produc-
tivity and nutrient limitation (nitrogen and phosphorus) occurred. Although the precise
driving factors remain unclear, periods of stratification were possibly related to reduced
wind stress.

e Significant changes during the mid-to-late Holocene coincided with a gradual drying
and the termination of the AHP around 5-4 cal ka BP. Reduced lake mixing led to an
increasing dominance of cyanobacteria. Notably, the total chlorophyll levels in the 20t
century reached unprecedented levels in the light of the past 17 kyr.

¢ The K and Rb/K profiles clearly reflect hydroclimate oscillations, including the Younger
Dryas (YD) and short-term dry intervals throughout the Holocene.

This research provides valuable insights into the past dynamics of Lake Victoria’s primary pro-
ductivity and phytoplankton composition, offering a glimpse into the magnitude and direction

of changes in the lake’s primary producers over time.
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5.7 Supplementary Material

TABLE S5.1: Overview of analysed cores and applied methods including the sample resolution

Cores Applied method and sample resolution
<l cm 10 cm - discrete 20 cm - discrete
LV4 HSI*, XRF® TC, 6"3C, 6'°N, bSi, Grain size Pigments

LV1 HSI, XRF® TC,3C, 51N, bSi, Grain size Pigments, P fractions
LV2 HSI, XRF® TC, $'3C, 65N, bSi, Grain size
LV3  HSI*, XRF*

Sampling resolution: ?0.069 mm °5 mm 10 mm

TABLE 55.2: Recoveries of extractable phosphorus in certified reference material (BCR®-684) following

the five-step extraction procedure including the average recovery and relative standard deviation (SD)

(n=3). NAIP = Non-Apatite Inorganic Phosphorus; AP= Apatite Phosphorus; IP = Inorganic Phospho-
rus; OP = Organic Phosphorus; TP = Total Phosphorus.

NAIP AP P or TP
Average recovery in % (n=3) 894 1070 759 913 89.2
Standard deviation 7.0 45 £120 45 69

1720

100

Recovery (%)

NAIP AP P op TR
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TABLE S5.3: List of analysed pigments in the sediment of LV4 and LV1

Pigment Abbreviation| LV4 | LV1 | Taxonomical affinity

Chlorophyll a (sum of all isomers) ChlaT X X All primary producers

Pheophytin a (sum of all isomers) PhphT X X Chlorophyll a derivative
(senescence)

Pheophorbide a (sum of all isomers) | PhideT X X Chlorophyll a derivative
(grazing)

B,B-carotene B,B-Car - X All primary producers

Alloxanthin Allo X X Cryptophyta

Peridinin Peri - X Dinophyta

Fucoxanthin Fuco X - Dinophyta,
Bacillariophyta,
Chrysophyta

Diadinoxanthin Diadi X X Dinophyta,
Bacillariophyta,
Chrysophyta,
Cryptophyta

Diatoxanthin Diato X X Bacillariophyta,
Dinophyta, Chrysophyta

Dinoxanthin Dinox X X Dinophyta and
Chrysophytes

Lutein Lute X X Chlorophyta (green
algae)

Echinenone Echi X X Cyanobacteria

Zeaxanthin Zea X X Cyanobacteria

Myxoxanthophyll (deg.) Myxodeg X X Colonial Cyanobacteria

Oscillaxanthin Oscillax X X Cyanobacteria
(Oscillatoria)

Canthaxanthin Cantha X X Cyanobacteria

(x) detected; (-) not detected; degr. = degradation product
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FIGURE S5.1: Selected bio-geochemical variables (XRF, HSI, bSi, TOC, 6'C, §'°N, and C/N) plotted by

age for core LV1. For Zr, Ti, Fe, and K, the blue color refers to the scale at the bottom. The colored bar

shows the lithotypes identified by unconstrained cluster analysis. The constrained cluster boundaries

(Units I-VI) are shown as horizontal dashed grey lines. The principal component biplot shows the first

two principal components with loadings of each variable depicted as black arrows. Data points are
grouped by cluster/lithotype and indicated by different colors.
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FIGURE S5.2: Selected bio-geochemical variables (XRF, HSI, bSi, TOC, 6'3C, §'°N, and C/N) plotted by

age for core LV2. For Zr, Ti, Fe, and K, the blue color refers to the scale at the bottom. The colored bar

shows the lithotypes identified by unconstrained cluster analysis. The constrained cluster boundaries

(Units I-VI) are shown as horizontal dashed grey lines. The principal component biplot shows the first

two principal components with loadings of each variable depicted as black arrows. Data points are
grouped by cluster/lithotype and indicated by different colors.
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Higlights

* Anthropogenic eutrophication of Mwanza Gulf began around 1920.
¢ Increased primary production linked to nutrient enrichment, not food web changes.
* Cladoceran decline driven by lake-level rise and predation pressures in the Gulf.

Abstract

Discerning ecosystem change and food web dynamics underlying anthropogenic eutrophication and
introduction of non-native taxa is necessary for ensuring the long-term sustainability of fisheries and
lake biodiversity. Previous studies of eutrophication in Lake Victoria, eastern Africa, have focused on
the loss of much of the endemic fish biodiversity, but changes in the plankton communities remain un-
clear. We examined sediment cores from a eutrophic embayment, Mwanza Gulf, to determine the timing
and magnitude of changes in the phytoplankton and zooplankton assemblages in relation to changes
in fish community structure. Biogeochemical proxies indicate nutrient enrichment began ~ 1920 CE
and led to rapid increases in primary production, and our analysis of photosynthetic pigments revealed
three zones: pre-eutrophication (prior to 1920 CE), onset of eutrophication with increases of all pig-
ments (1920-1990 CE), and sustained eutrophication with cyanobacterial dominance (1990 CE-present).
Cladoceran remains indicate an abrupt decline in biomass in the 1960s, following a substantial lake-level
rise and preceding the collapse of haplochromine cichlids in the 1980s. Alona and Chydorus, typically
benthic littoral taxa, have remained at relatively low abundances since the 1960s, whereas the abundance
of Bosmina, typically a planktonic taxon, increased in the 1990s concurrently with the biomass recovery
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of haplochromine cichlid fishes. Overall, our results demonstrate substantial changes in the biomass
structure and taxonomic composition of Mwanza Gulf phytoplankton and zooplankton communities
over the past century, providing a historical food web perspective that can help understand the recent
changes and inform future resource management decisions in the Lake Victoria ecosystem.

6.1 Introduction

Situated in one of Africa’s most densely populated regions, Lake Victoria’s vast resource
potential has contributed to consistently higher population growth compared to the rest of the
continent (Odada et al., 2009). Lake Victoria (Fig. 6.1) plays a vital role in providing ecosystem
services to the local population, most notably by supporting the world’s largest inland fish-
ery (Sterner et al., 2020). The lake has experienced rapid ecological change in the past century
driven by various climatic and anthropogenic pressures (Fig. 3.2), with inshore areas being
particularly affected. Although long term biological datasets are crucial for documenting such
ecosystem variability, existing time series rarely span more than a few decades (Gilarranz et
al., 2022) and are particularly rare in tropical regions (Plisnier et al., 2023). Thus, paleolimno-
logical records serve as a complementary source of long-term data, offering insights into past
environmental changes and food web dynamics in lakes (Davidson & Jeppesen, 2013).

Anthropogenic eutrophication (Smith & Schindler, 2009) of Lake Victoria began as early as
the 1920s in response to land use change within the catchment (Hecky et al., 2010; Njagi et al.,
2022; Verschuren et al., 2002). Further complicating the observed ecological changes, higher
than average rainfall and outflow damming at Jinja in the early 1960s led to a sustained 2m
increase in water level (Fig. 6.2A). Accelerated population growth (Fig. 3.2B) led to increased
agriculture, urbanization, and deforestation, which culminated in substantial nutrient enrich-
ment to the lake (Fig. 6.2C-D; Hecky et al., 1993). Subsequently, phytoplankton production
increased and shifted to greater cyanobacterial dominance (Hecky et al., 1993; Verschuren et
al., 2002). Increased productivity led to decreased water transparency and decreased bottom
water oxygenation, which in turn impacted habitat suitability for many fish species (Hecky et
al., 1994; Kaufman, 1992; Seehausen et al., 1997).

There have been several significant changes in Lake Victoria’s fish community that have
been documented over the past century, most notably of which are the decline in the species
diversity and biomass of haplochromine cichlid fishes (Fig. 6.2E) and the introduction and
population expansion of Nile perch (Fig. 6.2F). Fisheries records from the 1960s (compiled in
Fig. 6.1E), suggest that endemic haplochromine cichlids constituted >80% of total fish biomass
in Mwanza Gulf (Kudhongania & Cordone, 1974), and this biomass constituted more than 120
different species in the Mwanza Gulf alone (Witte et al., 1992). However, there was a major
decrease in haplochromine biomass and diversity in the 1980-90s, that has several possible un-
derlying causes, including i) reduced habitat availability, particularly in the shallower inshore
gulfs where the effects of eutrophication have been more intense (Mugidde, 1993), ii) intensive
fishing pressures (van Zwieten et al., 2016; Witte et al., 1992), and iii) the introduction and later
population explosion of Nile perch (Lates niloticus; a large piscivorous predator) along with the
early loss of piscivorous haplochromines that feed on juvenile Nile perch (Witte et al., 2007).
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FIGURE 6.1: (A) The African continent with Lake Victoria. (B) Bathymetry of Lake Victoria and location
of the Mwanza Gulf estuary. (C) Satellite imagery (2018-2023) of the Mwanza Gulf (ESRI, Maxar, Earth-
star Geographics, and the GIS User Community) with coring locations marked with white circles.

Another major change in the fish community starting in the 1980s was the population in-
crease of the native cyprinid, dagaa (Rastrineobola argentea, a small zooplanktivore), which may
have occurred in response to reduced competition from the declining haplochromine cichlid
biomass and the loss of predatory haplochromines (Goldschmidt & Witte, 1992; Wanink, 1999).
Some recovery of the haplochromine cichlid biomass has been observed in the past decades
(Fig. 6.2E), but much of the species diversity remains lost (Kishe-Machumu et al., 2015; Witte
et al., 2000).

Despite intensive research on Lake Victoria’s fish community in the past few decades (Kold-
ing et al., 2014; van Zwieten et al., 2016), there is limited empirical data to provide insight
into changes in the phytoplankton and zooplankton communities over the past century. In
the absence of lake monitoring data, analysis of lake sediments using photosynthetic pigment
biomarker concentrations (Leavitt & Hodgson, 2001) and subfossil remains of Cladocera and
Chaoborus aquatic insect larvae (Korhola & Rautio, 2001; Verschuren et al., 2002) can provide
insights into past phytoplankton and zooplankton community structure (i.e. abundance and
taxonomic composition). For example, such reconstructions can be useful for identifying how
the timing of changes in plankton community structure relate to changes in lake productivity
and fish community structure (Skov et al., 2010).
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In order to elucidate the impact of anthropogenic eutrophication on food web dynamics of
Lake Victoria, we examined a wide range of paleolimnological indicators from two coring sites
located in the Mwanza Gulf (Fig. 6.1). We used multiple biogeochemical proxies to provide
insight into potential changes in nutrient availability. Sedimentary photosynthetic pigments
were measured as an indicator of past phytoplankton community composition and total algal
biomass. Lastly, plankton community structure was explored using sedimentary cladoceran
microfossils, and related to survey records of fish abundance. Our main objectives were to: (1)
investigate the onset of anthropogenic eutrophication and associated ecological changes in the
Mwanza Gulf over the past century, and (2) examine the temporal changes in the zooplankton
and zoobenthos assemblage in relation to changes in primary production and fish community

structure (Fig. 6.2E,F).
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FIGURE 6.2: Time series data collected for Lake Victoria, including lake level monitoring (A; 1900-2023),
the population of Mwanza City (B; 1950-2023), weight concentrations of nutrients (C-D; 1900-2000),
and mean number of key fish taxa caught in fish trawls in Mwanza Gulf (E-F; 1979-2008). Lake levels
were adapted from Levéque (2017) (m above Nalubaale Dam gauge; light teal line) and TOPEX satellite
lake elevation observations (m above sea level, dark teal line). Population estimates of Mwanza were
obtained from the United Nations World Urbanization Prospects (DESA, 2018). Sediment extracted
nutrient concentrations (TP, total phosphorus; N, total fixed nitrogen) were adapted from Hecky et al.
(2010) and measured from a nearshore sediment core collected from Itome Bay (Uganda). Fish survey

data was obtained from Natugonza et al. (2021).
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6.2 Materials and methods

6.2.1 Study site description

Located in equatorial eastern Africa, Lake Victoria (Fig. 6.1) is the world’s largest tropical
lake (surface area = 68,800 km?, mean depth = 40 m). The lake is well-known as a biodiversity
hotspot, featuring a prolific fish community of over 500 haplochromine cichlid species (Genner
et al., 2004). Previous paleolimnological research has investigated eutrophication in northern
Lake Victoria (Hecky et al., 2010; Njagi et al., 2022; Verschuren et al., 2002) but its impact in
southern inshore areas of Lake Victoria remains understudied. Specifically, the Mwanza Gulf
(Fig. 6.1; 60 km long, 2.5-11 km wide) currently receives the highest daily municipal water pol-
lution within Tanzania (Juma et al., 2014). The composition and abundance of phytoplankton
in Mwanza Gulf varies from that observed in the open water and northern gulfs (Frank et al,,
2023). The surrounding land is primarily agricultural (>60%) and urban (~16%), with less than
~5% remaining as unconverted wetlands and woodland (Cornelissen et al., 2014). Non-native
Nile perch and water hyacinth (Eichhornia crassipes, a free-floating macrophyte) were first re-
ported in the Mwanza Gulf in 1961 (Pringle, 2005) and 1990 (Witte et al., 1995), respectively.
However, the Nile perch population remained low until the early 1980s when the population
increased exponentially (Witte et al., 1992).

6.2.2 Sediment core collection and subsampling

Sediment cores were collected in 2018 from two sites in the Mwanza Gulf using a UWITEC
gravity corer (60 mm internal diameter; Fig. 6.1C). Two of the cores were collected as a paired
set (SC12 and SC14, lengths = 37 cm and 28 cm, respectively) at the same coring location
(2°33.473" S, 32°52.470" E) with a water depth of 14.5 m, whereas the third core (SC19, length
= 47 cm) was collected on the opposite side of the gulf (2°33.015” S, 32°51.023" E) at a water
depth of 10.5 m. Cores were split lengthwise and the core face was scanned using hyperspec-
tral imaging (HSI) and x-ray fluorescence (XRF) techniques. Core halves were wet subsampled
contiguously in 1-2 cm intervals depending on the required sediment volume for the analysis.

6.2.3 Geochronological dating

Sediment samples from the cores SC12 and SC19 were analyzed for '*¥Cs and ?*°Ra us-
ing -spectrometry and for ?!°Pb (via ?°Po) by alpha-spectrometry. **Ra measurements were
difficult due to small sample mass (0.4-0.8 g) and provided unstable results; thus, constant sup-
ported 2!Pb activities were calculated from the mean for the lowermost parts of the core pro-
files. Sediment ages were modeled using the Bayesian plum model (Tables S6.1, S6.2; Aquino-
Lopez et al., 2018). Additionally, we tested the sensitivity of the age-depth model choice by
comparing the plum ages with the Constant Flux Constant Sedimentation (CFCS) and Constant
Rate of Supply (CRS) age models (Fig. S6.1; Appleby & Oldfield, 1978). SC14 was stratigraphi-
cally correlated with the SC12 chronology based on hyperspectral-inferred total chloropigment
(TChl) profiles, with linear interpolation used to assign dates between correlation points (Fig.
56.2).
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6.2.4 Biogeochemical indicators

Biogeochemical methods included scanning the surface of split core halves with HSI and
XRF techniques. HSI was used to examine changes in total chloropigments in the sediment
(TChl: Chlorophyll a, b, and derivatives; Butz et al., 2015). All cores were scanned with a
Specim Single Core Scanner system (Spectral Imaging Ltd., Oulu, Finland) equipped with a
Specim PFD-xx-V10E camera (400-1000 nm). Relative absorption band depth index (RABDg55.650)

was used to quantify total chlorophylls and colored derivatives.

X-ray fluorescence (XRF) was carried out to assess changes in the elemental composition of
sediments indicative of major shifts in the lake environment. Scans were performed using an
ITRAX (Cox Ltd., Sweden) with a chromium anode at 50 mA, 30 kV, and 30 seconds integration

time over 0.5 cm intervals.

Sequential phosphorus (P) extraction protocol for SC12 and SC19 followed the protocol
developed by the Standards, Measurements, and Testing (SMT) program (Ruban et al., 2001)
with modifications following Tu et al. (2021). Three independent extractions using NaOH and
HC1 were completed to measure five P fractions: non-apatite inorganic P (hereafter referred
to as Fe-P), calcium phosphate apatite (AP), inorganic P (IP), organic P (OP), and total P (TP).
P concentrations in unfiltered samples were measured spectrophotometrically (Shimadzu UV-
1800) with the malachite green method at an absorbance of 610 nm (Ohno & Zibilske, 1991).

Total carbon and nitrogen isotope analyses (TC%, TN %, S13C, 515N) were undertaken to
evaluate shifts in trophic state conditions through time. Sediment subsamples were freeze-
dried, homogenized, and weighed into tin capsules. Samples were then measured via combus-
tion using a ThermoFisher Flash-EA 1112 coupled with a Conflo IV interface to a ThermoFisher
DeltaV isotope ratio mass spectrometer. Isotopic compositions are reported in conventional
delta notation relative to the international standards (Vienna Pee Dee Belemnite (V-PDB) and
atmospheric N; (AIR). Signatures of 513C were corrected for the Suess effect (Fig. S6.3) follow-
ing Verburg (2007). TC corresponds to total organic carbon as prior tests indicated inorganic

carbon was absent in sediment samples.

6.2.5 Photosynthetic pigments

Sedimentary pigments were extracted from ~200 mg dry homogenized sediment following
Sanchini and Grosjean (2020). Extracts were quantified using the methodology of Lami et al.
(2000, 1994) by high performance liquid chromatography (HPLC). Analysis was restricted to
taxonomically diagnostic pigments (Table 6.1). The chlorophyll a preservation index (CPI) was
calculated as the ratio of Chl a to the sum of Chl 2 and derivatives, with low values indicating

poor preservation (Buchaca & Catalan, 2008).

6.2.6 Zooplankton microfossils

The concentration of zooplankton microfossils (calculated as the number of individuals per
volume of wet sediment) was determined from SC14 subsamples. The volume of sediment for
each subsample was measured and subsamples were then wet sieved through a 38-ym mesh.
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Lycopodium clavatum marker spores (mean number of spores = 9666, ¢ = 671; Lund University,
Batch 3862) were dissolved in each subsample to assess the proportion of sediment examined.
While ensuring the sample was adequately mixed, the solution was permanently mounted on
glass slides and each slide was examined across its entirety using bright-field illumination on
a compound microscope at 200-400x. Cladoceran remains were identified to the most detailed
taxonomic level possible and counted separately (King et al., 2024b; Szeroczyriska & Sarmaja-
Korjonen, 2007). The minimum number of individuals was determined by the most abundant
body part of each taxon (Zharov et al., 2022).

TABLE 6.1: List of indicators and their taxonomic affiliation and/or interpretation

Trophic level Indicator Taxonomic affiliation and ecological interpretation
Phytoplankton B,B-carotene All primary producers
(photosynthetic pigments)  Chlorophyll a All primary producers (sum of isomers)
Pheophytin a Chl a derivative (sum of isomers)
Pheophorbide a Chl a derivative (sum of isomers)
Alloxanthin Cryptophytes
Diatoxanthin Diatoms

Diadinoxanthin Diatoms, dinoflagellates, chrysophytes

Dinoxanthin Dinoflagellates & chrysophytes

Peridinin Dinoflagellates

Lutein Chlorophytes

Echinenone Total cyanobacteria

Canthaxanthin Colonial cyanobacteria
Myxoxanthophyll* Cyanobacteria

Oscillaxanthin Cyanobacteria (Oscillatoria)

Zeaxanthin Carotenoid characteristic of cyanobacteria

Zooplankton (macrofossils)  Cladocera: Alona Littoral, scraper feeders (Fryer, 1968)

Chydorus Littoral, scraper feeders (Fryer, 1968)
Bosmina Planktonic, selective feeders (Korhola & Rautio,
2001)

Diptera: Chaoborus  Planktonic larvae with diel vertical migration,

predatory (Dawidowicz et al., 1990)

6.2.7 Statistical analyses

Stratigraphically constrained cluster analysis (CONISS; Grimm, 1987) on the SC12 pigment
dataset identified the timing of shifts between distinct primary producer assemblages. Prior
to clustering, pigment concentrations were log-transformed and scaled to a mean of 0. Zone
determination used a broken-stick model (Bennett, 1996). SC19 pigments were not clustered
due to deeper sediment mixing. Randomized intervention analysis (RIA; Carpenter et al.,
1988) of the pigment and zooplankton assessed changes in the mean associated with the onset
of eutrophication determined from pigment clustering. Intervention points at 14 cm, 18 cm, or
26 cm for SC14, SC12, and SC19, respectively, were based on the geochronological layers for
1920 CE (Common Era). The analysis performed one thousand random permutations of each
time series and calculated the distribution of the mean difference before and after 1920 for each
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metric (R Core Team 2022, version 4.2.2). Significance levels (p-values) were calculated as the
proportion of randomized mean differences equal to or exceeding the observed intervention

effect in absolute value.

6.3 Results
6.3.1 Geochronology

Exponential decline of excess 2!°Pb was observed in both cores and reach supported 2°Pb
at 25 cm (SC12) and 35 cm (SC19), respectively (Fig. 6.3). Sediment disturbance and/or biotur-
bation was inferred from declining >!°Pb concentrations in the uppermost 4 cm of SC12 and 5
cm of SC19. Additionally, the section from 5 to 15 cm in SC19 shows significant variations in
excess 219Pb activities indicating deeper sediment disturbances, which could be explained by
shallower water depth. Most of our subsequent analyses focused on SC12 due to the lesser de-
gree of sediment disturbance. Age-depth models extended back to ~1900 CE (+ 9 years), with
age estimates prior to this year having large uncertainties (Fig. 6.3). Given the relative agree-
ment between modeling approaches (Fig. 56.1), we proceeded using the Bayesian plum model.
This model aligns well with the range of the most likely age-depth distribution. Concentra-
tions of 1¥7Cs in the sediments were not sufficient to constrain either core chronology, which is
typical for tropical African lakes (Walling & He, 2000). Thus, downcore ¥Cs concentrations
(Fig. 6.3) were attributed to post-depositional diffusion through pore waters (Klaminder et al.,
2012) or sediment mixing.

sc12  *'Pbactivity (Bakg™) Year (CE) SC19 P activity (Bq kg™ Year (CE)
(I) 190 290 390 20?0 19|80 19|40 19|00 18|60 18|20 0 100 200 300 2020 1980 1940 1900 1860 1820

020 020
137Cs(Bq kg ™) '¥Cs (Bakg™)

FIGURE 6.3: Activity profiles of total 2'’Pb with error bars (black open squares) and '3’Cs (diamonds),

measured throughout SC12 (teal) and SC19 (purple). The lowermost parts of the profiles indicate the

supported 21%Pb (gray filled squares). Age-depth models were calculated for SC12 and SC19 based

on the Bayesian plum model (Aquino-Lépez et al., 2020); 95% confidence interval indicated by shaded
ribbon). Gray shading indicates core layers with turbated sediment.

6.3.2 Biogeochemical and isotopic sediment composition over time

Mwanza Gulf cores showed a consistent pattern of nutrient enrichment and increased pro-
ductivity over the past century. TChl index values remained low until the 1920s, followed by
a rapid increase until peaking around 1985 and subsequently stabilizing (Fig.6.4). Values of
lithogenic material (Ti, Zr, K, Fe, Si) remained relatively stable over the past century, while or-
ganic material (Br) increased after 1920 CE (Fig. 6.5). Atomic ratios of TC:TN (range = 9.3-11.0)
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exhibited decreasing trends in both cores over the past century (Fig. 6.5). Value of §°N dis-
played contrasting patterns between cores, increasing in SC12 (range = 0.8-1.8%o) and decreas-
ing in SC19 (range = 0.4-1.3%0). Similarly, Suess-corrected 6'°C values decreased gradually
until the early-1960s in both cores, and subsequently exhibited differing trends with further
decreases observed in SC19 and increased values in SC12 (Fig. 5.5). All P fractions exhibited
increasing trends over time. Among these fractions, OP and Fe-P demonstrated the most sub-
stantial rises, significantly contributing to the overall TP increase. TP concentrations in the
sediments ranged from 538.2 to 1395.9 ng/gq4s. and 340.8 to 2225.5 ug/gqs in SC12 and SC19,

respectively.
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FIGURE 6.4: Color photographs of split core faces, colorized image for chloropigment stratigraphy and

total chloropigment (TChl) moving average (k = 13 samples) profiles of SC19 (purple), SC12 (teal), and

5C14 (pink). Solid horizontal lines indicate the year 1920 CE (+ 7 yrs, 95% CI) based on the chronology
of each core, and gray shading indicates core parts with turbated sediment.

6.3.3 Food web responses to eutrophication (photosynthetic pigments and zoo-
plankton)

Photosynthetic pigments displayed a trend of increasingly elevated relative concentrations
following the onset of eutrophication, regardless of increasing flux after ~1986 CE (Figs. 6.6;
S6.4). Most pigments were detected in both SC12 and SC19, with the exception of B,B-carotene
and peridin in SC12, and alloxanthin in SC19. CONISS revealed three zones consisting of dis-
tinct pigment assemblages: pre-eutrophication (prior to 1920 CE), onset of eutrophication with
increases of most pigments (1920-1990 CE), and sustained eutrophication with cyanobacterial
dominance (1990 CE—present). RIA indicated mean concentrations increased to values ~2-10x
times higher than the low stable concentrations observed prior to 1920 (Figs. S6.5, S6.6, and
Table S6.3).
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FIGURE 6.5: Biogeochemical proxies analyzed in SC12 (teal) and SC19 (purple), including: XRF (Ti, Zr,

K, Si, Br; total counts), carbon and nitrogen isotope geochemistry (TC, %; TN, %; C:N; Suess-corrected
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sediment.
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FIGURE 6.6: Binned (2 cm intervals) hyperspectral total chloropigments (TChl) and relative concentra-
tions of photosynthetic pigments (nmol g OC™?), and chlorophyll preservation index (CPI) measured
throughout SC12 and SC19. Zone (I-1II) differentiation was based on cluster analysis. Dashed horizon-
tal lines indicate 1920 (+ 7 yrs, 95% CI) and 1990 (+ 2 yrs), and gray shading indicates core parts with
turbated sediment. Dotted lines indicate significant differences between means before and after 1920.

Pigment associations are listed in Table 6.1
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The zooplankton of SC14 consisted of three genera of cladoceran taxa, including benthic
chydorids (Alona and Chydorus) and planktonic Bosmina, as well as Chaoborus mandibles (Fig.
6.7). All cladoceran taxa exhibited steadily high concentrations until the early-1900s followed
by a major decrease around ~1960 (+ 5 yrs, 95% CI) despite consistent sampling effort (Fig.
S6.7) and changes in sedimentation rates (Fig. S6.8). RIA suggests a significant change in
the cladoceran assemblage after 1920, exhibiting decreased mean concentrations by ~15-40%
(Fig. S6.9; Table S6.4). Notably, Bosmina remains were consistently present and a subsequent
increase, whereas Alona and Chydorus remain at low abundances. Chaoborus mandibles were
rarely encountered, with at most one individual being found per subsample (Fig. S6.7); thus,
no significant change was detected by RIA.
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FIGURE 6.7: Binned (1-cm intervals) hyperspectral total chloropigments (TChl) and concentration of

zooplankton microfossils counted throughout SC14, as well as mean haplochromine stock from trawling

surveys (Natugonza et al., 2021). Dashed horizontal line indicates 1920 CE (+ 7 yrs, 95% CI). Dotted lines
indicate significant differences between means before and after 1920

6.4 Discussion

Our results suggest that anthropogenic eutrophication of Lake Victoria and the increase in
lake level (Fig. 6.2) have had major impacts in the plankton communities of Mwanza Gulf.
Nutrient enrichment (P and N) began ~1920 CE at Mwanza Gulf and rapidly caused increased
primary production. Analysis of photosynthetic pigments revealed three stratigraphic zones,
including pre-eutrophication (prior to 1920), the onset of eutrophication (1920-1990), and sus-
tained eutrophication (1990-present), that featured increasingly higher pigment concentra-
tions. In the 1960s, the cladoceran assemblage, particularly the benthic groups, collapsed at
the site of SC14 concurrent with the 2 m increase in water level, and then partially recovered
following the recovery of the haplochromine cichlid population in the 1990s.
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6.4.1 Reconstructing anthropogenic eutrophication

Nutrient enrichment and excessive algal growth were evident in Mwanza Gulf, marked by
a rapid increase of nutrients (P) and productivity (TChl) around the core depths representative
of ~1920 (Fig. 6.4). Biostratigraphical analysis of SC12 photosynthetic pigments identified a dis-
cernible shift in assemblage at ~16-18 cm, corresponding with ~1920 (+15 yrs). While the 1920
timing of N enrichment is consistent with previous observations of surface cores, enhanced
P deposition began earlier in Mwanza Gulf compared to northern inshore areas in which it
only began to increase in the 1940s (Hecky et al., 2010). TP and bioavailable P (OP and Fe-P)
concentrations exhibited an increasing trend since ~1920, contrasting with low stable values of
AP (Fig. 6.5). Further increases in TP until present are consistent with estimates indicating a
>100% increase in surface water TP concentrations between the 1960s and 1990s (Hecky et al.,
2010). Stability of AP (non-bioavailable in sediments; Tu et al., 2021) and lithogenic material
(Ti, Zr, K, Fe) suggests that changes in organic sediment components (e.g., OP and Br) are likely
driven by increased primary productivity and autochthonous organic matter deposition rather
than detrital input. Altogether, this indicates an earlier onset of eutrophication in Mwanza
Gulf compared to northern Lake Victoria and highlights the contextual nature of spatial and
temporal lake ecosystem responses to anthropogenic eutrophication.

Concurrent with rising TN content in Mwanza Gulf, § 15N in SC12 increased following the
onset of eutrophication and further accelerated after the >2 m lake level rise in the 1960s (Fig.
6.2). The rise of §°N can be attributed to increased runoff of isotopically heavy nitrogen from
sewage and waste material (Leavitt et al., 2006; Machiwa, 2010), which in turn promoted en-
hanced algal abundance (Bunting et al., 2007). Intensified use of the N pool from abundant
phytoplankton, alongside the preferential use of isotopically lighter 14N, would have led to
lower fractionation and increased sedimentary 6'°N (Talbot, 2001). The magnitude of observed
SN increase (<1%o) may have been mitigated by proliferation of diazotrophic cyanobacteria
(indicated by canthaxanthin; Fig. 6.6), which typically have 6'°N signatures of 0 + 2%.(Talbot,
2001), similar to other tropical lakes (Rosenmeier et al., 2004). The contrasting SN trend in
SC19 remains puzzling and exemplifies the need for multiple cores to thoroughly ascertain the
spatial variability of ecosystem dynamics.

Primary production in the Mwanza Gulf reached unprecedented levels in the history of the
modern lake in the ~1980-90s and subsequently stabilized (Frank et al., 2023). Analysis of bulk
organic matter using TC:TN ratios revealed steady declines (Fig. 6.5) consistent with increas-
ing algal dominance. High ratios (>20) are typically indicative of vascular land plants, while
lower ratios (5-8) represent plankton dominance (Finlay & Kendall, 2007; Meyers, 1994). Thus,
declining ratios are typical of lakes experiencing shifts to turbid, phytoplankton-dominated
conditions (e.g., King et al., 2024a). Despite its high cellulose content and rapid growth rate,
the expansion of water hyacinth cover in 1990 is not reflected in the TC:TN ratio, which attests
to the success of the rapid application of biological control agents and awareness campaigns
(Neochetina weevils; Wilson et al., 2007). TC:TN ratios of Mwanza Gulf were well within the
range (typically 8.3-14.6) indicative of moderate N-limitation (Hecky et al., 1993), which is con-
sistent with previous reports of Lake Victoria (Talbot & Laerdal, 2000). At SC12, the reversal of
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the Suess-corrected 6'°C trend (Fig. 6.4) can also be attributed to increased primary production.
Due to the preferential utilization of 1>C by phytoplankton, periods of low primary productiv-
ity will result in relatively low S13C (Wu et al., 2006). Conversely, periods of high primary
productivity will lead to a depletion of '2C in the C pool, and thus increased uptake of 3C
(Meyers & Teranes, 2001). Lastly, the obtained 6'°C values (Fig. 6.5) are typical of autotrophic
lakes (>-27%o) and consistent with expectations for Lake Victoria (Verburg, 2007). The lack of
increasing 6'°C in SC19 (Fig. 6.5) may result from higher sediment mixing compared to SC12
due to the shallower water depth, which may have stimulated selective preservation of specific
fractions of organic matter (Lehmann et al., 2002).

6.4.2 Food web responses to eutrophication

Anthropogenic eutrophication led to major shifts in the algal (Fig. 6.6) and cladoceran (Fig.
6.7) assemblages of Mwanza Gulf. Despite low pigment preservation in tropical lakes (Buchaca
et al., 2019), pigments have been used to successfully reconstruct major shifts in primary pro-
duction in Lake Victoria (Wienhues et al., accepted). In Mwanza Gulf, pigment degradation
remained relatively stable across the cores (CPI <0.1; Fig. 6.6). Thus, increased pigment depo-
sition upcore likely reflects increased production rather than degradation.

Initial increases in total primary production around ~1920 (TChl) occurred gradually along-
side increased nutrient loading (TP and TN). A doubling of phytoplankton production was
similarly observed in northern inshore waters during this period (Mugidde, 1993).The major-
ity of sedimentary pigments increased gradually starting around ~1920, suggesting that all
analyzed taxonomic groups benefited from increased nutrient availability. Furthermore, the
high-resolution TChl values effectively captured the fluctuations in total primary production
over time in more detail (Fig. 6.4) than the pigment data. The phytoplankton assemblage re-
mained dominated by diatoms as indicated by the continuous abundance of diatom-related
pigments (diatoxanthin and diadinoxanthin), while the abundance of cyanobacteria-pigment

canthaxanthin indicates that cyanobacteria were at least seasonally abundant.

The subsequent assemblage shift around ~1990 CE (+ 2 years) indicates increasing domi-
nance of cyanobacteria-related pigments, whereas diatom- and dinoflagellate-related pigments
remained stable or decreased (diatoxanthin, diadinoxanthin, dinoxanthin) and remained most
likely abundant at low levels (Fig. 6.6). The timing of this shift is consistent with phytoplankton
monitoring data that indicates stabilization of phytoplankton abundance since the 1990s in the
Mwanza Gulf (Frank et al., 2023). Accordingly, diatoms and cyanobacteria have been the main
phytoplankton groups in the Mwanza Gulf, whereas chlorophytes have remained very low or
absent. Shifts in primary production did not coincide with major changes in the cladoceran
assemblage (Fig. 6.7). Some zooplankton taxa (e.g., copepods) are not preserved in lake sed-
iments; thus, reductions in cladoceran abundances does not necessarily imply a reduction in
overall zooplankton biomass. Despite the significant decline in cladocerans, the phytoplankton
community did not exhibit a corresponding increase in biomass or productivity, suggesting in-
creasing phytoplankton abundance was not the result of reduced cladoceran grazing pressure.

Abundances of all cladoceran taxa in Mwanza Gulf decreased substantially in the 1960s,
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possibly due to the cumulative impacts of lake-level rise and anthropogenic eutrophication.
The parallel decline of both benthic chydorids and Bosmina (Fig. 6.7) suggests that depth-
associated changes in habitat conditions, such as a shift of the littoral zone or loss of macro-
phyte habitat, could have contributed to the observed collapse of the cladoceran community.
Changes in lake water depth can strongly influence cladoceran assemblages by altering the ex-
tent of littoral and pelagic habitats (Nevalainen et al., 2011). Benthic chydorids (e.g. Alona and
Chydorus), although capable of open water migration, commonly inhabit clear, shallow waters
with high macrophyte cover in other eastern African lakes (Verschuren et al., 2000). Compar-
atively, rising lake levels may have made planktonic Bosmina more vulnerable to predation by
reducing refuge afforded by submerged open-water macrophytes (Iglesias et al., 2007). To-
gether with the higher water levels, enhanced algal production in the Mwanza Gulf (Fig. 6.6)
could have led to decreased water transparency (Verschuren et al., 2002) and light availability
for littoral macrophytes (Natugonza et al., 2021). Turbid waters likely inhibited macrophyte
establishment due to reduced light penetration and reduced suitable chydorid habitat (White-
side & Swindoll, 1988). Alternatively, benthic chydorids may have moved into the newly estab-
lished and inundated littoral environment and not been recovered at the core site due to spatial
heterogeneity of cladoceran assemblages (e.g., Nevalainen, 2011). Interestingly, this cladoceran
response preceded the collapse of haplochromine cichlids in the 1980s (Fig. 6.1) and is consis-
tent with previous studies indicating higher nearshore and offshore abundances of cladocerans
in the early 20" century compared to present (Mwebaza-Ndawula, 1994).

In addition to lake-level rise and eutrophication, interspecific competition as well as inver-
tebrate and fish predation may have led to changes in the zooplankton assemblages of Lake
Victoria over the past century (Black & Hairston, 1988; Branstrator et al., 2003). Discontinuous
monitoring indicates that decreased cladoceran abundances in Mwanza Gulf were accompa-
nied by increased cyclopoid copepod abundances, which are cladoceran predators (Wanink et
al., 2002). Copepods, which make up high fractions of the contemporary zooplankton biomass
in Lake Victoria, may have outcompeted small cladocerans as lake conditions changed, pos-
sibly due to greater hypoxia tolerance (Vanderploeg et al., 2009) or better predator avoidance
(Semyalo et al., 2009). Furthermore, previous cores from northern Lake Victoria displayed a
substantial post-1960s increase in Chaoborus abundances that occurred alongside decreasing
cladoceran abundances (Bridgeman, 2001). We did not observe this pattern in our samples,
which had relatively few Chaoborus remains due to the limited amount of sediment that we
screened relative to other studies (Fig. 56.7; Quinlan & Smol, 2010). Therefore, further efforts
are necessary to elucidate the temporal patterns of Chaoborus abundance and the predation
pressure exerted on Cladocera and copepods in Mwanza Gulf.

Following the surge in Nile perch abundance, the replacement of zooplanktivorous hap-
lochromines by dagaa as the dominant pelagic zooplanktivore in the 1980s (Gophen et al.,
1995) could also have affected the zooplankton communities. Despite increased dagaa abun-
dances, the overall biomass of zooplanktivores decreased, suggesting that overall predation
pressures also decreased (Wanink et al., 2002). Whereas some studies have speculated that the

shift in zooplankton assemblage is attributable to increased dagaa abundances (van Zwieten et
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al., 2016), our time series demonstrate that the collapse of cladocerans clearly predates changes
in the fish community in Mwanza Gulf (Fig. 6.7). However, as nearshore turbidity improved
in the 1990s (Sitoki et al., 2010), ongoing fishing pressures contributed to declines in Nile perch
population and the recovery of haplochromines in the Mwanza Gulf (Witte et al., 2000). Zoo-
planktivores made up only ~10-20% of the haplochromine community prior to their decline,
but were one of the dominant trophic guilds to rapidly resurge in the 1990s, constituting ~80%
of the community (Witte et al., 2007). The concurrent increases in Bosmina (Fig. 6.7) suggest
that the recovery of haplochromines may have released some of the controls (e.g., Chaoborus
predation) limiting Bosmina abundance.

6.5 Conclusions

This study demonstrates that anthropogenic eutrophication profoundly altered planktonic
community structure of Mwanza Gulf. Nutrient increases beginning in ~1920 promoted higher
algal abundance but rising lake-levels in the ~1960s might have led to habitat alterations that
triggered the decline of both benthic and pelagic cladocerans. The collapse of biomass and
species diversity of endemic haplochromines and subsequent recovery of their biomass may
have further impacted planktonic Bosmina through changes in predation pressure. The lack of
a compensatory response in the phytoplankton community, whereby algal biomass increases
with decreasing cladoceran abundance, suggests weak top-down control of the algal biomass
by cladoceran grazing pressure. Altogether, this study helps unravel additional insights to
the food web dynamics underlying anthropogenic eutrophication and the loss of fish stocks in
Lake Victoria.
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stant Rate of Supply (CRS), missing inventory corrected Constant Rate of Supply (CRS + MI), Constant
Flux:Constant Sedimentation (CFCS), Constant Flux:Constant Sedimentation excluding the turbated
layer (CFCS - ML), and Bayesian plum models. Gray areas indicate core layers with turbated sediment.
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FIGURE 56.6: Intervention analysis of SC19 pigment concentrations using 26 cm core depth as the inter-
vention point to represent 1920 CE. Dashed lines indicate the observed intervention effect.
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FIGURE S6.7: Total counts of Cladocera and Chaoborus individuals, determined by the minimum num-
ber of individuals possible given the most abundant body part of each taxon, and the total volume of
sediment examined in each subsample.
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TABLE 56.1: Summary of SC12 core collected in October 2018 subsample data incorporated into the plum
model, using a supported >'°Pb concentration of 48.3 (+4.7) Bqkg ™! (mean activity from the lowermost
part of the core profile; excluding the bottom three samples)

LabID Depth interval  Density 210pp sd(*1°Pb)

(cm) (gem™)  (Bgkg™)

LV SC12. 1 0-1 0.006274  342.1 10.9
LV_SC12. 2 1-2 0.012528  358.3 11.1
LV_SC12_3 2-3 0.012311  360.7 11.4
LV_SC12_4 34 0.011631  363.4 16

LV SC12.5 45 0.011135  358.1 20.7
LV_SC12 6 5-6 0.011319  324.8 17.4
LV_SC12_ 7 67 0.011559  305.5 142
LV_SC12_8 7-8 0.011802  293.4 11.6
LV_SC12 9 89 0.011614  287.4 9.1

LV_SC12_10 9-10 0.012136  259.3 8.4
LV_SC12_11 10-11 0.012193  225.1 7.7
LV_SC12_12 11-12 0.011898  210.5 7.5
LV_SC12_13 12-13 0.010945  187.8 7.3
LV_SC12 14 13-14 0010721 161 6.5
LV_SC12_15 14-15 0.010842  126.1 56
LV_SC12_16 15-16 0010212 1115 52
LV_SC12_17 16-17 0.010161  102.8 48
LV_SC12_18 17-18 0.010338 95 45
LV_SC12_19 18-19 0.00994 812 42
LV_SC12_20 19-20 0.009691  76.7 39
LV_SC12 21 20-21 0.009101  70.2 3.6
LV_SC12_22 21-22 0.009627 715 38
LV_SC12 23 22-23 0.00985  72.3 39
LV_SC12_24 23-24 0.009292  65.8 35
LV_SC12_25 24-25 0.009395 543 3.1

LV_SC12_26 25-26 0.00956 52 3.1

LV_SC12_27 26-27 0.009661  50.6 31

LV_SC12_28 27-28 0.009665  49.4 3.1

LV_SC12 29 28-29 0.009642  48.7 31

LV_SC12_31 30-31 0.019163 465 32
LV_SC12 33 32-33 0.018397 387 28
LV_SC12_35 34-35 0017184  46.1 33
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TABLE 56.2: Summary of SC19 core collected in October 2018 subsample data incorporated into the

Bayesian plum model, using a supported !°Pb concentration of 52.6 (+1.3) Bq kg_1 (mean activity from
the lowermost part of the core profile).

LabID Depth interval Density 20pp  sd(®'°Pb)

(cm) (8 cm™2) (Bq kg‘l)
LV_SC19_1 0-1 0.002312 309.6 11.1
LV_SC19_2 1-2 0.004932 268.4 94
LV_SC19_3 2-3 0.004925 335 11.2
LV_SC19_4 3-4 0.004454 351.2 10.9
LV_SC19_5 4-5 0.004153 363.5 11.4
LV_SC19_6 5-6 0.004037 397.9 12.8
LV_SC19_7 6-7 0.004065 354.6 11.8
LV_SC19_8 7-8 0.004268 329.5 11.1
LV_SC19_9 8-9 0.004360 267.2 8.9
LV_SC19_10 9-10 0.004476 296.4 9.9
LV_SC19_11 10-11 0.004745 260.9 9.0
LV_SC19_12 11-12 0.004810 269.3 9.3
LV_SC19_13 12-13 0.004654 289.6 10.4
LV_SC19_14 13-14 0.004512 271.3 9.5
LV_SC19_15 14-15 0.004422 276.4 9.7
LV_SC19_16 15-16 0.004430 228 8.4
LV_SC19 17 16-17 0.004552 214 7.9
LV_SC19_18 17-18 0.004730 201.2 7.5
LV_SC19_19 18-19 0.004506 185.7 7.0
LV_SC19_20 19-20 0.004399 191.3 7.3
LV_SC19_21 20-21 0.004544 163.9 6.4
LV_SC19_22 21-22 0.004559 170.2 6.7
LV_SC19_23 22-23 0.004244 158 6.5
LV_SC19_24 23-24 0.004101 154.5 6.4
LV_SC19_25 24-25 0.004056 147 .4 6.1
LV_SC19 26 25-26 0.004183 130.5 5.7
LV_SC19_27 2627 0.004507 107.2 49
LV_SC19_28 27-28 0.004856 83.2 4.2
LV_SC19_29 28-29 0.005047 78.9 4.0
LV_SC19_30 29-30 0.005069 69.3 3.7
LV_SC19_31 30-31 0.005268 75.4 4.1
LV_SC19_32 31-32 0.005371 64.4 3.5
LV_SC19_33 32-33 0.005060 68.3 3.9
LV_SC19_34 33-34 0.00498 66.3 3.7
LV_SC19_35 34-35 0.005034 62.5 3.6
LV_SC19_36 35-36 0.005083 53.9 3.2
LV_SC19 37 36-37 0.005179 51.9 3.1
LV_SC19_38 37-38 0.005299 53.4 3.2
LV_SC19_39 38-39 0.005314 50.4 3.3
LV_SC19_40 39-40 0.005330 52.5 13.3
LV_SC19_41 40-41 0.005476 53.4 35
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TABLE 56.3: Randomized intervention analysis results of photosynthetic pigments

Pigment Pre-1920 Post-1920 p-value | Pre-1920 Post-1920 p-value
B,B-carotene N/A N/A N/A 0 3.96 <0.001
Chlorophyll a 6.63 31.01 <0.001 3.63 34.16 <0.001
Pheophytin a 90.46 215.72 <0.001 77.45 252.7 <0.001
Pheophorbide a 103.17 326.73 <0.001 135.46 451.66  <0.001
Alloxanthin 1 2.49 0.08 N/A N/A N/A
Diatoxanthin 0.58 0.86 <0.001 091 3.12 <0.001
Diadinoxanthin 0.7 1.37 <0.001 0.76 1.99 <0.001
Dinoxanthin 0 0.94 <0.001 0 0.62 0.03
Peridin N/A N/A N/A 0.78 0.44 0.004
Lutein 1.04 1.67 0.44 23 421 <0.001
Echinenone 0.59 6.93 <0.001 3.53 35.11 <0.001
Canthaxanthin 1.51 3.46 <0.001 2.06 6.67 <0.001
Myxoxanthophyll 0.52 1.81 0.002 0.71 51 <0.001
Oscillaxanthin 0.18 3.3 0.07 0.21 1.29 <0.001
Zeaxanthin 0.65 1.39 <0.001 0.66 4.14 <0.001

TABLE 56.4: Randomized intervention analysis results of Chaoborus and Cladocera taxa

Zooplankton
Alona
Chydorus
Bosmina
Chaoborus

11.85
6.4
21.4
0.7

SC14
Pre-1920 Post-1920 p-value
3.39 0.003
1.03 <0.001
8.4 0.002
0.86 0.58
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7. Conclusions and outlook

7.1 Conclusions

This thesis presents a comprehensive examination of the paleolimnological history of Lake
Victoria. It provides valuable insights into the evolution of the aquatic ecosystem and its
dynamic connections to paleoclimate conditions and the lake’s development from the Latest
Pleistocene to modern times. Using a multiproxy approach, this thesis has integrated high-
resolution scanning techniques (HSI and XRF) with multiple analytical methods, including
sedimentary pigment biomarkers, which significantly expand the range of paleoenvironmen-
tal indicators available for Lake Victoria. Moreover, the analysis of sediment cores at varying
water depths has offered new insights and proof of the diverse paleoenvironmental conditions
in Lake Victoria, considering its immense size. The following section discusses the outcome of
this thesis in relation to the major scientific objectives.

Re-filling of Lake Victoria in the Latest Pleistocene to Early Holocene

One major objective of this thesis was to understand Lake Victoria’s paleolimnological evo-
lution during the Latest Pleistocene-Early Holocene transition. Employing a chrono-lithostrati-
graphic approach, the data reveal strong evidence for extensive wetland ecosystems within the
Lake Victoria Basin before the establishment of the present deep-water lake (~14 —13.5 ka). This
novel finding effectively explains the observed variations in basal sediment lithologies within
the lake basin and sheds light on the basin’s pre-lacustrine environment. Furthermore, the data
agree with existing regional paleoclimate records suggesting arid conditions in the Latest Pleis-
tocene (specifically during the Heinrich 1 Stadial) followed by significantly wetter conditions
with the onset of the African Humid Period and the Holocene (~14 — 10 ka).

Trends and drivers of past aquatic primary production in Lake Victoria

Another key aspect of this thesis was exploring the long-term lacustrine evolution of Lake
Victoria, focusing on changes in primary production, nutrient dynamics, and hydroclimate
variability from the Latest Pleistocene to modern times. The results indicate that past primary
production in Lake Victoria was primarily driven by hydroclimate changes, water column mix-
ing, and nutrient availability. However, it is important to consider the heterogeneity of these
factors across the lake basin and different water depths when interpreting paleoenvironmental
changes in the lake.

During the early wetland phase (16.7 — 14.5 ka), Lake Victoria had low aquatic primary
production, with predominantly chloro- and chromophytes. The lake’s ecosystem and phyto-
plankton community were likely influenced by emergent aquatic macrophytes. After a rapid
rise in lake levels at 14.2 ka and the formation of a deep exorheic lake, productivity increased
significantly. Chromophytes and cyanobacteria became dominant in the algal community. Two
phases of increased lake mixing and primary production were observed during the Holocene
and African Humid Period: one between 11 and 9 ka, and another, less pronounced phase
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between 7 and 4 ka. Between 9 and 7 ka, the lake experienced stable water conditions with
low diatom productivity and nutrient limitation, possibly due to reduced wind stress. In the
mid-to-late Holocene, there was a decrease in lake mixing, which coincided with the end of the
African Humid Period (~5 — 4 ka). This resulted in a rise in cyanobacteria dominance.

Cultural eutrophication and ecological changes in Mwanza Gulf

The third study investigated the ecological changes and eutrophication in the southern
Mwanza Gulf of Lake Victoria over the past century. Our findings indicate that algal produc-
tion began to increase in the 1920s, and peaked in the 1980s, due to the growing influence of
anthropogenic activities on nutrient loading. Additionally, the habitat alteration caused by the
lake-level rise in the 1960s primarily affected the cladoceran community. Notably, the data did
not provide strong evidence of predation control mechanisms or grazing pressure on plank-
tonic zooplankton and phytoplankton, respectively.

7.2 Final remarks and outlook

In summary, this thesis shows that analyzing lake sediments using multiple methods and
interdisciplinary collaboration can yield new insights into geoscientific and biological research.
The precise chronology and interdisciplinary approach employed make these records particu-
larly valuable for reconstructing past environmental conditions. Only a few studies in tropical
and African regions have used multiproxy datasets to reconstruct past environmental condi-
tions, especially with regard to the application of hyperspectral imaging techniques or pigment
biomarkers to infer paleo primary production. In this respect, our study serves as a practical
validation of these tools and indicators in a tropical lake system. The thesis presents signif-
icant environmental baseline conditions for interpreting the evolutionary trajectories in Lake
Victoria. Furthermore, it identifies key areas for further investigation that are essential for de-
ciphering the complex relationship between environmental changes and aquatic evolution:

I. Pigment degradation and preservation: While pigment biomarkers offered valuable in-
sights into past algal communities, their degraded nature in Lake Victoria highlights the
need for further research into pigment degradation-preservation dynamics in tropical
lakes. It is important to understand these processes, particularly for grazing-indicating
pigments like pheophorbide g, as they could offer valuable information about food-web
dynamics.

II. Spatial heterogeneity: The study uncovered spatial variations in past aquatic conditions.
However, the impact on biotic communities, particularly fish populations, remains un-
clear. To comprehend phytoplankton growth and ecosystem functioning, it is crucial
to investigate the drivers of this heterogeneity within the lake, specifically how mixing
affects nutrient availability, light penetration, and temperature distribution. Interdisci-
plinary collaboration is required among various fields, such as meteorology, sedimentol-
ogy, paleoecology, and ecosystem modeling, due to the complexity of the region’s hydro-
climatic conditions.
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III. Holocene hydrological and climatic instability: The high-resolution XRF data, especially
the K profile, holds immense potential for exploring short-term climate perturbations and
their impact on lake biota in a paleoclimatological context. This data presents a valuable

opportunity for further research and analysis.

By addressing these research areas, we can gain a deeper understanding of the past and present
dynamics of Lake Victoria, ultimately informing conservation and management strategies for

this biodiverse ecosystem.
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I. AppendixI

I[.1 Literature review — tables

Symbols for chronology

>

o m < @

original chronology

incorporation of additional *C dates in age-depth model

revised age-depth model (omission of *C dates, correction factor)
single *C date; no age-depth model

revised *C date

retrieved by correlation using magnetic susceptibility
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TABLE AL 1: Overview of cores taken during IDEAL campaign

V95-1P V95-2P V95-3P V96-6P V95-7P V96-7P
Coordinates 01°13.9’S, 33°11.9'E 00°58.67’S, 33°27.32'E | 01°38.58’S, 32°51.22°E | 00°19.69’S, 32°19.71’E | 00°27.70’S, 33°21.10'E | 01°11.3’S, 33°0.65'E
Coring year 1995 1995 1995 1996 1995 1996
Water depth [m] 65.8 67 65 ? 63 68
Core length [cm] 909 751 441 420 921 614
Chronology versions m DeMaster, 1997 and | » Johnson et al., 1996 | m Johnson et al., 1998 » Muschick et al., m Johnson et al.,, 1998 | mJohnson et al., 1998
Johnson et al., 1998 ¢ Beuning et al., 1997 | O Talbot et al., 2000 2018 e Lund et al., 2021 4 Beuning et al., 2002
¢ Johnson et al., 2000 | ¢ Johnson et al., 1998 O Stager et al., 2002
#Berke et al., 2012 and Ngobi et al., 1998
¢ Muschick et al., ¢ Stager and
2018 Johnson, 2000
¢ Lane et al., 2018 ¢ Talbot et al., 2000
4 Beuning et al., 2002
¢ Stager et al., 2002

Dated material

Bulk OM,
pollen-lignin-algae
fraction, plant/wood
fragment

Pollen-lignin-algae
fraction, charcoal

Basal age (in figure) 16.6-16.2 ka BP (plant | 14.3 ka BP (charcoal)
wood fragment) or 14.2-15.3 ka BP
Berke et al., 2012 Beuning et al., 2002
Lane et al., 2018 Stager et al., 2002

Others Two late Holocene Date in “transitional
cryptotephras mud” 15.9 ka BP
(3151-2537 cal. yr BP, | (charcoal)

1973-1395 cal. yr BP)
Range of basal ages
(16.6-21 ka with age
reversal)

15.6-16.3 ka BP

Core description

Two exposure
surfaces

Two exposure
surfaces
Talbot et al., 2000

Pollen-lignin-algae
fraction

One exposure surface
Talbot et al., 2000

Charcoal, wood
fragment, fish fossil

No description,
correlation with MS
data

Pollen-lignin-algae
fraction

Pollen-lignin-algae
fraction, charcoal

15.86 ka BP (charcoal)
or 15.6-16.3 ka BP
Beuning et al., 2002
Stager et al., 2002

overpenetration
resulted in loss of the
upper sedimentary
section (<4 ka)

No exposure surface

No description
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II. Appendix II

II.1 Summary of cores and stratigraphic correlation

TABLE AII.1: Summary of all sediment cores taken along the offshore-nearshore coring transect (coring

campaign 2018). Analyzed sediment cores used in this thesis are highlighted.

Core ID Coordinates Depth Coring Analyses Composite Core
(Segments) [m] (short name)
Piston cores along transect
LVC18-4L  E 33°47,768 63.0 XRE, HSI LVC18-54 (LV4)
(1-10) S 01°02,966
LVC18-1A  E 33°55,146’ 37.0 —
(1-8) S 01°06,914
LVC18-1B E 33°54,811" 37.6 XRF, HSI
1-7 1°06,979’
-7 501706979 LVC18-S1 (LV1)
LVC18-1C  E 33°54,804’ 37.6 XRE, HSI
(1-6) S 01°06,982’
LVC18-2D  E 33°56,780’ 22.6 —
(1-98) S 01°07,850
LVC18-2E E 33°56,779 22.6 XRE, HSI
(1-9) S 01°07,850 LVC18-53 (LV2)
LVC18-2F E 33°56,779 22.6 XRFE, HSI
(1-8) S 01°07,849
LVC18-3G  E33°58,599" 134 HSI
(1-4) S 01°08,343’
LVC18-3H  E 33°58,579’ 13.4 XRF, HSI
(1-3) S 01°08,345’
LVC18-3]  E33°58,593" 134 XRF, HSI LVC18-S3 (LV3)
(1-3) S 01°08,344
LVC18-3K  E 33°58,594 13.4 HSI
(1-3) S 01°08,345
Surface cores along transect
LVC18-51  E33°55,146"  37.0 XRF, HSI, 21°Pb  219Pb Chronology revealed that
S 01°06,914 the top is missing
LVC18-S2  E33°55146"  10.0 XRE, HSI,*°Pb
S 01°06,914’
LVC18-53 E 33°58,661’ 10.0 —
S 01°08,459
LVC18-S3  E33°58,662"  10.0 —
S 01°08,458’
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TABLE AIL.2: Summary of all surface sediment cores taken at the Mwanza Gulf (coring campaign 2018).

Analyzed surface cores are highlighted.

Core ID Coordinates Depth Coring Analyses
(Segments) [m] Site
Surface cores (Mwanza Gulf)
LVC18-TSE-SC6 S01°06,914"  10.0 E —
E 33°55,146
LVC18-TSE-SC7 $01°06,914  10.0 E —
E 33°55,146’
LVC18-TSE-SC8 S01°08,459°  10.0 E —
E 33°58,661’
LVC18-TSF-5C9 $01°08,458"  10.0 F HSI, Fish fossils
E 33°58,662’
LVC18-TSF-SC10 S$02°33,612" 125 F —
E 32°52,852
LVC18-TSF-5C11 $02°33,612" 125 F —
E 32°52,852’
LVC18-TSG-SC12 S02°33,473 145 G 29Pb, XRF, HSI, 6'3C, 6'°N, Pigments,
E 32°52,470" Phosphorus
LVC18-TSG-5C13 S 02°33,473’ 14.5 G XRE, HSI, Plant Protection Products (PPP)
E 32°52,470’
LVC18-TSG-5C14 S 02°33,473’ 14.5 G XREF, HSI, Zooplankton fossils, Fish fossils
E 32°52,470’
LVC18-TSH-SC15 $02°33,301"  13.5 H —
E 32°52,032
LVC18-TSH-SC16 $02°33,301" 135 H —
E 32°52,032'
LVC18-TSH-SC17 $02°33,301"  13.5 H —
E 32°52,032
LVC18-TSI-SC18 $02°33,015° 105 I —
E 32°51,023’
LVC18-TSI-SC19 S02°33,015°  10.5 I 210pp, XRF, HSI, §13C, 6'°N, Pigments,
E 32°51,023" Phosphorus
LVC18-TSI-SC20 $02°33,015  10.5 I —
E 32°51,023’
LVC18-TSJ-sC21 S 02°32,828’ 6.6 I —
E 32°50,403’
LVC18-TS]-5C22 S 02°32,828’ 6.6 J —
E 32°50,403’
LVC18-TSJ-SC23 S 02°32,828’ 6.6 ] —
E 32°50,403’
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I.2 Segment composite correlation

I1.2.1 Site LV4

TABLE AIL3: Stratigraphic composite correlation for site LV4.

Core ID Sediment Sediment Composite Composite Cumulative
(Segments) section Top section Bot Top (cm) Bot (cm) length (cm)
(cm) (cm)

LVC18-4L-1 15 100.0 15.0 100.0 84.98
LVC18-4L-2 0.2 100.7 0.2 100.7 185.48
LVC18-4L-3 0.3 101.5 0.6 69.2 254.12
LVC18-4L-4 6.3 100.4 29.3 100.4 325.20
LVC18-4L-5 0.5 101.6 0.5 101.6 426.29
LVC18-4L-6 0.3 100.6 0.3 83.8 509.80
LVC18-4L-7 6.3 100.1 46.8 101.1 564.12
LVC18-4L-8 0.2 100.4 0.2 100.4 664.29
LVC18-4L-9 0.2 100.0 0.2 96.1 760.29
LVC18-4L-10 41 80.6 62.6 80.6 778.56

Total length 778.60

TABLE AIl.4: Segment correlation for segments outside the master composite for site LV4. Used for
macrofossil analyses.

corresponds to

Core segment Sediment section ~ Sediment section ~ Core segment Segment length
Top (cm) Bot (cm) (cm)
LVC18-4L-3 — 100.2 LVC18-4L-4 60.4
LVC18-4L-4 6.3 — LVC18-4L-3 46.7
LVC18-4L-6 — 100.4 LVC18-4L-7 63.3
LVC18-4L-7 6.3 — LVC18-4L-6 43.2
LVC18-4L-9 — 100.0 LVC18-4L-10 65.1
LVC18-4L-10 41 — LVC18-4L-9 37.6
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I1.2.2 Site LV1

TABLE AILS5: Stratigraphic composite correlation for site LV1.
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Core ID Sediment Sediment Composite Composite Cumulative
(Segments) section Top section Bot Top (cm) Bot (cm) length (cm)
(cm) (cm)
LVC18-1B-1 13.00 86.0 13.00 86.00 73.00
LVC18-1B-2 2.50 100.3 2.50 103.0 173.50
LVC18-1B-3 1.30 99.4 1.30 91.30 263.50
LVC18-1C-2 0.80 99.8 32.70 70.70 301.50
LVC18-1B4 6.70 101.5 12.70 101.50 390.30
LVC18-1B-5 0.70 99.8 0.70 99.80 489.40
LVC18-1B-6 0.30 100.3 0.30 53.30 542.40
LVC18-1C-5 0.80 100.4 25.60 100.40 617.20
LVC18-1C-6 0.60 99.2 0.60 93.60 710.20
LVC18-1B-7 0.40 126.5 104.50 117.80 723.50
Total length 723.50
I1.2.3 Site LV2
TABLE AII6: Stratigraphic composite correlation for site LV2.
Core ID Sediment Sediment Composite Composite Cumulative
(Segments) section Top section Bot Top (cm) Bot (cm) length (cm)
(cm) (cm)
LVC18-2E-1 10.70 98.90 10.70 98.90 88.20
LVC18-2E-2 0.30 100.70 0.30 100.70 188.60
LVC18-2E-3 0.40 100.00 0.40 59.40 247.50
LVC18-2F-4 1.20 100.80 22.90 100.80 325.40
LVC18-2F-5 0.60 100.20 0.60 21.60 346.40
LVC18-2E-5 2.00 100.30 2.00 100.30 44470
LVC18-2E-6 0.50 99.50 0.50 37.50 481.70
LVC18-2F-6 9.10 100.70 70.70 100.70 511.70
LVC18-2E-7 1.90 100.90 1.90 38.80 548.60
LVC18-2E-7 4.80 68.90 15.80 68.90 601.70
LVC18-2E-8 0.60 100.50 0.60 100.50 701.60
LVC18-2E-9 0.20 100.80 0.20 100.80 802.20
Total length 802.20



Appendix II. Summary of cores and stratigraphic correlation

I1.2.4 Site LV3

TABLE AIL7: Core composites for site LV3. All analyses presented in this thesis are done on core LVC18-
3J. All four parallel cores (LVC18-3G, H, J, K) were opened and scanned with the hyperspectral scanner.

Two cores (LVC18-3H, J) were additionally scanned with uXRF.

Core ID Sediment Section  Section Bot (cm) Composite Top Composite Bot
(Segments) Top (cm) (cm) (cm)
LVC18-3G-1 10.20 43.10 0.00 32.90
LVC18-3G-2 0.50 100.60 0.00 100.10
LVC18-3G-3 0.50 100.20 0.00 99.70
LVC18-3G-4* 3.30 21.50 0.00 18.20
*20d piston core drive

LVC18-3H-1 3.50 56.50 0.00 53.00
LVC18-3H-2 1.00 99.70 0.00 98.70
LVC18-3H-3 0.80 100.50 0.00 99.70
LVC18-3]J-1 8.50 65.00 0.00 56.50
LVC18-3J-2 0.50 100.50 0.00 100.00
LVC18-3J-3 0.50 100.10 0.00 100.60
LVC18-3K-1 10.50 47.30 0.00 36.80
LVC18-3K-2 0.50 100.60 0.00 100.10
LVC18-3K-3 0.50 100.50 0.00 100.00
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FIGURE AII.1: Example of stratigraphic correlation of core segments using XRF data from LVC18-54
(LV4).
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