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General Introduction

Constituting only 3% of Earth’s total surface area, freshwater lakes are

amongst the most threatened ecosystems worldwide due to anthropogenic pressures
(Downing et al. 2006). Despite their relatively small percentage, they provide
numerous ecosystem services, including supporting biodiversity, serving as critical
sources of freshwater, and contributing to local livelihoods and economies. For
example, the world's largest lakes supply roughly two-thirds of available freshwater
and 13% of all harvested fisheries (95% of which originate from within Africa; Sterner
et al. 2020). Thus, understanding the ecosystem dynamics underlying anthropogenic
change is essential for preserving the ecological functioning and resilience of lake
ecosystems that maintain such ecosystem services.

Lakes serve as valuable sentinels of environmental change by providing insights into
the impacts of both changing climatic conditions and anthropogenic pressures on
freshwater ecosystems through time (Adrian et al. 2009; Williamson et al. 2009).
Retrospective analyses of sediment archives can provide critical insight into long-
term trends in ecosystem development to inform contemporary ecosystem
management practices (Frey 1988; Cohen 2018; Gregory-Eaves and Smol 2024). For
example, paleolimnological methods were imperative for recognizing the impact of
acid rain on lake ecosystems and spurring appropriate management efforts (Smol
2019). Furthermore, reconstructing past ecological conditions of lakes prior to the
cumulative impact of anthropogenic stressors is essential for placing observed
changes over the past centuries into the context of natural climate-driven
environmental variability over decadal to millennial time scales.

As climate change and anthropogenic activities continue to degrade lake
ecosystems worldwide, there is a pressing need for interdisciplinary studies
examining the interplay between biodiversity, food web dynamics, and environmental
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change over extended timescales (Cohen 2018). The African Great Lakes, exhibiting
some of the longest records of environmental variation and harboring high levels of
endemic biodiversity, provide ideal systems to investigate these complex interactions
(Hampton et al. 2018). Such studies will require the integration of conceptual
frameworks across disciplines (e.g., paleolimnology, community ecology, and
evolutionary biology) to offer valuable insights into ecosystem structure and function
over time.

Located in East Africa and renowned for its exceptional biodiversity, Lake Victoria
has undergone unprecedented ecological change over the past century, including
the loss of hundreds of endemic fish species (Barel et al. 1985; Witte et al. 1992b).
Disentangling the ecosystem dynamics underlying this decline remains a pertinent
issue to be addressed given the socioeconomic importance of the lake both
regionally and globally. Therefore, throughout this thesis | have attempted to
disentangle these food web dynamics, with a focus on invertebrates, over the past
century within the context of baseline environmental variability over millennia. In the
sections that follow, | introduce several broad ecological themes that are central to
the research presented in this thesis. These themes include biodiversity, community
assembly and succession, trophic interactions, and anthropogenic disturbance.
Additionally, | provide a summary of existing research on the past ecosystem
dynamics of Lake Victoria, which serves as the foundation for the questions explored
in this thesis.

Biodiversity

Biodiversity is widely recognized as a key factor influencing ecosystem
function and resilience (/.e., the capacity of a system to maintain functionality amidst
disturbance; Hooper et al. 2005; Tilman et al. 2014; Hodgson et al. 2015). For
instance, by maintaining functionally similar interactions amonst species, biodiveristy
can stabilize biomass by buffering fluctuations in species abundance and
composition through functional redundancy (Allan et al. 2011; Oliver et al. 2015).
Diverse biological communities are therefore paramount to ensuring the persistence
of ecosystems in the face of anthropogenic disturbance. Freshwater lakes are
distinctly susceptible to anthropogenic stressors—consistently exhibiting declines in
biodiversity greater than those observed in their terrestrial counterparts (Sala et al.
2000; Vorosmarty et al. 2000; Reid et al. 2019). This loss of biodiversity may be
equally as strong a driver of ecosystem change as the direct effects of other
anthropogenic stressors over time (e.g., climate warming, non-native species;
Hooper et al. 2012). Yet, knowledge of the biodiversity that freshwater lakes host
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remains woefully incomplete, particularly for invertebrates at tropical latitudes
(Dudgeon et al. 2006; Reid et al. 2019).

Higher levels of biodiversity promote greater temporal ecosystem stability (Cardinale
et al. 2012). For instance, compensatory dynamics of functionally similar species can
support ecosystem resilience to external perturbations (Fischer et al. 2001). Within
natural ecosystems, the current state of biodiversity has evolved over the course of
millennia. However, the basis of our understanding of biodiversity dynamics stems
from studies that have taken place over less than a decade (Cardinale et al. 2006;
Tilman et al. 2014). This limited temporal perspective may present challenges in the
future if environmental conditions differ markedly from the present (Oliver et al. 2015).
Knowledge of how communities respond to environmental change through time is
essential as it allows researchers to identify when the adaptive capacity of
communities is declining, which indicates a weakening ability of the community to
adapt to its environment (McMeans et al. 2016). Long-term biodiversity datasets are
therefore necessary to address questions related to underlying rates and magnitudes
of community turnover in order to distinguish anthropogenic-driven change from
background change (Magurran et al. 2010).

Community assembly and succession

A major goal of applied and theoretical community ecology is to understand
the mechanisms that shape communities (Hutchinson 1961; Leibold et al. 2004;
Chase 2010). Community assembly refers to the dynamic processes by which
species from a regional pool sequentially colonize and interact within an environment
to form local communities (HilleRisLambers et al. 2012). Succession then builds upon
this by adding a temporal perspective in which the relative influence of structuring
forces can be more or less important at different points in time. Together, community
assembly and succession provide a conceptual framework for understanding the
processes that influence the occurrence and abundance of organisms across time
and space (Chang and HilleRisLambers 2016). The framework can be visualized as
species passing through various environmental filters that limit arrival and survival
(Lawton 1999; Hillebrand and Blenckner 2002; HilleRisLambers et al. 2012). Regional
(e.g., historical factors and events, regional species pool), local (e.g., environmental
conditions, competition, predation), and neutral processes can determine the
species composition and structure of communities (Shurin et al. 2000; Chase 2003;
Leibold et al. 2004). But often, it is the interaction of these processes that together
influence the composition of communities (Chase 2003; Cottenie 2005; Montafa et
al. 2022).
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The relative contributions of different community assembly processes (/.e., biotic
versus abiotic) can vary over time (Chang and HilleRisLambers 2016); therefore,
incorporating a temporal perspective is essential to better understand the interplay
between environmental change and community structure. While mesocosm and
pond experiments can be used to study short-term community assembly
patterns (e.g., Cohen and Shurin 2003; Louette et al. 2008; Marquez and Kolasa
2013), these studies fail to capture long-term patterns that develop over centuries
and may misrepresent the importance of abiotic or stochastic processes (Jackson
and Blois 2015; Chang and HilleRisLambers 2016). Furthermore, in a meta-analysis
of temporal turnover in aquatic communities, sampling duration was observed to have
an influence on the rate of species turnover detected, with turnover slowing down
with increasing time (Korhonen et al. 2010). Thus, lake sediment cores offer the
opportunity to examine the temporal dynamics of community assembly throughout a
lake’s ontogeny, from lake infilling to its contemporary ecosystem state, over time
scales at which both environmental and evolutionary change actually occur in nature
(e.g., Allen et al. 2011; Mergeay et al. 2011).

Food web dynamics

Interactions amongst organisms are integral to the structure and functioning
of lake ecosystems. The two classical perspectives of trophic dynamics were
presented as simple food chains, one in which energy was passed up trophic levels
from primary producers to consumers (Lindeman 1942) and the second in which
trophic dynamics are shaped by the effect of top predators on lower trophic levels
(Hairston et al. 1960). Over subsequent decades, a more realistic representation
emerged that portrayed the complex networks of various types of interactions as food
webs consisting of many interconnected food chains with linkages to abiotic
resources (Hunter and Price 1992; Polis and Strong 1996; OIff et al. 2009). This
complexity contributes to both the sensitivity and persistence of lake food webs to
external perturbations, highlighting the importance of considering these dynamics in
ecosystem management efforts (Crowder et al. 1988; McCann et al. 1998; Donohue
et al. 2016). The feedback between trophic interactions and changing environmental
conditions makes food web structure and function highly dynamic over time. Species
interactions not only structure biological communities (McCann et al. 1998), but they
can also shape their environment and influence the trajectory of ecosystem
development and, ultimately, functioning (Harmon et al. 2009; Loreau 2010; Matthews
et al. 2014).

While the potential productivity of all trophic levels is determined by nutrient
availability and other abiotic factors (Schindler 1978), community structure and
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production of each trophic level is also influenced by biological interactions
(Carpenter et al. 1985). Consumer-resource and predator-prey interactions govern
the flow of energy across trophic levels (Tilman 1982; Atkinson et al. 2017; Mehner et
al. 2022). Invertebrates (e.g., Chironomidae and Cladocera) occupy an important
position in lake food webs as they play an intermediary role for energy flow between
trophic levels and inhabit virtually all lake environments (Korhola and Rautio 2001;
Walker 2001). They play multiple roles in aquatic ecosystems, including being active
grazers on algae and detritus, and serving as a major food source for higher trophic
levels. Due to this intermediary role, they are sensitive to shifts in both bottom-up and
top-down controls (Vanni 1987; Brooks and Dodson 1965) and are therefore effective
indicators of environmental change (Kerfoot 1981; Hofmann 1996; Shumate et al.
2002; Davidson et al. 2011; Alric et al. 2013). For example, increased primary
production in Lake Annecy (France) directly regulated Daphnia abundance, while
increased whitefish predation selectively reduced Daphnia size and indirectly
facilitated the establishment of a new Bosmina species due to released competition
pressures (Perga et al. 2010). Overall, integrating the temporal dimension of trophic
interactions is essential to understanding food web dynamics in response to external
pressures in a real ecosystem context.

Anthropogenic disturbances to lake ecosystems

Freshwater lakes have experienced unprecedented ecological change over
the past few centuries due to the cumulative impacts of numerous anthropogenic
disturbances (Huang et al. 2022). Although human settlement near sources of
freshwater has led to impacts even earlier (Dubois et al. 2018), the most severe
degradation has often taken place starting in the 20th century as land use change
and industrial advancements have intensified (Sendergaard and Jeppesen 2007).
Anthropogenic stressors that directly threaten freshwater ecosystems include, but
are not limited to, anthropogenic eutrophication (Smith and Schindler 2009),
introduction of non-native species (Walsh et al. 2016), overexploitation of fisheries
(Njiru et al. 2008), and defaunation of megafauna (Young et al. 2016). Furthermore,
global-scale climatic change exacerbates such activities and can make isolating the
effects of specific anthropogenic drivers difficult, especially in the African Great
Lakes (Carpenter et al. 1992; Cohen et al. 1996). Given the complexity of ecosystem
responses to multiple concurrent anthropogenic stressors, long-term empirical
evidence of changing ecological conditions is critical, especially for lakes that exhibit
unique characteristics.

Anthropogenic pressures pose a persistent threat to lake ecosystems, and have
significant negative socioeconomic implications. Anthropogenic eutrophication,
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characterized by excessive primary production due to increased nutrient loading,
remains one of the largest threats to lakes despite decades of research (Schindler
2006; Chislock 2013; Birk et al. 2020). Despite being a natural process occurring over
centuries, exponential population growth and its associated land use have
accelerated eutrophication by increasing nutrient loading from point-source (e.g.,
wastewater treatment plants) and nonpoint sources (e.g., agricultural runoff;
Carpenter et al. 1998). These nutrients promote dense blooms of phytoplankton,
particularly cyanobacteria, which in turn reduces water clarity, depletes bottom water
oxygen, and can pose serious health hazards to humans and animals (Downing et al.
2001; Havens 2008). Furthermore, such ecological changes can often have
substantial evolutionary consequences by modifying selection processes, reducing
ecological specialization of populations, and ultimately leading to a loss of
biodiversity (Seehausen et al. 1997; Alexander et al. 2017).

Further complicating the impacts of eutrophication, the widespread introduction of
non-native species and systematic overfishing, all of which often occur
simultaneously, can have disastrous ecological and socioeconomic conseqguences
(Cohen et al. 1996; Hall and Mills 2000; Allan et al. 2005). A global meta-analysis
suggests that species introductions, whether intentional or accidental, have strong
negative effects on aquatic communities through both direct biotic interactions and
indirect habitat transformations (Gallardo et al. 2016). For example, Bythofrephes
longimanus (a predatory, non-native cladoceran introduced into numerous North
American lakes) has exerted direct influence on prey abundance through predation,
while also indirectly altering prey behavior and morphology to better evade capture
(Yan et al. 2011). Economically, the global cost of aquatic non-native species (e.g.,
prevention, management, research) alone has been estimated to exceed $300 billion
USD (Cuthbert et al. 2021). Meanwhile, overfishing poses a risk to both commercial
and subsistence inland fisheries, which are valued at more than $24 billion USD
across Africa (DeGraaf and Garibaldi 2014). Despite this importance, overfishing
remains largely underreported and continues to threaten the long-term stability of fish
stocks (Allan et al. 2005). Thus, the cumulative and interactive impacts of multiple
stressors requires concerted efforts in research, management, and policy
interventions to ensure the resilience of lake ecosystems.

Lake Victoria as a study system

Lake Victoria is among the most species-rich freshwater ecosystems in the
world, but anthropogenic pressures have led to dramatic ecological change over the
past century. Located along the equator in East Africa, Lake Victoria is the largest
tropical lake in the world and has a unique ecological, social, and economic
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significance. Today, the lake supports the largest inland fishery in the world and
provides livelihoods for the millions of people living along the lake’s edge (Sterner et
al. 2020). The lake’s vast resource potential has contributed to exponential population
growth within the lake catchment, which is now one of Africa’s most densely
populated regions (Odada et al. 2009). Extensive land use change from the growing
population led to increased nutrient enrichment and promoted excessive
phytoplankton growth starting as early as the 1920s (Verschuren et al. 2002; Hecky
et al. 2010). Increased primary productivity modified habitat suitability for the
endemic haplochromine cichlid community by reducing water clarity and
oxygenation, which culminated in the collapse of biomass and species diversity by
approximately 40% (Witte et al. 1992a; Seehausen et al. 1997). Further compounding
the impacts of anthropogenic eutrophication were the introductions of non-native Nile
perch (Lates niloticus; a large piscivorous predator) and water hyacinth (E/chhornia
crassipes; a free-floating macrophyte), as well as changes in lake-level and
intensified fishing pressures (Witte et al. 1995; Lehman 2009; van Zwieten et al. 2016).

Prior to the last century, Lake Victoria had a dynamic history of environmental and
ecological change. Most prominently, it featured the fastest known species radiation
of >500 haplochromine cichlids species (Seehausen 2002; Genner et al. 2004). Yet,
until recently, there was limited insight into the ecological conditions within the lake
that facilitated such biodiversity. The formation of the lake basin occurred ~400,000
years ago and was presumably followed by multiple cycles of desiccation and
refilling (Johnson et al. 2000), the most recent of which was the refilling of the modern
lake ~17ka (Johnson et al. 1996; Stager and Johnson 2008; Temoltzin-Loranca et al.
2023a). Upon refilling, wetland conditions were sustained until ~14.5ka when rapid
water-level rise established a deepwater lacustrine environment by ~13ka, consistent
with regional terrestrial paleoenvironmental reconstructions (Berke et al. 2012;
Temoltzin-Loranca et al. 2023b; Wienhues et al. 2023). All major fish taxa were
present early in the refilling of the modern lake, suggesting that the adaptive radiation
of more than 500 species of haplochromine cichlids was likely due to ecological
opportunity and the intrinsic versatility of haplochromines rather than priority effects
(Genner et al. 2004; Ngoepe et al. 2023). Subsequently, the lake went through
considerable shifts in primary production and algal community structure that were
primarily driven by hydroclimatic changes, lake mixing, and nutrient availability
(Wienhues et al. 2024; Stager and Johnson 2000).
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Reconstructing past ecosystem dynamics of Lake Victoria

The research put forth in this thesis was conducted as part of a broader,
interdisciplinary team of researchers funded by a Sinergia grant (CRSII5_183566)
from the Swiss National Science Foundation. Collaborators included researchers
from the Tanzania Fisheries Research Institute (TAFIRI), the Swiss Federal Institute of
Aquatic Science and Technology (Eawag), the University of Bern, the University of
Basel, the University of Copenhagen (Denmark), and University of Arizona (United
States). The overarching goal of the project was to reconstruct the development of
Lake Victoria’s ecosystem and biodiversity from its inundation in the late Pleistocene
to present. To address this, a series of long and short lake sediment cores were
collected in 2018 and 2022 (Figure 1). Long cores representing the past ~17ka were
collected from four sites along a depth transect designed to track the high
productivity of fish in the littoral zone during lake infilling. Short cores representing
the past century were collected along a depth gradient of the Mwanza Gulf to
examine the impact of anthropogenic stressors, particularly eutrophication, on the
lake food web. The project was partitioned into four major research topics that
focused on reconstructing various aspects of the ecosystem, including changes in:
1) terrestrial biomes (Temoltzin-Loranca et al. 2023a,b), 2) lake biogeochemistry and
primary production (Wienhues et al. 2023, 2024), 3) invertebrate assemblages (this
thesis), and 4) fish assemblages (Ngoepe et al. 2023, 2024). Altogether, the project
aimed to provide an integrated understanding of the co-evolution of biodiversity and
ecosystem development across an entire food web over eco-evolutionary timescales.

(0] Mority Muschick

Figure 1. Photos from the coring expeditions to Lake Victoria, Tanzania
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Goals and structure of this thesis

The main objective of this thesis is to disentangle the food web dynamics of
Lake Victoria over the past century within the context of baseline environmental
variability over millennia. Throughout this thesis, | use biological and geochemical
indicators from lake sediment cores, with a focus on invertebrate remains, to examine
the impact of anthropogenic stressors on the ecosystem dynamics of Lake Victoria.
For this purpose, | first investigate how past changes in the invertebrate assemblage
coincided with regional climate variability over millennia (Chapter 1, King et al. 2024).
| then reconstruct major changes in the food web (/e., algal and zooplankton
community composition) that were driven by anthropogenic stressors (Chapter 2,
King and Wienhues et al. /n press). Third, | examine the spatiotemporal heterogeneity
of the chironomid and cladoceran assemblages over the past century (Chapter 3).
And last, | explore the influence of invertebrate and fish predation on the abundance
and size structure of a planktonic cladoceran over decadal and centennial timescales
(Chapter 4). Finally, | conclude with the overarching lessons that can be learned from
the research presented throughout this thesis.
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Chapter 1

Temporal dynamics of invertebrate community assembly
in Lake Victoria since the late Pleistocene

based on chitinous remains

King L, Courtney-Mustaphi C, Cuenca-Cambronero M, Wienhues G, Ngoepe N, Muschick M,
Temoltzin-Loranca Y, Vogel H, Grosjean M, Tinner W, Cohen A, Kishe M, Heiri O,
Seehausen O, Matthews B. 2024. Temporal dynamics of invertebrate community assembly
in Lake Victoria since the late Pleistocene based on chitinous remains. Freshwater Biology.
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Abstract

1. Preserved assemblages of invertebrate remains in lacustrine sediment reveal
temporal variations of community composition and environmental conditions.
However, records for large tropical lakes are scarce. Lake Victoria, the largest
tropical lake, has a dynamic history of changes in water level, biogeochemistry
and fish community composition over the past ~17,000calyr BP.

2. In order to quantify changes in the invertebrate assemblage of Lake Victoria from
the late Pleistocene throughout the Holocene, we examined chitinous remains of
Cladocera and larval dipterans (Chironomidae and Chaoboridae) from a sediment
core (37 m water depth) dated from ~13,700cal yr BP to present.

3. We identified four major phases in the invertebrate assemblage throughout this
period of lake history. Firstly, Chironomidae and Chaoboridae appeared at low
abundances during the earliest stages of lake inundation in the late Pleistocene,
at a time when Cladocera were notably absent. Secondly, chaoborids and chirono-
mids increased in abundance during the mid-Holocene, which coincided with high
diatom production toward the end of the Holocene African Humid Period. Thirdly,
starting ~4,700calyr BP, Alona, a predominantly littoral cladoceran genus, consist-
ently appeared in the invertebrate assemblage alongside changes in mixing regimes
and persisted throughout the late Holocene to the present. Fourthly, the arrival of
both Chydorus and Bosmina longirostris marked the establishment of an abundant
cladoceran assemblage at ~1,350calyr BP. The assemblage then gradually shifted
toward the increasing dominance of B.longirostris, a planktonic cladoceran.

4. Several of the observed changes in the invertebrate assemblage occurred concur-
rently with changes in climatic conditions in East Africa and diatom productivity

that have been previously recorded in Lake Victoria. This multi-millennial record

6,7,8 |
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1 | INTRODUCTION

One of the major goals of community ecology is to understand
covariation of environmental conditions and community composi-
tion (Vellend, 2010) over a wide range of timescales (Shurin, 2007,
Tomasovych & Kidwell, 2010). Species turnover in communities is
typically inferred from either among-site variation along broad en-
vironmental gradients (Leibold et al., 1997; Shurin et al., 2010), or
from within-site variation over long records of ecosystem monitor-
ing (typically decades; Korhonen et al., 2010). Palaeoecological re-
cords extend the timescale over which observations of covariation
in communities and environmental processes can be made (Rillo
et al., 2022). In lakes, long-term dynamics provide unique insights
into how processes associated with community (dis)assembly (e.g.,
timing of species arrival, shifts in dominance) relate to changes in
both regional climatic variability and catchment-scale dynamics at
centennial and millennial timescales (Jackson & Blois, 2015; Mergeay
et al., 2011). As such, these records can help to reveal how environ-
mental change and species interactions jointly influence community
dynamics (Gu et al., 2021; Jeppesen et al., 2005; Otake et al., 2021).
Microfossils isolated from lake sediment cores provide the op-
portunity to examine the temporal patterns of community assem-
bly. In particular, aquatic invertebrate remains are useful biological
indicators of past environmental change and to make inferences
about trophic interactions within lake ecosystems (Frey, 1960;
Hofmann, 1988; Korhola & Rautio, 2001; Walker, 2001). As aquatic
invertebrates are sensitive to both bottom-up and top-down trophic
controls, observed shifts in community composition are potentially
indicative of changes in both the lake environment and food-web
structure (Brahney et al., 2010; Eggermont & Heiri, 2012; Frolova
etal.,2017; Heiri et al., 2003; Korponai et al., 2011; Labaj et al., 2021;
Sweetman & Smol, 2006; Verschuren, Tibby, et al., 2000). Examining
multiple invertebrate taxonomic groups in parallel, with different
ecological affinities, strengthens inferences about the underly-
ing causes of compositional change of communities (De Meester
etal., 2023; Ursenbacher et al., 2020; Verschuren, Tibby, et al., 2000).
For example, a previous study that included an analysis of both cla-
docerans (water fleas; Crustacea: Branchiopoda) and chironomid lar-
vae (non-biting midges; Insecta: Diptera: Chironomidae), suggested
that compositional change of cladoceran communities responded to
vegetation and fish predation, whereas chironomids communities
responded to fluctuating water levels (Ptociennik et al., 2020).
Palaeolimnological studies have disproportionally focused on
temperate rather than tropical lakes based on global lake abundance

of sedimentary invertebrate assemblages in Lake Victoria elucidates some of the
temporal development of these communities throughout most of the dynamic

modern history of the ecosystem.

Chaoborus, chironomids, Cladocera, East Africa, palaeolimnology

estimates (Escobar et al., 2020; Verpoorter et al., 2014). Many pre-
vious studies have documented the history of zooplankton assem-
blages in temperate lakes, providing important insights into the
environmental drivers of changes in these ecosystems over decadal-
to-centennial scales (Allen et al., 2011; Caceres et al., 2005; Otake
et al., 2021). However, few palaeoecological records from lakes in
East Africa have documented the changes in invertebrate commu-
nity composition from the initial lake formation and throughout the
entire ontogeny of ecosystem development (Table 1). For example,
tropical Lake Naivasha varied dramatically in water depth over the
past 1,800vyears (<5 to ~35-m-deep lake), and zooplankton remains
were used to investigate the joint roles of priority effects and spe-
cies sorting in determining the assembly dynamics of Daphnia com-
munities (Mergeay et al., 2011). Invertebrate studies of Lake Victoria
have only previously examined changes over the past 200years
(Bridgeman, 2001; Verschuren et al., 2002) despite the modern lake
having formed over ~17,000-15,000calyr BP (0 cal yr BP=1950
CE; Johnson et al., 1996, 2000; Temoltzin-Loranca et al., 2023).
Additionally, most invertebrate assemblage studies within the re-
gion have focused solely on one or two taxonomic groups (Table 1).
Therefore, there remains a major gap in our understanding of the
long-term successional patterns of invertebrate community assem-
bly in response to environmental variation in large tropical lakes.
Located in East Africa, Lake Victoria (Figure 1) covers an area
of ~69,000km? within Kenya, Uganda and Tanzania. As the world's
largest freshwater fishery, it supports an estimated 35 million
people within the region who rely on the lake as a source of food,
employment and water (Njiru et al., 2018). Lake Victoria is of par-
ticular interest for the study of community assembly owing to its
relatively young geological age (~17,000-15,000years; Table 1), ex-
traordinary biodiversity and dynamic ecosystem history (Figure 2;
Seehausen, 2002). For example, the Lake Victoria ecosystem has not
only experienced dynamic periods of climatic variation, water-level
fluctuation and ecosystem productivity (Berke et al., 2012; Beuning,
Kelts, et al., 1997; Johnson et al., 1996, 1998, 2000; Kendall, 1969;
Ngoepe et al., 2023; Stager & Johnson, 2000, 2008; Talbot &
Leerdal, 2000; Wienhues et al., 2023), but also has generated a
spectacular adaptive radiation of >500 species of haplochromine
cichlid fish (Goldschmidt & Witte, 1992; Greenwood, 1974; Meier
et al., 2017; Seehausen, 2002). To date, however, no previous study
has analysed the fossil invertebrate assemblages of Lake Victoria for
a time period spanning more than a few centuries. Here, we examine
sedimentary invertebrate remains from a new Lake Victoria sediment
core (Figure 1; LVC18_S1, hereafter LV1, located at 01°06.914'S,
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FIGURE 1 Bathymetric map of Lake Victoria, adapted from
Hamilton et al. (2022), showing the coring locations of LV1

(white; 01°06.914'S, 33°55.146' E at 37 m water depth ), V95-

2P (pink; 00°58.67’S, 33°27.32' E at 67 m water depth; Stager &
Johnson, 2000) and V95-1P (orange; 00°27.630’S, 33°25.090'E at
68 m water depth; Berke et al., 2012).

33°55.146'E at a 37 m water-column depth, ~9 km from the nearest
shore) to explore changes in invertebrate community composition
over ~14,000years of the lake's history.

The dynamic nature of hydroclimatic and other environmental
conditions in East Africa over the past ~17,000calyr BP (Figure 2)
lends itself to multiple research objectives regarding the inverte-
brate assemblage of Lake Victoria. Firstly, we examine if the timing
of arrival and establishment of invertebrate groups coincides with
changing regional climatic conditions (e.g., Holocene African Humid
Period; AHP). Secondly, we investigate whether changes in species
abundances co-vary with proxies of environmental change within
the lake inferred from geochemical analysis of previously collected
sediment cores described by Stager and Johnson et al. (2000) and
Berke et al. (2012). Thirdly, we explore how compositional change
over the whole record might provide insight into invertebrate com-
munity assembly processes (e.g., rise of a pelagic environment).
Additionally, we discuss our results in relation to other environmen-
tal changes in the Lake Victoria region; including the timing of lake
filling, the radiation of cichlids, the decline of diatom production in
the mid-Holocene and changes in wind-driven mixing inferred from
diatoms (Berke et al., 2012; Greenwood, 1974; Johnson et al., 2000;
Seehausen, 2002; Stager & Johnson, 2000).

2 | METHODS
2.1 | Studysite

Situated in a depression between the eastern and the western branch
of the East African Rift, Lake Victoria is moderately shallow (mean
depth 40m, maximum depth 68m; Johnson et al., 2000) with an ex-
tensive surface area of ~68,800km>. As a consequence of the shallow
nature of the lake, its large size and its positioning along the equa-
tor under variable environmental conditions, the ecological dynam-
ics of Lake Victoria are exceptionally sensitive to climatic changes in
the region (Figure 2; Beuning, Kelts, et al., 1997; Johnson et al., 2000;
Kendall, 1969; Stager et al., 1986; Stager & Johnson, 2000). The lake
is at the intersection of savanna, rainforest and Afromontane biomes;
thus, minor climatic changes (e.g., precipitation or temperature) can
cause major lake-level fluctuations and shifts in the major terres-
trial biome surrounding the lake (Temoltzin-Loranca et al., 2023).
Previous work has speculated that the formation of the lake basin
~400,000years ago was followed by several lake level regressions
and transgressions that may have occurred corresponding to a com-
bination of high- and low-latitude climate forcing, and catchment
hydroclimate and ecosystem variability (Johnson et al., 2000). The
most recent major desiccation of the modern lake basin is estimated
at ~17,000calyr BP (Johnson et al., 1996, 2000; Temoltzin-Loranca
etal., 2023), contemporaneous with other lakes in the region (Beuning,
Talbot, & Kelts, 1997; Gasse, 2000). Following the late Pleistocene
desiccation, the lake began to fill at ~16,600calyr BP and modern
lake levels were established ~14,000-10,000calyr BP (Wienhues
et al,, 2023). Thus, the coring location of LV1 was continuously inun-
dated over the period which our core encompasses. During this past
history of the modern lake, the region experienced alternating wet-
ter and drier periods, most notably during the AHP from ~11,500 to
5500calyr BP (Berke et al., 2012; de Menocal et al., 2000), associ-
ated with changes from savannah to rainforest and back to savan-
nah, as inferred from pollen data (Kendall, 1969; Temoltzin-Loranca
et al., 2023). Additionally, Berke et al. (2012) measured two geo-

chemical proxies, TEXg, and 8D indicative of lake water tempera-

wax’
ture and precipitation, respectively (Castafeda & Schouten, 2011),
from V95-1P (Figure 1) to examine the surrounding climatic changes.
8D, values are generally inversely correlated with rainfall amount
in the tropics (Rozanski et al., 2013), and have been shown to be a
useful indicator of hydroclimate variability throughout Africa (Tierney
et al., 2008). Previous research has posited that such changes in mon-
soonal circulation and precipitation-evaporation relationships could
be important drivers of community change across the entire food
web. For example, previous work has inferred four phases of diatom
production based on biogenic silica (BSi) and diatom microfossils pre-
served in a previously examined sediment core, V95-2P (Figures 1
and 2; Stager & Johnson, 2000). Furthermore, within this relatively
short geological history of the modern lake the adaptive radiation of
haplochromine cichlid fish produced >500 endemic species spanning
14 different trophic groups (Greenwood, 1974, 1980; Kaufman, 1992;
Seehausen et al., 1997; Seehausen, 2002).
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