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Lake Victoria is well known for its high diversity of endemic fish species
and provides livelihoods for millions of people. The lake garnered wide-
spread attention during the twentieth century as major environmental and
ecological changes modified the fish community with the extinction of
approximately 40% of endemic cichlid species by the 1980s. Suggested
causal factors include anthropogenic eutrophication, fishing, and introduced
non-native species but their relative importance remains unresolved, partly
because monitoring data started in the 1970s when changes were already
underway. Here, for the first time, we reconstruct two time series, covering
the last approximately 200 years, of fish assemblage using fish teeth pre-
served in lake sediments. Two sediment cores from the Mwanza Gulf of
Lake Victoria, were subsampled continuously at an intra-decadal resolution,
and teeth were identified to major taxa: Cyprinoidea, Haplochromini,
Mochokidae and Oreochromini. None of the fossils could be confidently
assigned to non-native Nile perch. Our data show significant decreases in
haplochromine and oreochromine cichlid fish abundances that began long
before the arrival of Nile perch. Cyprinoids, on the other hand, have gener-
ally been increasing. Our study is the first to reconstruct a time series of any
fish assemblage in Lake Victoria extending deeper back in time than the past
50 years, helping shed light on the processes underlying Lake Victoria’s bio-
diversity loss.
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1. Introduction

Ecology and evolutionary biology have long been fascinated with the enormous diversity of cichlid fish in the African Great Lakes.
Studies of this endemic diversity have had a major influence on ecological and evolutionary sciences by addressing questions
about exceptional species diversity, the evolutionary history of these fish, and the processes at play when diversity is lost, as
well as the relevance for ecosystem processes and conservation. The plight of the highly speciose haplochromine cichlids of
Lake Victoria (LV) gained further attention in the twentieth century as fish community structure and diversity were drastically
modified by major environmental and ecological changes, culminating in the extinction of approximately 200 endemic cichlid
species. The diversity of this species flock, which represents the product of the fastest known large-scale speciation episode
[1,2], has likely been affected by numerous factors including anthropogenic eutrophication [3], fishing pressures [4] and introduced
non-native species [5]. Initial reports suggested the extinction of hundreds of cichlid species was primarily due to predation by
Nile perch [5,6]. Subsequent studies suggested that a combination of fishing (especially the targeting of larger cichlids [7]), eutro-
phication of the lake [8,9], and predation synergistically caused this extinction [10]. The collapse of the cichlid community affected
the ecosystem of LV as much as it affected the livelihoods of millions of people, and it is the largest mass extinction ever witnessed
by scientists.

The earliest published fishing survey in LV took place in 1927-1928 [11], but the first lake-wide bottom trawl survey was not
conducted until 1969 [12]. These early surveys reported broad taxonomic categories of fish and the species-rich haplochromine
cichlids as a single group. In Mwanza Gulf, standardized monitoring using trawling began in 1978, a few years before the
mass extinction of cichlids which occurred in 1987/88 [13]. These trawl data cannot conclusively inform us about the timing of
the onset of the decline of cichlids and the debates about the causes persist [14]. Therefore, a longer record of fish community
composition is necessary to test predictions of temporal trends in the composition and abundance of key taxa made by the various
hypotheses regarding impacts of fishing, eutrophication, and Nile perch predation and competition.

Palaeolimnological data are a valuable source to infer historical changes in taxon composition and the abundance of fossilizing
organism groups associated with past environmental changes [15]. Examining fish remains embedded in lake sediment cores can
reveal previously undocumented temporal dynamics in the fish assemblage. Fossil assemblages in African Great Lake sediments
commonly contain fish remains, such as teeth [16], that accumulate in the sediments following shedding during tooth replacement
throughout the life of a fish and/or upon death with deposition of the carcass. Fish tooth morphology carries information that can
be used to address ecological questions [17], and resolve taxonomic compositions [18,19]. Our study analysed fish teeth from sedi-
ment cores in Mwanza Gulf, LV, and we reconstructed changes in fish populations over the past two centuries and correlated them
with major environmental changes.

2. Methods

Two sediment cores (SC9 and SC14) were taken with a UWITEC GmbH (Mondsee, Austria) gravity corer [20] (electronic supplementary
material, SI. 2) from the Mwanza Gulf of LV, Tanzania (electronic supplementary material, figure S1). The cores were collected at a water
depth of approximately 12.5 m and approximately 14.5 m, respectively, and captured the sublittoral part of the Mwanza Gulf [6]. Each
core was subsampled continuously at 1 cm intervals (for 28 cm) and the macrofossil analysis was carried out following the methodology
described in Ngoepe et al. [19] and elaborated further in electronic supplementary material, SI. 2. The coring locations were chosen to fall
along the established research transect of the Haplochromine Ecology Survey Team and Tanzania Fisheries Research Institute [7]. This is
the only part of LV where fish biodiversity and biomass have been measured and monitored at the species level with the same standard
methods since before the arrival of Nile perch, albeit at irregular intervals during the past 45 years. The resulting data documented the
massive loss of cichlid species and biomass in the mid-1980s [6,21]. Recovered fish teeth fossils were identified and assigned to taxa using
a reference collection of teeth from extant species of fish in LV [19] and also published fish tooth photographs, drawings, and descriptions
[22-27]. The core chronologies of SC9 and SC14 were based on geochronological data and visual correlation points with hyperspectral
TChl profiles from SC12, a core collected from the same location as SC14, from King ef al. [28] (electronic supplementary material,
figure S2, SI. 3). To identify temporal change points of fossil teeth concentration (teeth per cm?), and we used the segmented package
v. 1.6-4 in R (regression models with break-points and change-points estimation) [29] and Spearman’s correlation to analyse the trends
(more details electronic supplementary material, SI. 4; SI. 5) (Mochokidae was excluded as only one tooth fossil was found electronic
supplementary material, SI. 6).

3. Results and discussion

The time series reconstruction from the two cores reaches back approximately 200 years. A total of 635 fossil fish teeth were found
and assigned to four major fish taxa Mochokidae, Haplochromini, Oreochromini and Cyprinoidea (electronic supplementary
material, table S1, electronic supplementary material, SI. 6). In both cores, haplochromine cichlids’ fossil teeth dominated the
assemblage but the total abundance of fish was about fivefold higher in the more inshore site (SC9) (electronic supplementary
material, figure S3, SI. 6), consistent with the general inshore—offshore productivity gradient [13]. In the deeper and more offshore
site, SC14, the year—abundance relationship shows no significant change of slope for the detected breakpoint (electronic sup-
plementary material, table S2), and no significant changes in the abundance of oreochromine cichlids were evident, the
abundances were very low throughout the time series (figure 1, electronic supplementary material, figures S3 and S4). In compari-
son, haplochromine cichlids have been significantly decreasing since the early ninteenth century (figure 1). In SC9, the site nearer
to the shore and in shallower waters, the year-abundance relationship shows a significant change of slope for the detected break-
points in both cichlid groups. Oreochromine cichlids have a slight but non-significant increase and began to decline significantly
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Figure 1. (Overleaf) The fossil concentration (teeth per cm?) from (a) core SC9 (12.5 m water depth) and (b) core SC14 (14.5 m water depth; Mwanza Gulf, Lake n

Victoria). The red line is the estimated regression for the breakpoint analysis using the segmented package in R [30], with the peak indicating the breakpoint. The
black, grey and green lines represent the linear models fitted to the data (black is without, grey is before and green is after the breakpoint). R of 0 to 1 denoting
weak and strong correlation, respectively. The p-value shown as asterisks indicates statistical significance (* p < 0.05; n.s. p > 0.05). The shaded band indicates the
pointwise 95% confidence interval around the fitted lines. The blue lines mark the years with historical events including: intense fishing as the gillnets were
introduced in 1907 [31], the introduction of beach seines and the onset of significant eutrophication in 1920 [32,33] (King et al,, [28]), the introduction of
Nile perch and Nile tilapia in 1950 but only started appearing in Mwanza trawls in 1961, and the Nile perch boom in the Gulf in 1982/3 [34-36].

after a breakpoint that is situated around approximately 1939 CE (+5 years) (figure 1). The haplochromines show a highly signifi-
cant increase from the early ninteenth century until a highly significant change of slope for the breakpoint detected around
approximately 1954 CE (+3 years), followed by a highly significant decrease (figure 1).

These data suggest that the stocks of these smaller cichlids that occupy the inshore and sublittoral environments in many different
species began to decline in sublittoral waters from the 1800s and in more inshore waters in the 1950s. Records show the completion of
the railway in 1901 connecting the lake shore to inland, but in Mwanza which is the closest port to our coring sites, the railway was
completed in 1928 enabling wider access to the lake [31,37]. Generally, there exists a strong link between anthropogenic impacts and
biodiversity loss [38], and haplochromine fish stocks in LV exhibit limited resilience when exposed to prolonged intensive exploita-
tion or substantial predation pressure [39]. However, a direct effect of fishing is unlikely to explain the decline of smaller
haplochromines because the application of the new fishing gear was largely confined to closer to the shore areas of the lake and
used large mesh sizes (127 mm) to target larger fish [11], but failed to retain small haplochromines. On the other hand, the hypothesis
that the main cause for the cichlid fish decline was the invasion of the Nile perch [5], is also not supported by the fossil evidence. Nile
perch catches, and therefore likely abundances, only became prominent in the Mwanza Gulf by the 1980s. Our findings show the
decline of cichlids before the introduction of Nile perch and are consistent with data from trawl surveys that suggested a decline
in haplochromine catches preceded the Nile perch upsurge in 1982/3 but they could not resolve the timing of the decline [10,40].
Meanwhile, the human population in Mwanza doubled between 1975 and 2015 [41] and added to the anthropogenic eutrophication.
The timing of the onset of the decline in haplochromine cichlids that we detect here followed after the measurable onset of eutrophi-
cation of the lake [32,33] and in Mwanza [28,32,33]. Seemingly, the timing of the decrease suggests the driver for the decline follows
the progressive and detectable eutrophication that transformed the fish habitats and concurrent intensified fishing pressure.

The cyprinoid abundance trends in our data show no significant change of slope for the detected breakpoint in SC9, and no
significant trends. Although, in SC14, there was also no significant year-abundance relationship change of slope (figure 1), there
was a significant increasing trend from the early 1800s until the present (figure 1). Several fisheries reports suggested the native
cyprinoid, Rastrineobola argentea, has been increasing and thriving in the lake since the 1980s [42,43]. The increase of Rastrineobola in
the 1980s and early 1990s coincided with the temporal decline of zooplanktivorous haplochromine cichlids with which they had
habitat overlap. It has been suggested that the cichlids’ decline may have reduced competitive pressures on Rastrineobola.

4. Conclusion

Previous knowledge about the changes in LV fish communities relied on a relatively limited 30-40 years time series of monitoring
data from the Mwanza Gulf. Fish fossil records from sediment cores provide longer temporal records and offer a new fossil per-
spective on debates regarding the factors that led to the loss of cichlid fish abundance and species richness in LV. Our data show
that haplochromine and oreochromine cichlids both started to decline before Nile perch was initially caught in the 1970s and long
before it was caught in significant numbers in Mwanza Gulf in 1982/3. Intensified fishing and the measurable onset of eutrophi-
cation preceded the downward trends in cichlid abundances. Based on this, we suggest that lake eutrophication and associated
ecosystem processes initiated the decline of the smaller haplochromines, and intensified fishing may have initiated the decline
of larger cichlids, i.e. oreochromines and the largest haplochromine species. The Nile perch boom that began in the 1980s
may have exacerbated these effects, speeding up the collapse of offshore haplochromine species richness. Our findings suggest
conservation strategies should primarily be directed at mitigating eutrophication and promoting sustainable fishing.
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