
Acc
ep

ted
 M

an
us

cri
pt

© The Author(s) 2023. Published by Oxford University Press on behalf of The Society for the Study of 
Evolution (SSE). 
This is an Open Access article distributed under the terms of the Creative Commons Attribution 
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

Constraints to speciation despite divergence in an old 

haplochromine cichlid lineage 
 

 

Claudio Müller
1,2,Ϯ

, Florian N. Moser
1,2,Ϯ

, David Frei
 1,2

, Ole Seehausen
1,2 

 
 

 

1
Department of Aquatic Ecology, Institute of Ecology and Evolution, University of Bern, 3012 Bern, 

Switzerland 
2
Department of Fish Ecology & Evolution, EAWAG, Centre for Ecology, Evolution and 

Biogeochemistry, 6047 Kastanienbaum, Switzerland 
Ϯ
shared first author 

 
Ethics. This research was done under research permits no. 2013-251-ER-2014-177 (FM) and 2013-

251-NA-2014-177 (OS) from the Tanzania Commission for Science and Technology (COSTECH). 

Behavioural experiments were done under research permits no. BE18/15 and BE65/18 from the 

Cantonal Veterinary Office of Bern. 

Competing interests. We have no competing interests. 

Data Accessibility: RADseq reads are available at the NCBI Sequence Read Archive 

(SAMN23036539-SAMN32036607). Phenotypic data are available in the Figshare Data Repository 

DOI: 10.6084/m9.figshare.21075574. Ecological data is provided in the supplementary materials. 

Behavioural data is provided in the manuscript.  

Authors’ contributions. CM designed and performed the mate choice experiments, dissected and 

analysed the stomachs, performed the parentage analyses, generated the geometric morphometric 

data, analysed the data and wrote the manuscript together with FM. FM carried out fieldwork, 

participated in the design of the study, bred the common-garden fish, generated the genomic data, 

helped analysing the data, wrote the manuscript together with CM. DF generated the linear 

morphometric data. OS designed and coordinated the study, made the sampling design, and helped 

drafting the manuscript. 

Acknowledgements. We are thankful to the Tanzanian Fisheries Research Institute (TAFIRI) for 

hosting and supporting our fieldwork and to COSTECH for granting a research permit. We thank 

Jacco Van Rijssel, Salome Mwaiko, Mhoja Kayeba, Mohamed Haluna, Shane Wright, Oliver Selz, 

Joana Meier and Jonathan Makoye for their help in the field. We want to thank Andreas Taverna and 

Erwin Schaefer (animal care), Salome Mwaiko, Corinne Schmid and Susanne Tellenbach (help in the 

lab), and Beat Kienholz (handiwork for the experimental set-up). Additionally, we want to thank the 

Genetic Diversity Center (GDC) of the ETH Zurich for providing bioinformatics facilities and the 

Center for Integrative Genomics at the University of Lausanne for the Sequencing. This research was 

funded by Swiss National Science Foundation grant 31003A_163338 to OS. 

 

Author for correspondence: 

Ole Seehausen (ole.seehausen@eawag.ch) 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/advance-article/doi/10.1093/evolut/qpad001/6974670 by U

niversitätsbibliothek Bern user on 10 January 2023



Acc
ep

ted
 M

an
us

cri
pt

Abstract 

Most of the 500+ cichlid species of Lake Victoria evolved very rapidly in the wake of an 

adaptive radiation within the last 15’000 years. All 500 species have evolved from just one 

out of five old cichlid lineages that colonized the lake. Endemic to the Lake Victoria region, 

Astatoreochromis alluaudi is a member of an old haplochromine lineage that never speciated 

in the region. Even though the species occurs in a wide range of habitats, there were no 

indications of evolutionary diversification. Here, we tested predictions of several hypothetical 

mechanisms that might constrain speciation, including high dispersal rates, a generalist life 

style and the lack of behavioral assortative mating. Genomic analyses of individuals from 

thirteen populations revealed several genomically distinct groups, associated with major 

habitat classes, indicating the existence of two distinct ecotypes. We found significant 

phenotypic differences between these ecotypes in the wild, which were retained under 

common-garden conditions, potentially indicating heritable phenotypic adaptations. Female 

mate choice experiments revealed the absence of behavioural assortative mating despite 

genetic and phenotypic differentiation between ecotypes. We suggest that the lack of 

coupling between behavioral mating preferences and phenotypic and genetic divergence 

constrains speciation in this cichlid.  
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1. Introduction 

There is a large variation in species richness and speciation rates between different 

taxonomic lineages (Jablonski 2008, Schluter & Pennell 2017, Weir & Schluter 2007). While 

some of the factors associated with differences in species richness and speciation rates have 

been identified (Hugall & Stuart-Fox 2012, Rabosky 2016, Rolland et al. 2014), a lot of the 

observed variation remains unexplained. Many of the species-rich clades show evidence of 

adaptive radiations; instances where few founder species rapidly diversify into numerous 

species adapted to different ecological niches. Interestingly, many members of well-studied 

adaptive radiations co-occur with related lineages that did not radiate and remained species 

poor. For instance, numerous species of Darwin finches co-occur with a single species of 

mockingbird on each of the Galapagos Islands (Arbogast et al 2006), and the Caribbean 

Anoles co-occur with several other lizard clades that did not diversify (Crother & Guyer 

1996, Losos 2009). Such settings where lineages with high and lineages with low speciation 

rates co-occur in a narrow geographic range provide ideal opportunities to study the 

mechanisms associated with speciation and species persistence. 

African cichlids are a famous study system for investigating adaptive radiation (Kocher 

2004, Seehausen 2006, Turner 2007, Ronco et al. 2020) because they radiated in multiple 

lakes into high numbers of different species (Genner et al 2004, Turner et al 2001, Wagner et 

al 2014). The evolutionary young age of some of these radiations and the large variety of 

ecological niches occupied by the different cichlid species in these lakes, make them an 

excellent system to study speciation and adaptation (Seehausen 2006). 

The youngest large radiation in the East African Lakes can be found in Lake Victoria, 

where more than 500 haplochromine cichlid species evolved in less than 15’000 years 

(Johnson et al 1996), showing an exceptionally high speciation-rate for vertebrates (Rabosky 

et al 2013, Seehausen 2002, Seehausen 2015). However, not all cichlid lineages that 
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colonized Lake Victoria diversified equally quickly. In fact, only one of the five cichlid 

lineages that colonized Lake Victoria account for most of the species richness within the lake 

(Seehausen 2002, Seehausen 2006, Wagner et al 2012).  

The haplochromine cichlid genus Astatoreochromis is widespread across several rivers 

and large lakes and in many little lakes in East Africa, occupying a large variety of different 

habitats. However, there are only two species described in the genus (Banyankimbona et al 

2013): Astatoreochromis straeleni, which is restricted to Lake Tanganyika and surrounding 

rivers, and A. alluaudi, which occurs in the basins of Lake Victoria and Lake Edward. The 

latter is a generalist (Binning & Chapman 2008, Witte 1981) and can be found in many 

habitats, some of which have facilitated very high rates of speciation in other haplochromine 

cichlids. In Lake Victoria it is mainly molluscivorous (Greenwood 1965, Hoogerhoud 1986, 

Mbabazi 2004, Witte 1981), but its diet can vary drastically depending on the environment 

and food availability. Astatoreochromis alluaudi is well known for its phenotypic plasticity, 

especially in the lower pharyngeal jaw, expressed in response to different food sources 

(Huysseune 1995, Smits et al 1996, Witte & Van Oijen 1990, Young 2013). Phenotypic 

plasticity can hamper or facilitate speciation. On one hand, it can hamper evolutionary 

divergence by acting as a buffer against divergent selection (e.g. Agrawal 2001). On the other 

hand, it can be key to facilitate speciation and adaptive radiation for instance by allowing 

rapid ecological range expansion or by enhancing phenotypic differentiation and adaptive 

habitat choice (Nonaka et al 2015, Pfennig et al 2006, Pfennig et al 2010, Schneider & Meyer 

2017).  

In this study we investigated genetic and ecological divergence among thirteen 

populations of Astatoreochromis alluaudi, most of them from Lake Victoria but also from 

Lake Burungi and Lake Rwakajunju in the Kagera River region upstream of Lake Victoria 

and Lake Saka in the Lake Edward catchment, to the West of Lake Victoria (figure 1). We 
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chose populations to represent fish from two contrasting habitats: rocky mainland and island 

reefs in the relatively clear waters of the open lake on the one hand, and on the other hand 

vegetated swamps, mainland shores and inshore islands in Lake Victoria and satellite lakes 

(figure 2). Further, we investigated the phenotypic divergence between two populations from 

ecologically distinct habitats, performed a common garden rearing experiment and 

experimentally measured behavioural reproductive isolation between these two focal 

populations. One of these populations is from a swampy, vegetation-rich, slow-flowing inlet 

stream entering the Mwanza Gulf at the village Sweya in Nyegezi Bay. The other population 

is from Makobe Island, an offshore rocky reef composed of bare rocks and hardly any aquatic 

vegetation (figure 2). Makobe Island hosts a very species-     rich cichlid community with 

around 30 distinct species of the haplochromine radiation as well as some non-radiated 

Oreochromis species (Seehausen & Bouton 1997). At Makobe Island many radiation genera 

occur in two or more closely related species that often occupy slightly different water depth 

ranges, or differ in the degree to which they live inside of crevices or outside in the open, and 

are often ecologically distinct in their feeding as well (Bouton et al 1997, Seehausen & 

Bouton 1997, Seehausen et al 2008). Astatoreochromis alluaudi occurs at the exact same 

location where it occupies the entire available depth range, and occurs in crevices as well as 

outside, overlapping in habitat utilization with all these other species. Yet, it shows no 

evidence for morphological or genetic divergence between the deep- and the shallow-living 

individuals (Moser et al unpublished). 

The goal of this study is to better understand the factors that constrain speciation in A. 

alluaudi. In this study we investigated three potential factors. First, we investigated whether 

divergence within A. alluaudi may be hampered due to high dispersal rates, which may 

prevent genetic divergence between populations and parapatric or allopatric speciation. 

Second, we tested whether A. alluaudi is a habitat generalist that does not require heritable 
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adaptation to       different environments since the species would be equally well suited to 

most habitats it occupies. This would mean that either phenotypes are similarly well equipped 

to thrive in different habitats, or individuals adapt to the environment by means of adaptive 

phenotypic plasticity. In either case no strong divergent selection and therefore no heritable 

phenotypic divergence would be expected. Third, we investigated whether differences in 

ecologically, genetically and phenotypically distinct allopatric populations may not have any 

effects on behavioural mating preferences and hence reproductive isolation, which could 

otherwise maintain differentiation in secondary contact. Reproductive isolation that is 

maintained in contact is a crucial step in the speciation process in cichlids (Seehausen 2009, 

Feller et al. 2020).   

If distinct populations of A. alluaudi are genetically and phenotypically differentiated 

and can retain their distinctiveness in sympatry, the premise of a lack of speciation in this 

lineage might have to be reevaluated. 

 

2. Material and Methods 

a) Fish sampling 

Astatoreochromis alluaudi were caught from thirteen locations in the south of Lake 

Victoria, in Lake Burigi, Lake Rwakajunju and Lake Saka (figure 1) by angling, gill netting 

and minnow traps in several field seasons between 2000 and 2014. From all fish, 

standardized live pictures were taken before the fish were euthanized with an overdose of 

Phenoxyethanol. Of every fish, the pelvic fin of the right side was clipped and stored in 100% 

analytical ethanol for DNA extraction. Voucher specimens were fixed in 4% formalin, rinsed 

in water and transferred to ethanol through a 3-step dilution series before they were stored in 

75% ethanol at the EAWAG Center for Ecology, Evolution and Biogeochemistry (CEEB) in 

Kastanienbaum, Switzerland. 
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Additionally, 15 adult individuals from Sweya and 18 adult individuals from Makobe 

were collected and transported alive to the aquarium facilities at the CEEB in 2014 for 

common garden rearing and mate choice experiments. To produce lab-bred individuals, fish 

from the wild were kept in population-specific tanks, where they could interact and mate 

freely. We obtained six F1 clutches from the Makobe population and ten F1 clutches from the 

Sweya-population. These were raised separately (one clutch per tank) in identical 

20cm/40cm/20cm (length/depth/height) tanks. When they reached a standard length of more 

than 15 mm, the clutches were consecutively transferred into larger tanks. As soon as male 

offspring started to express sex-specific coloration, they were separated from their siblings 

and raised further in clutch-specific male-only tanks. This was done to prevent any 

experience with mate choice and courtship prior to our experiments. All tanks had a gravel 

floor, a 12h light-dark cycle, were connected to the same flow-through system and fish were 

fed flake food ad libitum on a daily basis and a mix of peas and shrimps once a week. 

 

 

Figure 1: Map of samping sites for A. alluaudi used in this study. We sampled from three more 

offshore rocky islands in Lake Victoria, Makobe Island (MA), Ruti Island (RU) and Mabibi Island 

(MB), two mainland sites or nearshore islands in the open lake, Bihiru (BI) and Senga (SE) and from 
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five populations within the Mwanza Gulf: Kissenda (KS) in the NW of the Gulf, Sweya (SW), 

Nyegezi (NY), Python (PY) and Luanso (LU) in the East. Additionally, we included two individuals 

from lakes west (and upstream) of Lake Victoria (Lake Burigi and Lake Rwakajunju) and the 

published sequence of an individual from Lake Saka (LS) in the Lake Edward drainage. The numbers 

in brackets show the number of individuals per location used for the genomics analyses. 

 

b) Genomics 

DNA extraction & sequencing 

To investigate population genomic patterns, we used genome-wide Restriction Site 

Associated DNA (RAD) sequencing. We sequenced seven fish from Mabibi Island, four from 

Ruti Island, 34 fish from Makobe Island, one individual from Bihiru, three individuals from 

the rocky mainland shores of Senga, one individual from Kissenda Island from the western 

shore of the Mwanza Gulf, as well as ten individuals from Sweya and two individuals from 

Nyegezi, from Python and from Luanso each, and one individual from Lake Burigi and Lake 

Rwakajunju (figure 1). Individuals from Makobe Island and Sweya were caught by targeted 

sampling for this study in the field season 2014, while the individuals from other sites were 

collected while sampling for other species in other years, resulting in smaller numbers. 

Additionally, we used the published sequence from one individual from Lake Saka in the 

Lake Edward catchment (figure 1; Meier et al 2017a). We extracted DNA from fin clips 

using the phenol chloroform DNA extraction protocol provided by Sambrook and Russell 

(2001), and prepared RAD-libraries using the protocol by Baird et al. (2008) with minor 

changes indicated in Moser et al. (2018). Sequencing was conducted on an Illumina 

HiSeq2500 platform at the Centre of Integrative Genomics, University of Lausanne.  
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Population genomic & phylogenomic analyses 

We filtered the raw reads for high quality reads with an intact SbfI restriction site, and 

de-multiplexed and barcode-trimmed those, using the FASTX toolkit v.0.0.13 (Gordon & 

Hannon 2010) and custom-made Python scripts. These reads were mapped against the 

reference genome of Oreochromis niloticus (Brawand et al 2014) with Bowtie2 version 1.0.1 

(Langmead & Salzberg 2012) and default end-to-end alignment parameters. We used 

empirical error rate estimations from bacteriophage PhiX reads for base quality score 

recalibration (Marques et al 2016). Next, we called genotypes and variants with the GATK 

tool UnifiedGenotyper (McKenna et al 2010), and filtered the resulting vcf file for genotype 

depth (>3), genotype quality (>30) and missing data (<20% per site) and removed indels with 

vcftools (Danecek et al 2011). Further we removed individuals with more than 75% missing 

data. RAxML v8.0.0 (Stamatakis 2014) was used to build a maximum likelihood tree using 

all concatenated sequences (~1.69 Mio reads) from individuals from all sampling sites. For 

each of 100 bootstrap replicates, we resampled sites from the concatenated dataset. From 

each resampled dataset, the maximum likelihood tree was inferred using a GTRGAMMA 

model. Bootstrap support was then calculated based on these 100 topologies and was plotted 

on the edges of the best-scoring maximum-likelihood tree calculated from the complete data 

set. 

For principal component analysis (PCA), we removed all monomorphic sites, used only 

SNPs with a genotype depth >20, genotype quality >30 and less than 20% missing data, and 

applied a 5% minor allele cutoff in vcftools. Individuals with more than 45% missing data 

were excluded. PCA was performed in R, using the packages gdsfmt and SNPRelate (Zheng 

et al 2012). 

For STRUCTURE analysis (Pritchard et al 2000) we removed all monomorphic sites 

and indels, used only SNPs with a genotype depth > 10, genotype quality >30 and less than 
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20% missing data, and applied a 5% minor allele frequency cutoff in vcftools. Additionally, 

we excluded individuals with more than 60% missing data and individuals with highly 

unbalanced allele frequencies at heterozygous sites, to reduce the effect of potential PCR-

errors. We ran STRUCTURE for K=1-6 with six runs for every K. The best supported 

number of clusters was evaluated with StructureHarvester (Earl & Vonholdt 2012).  

To test for isolation by distance (IBD) and isolation by ecology (IBE), we calculated 

identity by state (IBS) between all individuals. IBS was calculated using the same dataset that 

we used to calculate the PCA, but we retained individuals with up to 80% missing data. IBS 

was then calculated in R, using the Package SNPrelate (Zheng et al 2012). To get a measure 

of relatedness between populations, we calculated the average of each individual pairing 

between two populations (table S1). To test for IBD, we constructed a distance matrix with 

the geographical distances between the different populations using google maps (table S2). 

To test for isolation by ecology, we used five ecological variables: vegetation (categorical 

with three states: none, some, plenty), substrate (binary, rock or mud), turbidity (continuous, 

Secchi-depth), depth range (continuous, maximal sampled water depth at the sampling 

location in m) and distance to the mainland shore (continuous, in km; table S3). To estimate 

the ecological distance (habitat contrast) between any two sampling sites, we performed a 

PCA in R, including all these five ecological and environmental variables. The distance 

between two populations in the ecospace spanned by PC1 (explains 70.00% of variance) and 

PC2 (explains 16.96% of variance) was used as an estimate of the ecological habitat contrast 

between the two populations (table S4). To calculate effects consistent with IBD and IBE, we 

conducted Mantel tests in the R-package ecodist. 

To test for genetic divergence between our two focal populations from Makobe Island 

and Sweya, we calculated F-statistics using a locus-by-locus AMOVA in Arlequin (Excoffier 
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et al 2005). For this, we used a stringent missing data per site cutoff (<0.8), a minor allele 

frequency cutoff of 5% and removed monomorphic and multiallelic SNPs. 

 

c) Morphology 

To quantify phenotypic variation between the A. alluaudi populations from Makobe 

Island and Sweya, representing the two major ecotypes (see results), we measured 14 

morphometric distances that have been shown to be powerful for capturing taxonomic and 

ecomorphological differences between closely related haplochromine cichlid species 

(Banyankimbona et al 2013, Barel et al 1977, Parsons et al 2003). We used digital calipers to 

measure standard length (SL), head length (HL), head width (HW), body depth (BD), lower 

jaw length (LJL) and width (LJW), interorbital width (IOW), preorbital width (POW), snout 

width (SnW), snout length (SnL), eye length (EyL), eye depth (EyD), cheek depth (ChD) and 

preorbital depth (POD; figure S1) in 83 fish from our two focal populations (N=16 for 

Sweya, N=67 for Makobe Island; figure 2). Additionally, we measured the length of all fins. 

Fin length provides additional information, as it can be correlated with swimming 

performance (Plaut 2000, Qu et al 2013), physical health (Bakker & Mundwiler 1999) and 

mating success (Bischoff et al 1985) . Finally, we counted the number of anal fin spines, a 

highly conserved meristic trait used in cichlid fish systematics, which was also used to 

discriminate between the two described Astatoreochromis species (Banyankimbona et al 

2013). 
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Figure 2: A wild-caught male A. alluaudi collected from Sweya (a), a vegetation-rich inlet stream (b) 

and a wild-caught male A. alluaudi caught at Makobe Island (c), an offshore rocky island (d). 

 

To investigate phenotypic plasticity as a possible cause of morphological differences, 

we took standardized pictures of 30 males raised to maturity in a common-garden 

environment (16 Sweya, 14 Makobe) and set 7 landmarks in the program tpsDig232 (Rohlf 

2015; figure S2). These images of live fish were used to measure four traits corresponding to 

four traits measured also in the wild-caught fish: Standard length, dorsal fin length, caudal fin 

length and anal fin length. The other traits we had measured in the wild-caught fish were not 

measured in our common garden laboratory fish because they would need to be measured 

from preserved fish and we needed to keep our fish alive for mate choice experiments (see 

below).  

For all analyses, all morphological traits (13 body measurements and five fin 

measurements), except the anal fin spine counts, were log-transformed. For size-correction 

we ran an ANCOVA with population and the log-transformed standard length (SL) as 

covariates for each log transformed morphometric trait. Then we used the standardized 

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/advance-article/doi/10.1093/evolut/qpad001/6974670 by U

niversitätsbibliothek Bern user on 10 January 2023



Acc
ep

ted
 M

an
us

cri
pt

residuals of each trait after extracting the effects of the coefficient of the linear relationship 

between the trait and SL      to conduct t-tests for significant differences. First, we tested for 

differences between the two sexes of the same population, to check for sexual dimorphism, 

then between the two populations (Makobe and Sweya) to test for differences between the 

populations and finally between the two populations for each sex separately. For the anal fin 

spine number, we conducted a Chi-Square test of independence to test if the number of spines 

(4, 5 or 6) was independent of the population. Finally, to estimate overall morphological 

differentiation, we performed principal component analyses (PCA) on the 18 linear 

morphological traits. All analyses, if not stated differently, were performed in R (R-Core-

Team 2015). 

 

d) Trophic ecology 

To evaluate potential differences in trophic ecology between the two populations, we 

compared the stomach contents of wild-caught A. alluaudi individuals of Makobe Island to 

those from Sweya. For this purpose, we dissected the stomachs of 36 Makobe and 17 Sweya 

individuals and quantified volumetric proportions of the different prey categories. Items 

belonging to four categories (snails, mussels, shrimps and fish) could be identified in the 

stomachs of our fish. Unidentifiable material was summarized in a fifth category (Hyslop 

1980). Zooplankton, detritus, insects and insect larvae, prey typically of many other 

haplochromines from the same habitats, were not found in any of the stomachs. From the 

stomach contents, we calculated Schoener’s percent resource overlap index (Schoener 1970) 

between A. alluadi from Sweya and Makobe. Stomachs that were empty (estimated fullness < 

25%, N = 7 for Sweya and N = 2 for Makobe) were removed from subsequent analysis.  
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e) Mate choice 

For the mate choice experiment, we used naive lab-bred common garden fish to 

exclude environmental factors as well as any previous experience with courtship and mate 

choice. We conducted the experiment in 143cm/77cm/32.5cm (length/depth/height) tanks, 

laid out with gravel. All tanks had a slow, but constant waterflow. Within the experimental 

tank, we used plastic mesh to create four semi-circular areas that were separated from the rest 

of the tank (figure S3). The mesh size (1.5 cm in the diagonal) was chosen to allow the 

females to enter and leave these fenced areas but keeping the slightly larger males from 

leaving their territories. This set-up prevented direct male-male interference while allowing 

females to directly interact with the males and mate, reducing the influence of male-male 

interactions on female mate choice to a minimum.  

The evening before a trial started, we placed four males, two of each population (of two 

different clutches each), into the four compartments within the experimental tanks. This 

allowed them to interact visually but not physically to animate them to express nuptial 

coloration. Males of the same population were always placed diagonally to each other (figure 

S3). The position of the first placed male was randomized for each trial. The trial started with 

the introduction of females into the experimental tank in the subsequent morning. For each 

trial, we used females of a single family, assuring that none of the stimulus males was full-

sibling to the focal females. We used one to seven females per trial, depending on how many 

females we had raised per clutch. The trials lasted until one of the females had successfully 

mated. 

After each replicate, we took a standardized picture of every male in the trial to 

measure their standard length and fin lengths (figure S2). After anesthesia with a low dose of 

MS-222, we took a fin clip and measured their wet weight, before placing them into separate 

smaller individual tanks to recover. Astatoreochromis alluaudi are female mouth-brooders. 
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The females were retained in the experimental tank for an additional week after the males had 

been removed to minimize the stress for the mouth-brooding female which otherwise may 

lead to termination of a brood. We carefully collected all the eggs from the brooding female 

and incubated them for an additional week, to assure enough tissue for parentage analyses. 

Embryos were euthanized with an overdose of MS-222 and stored individually in 100% 

analytical ethanol until DNA extraction. The females that had not mated during the 

experiment were put back into their original family-specific female-only tank. The female 

that had mated was anesthetized in a 50mg/L MS-222 solution to take a fin clip for genetic 

parentage analysis and was then put into a separate tank for recovery.  

For parentage analysis, we used tissue from the fin clips of the parents, and tissues from 

the caudal fins of the embryos. We extracted the DNA following the Chelex extraction 

protocol. We prepared a primer mix, containing 1.5µl of each primer (table 1; Sanetra et al 

2009, Taylor et al 2002) and 55µl TE-Buffer. For each individual we mixed 0.75µl of the 

extracted DNA solution, with 4.25µl Master-Mix (57% Multiplex Kit, 40% deionized water, 

3% Primer Mix) to conduct a PCR (table S5). Genotyping at the five microsatellite loci was 

performed on an ABI 3130xl Genetic Analyzer (DNA CoreLab) with Size Standard LIZ600. 

Among the experimental males, we found a total of 58 alleles, of which 11 were present in 

both populations, 16 were unique to individuals from Sweya and 31 were unique to 

individuals from Makobe Island (table S6). 

To test for deviation from random mating, we used a General Linear Model with the 

mating status per replicate trial (assortative/disassortative), the father’s weight ranking 

(R1=heaviest, R4=lightest) and the fathers compartment position in the experimental tank 

(C1=front left, C2=front right, C3=back left, C4=back right) as independent variables (table 

S11). We also conducted a t-test using the number of fertilized eggs from each replicate to 
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test if the number of fertilized eggs differed between assortative and disassortative mating 

events. 

 

Table 1: Primers and their sequences used for the parentage analysis, with the repeat motifs and the 

published size ranges of the microsatellites (Sanetra et al 2009, Taylor et al 2002).  

Primer Sequence Forward Sequence Reverse Repeat Size range 

Ppun7 5’-TGACCATCTGCGACAAATAAC-3’  5’-AGGCCTAAGTCCCCCTAACC-3’  GATA 189-299 

Ppun21 5’-GGTTGACAGCTGCAAAAATG-3’  5’-AGGCAGTGACCTCTGCTCTC-3’  GATA 311-389 

OSU19T 5'-TGAAGGACAAAGCAGGACTG-3'  5'-TGCCCGAACCTTTTTATTTA-3'  CA 126-142 

OSU20D 5'-GAAGTGGGATTTGCAGCTTG-3'  5'-CATGCTTACAAAGAACAGGGTTAC-3'  GT 155-211 

OSU13d 5'-TAAGCTGATAGGAACCCAAC-3'  5'-ACTCCTATTTTGTTATTTTTGTGA-3'  GT 105-151 

 

3. Results 

a) Genetic differentiation between allo-parapatric populations of A. alluaudi 

Phylogenetic analyses based on approximately 1.69 million concatenated sites in 

individuals from thirteen sampling sites revealed a deep split into two distinct clades (figure 

3a, bootstrap support = 100%). The first well-supported clade contains all individuals from 

sampling sites at the eastern shore of the Mwanza Gulf (SW, NY, PY, LU) and the 

individuals from the geographically distant Lakes Burigi, Rwakajunju and Saka. Within this 

clade, the individuals from the distant lakes form a highly supported monophyletic group 

(Bootstrap support = 94%). The second clade contains all fish from all rocky mainland reefs 

and islands in the open Lake Victoria studied here (Bihiru, Senga, Makobe, Mabibi and Ruti) 

and the individual from a rocky island near the western shore of the Mwanza Gulf 

(Kissenda). Within this clade, Mabibi Island and Ruti Island, the two most offshore rocky 
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islands in the Speke Gulf, together make a well-supported group (BS = 92%). Within it, all 

individuals from Ruti form a well-supported monophyletic clade (BS = 94%) that is nested 

within a paraphyletic Mabibi clade, indicating geographic structure between the offshore 

rocky islands and between them and the more nearshore and inshore sites. The positions of 

the individuals from our two open lake mainland reef and nearshore island sites (Senga and 

Bihiru respectively), relative to the others are not well resolved even though Senga might 

form a monophyletic clade on its own (figure 3a). On the other hand, Makobe Island is not a 

strongly supported clade and our fish from Kissenda Island resides within the Makobe clade. 

A principal component analysis (PCA) conducted with 2,580 SNPs derived from the 

RAD sequences of 54 individuals from 10 locations clearly separates the individuals from the 

open lake mainland reefs and islands (Mabibi, Ruti, Makobe, Senga, Bihiru) and Kissenda 

from all individuals from the eastern shore of the Mwanza Gulf (Sweya, Python and Luanso) 

and the individual from Lake Burigi on PC1, which explains 3.92% of the variance. PC2 

(2.27%) separates the fish from Ruti and Mabibi Island from those of Makobe, Senga,  Bihiru 

and Kissenda, as well as all others (figure 3b). 

STRUCTURE analyses based on 1,277 SNPs revealed a best fit for three genetic 

clusters (K=3; figure 3c). The first split, revealed by K=2, separates all individuals from the 

eastern Mwanza Gulf sites (SW, PY and LU) together with Lake Saka (LS), Lake Burigi 

(LB) and Lake Rwakajunju (LR) from those from the mainland reefs and islands in the open 

lake (MA, MB, RU, BI, SE) and the northwestern Mwanza Gulf (KS; figure S4). Best 

supported K=3 further separates the fish from both offshore reefs MB and RU from the other 

representatives of the second cluster, with about 30-50% assignment to cluster 2. The two 

open lake mainland and nearshore reef populations (SE and BI) mainly were assigned to the 

Makobe cluster; but there are indications of introgression from the offshore island cluster into 

BI and from the eastern Mwanza Gulf cluster into SE. This confirms the pattern revealed by 
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the genomic PCA with the clearest separation between the individuals from the eastern 

Mwanza Gulf, LB, LR and LS, and the other locations (along PC1 and in K=2), and an 

additional split, between Makobe and Kissenda and the two offshore rocky reef populations 

from the Speke Gulf (RU and MB). 

 

 

Figure 3: a) Maximum Likelihood phylogenetic tree of A. alluaudi populations based on over 2 

million concatenated sites obtained by RAD sequencing reveals two well-supported clades: Eastern 

Mwanza Gulf (Sweya = SW, Nyegezi = NY, Python = PY, Luanso = LU; green) plus the lakes west 

of Lake Victoria (Lake Saka = LS, Lake Rwakajunju = LR, Lake Burigi = LB) on one hand, and the 

offshore rocky islands Mabibi (MB, purple) and Ruti (RU, blue) on the other hand. Makobe Island 

(MA, red) and Kissenda Island (KS, green) form a third clade, which is less strongly supported (13% 

BS). The open lake mainland reef population Senga (SE, violet) and nearshore island population 

Bihiru (BI, orange) fall outside those three clades. Bootstrap support higher than 70% are reported. B) 

Principal Component Analyses based on 2,580 SNPs shows a similar pattern. Whereas PC1 separates 

the fish from the Eastern Mwanza Gulf and the western lakes from the rocky islands and reefs of the 

open lake, PC2 separates Ruti and Mabibi from Makobe, Kissenda, Senga and Bihiru. C) 

STRUCTURE assignments of individuals to genetic populations. Analysis with K = 3 reveals a 
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separation into (i) a population from offshore islands in the Speke Gulf (MB, RU, dark grey); (ii) a 

population from Makobe (MA) Island, Kissenda (KS) Island, Senga (SE) and Bihiru Island (BI; grey); 

(iii) a population from all eastern Mwanza Gulf sites (SW, NY, PY, LU) and the distant lakes (LB, 

LR, LS, light grey). Note signals of introgression between two or all three clades, especially in 

individuals from the mainland and nearshore reefs outside the Mwanza Gulf (SE, BI). 

 

b) Genetic differentiation is mainly explained by habitat contrast  

The Mantel tests revealed a highly significant correlation between genetic distance and 

ecological distance (permutations=10000, rm=0.416, p=0.003), whereas no correlation 

between genetic and geographic distance (permutations=10000, rm=-0.145, p=0.374). Using 

partial Mantel tests to test for Isolation by Ecology (IBE) after correcting for geographic 

distance resulted in a highly significant pattern of IBE (permutations=10000, rm=0.507, 

p<0.001), whereas isolation by distance (IBD) after correcting for ecological distance is 

significant too but with a much higher p-value (permutations=10000, rm=0.348, p=0.033). 

The genetic structure among Astatoreochromis populations therefore is mainly explained by 

ecological differences between habitats, with only a weak isolation by distance. 

The two distinct genetic clusters that we found along PC1 and in STRUCTURE with 

K=2, correspond to the two habitat types with very distinct ecological characteristics. One of 

the two clusters contains all individuals from the three rocky islands in the open lake 

(Makobe, Ruti and Mabibi), and also the rocky nearshore island (Bihiru) and mainland shore 

outside the Mwanza Gulf (Senga) but occurs also at Kissenda Island in the northwestern 

Mwanza gulf, an inshore site with some vegetation. The habitat of this group is characterized 

by extensive rocky (granite) boulders, general lack of aquatic vegetation and clear water with 

a Secchi-depth of 2 meters or more (Kissenda is the exception with some vegetation and 

turbid water). The second genetic cluster contains all individuals from vegetation-rich sites 

along the eastern shore of the Mwanza Gulf, a shoreline swamp as well as Lake Burigi, Lake 
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Rwakajunju and Lake Saka. These sampling sites have a medium to large amount of aquatic 

(usually emergent) vegetation, low water clarity (Secchi-depth of less than 2 meters; table S3) 

and either soft bottoms or considerable sediment cover on the rocks. The two genetic clusters 

of Astatoreochromis alluaudi can therefore be considered two different ecotypes. Henceforth, 

we refer to them as the reef ecotype and the vegetation ecotype.  

To further test for phenotypic and ecological differentiation and potentially behavioural 

reproductive isolation between these ecotypes, and hence to test if speciation has occurred, 

we subsequently focus on the two populations of different ecotype that are geographically the 

closest to each other: The population at Makobe Island representing the reef ecotype, and the 

population at Sweya, representing the vegetation ecotype. These two populations show 

significant genomic differentiation (FST=0.0637, p<0.001).  

 

c) Phenotypic divergence is pronounced between the ecotypes of A. alluaudi 

We found significant differences between the Makobe and Sweya populations in fin 

length (pelvic, pectoral, caudal, dorsal and anal fin all longer in the vegetation ecotype; figure 

4; table S7), as well as significant differences in lower jaw width (LJW) and snout width 

(SnW, table S7), with Sweya individuals having longer fins, wider snouts and wider lower 

jaws than individuals from Makobe. These differences, especially in the fins, are more 

pronounced in males and hardly present in females (figures S7 & S8), and there is a 

pronounced sexual dimorphism (figure S9, table S7). This sexual dimorphism is stronger in 

A. alluaudi at Makobe Island than in A. alluaudi at Sweya (table S10). The PCA based on all 

morphological traits shows strong divergence between the two populations and ecotypes 

(figure 4). PC1 is mainly explained by preorbital width (POW) and snout width (SnW), while 

PC2 is mainly explained by fin length and eye size (EyD and EyL; table S8). 
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We also found a significant difference in number of anal fin spines (Chi-Sqared=61.83, 

df=2, p<0.001). All individuals from Sweya (N=16) have either five (N=10) or six (N=6) 

anal fin spines. Five spines represents the typical anal fin spine count in this species 

(Greenwood 1959). Most individuals from Makobe, in contrast, have only four spines 

(N=50), few had five (N=7) and none had six spines (table S9, figure S5). 

In our common-garden raised fish, the significant differences between the two wild 

populations were recovered in all traits that we could measure (anal fin length, caudal fin 

length and dorsal fin length; figure S6), indicating a heritable basis for these trait differences.  

 

 

Figure 4: Principal component analysis of linear morphometric traits of A. alluaudi from a reef 

ecotype population (Makobe, red) and a vegetation ecotype population (Sweya, green). It reveals 

phenotypic differences between the populations with Sweya individuals having a wider head 

(negative PC1) longer fins and smaller eyes (positive PC2) than individuals from Makobe. The black 
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arrows on the left indicate the loadings of the different morphological traits with the different fin 

lengths in small letters and the other morphological traits in capital letters.  

 

d) Trophic ecology is not markedly differentiated 

The main prey item in both populations was snails (>50%, figure S10), followed by 

crushed mussels (~18%). In Sweya, the remaining content could not be identified, whereas 

for Makobe Island, a small amount of prey items consisted of small fish (7.1%), shrimps 

(6.8%), as well as some unidentifiable items. Generally, the prey composition of both 

population samples did not differ significantly (Schoener percent resource overlap 

index=91.3%). 

 

e) No behavioural assortative mating 

The ten successful mate choice trials (four replicates with Sweya females and six with 

Makobe females) resulted in 123 fertilized eggs (table S11), which were used for parentage 

analyses. Although each female had the simultaneous choice between two Sweya and two 

Makobe males, every clutch was sired by a single male only. Two of the Sweya females 

mated with a Makobe male, and two mated with a Sweya male. Three of the Makobe females 

mated with a Sweya male, and three mated with a Makobe male (figure 5). The generalized 

linear model shows no significant effect of either male ecotype, weight of the male or 

experimental compartment of the male, indicating random mating and no indications of any 

ecotype or population-based assortative female mate choice. Females on average were 

carrying a similar number of eggs independent of whether they mated with a male from their 

own or from the other ecotype and population (p = 0.739, table S11, figure 5). 
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Figure 5: Number of fertilized eggs per trial. Each clutch was sired by a single male. The length of 

bars indicates the number of fertilized eggs: above zero are eggs resulting from matching ecotypes, 

below zero are eggs from matings between the two ecotypes.  

 

4. Discussion 

 We studied the genomic, morphological and ecological differentiation between 

populations of Astatoreochromis alluaudi occupying contrasting habitats. We wanted to 

investigate the factors that explain absence of radiation in this lineage despite its long 

presence in the East African Great Lakes. We found strong genetic differentiation and 

reciprocal monophyly among the rock and vegetation ecotypes. Surprisingly this was robust 

even across large geographical distances, namely including smaller lakes in the Lake Victoria 

and Edward catchments. Overall, ecological/habitat differences had a larger effect on genetic 

divergence than the geographic distance between the populations. We also detected 

significant phenotypic differences between two populations of the ecotypes, for instance in 

fin length and jaw morphology. Most of these differences between the ecotypes were retained 
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in laboratory-bred F1 that were raised under common garden conditions. We did not detect 

significant differences in diet between ecotype populations. Finally, individuals of both 

ecotypes mated randomly in behavioral mating experiments under laboratory conditions. 

 

a)  Genomic divergence between habitat-specific ecotypes is stronger than 

isolation by geographic distance 

Astatoreochromis alluaudi can be found all over Lake Victoria, the smaller lakes and swamps 

in its catchment and in the Lake Edward catchment, and it populates ecologically very 

distinct habitats (Slootweg 1989), possibly indicating generalist habits with high dispersal 

rates and few dispersal limitations. High dispersal rates can cause gene flow between 

populations and therefore might curtail local adaptation as well as neutral genetic divergence 

between populations (e.g. Arendt 2015, Claramunt et al 2012, Gavrilets & Vose 2005). 

However, our results do not support this hypothesis. Several different populations in Lake 

Victoria are genetically clearly distinct from one another, and populations from the two 

habitat types even form reciprocally monophyletic clades. Surprisingly, the vegetation 

ecotype clade of southern Lake Victoria is more closely related to individuals from vegetated 

habitats in geographically distant lakes (Lakes Burigi, Rwakajunju, Saka, the latter of which 

is in the Lake Edward catchment) than to the rocky reef ecotype clade from places nearby in 

southern Lake Victoria. Within Lake Victoria, we detect further subdivision within the rocky 

reef clade, where the populations of offshore islands form clades that are distinct from those 

of more nearshore islands and mainland reefs. Taken together, this indicates that the strongest 

genetic divergence within A. alluaudi occurs between populations occupying distinct habitats 

resulting in a strong pattern of isolation by ecology (IBE), whereas further genetic structure 

within the reef ecotype is probably attributed to geographic isolation, explaining the 

comparatively weak pattern of isolation by distance (IBD). This pattern and the fact that the 
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genomic divergence between the population at Makobe Island and the one in Sweya are in a 

similar range as between closely related species in similarly distant populations (FST = 0.097 

between Pundamilia pundamilia from Makobe Island and P. pundamilia-like from Python, 

FST = 0.062 between P. nyererei from Makobe and P. nyererei-like from Python (Meier et al 

2017b)) indicate some barriers to gene flow between the different habitats. 

 

b)  Heritable phenotypic divergence between ecotypes  

Species with a generalist strategy tend to undergo muted if any evolutionary phenotypic 

divergence between different habitats (Martin & Wainwright 2013, Rueffler et al 2006). As a 

potential habitat generalist (Binning & Chapman 2008, Witte 1981), A. alluaudi would not 

have to divergently adapt to the different habitats and would not be expected to diverge 

morphologically. Morphological divergence may be an important factor in the speciation 

process (Kocher 2004) but especially so in the process of establishing sympatry between 

closely related species (Seehausen 2015).  

We found significant morphological differences between the two ecotypes of A. 

alluaudi in multiple traits that may play a role either in ecological adaptation (Bouton et al 

1999) or evolve under sexual selection (Baerends & Baerends 1950). Sexual selection can 

differ in strength between habitats for instance due to differential predation regimes and 

differences in other ecological variables (Cole & Endler 2015, Endler 1988). This might 

indicate that the phenotypic differences between the ecotypes might have evolved in response 

to divergent ecological and sexual selection between the habitats. The fact that these 

differences were retained in the fish bred and raised in a common-garden environment further 

suggests that they have a heritable component.  
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c) Lack of assortative mating prevents speciation 

The ability for sister species to establish sympatry and persist and perhaps diverge 

further through ecological character displacement is key for the build-up of species diversity 

in an adaptive radiation (Seehausen 2015). In most animal systems, prezygotic mating 

barriers evolve as the first cause of reproductive isolation that may allow for persistence upon 

secondary contact, and eventually co-existence in sympatry (Coyne & Orr 2004, Seehausen 

2006). One such mechanism is behavioral assortative mating, which has been suggested as 

being very important in rapid speciation of cichlid fish (Dominey 1987, Knight & Turner 

2004, Maan et al 2004, Seehausen 2000, Selz et al 2014b). 

In our mate choice experiment with the two ecotypes, we did not detect any indication 

of ecotype assortative mating, despite heritable phenotypic and genetic differences between 

the ecotypes. Similar experiments with member species of the Lake Victoria radiation revealed 

highly assortative mating (>90%) between individuals of closely related sister species that 

coexist in sympatry (Selz et al. 2014(a), Selz et al. 2014(b), Selz et al. 2016). While our small 

sample size does not allow us to rule out very weak mating preferences, a signal of 

assortative mating similar to that in Pundamilia species should have shown. This indicates 

that the phenotypic differences between the ecotypes do not impact mating decisions, perhaps 

because the divergent traits are not coupled to mate-choice-cues. Such a lack of female 

preference for own ecotype despite divergent phenotypic adaptations between the ecotypes 

may indeed explain the lack of speciation or its completion towards persistence in sympatry 

in A. alluaudi, a constraint that has been described in several other lineages (Maan & 

Seehausen 2011 and references therein). 
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d) Constraints to speciation in cichlids 

Our study provides evidence for the existence of different ecotypes within the species 

Astatoreochromis alluaudi. These ecotypes are genetically and phenotypically distinct and 

occur in ecologically distinct habitats with no strong physical dispersal barriers between 

them. The most striking phenotypic differences were found in fin length and head width. All 

fins are significantly longer in individuals from Sweya than in individuals from Makobe. This 

pattern is retained in fish bred and raised in a common garden environment, indicating that it 

is heritable. It is heavily driven by the males, while these differences are less pronounced in 

females, reflecting the sexual dimorphism in fin length that is more pronounce in the 

vegetation ecotype. Male cichlids often use the display of their fins in intrasexual competition 

and for courtship behavior towards females (Baerends & Baerends 1950). Especially 

important for courtship is the anal fin, which often displays conspicuous background 

coloration and contains the egg spots, which are considered an important trait for fertilization 

and have been suggested to play into cichlid speciation (Goldschmidt 1991, Theis et al 2012). 

Divergent sexual selection on other male nuptial traits is an important factor in 

haplochromine cichlid speciation (Knight & Turner 2004, Seehausen 2015, Seehausen et al 

2008). Significant differences in anal fin length between the males may indicate divergent 

sexual selection between the ecotypes (Collins et al 2009, Debelle et al 2014), although we 

were unable to find evidence for sexual selection in our female mate choice trials. The 

difference in spine numbers is note-worthy, even though its functional importance remains 

unclear. Anal fin spine number is a highly conserved trait and is used to differentiate 

A.alluaudi (with four to seven spines) from A. straeleni (three to four spines) and most other 

haplochromine cichlids (three spines; Banyankimbona et al 2013).  

Despite pronounced genomic and phenotypic differences, A. alluaudi ecotypes do not 

show any indications of assortative mating in experimental mate choice trials. In line with 
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this, we found evidence for considerable genomic introgression between the wild populations 

of the different ecotypes, mainly at sites between the range of the vegetation type and the 

offshore islands occupied by the reef type. Therefore, the differences between the ecotypes 

that accumulated in allo-parapatry do not seem to be linked to traits causing strong 

reproductive isolation. This is similar to the pattern detected in another cichlid lineage that 

occurs in Lake Tanganyika and its inlet streams which has not speciated either (Theis et al 

2014), thus pointing to the importance of divergent sexual selection in the evolution and 

maintenance of the haplochromine cichlid radiations (Allender et al 2003, Seehausen 2015, 

Seehausen et al 2008). In most cases where genetically close sister species co-occur in 

sympatry, there is evidence for divergent sexual selection, often triggered by male nuptial 

coloration sometimes in association with environmental conditions (Maan & Seehausen 

2011, Seehausen et al 2008, Selz et al 2014(b)).  

Our study and previous studies (Dingle et al. 2008, Lucek et al. 2014, Li et al. 2019, 

Conith et al. 2020) thus provide evidence that the buildup of genomic and potentially 

adaptive and heritable phenotypic differences can occur rather frequently in populations 

living in distinct ecological habitats. However, corresponding mechanisms of reproductive 

isolation that would allow the transition from local adaptation and ecotype formation to 

speciation and persistence in sympatry do not necessarily follow. Intrinsic postzygotic 

reproductive isolation may evolve between allopatric populations when the populations 

diverge genetically over time (e.g. Ludlow & Magurran 2006). We did not find any evidence 

for postzygotic isolation in A. alluaudi, as mating within and between ecotypes resulted in 

similar numbers of offspring. Prezygotic isolation however, may arise when immigrants from 

an ecologically different habitat have a reduced viability (e.g. Matute et al 2009) or reduced 

mating success (Snowberg & Benkman 2009, Tobler et al 2009). Whereas the former was not 

addressed in this study, we could not find evidence for the latter.       
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5. Conclusion 

We discovered that Astatoreochromis alluaudi, an old occupant of the Lake Victoria 

basin that has never speciated, is composed of two genetically and phenotypically distinct 

ecotypes with wide geographical distributions. Additionally, there is genetic differentiation 

between populations from different rocky reefs. The genetic divergence between allopatric or 

allo-parapatric ecotypes is comparable in extent to that found in sympatric sister species of 

the radiating lineage. The differentiation is tightly linked to environmental condition rather 

than geographical distance among populations. The morphological differences are seen in 

traits that are often linked to either ecological adaptation or sexual selection. As these 

phenotypic differences are retained under laboratory conditions, it seems likely that they are 

heritable.  

Despite significant phenotypic and genetic divergence, females did not show any 

preference for males of their own ecotype in our mate choice trials. This indicates that the 

identification of genomic and phenotypic differences between para- or allopatric populations, 

even though of importance for management consideration, does not per se allow inferences 

about speciation without additional evidence for reproductive isolation in sympatry.  

 We conclude, that the lack of coupling between phenotypic and genetic differences on 

the one hand and behavioral reproductive isolation on the other hand may be a major 

constraint to speciation and adaptive radiation.  
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TABLES AND FIGURE CAPTIONS 

 

Table 1: Primers and their sequences used for the parentage analysis, with the repeat motifs and the 

published size ranges of the microsatellites (Sanetra et al 2009, Taylor et al 2002).  

Primer Sequence Forward Sequence Reverse Repeat Size range 

Ppun7 5’-TGACCATCTGCGACAAATAAC-3’  5’-AGGCCTAAGTCCCCCTAACC-3’  GATA 189-299 

Ppun21 5’-GGTTGACAGCTGCAAAAATG-3’  5’-AGGCAGTGACCTCTGCTCTC-3’  GATA 311-389 

OSU19T 5'-TGAAGGACAAAGCAGGACTG-3'  5'-TGCCCGAACCTTTTTATTTA-3'  CA 126-142 

OSU20D 5'-GAAGTGGGATTTGCAGCTTG-3'  5'-CATGCTTACAAAGAACAGGGTTAC-3'  GT 155-211 

OSU13d 5'-TAAGCTGATAGGAACCCAAC-3'  5'-ACTCCTATTTTGTTATTTTTGTGA-3'  GT 105-151 
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Figure 1: Map of samping sites for A. alluaudi used in this study. We sampled from three more 

offshore rocky islands in Lake Victoria, Makobe Island (MA), Ruti Island (RU) and Mabibi Island 

(MB), two mainland sites or nearshore islands in the open lake, Bihiru (BI) and Senga (SE) and from 

five populations within the Mwanza Gulf: Kissenda (KS) in the NW of the Gulf, Sweya (SW), 

Nyegezi (NY), Python (PY) and Luanso (LU) in the East. Additionally, we included two individuals 

from lakes west (and upstream) of Lake Victoria (Lake Burigi and Lake Rwakajunju) and the 

published sequence of an individual from Lake Saka (LS) in the Lake Edward drainage. The numbers 

in brackets show the number of individuals per location used for the genomics analyses. 

Figure 2: A wild-caught male A. alluaudi collected from Sweya (a), a vegetation-rich inlet stream (b) 

and a wild-caught male A. alluaudi caught at Makobe Island (c), an offshore rocky island (d). 

Figure 3: a) Maximum Likelihood phylogenetic tree of A. alluaudi populations based on over 2 

million concatenated sites obtained by RAD sequencing reveals two well-supported clades: Eastern 

Mwanza Gulf (Sweya = SW, Nyegezi = NY, Python = PY, Luanso = LU; green) plus the lakes west 

of Lake Victoria (Lake Saka = LS, Lake Rwakajunju = LR, Lake Burigi = LB) on one hand, and the 

offshore rocky islands Mabibi (MB, purple) and Ruti (RU, blue) on the other hand. Makobe Island 

(MA, red) and Kissenda Island (KS, green) form a third clade, which is less strongly supported (13% 

BS). The open lake mainland reef population Senga (SE, violet) and nearshore island population 

Bihiru (BI, orange) fall outside those three clades. Bootstrap support higher than 70% are reported. B) 

Principal Component Analyses based on 2,580 SNPs shows a similar pattern. Whereas PC1 separates 

the fish from the Eastern Mwanza Gulf and the western lakes from the rocky islands and reefs of the 

open lake, PC2 separates Ruti and Mabibi from Makobe, Kissenda, Senga and Bihiru. C) 

STRUCTURE assignments of individuals to genetic populations. Analysis with K = 3 reveals a 

separation into (i) a population from offshore islands in the Speke Gulf (MB, RU, dark grey); (ii) a 

population from Makobe (MA) Island, Kissenda (KS) Island, Senga (SE) and Bihiru Island (BI; grey); 

(iii) a population from all eastern Mwanza Gulf sites (SW, NY, PY, LU) and the distant lakes (LB, 

LR, LS, light grey). Note signals of introgression between two or all three clades, especially in 

individuals from the mainland and nearshore reefs outside the Mwanza Gulf (SE, BI). 
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Figure 4: Principal component analysis of linear morphometric traits of A. alluaudi from a reef 

ecotype population (Makobe, red) and a vegetation ecotype population (Sweya, green). It reveals 

phenotypic differences between the populations with Sweya individuals having a wider head 

(negative PC1) longer fins and smaller eyes (positive PC2) than individuals from Makobe. The black 

arrows on the left indicate the loadings of the different morphological traits with the different fin 

lengths in small letters and the other morphological traits in capital letters.  

Figure 5: Number of fertilized eggs per trial. Each clutch was sired by a single male. The length of 

bars indicates the number of fertilized eggs: above zero are eggs resulting from matching ecotypes, 

below zero are eggs from matings between the two ecotypes.  
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