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Ecosystems of Lake Victoria and riparian communities have been strongly disrupted by the introduction of the invasive Nile perch and its fishing industry. Beyond this invasion and other recent anthropogenic stressors, the Lake Victoria ecoregion also underwent phases of pronounced aridity over the Late Pleistocene, lastly during the Last Glacial Maximum (LGM). The consequences of recent and historic environmental change have been canvassed for the adaptive radiation of haplochromine cichlids occupying the ecoregion, but their effect on freshwater invertebrate diversity remains largely unknown. Here we use 15 microsatellite loci and approximate Bayesian computation to test whether viviparid gastropods experienced a population bottleneck during the LGM, as did cichlids. Clustering analyses support three viviparid gene pools in the Lake Victoria ecoregion, gathering specimens from 1) Lake Albert and the White Nile, 2) the Victoria Nile and Lake Kyoga and 3) Lake Victoria and tributaries. The last group contains the highest genetic diversity, but all groups have a considerable number of private alleles and are inferred to predate the LGM.

Examinations of demographic history reveal a 190-to 500-fold population decline that started ~125-150 ka ago, thus substantially before the LGM bottleneck documented in haplochromine cichlids.

Population collapses in viviparids are an order of magnitude more severe than declines in cichlids and have not been halted by the re-establishment of freshwater ecosystems since the LGM. Recent anthropogenic ecosystem deterioration is causing homogenization of previously diversified microhabitats, which may contribute to (local) extinction and enhanced gene flow among species within gene pools.

Introduction

Less than 1 % of the Earth's surface is covered by freshwater ecosystems, yet these habitats support ~10 % of all known species, including approximately a third of the global vertebrate biodiversity [START_REF] Strayer | Freshwater biodiversity conservation: recent progress and future challenges[END_REF]. The Lake Victoria ecoregion of the East African Rift System, which contains among others Lakes Albert, Kyoga and Victoria, has rapidly accumulated extraordinary freshwater biodiversity throughout the Quaternary, including almost 700 species of cichlid fishes [START_REF] Danley | The impact of the geological history and paleoclimate on the diversification of East African cichlids[END_REF][START_REF] Salzburger | Ecology and evolution of the African Great Lakes and their faunas[END_REF]. The region also underwent major geological and climatological changes during this period linked to the development of the East African Rift, including several phases of aridity [START_REF] Bishop | Erosion-surfaces, tectonics and volcanic activity in Uganda[END_REF][START_REF] Johnson | The Holocene history of Lake Victoria[END_REF][START_REF] Lehman | Lake Victoria[END_REF][START_REF] Tryon | The Pleistocene prehistory of the Lake Victoria basin[END_REF]. Additionally, human activities have exerted multifactorial pressures on freshwater environments in the ecoregion over recent decades, through habitat degradation, pollution, exploitation, the introduction of invasive species, ecosystem modifications and climate change [START_REF] Hecky | Multiple stressors cause rapid ecosystem change in Lake Victoria[END_REF][START_REF] Johnson | The Holocene history of Lake Victoria[END_REF][START_REF] Sayer | Freshwater biodiversity in the Lake Victoria Basin: Guidance for species conservation, site protection, climate resilience and sustainable livelihoods[END_REF][START_REF] Verschuren | History and timing of human impact on Lake Victoria, East Africa[END_REF]. As such, understanding diversification dynamics in freshwater biota within the Lake Victoria ecoregion requires insight into the consequences of recent and historic environmental change. The interplay of environment and diversification dynamics have been canvassed for the remarkable evolutionary radiation of cichlid fishes in Lake Victoria while addressing how the lake accumulated hundreds of endemic species despite having been dry ~15 ka ago [START_REF] Fryer | On the age and origin of the species flock of haplochromine cichlid fishes of Lake Victoria[END_REF][START_REF] Fryer | Speciation rates in lakes and the enigma of Lake Victoria[END_REF][START_REF] Johnson | Late Pleistocene desiccation of Lake Victoria and rapid evolution of cichlid fishes[END_REF][START_REF] Stager | Comment on "Origin of the superflock of cichlid fishes from Lake Victoria, East Africa[END_REF][START_REF] Stager | The late Pleistocene desiccation of Lake Victoria and the origin of its endemic biota[END_REF][START_REF] Verheyen | Origin of the superflock of cichlid fishes from Lake Victoria, East Africa[END_REF]. Apart from cichlids and the schistosome-transmitting snail genus Biomphalaria [START_REF] Standley | The population genetic structure of Biomphalaria choanomphala in Lake Victoria, East Africa: implications for schistosomiasis transmission[END_REF], the seemingly controversial interplay between environment and diversity in the Lake Victoria ecoregion has not generated detailed phylogeographic and demographic studies of freshwater taxa. This knowledge gap implies that the effects of ecosystem changes on the community composition and demography of benthic organisms remain poorly assessed, and that the effectiveness of currently implemented strategies for managing fisheries and sustaining biodiversity is unstudied.

Beyond cichlids, several other freshwater organisms display elevated diversity throughout the Lake Victoria ecoregion [START_REF] Sayer | Freshwater biodiversity in the Lake Victoria Basin: Guidance for species conservation, site protection, climate resilience and sustainable livelihoods[END_REF], such as viviparid gastropods. Viviparidae has been proposed to be particularly useful in reconstructing phylogeographic patterns due to poor dispersal in the absence of hydrographic connections [START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF][START_REF] Stelbrink | Global diversification dynamics since the Jurassic: low dispersal and habitat-dependent evolution explain hotspots of diversity and shell disparity in river snails (Viviparidae)[END_REF], and they are an important component of benthic ecosystems in general [START_REF] Strong | Global diversity of gastropods (Gastropoda; Mollusca) in freshwater[END_REF]Van Bocxlaer & Strong, 2020), as illustrated in the Lake Victoria ecoregion [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF][START_REF] Mandahl-Barth | The freshwater mollusks of Uganda and adjacent territories[END_REF]. The family has been studied on a rift-wide scale at several occasions [START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF][START_REF] Schultheiß | The birth of an endemic species flock: demographic history of the Bellamya group (Gastropoda, Viviparidae) in Lake Malawi[END_REF][START_REF] Sengupta | Molecular phylogenetic investigation of the Viviparidae (Gastropoda: Caenogastropoda) in the lakes of the Rift Valley area of Africa[END_REF], resulting in good knowledge on the phylogeographic connectivity of drainage basins throughout the East African Rift. In contrast, the relationships within clades occupying individual drainage basins remain largely unresolved in existing phylogenetic analyses [START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF][START_REF] Sengupta | Molecular phylogenetic investigation of the Viviparidae (Gastropoda: Caenogastropoda) in the lakes of the Rift Valley area of Africa[END_REF]. The observed polyphyly in regional morphospecies and races may result from incomplete lineage sorting, from independent recurrent mutations, or adaptive introgression between distant gene pools [START_REF] Lee | Distinguishing among modes of convergent adaptation using population genomic data[END_REF].

Studies of genetic diversity at the population level are thus required to obtain insight into regional patterns of diversity and to link environmental and evolutionary history.

Here we study the population structure of the clade of Bellamya gastropods that occupies the Lake Victoria ecoregion, i.e. the 'Victoria clade' [START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF], to relate past environmental change with demography and diversification dynamics. Bellamya is diploid, with separate sexes, internal fertilization and ovovivipary (Van Bocxlaer & Strong, 2020), and the Victoria clade contains 13 geographical races, which have been grouped into 7 nominal species, 5 of which are endemic to Lake Victoria [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF][START_REF] Mandahl-Barth | The freshwater mollusks of Uganda and adjacent territories[END_REF]. To examine the geographical structure of diversity we first performed a network analysis using a fast evolving mitochondrial marker and increased sampling. Subsequently, we used microsatellites to document how genetic diversity in Viviparidae of the Lake Victoria ecoregion is structured in space and time. In light of the previous description of geographical races and lake endemics, we hypothesized that the genetic diversity of viviparids in the Lake Victoria ecoregion is geographically structured. Given the high morphological disparity and elevated nominal species diversity in Lake Victoria, we hypothesized higher genetic diversity within this lake and barriers to gene flow that reflect habitat divergence. Additionally, we used approximate Bayesian computation (ABC) to test the hypothesis that individual gene pools of these benthic gastropods experienced a population bottleneck during the Last Glacial Maximum (LGM), as did cichlids [START_REF] Elmer | Pleistocene desiccation in East Africa bottlenecked but did not extirpate the adaptive radiation of Lake Victoria haplochromine cichlid fishes[END_REF].

Material and Methods

Sampling. Material was collected in 2008-2010 throughout the Lake Victoria ecoregion by CA and colleagues (Fig. 1), and was deposited in the Systematics and Biodiversity collection of the Justus Liebig University Giessen (UGSB). For the network analysis we used sequence data on cytochrome c oxidase subunit 1 (COI) from 60 specimens: one from [START_REF] Jørgensen | A molecular phylogeny of apple snails (Gastropoda, Caenogastropoda, Ampullariidae) with an emphasis on African species[END_REF], 22 from [START_REF] Sengupta | Molecular phylogenetic investigation of the Viviparidae (Gastropoda: Caenogastropoda) in the lakes of the Rift Valley area of Africa[END_REF], 4 from [START_REF] Schultheiß | The birth of an endemic species flock: demographic history of the Bellamya group (Gastropoda, Viviparidae) in Lake Malawi[END_REF], 16 from [START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF] and 17 sequences were newly generated (Fig. 1). Specimen information, including UGSB and NCBI GenBank accession numbers, is provided in Table S1. Our microsatellite dataset consists in total of 321 individuals from 39 localities at Lake Victoria, its tributaries, the Victoria Nile, Lake Kyoga, Lake Albert and the White Nile (Fig. 1). Specimen information is supplied in Table S2. Note that Bellamya is absent from three other large lakes in this ecoregion, i.e. Lakes George, Edward and Kivu [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF]. Because we recovered few Bellamya individuals at some of the sampling localities, we pooled localities with small samples sizes within a 5-km radius into a regrouped dataset (282 specimens from 21 populations with ≥10 individuals per population) from which some isolated, poorly-sampled localities were discarded. Depending on analytical requirements, we analysed the total or regrouped dataset for a robust characterisation of patterns of genetic variation within and between sampling localities. Regrouping did not alter the overall results and interpretation of our analyses compared to analyses of the total dataset. Morphological identifications. Morphological identifications to race and morphospecies were performed with the identification key of [START_REF] Mandahl-Barth | The freshwater mollusks of Uganda and adjacent territories[END_REF], information in [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF] and by evaluating type specimens. All Bellamya species and races currently recognized in the Lake Victoria ecoregion [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF][START_REF] Mandahl-Barth | The freshwater mollusks of Uganda and adjacent territories[END_REF] are represented in our dataset (see SI Text).

Construction of the regrouped dataset did not result in the exclusion of races or morphospecies, but implied that the rare B. phthinotropis is only represented by three specimens. Morphological identifications were used to interpret patterns of genetic diversity, but not as an input variable to guide molecular data analyses.

COI data collection and analysis. We extracted genomic DNA following the protocol of [START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF]. We used the forward primer LCO1490 [START_REF] Folmer | DNA primers for amplification of mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates[END_REF] and the reverse primer COX-B7R [START_REF] Schultheiß | The birth of an endemic species flock: demographic history of the Bellamya group (Gastropoda, Viviparidae) in Lake Malawi[END_REF] for PCR amplification. The PCR conditions were an initial denaturation step at 95 °C for 60 s, followed by 29 amplification cycles (denaturation at 95 °C for 30 s, annealing at 52 °C for 30 s and elongation at 72 °C for 30 s) and a final extension step at 72 °C for 180 s. Sequencing was performed on an ABI3730XL sequencer at

LGC Genomics (Berlin, Germany). The first base pairs following the 3' end of each primer were difficult to read and therefore trimmed, leaving a 593 bp fragment. The sequences were unambigously aligned with ClustalW [START_REF] Thompson | CLUSTAL W: Improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice[END_REF] in BioEdit v. 7.2.5 [START_REF] Hall | BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT[END_REF] and visually inspected. We constructed a haplotype network using this alignment and an infinite site model with functions from the package PEGAS v. 0.12 [START_REF] Paradis | pegas: an R package for population genetics with an integrated-modular approach[END_REF] in the statistical environment R v. 3.6.1 [START_REF] Core | R: A language and environment for statistical computing[END_REF].

Microsatellite data collection.

The here analysed microsatellite loci have previously been described by [START_REF] Clewing | Isolation, characterization and crossspecies amplification of 15 microsatellite markers for the African species of the freshwater gastropod genus Bellamya[END_REF]. Genomic DNA was extracted, amplified and genotyped as outlined in [START_REF] Clewing | Isolation, characterization and crossspecies amplification of 15 microsatellite markers for the African species of the freshwater gastropod genus Bellamya[END_REF]. In summary, PCR reactions were performed separately for each locus, and loci were subsequently pooled in four groups depending on the expected fragment length and fluorescent dyes used (pool 1: Bel_L10,Bel_L13,Bel_L15,Bel_L53,Bel_L25;pool 2: Bel_L18,Bel_L23,Bel_L50;pool 3: Bel_L45,Bel_L47,Bel_L63;pool 4: Bel_L16,Bel_L31,Bel_L32,Bel_L48,Bel_L56). These pools were sent to LGC Genomics for precision electrophoresis on a 16-capillary 3130xl Genetic Analyzer (Applied Biosystems). Genotypes were called by CC using GeneMarker® v.

1.85 (SoftGenetics LLC). First, chromatograms were visually inspected and custom panels of allele sizes per locus were created with prior knowledge on the length of repeat motives for each locus.

Subsequently, the software automatically called genotypes based on the created panels. Allele calls that did not correspond to the associated panel were verified manually. For two markers, Bel_L18 and Bel_L56, chromatograms were sometimes difficult to read or occasionally included more than two alleles, so these loci were excluded. Finally, individuals for which allele profiles were difficult to read were excluded from the dataset. All automated genotype calls were verified manually by CC and a subset of 15 % of individuals were genotyped twice, but as no inconsistencies occurred, we considered our genotype calling robust for subsequent analyses. Size data for each of the 321 specimens and each of the 15 microsatellite loci was tabulated for subsequent analyses. All data and analytical scripts have been uploaded to the Dryad Data Repository and are available via https://doi.org/10.5061/dryad.q83bk3jg2 (Van Bocxlaer et al., 2020).

Examination of genetic variation within populations. We examined the 15 microsatellites for the presence of null alleles with the ApparentNulls method of the R package GENEPOP v.1.1.3 [START_REF] Rousset | Genepop'007: a complete re-implementation of the Genepop software for Windows and Linux[END_REF] using the weighted average over all populations in the total and regrouped datasets. Subsequent analyses were performed both including and excluding loci with null alleles. We studied genetic variation within populations from the regrouped dataset. Genotypic linkage disequilibrium was documented pairwise for all possible pairs of loci with a log-likelihood ratio test as implemented in FSTAT v. 2.9.3.2 [START_REF] Goudet | Fstat version 2.9.3.2[END_REF]. Significance was examined at a nominal level of α = 0.05 and pvalues were corrected for multiple tests using the false discovery rate (FDR; [START_REF] Benjamini | Controlling the false discovery rate: a practical and powerful approach to multiple testing[END_REF]. Subsequently, we estimated genetic variation for the microsatellite loci by examining the number of alleles, allelic richness, the observed and expected heterozygosity, and mean fixation indices (F IS , F IT , F ST ) in FSTAT and the R package HIERFSTAT v. 0.04-22 [START_REF] Goudet | hierfstat: Estimation and tests of hierarchical F-statistics[END_REF].

Fixation indices were calculated following Weir and Cockerham (1984). The significance of departures from zero for F IS , F IT , F ST were examined in FSTAT with 1000 randomizations of alleles within populations, alleles among populations, and individuals among populations, respectively. Subsequently, we tested whether our loci are in Hardy-Weinberg equilibrium with χ 2 tests and exact tests based on 1000 Monte Carlo permutations of alleles following [START_REF] Guo | Performing the exact test of Hardy-Weinberg proportion for multiple alleles[END_REF] with functions from PEGAS. Genetic diversity was also examined per sampling locality using SPAGeDi 1.5a [START_REF] Hardy | SPAGeDi: a versatile computer program to analyse spatial genetic structure at the individual or population level[END_REF] and HIERFSTAT. Spatial patterns of genetic structure. Spatial patterns of molecular differentiation were identified from the total dataset in three different ways. First, we subjected the centered matrix of genotypes to principal component analysis (PCA) with the function 'indpca' of HIERFSTAT. The coordinates for all individuals on PC1 and PC2 were then subjected to model-based clustering using Gaussian mixture models with functions of the R package MCLUST v. 5.4 [START_REF] Scrucca | mclust 5: clustering, classification and density estimation using Gaussian finite mixture models[END_REF].

MCLUST uses various models of variance-covariance structure to fit clusters to the data without a priori assumptions of group entities. The model-fit for the various models is subsequently evaluated with a Bayesian Information Criterion (BIC). Second, we performed Bayesian clustering analyses in STRUCTURE v. 2.3.4 [START_REF] Pritchard | Inference of population structure using multilocus genotype data[END_REF], using an admixture model with correlated allele frequencies. Analyses were conducted for K = 1-20 with 30 independent runs per K.

Each Markov chain ran for 5 000 000 iterations with a burn-in of 200 000 iterations. The underlying genetic structure was examined with the ΔK statistic [START_REF] Evanno | Detecting the number of clusters of individuals using the software structure: a simulation study[END_REF] in CLUMPAK [START_REF] Kopelman | Clumpak: a program for identifying clustering modes and packaging population structure inferences across K[END_REF]. Finally, we performed a discriminant analysis of principal components (DAPC) using the R package ADEGENET v. 2.1.1 [START_REF] Jombart | adegenet: a R package for the multivariate analysis of genetic markers[END_REF]. We first evaluated the number of groups present in our dataset from the output of Kmeans clustering with a BIC and subsequently performed DAPC on scenarios retained from the clustering output. The results of DAPC were subsequently evaluated by examining the assignment probability of individuals to molecular groups. Subsequently, we documented the proportions of shared and private alleles for the obtained molecular groups, i.e. gene pools, using the R package POPPR v. 2.8.1 [START_REF] Kamvar | Poppr: an R package for genetic analysis of populations with clonal, partially clonal, and/or sexual reproduction[END_REF] and the regrouped dataset. Because substantial differences existed in the number of individuals per molecular cluster, we resampled each molecular cluster to the smallest sample size with 1,000 replicates and tested for differences in the number of private alleles with a Kruskal-Wallis test followed by FDR-corrected pairwise Wilcoxon rank sum tests. Recent migration rates among populations in the regrouped dataset were assessed in BayesAss (Wilson & Rannala, 2003) from three independent runs of 20,000,000 Markov chain Monte Carlo iterations with default mixing parameters, a burn-in of 5,000,000 iterations and sampling every 10,000 iterations. We verified that the runs achieved stationary and that the variance among runs was low.

Finally, we examined the processes underlying geographical differentiation in the regrouped dataset by estimating the pairwise relatedness between individuals with a kinship coefficient, F ij , in SPAGeDi. Kinship coefficients were regressed on the spatial distances among sampling localities in SPAGeDi, first for all localities together, and then for relevant subsets. This method is similar to regressing F ST [or F ST / (1 -F ST )] on spatial distances, with the difference that kinship coefficients can be established pairwise between individuals (used here) as well as between populations (see [START_REF] Fenster | Quantifying gene flow from spatial genetic structure data in a metapopulation of Chamaecrista fasciculata (Leguminosae)[END_REF][START_REF] Van Bocxlaer | Hierarchical structure of ecological and non-ecological processes of differentiation shaped ongoing gastropod radiation in the Malawi Basin[END_REF]. Summary statistics are based on tests with 1000 permutations and jackknife procedures. Because Bellamya disperses very poorly in the absence of hydrographic connections (e.g. [START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF][START_REF] Van Bocxlaer | Modern and early Holocene mollusc fauna of the Ounianga lakes (northern Chad): implications for the palaeohydrology of the central Sahara[END_REF] the distances between sampling localities were measured manually in Google Earth Pro v. 7.3.2.5776 as the shortest path of dispersal along the hydrographic network.

Examination of demographic history. All analyses of demographic history were performed with the regrouped dataset and ABC as implemented in the program DIYABC v.2.1.0 [START_REF] Cornuet | DIYABC v2.0: a software to make approximate Bayesian computation inferences about population history using single nucleotide polymorphism, DNA sequence and microsatellite data[END_REF].

Because null alleles are treated as missing data in DIYABC, demographic analyses included all 15 loci. First, we examined the extent to which five anagenetic scenarios of demographic changes in Ne were able to reproduce the patterns of genetic polymorphism observed in the empirical dataset (Fig. 2). Model 1) simulates constant Ne, 2) an increase in Ne, 3) a decline in Ne, 4) a bottleneck, and 5) population increase followed by decline. The priors for each parameter of Ne were set as a uniform distribution from 1 to 10,000,000 and for time parameters between 10 and 500,000 generations [with 1 generation ≈ 1 year for Bellamya [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF]]; additional constraints are indicated in Fig. 2. Subsequently, we designed cladogenetic models with all possible scenarios of hypothesized phylogenetic relationships between the recognized molecular groups, and three demographic models of changes in Ne upon divergence (Fig. S1): 1) divergence with constant Ne (3 time parameters, 1 parameters of Ne), 2) divergence with changing Ne upon each lineage split (3 time parameters, 5 parameters of Ne), and 3) divergence similar to 2) but allowing additional change in Ne along the longest branch (4 time parameters, 6 parameters of Ne). These models were implemented with the same priors as the anagenetic models and with additional constraints on the timing of population splits: t 2 > t 1 and t 2 > t 1b . Change in Ne was unconstrained, so that increases or decreases were possible as time progressed. All calculation with DIYABC were implemented with the Generalized Stepwise Mutation model [START_REF] Estoup | Homoplasy and mutation model at microsatellite loci and their consequences for population genetics analysis[END_REF], with the default parameters for microsatellite loci.

For each model 1 million data sets were simulated and subsequently compared to our empirical data using 4 and 36 default summary statistics for anagenetic and cladogenetic simulations, respectively.

Parameters were estimated for retained models from the posterior distribution of raw parameter values using the 1 000 ABC simulations that approximated the observed data best. Some migration among gene pools was inferred in our analyses and, because the resulting gene flow could lead to inferential bias (see e.g. [START_REF] Heller | The confounding effect of population structure on Bayesian skyline plot inferences of demographic history[END_REF], we examined its potential effect on our ABC inferences in two ways. Because DIYABC cannot currently account for migration, we first repeated our analyses excluding specimens that showed signs of admixture, i.e. those with an assignment probability to their gene pool of <80% such as F 1 , F 2 or backcross hybrids. This strategy allows estimating the influence of migration from distant gene pools on ABC inferences. Second, we evaluated the effect of migration on our model comparisons by using a slightly different ABC approach that can account for migration. Specifically, we simulated datasets for three demographic scenarios (constant, declining and increasing population size, respectively) and 11 rates of migration into the studied population (0-10 migrants per generation). For each combination of demographic scenarios and migration rates (n = 33), we simulated 1 000 datasets with a coalescent simulator [START_REF] Hudson | Generating samples under a Wright-Fisher neutral model of genetic variation[END_REF], after which we used ABC to document the relative support for each demographic scenario under all 33 combinations. Population size was randomly drawn from a uniform distribution between 100 and 5,000,000 diploids; the start of population decline or increase was randomly drawn from a uniform distribution between 100 and 500,000 generations; for population decline model the current population was randomly drawn from a uniform distribution between 0.0 and 0.5× the ancestral Ne; for population increase model the ancestral population was randomly drawn from a uniform distribution between 0.0 and 0.5× the current Ne. Each simulated dataset consisted of 500 sampled loci for each of 10 individuals, for which we calculated the following summary statistics: number of SNPs, diversity measured as π [START_REF] Tajima | Evolutionary relationship of DNA sequences in finite populations[END_REF]), Watterson's θ [START_REF] Watterson | On the number of segregating sites in genetical models without recombination[END_REF]), Tajima's D [START_REF] Tajima | The effect of change in population size on DNA polymorphism[END_REF], and the number of SNPs in each category describing the site frequency spectrum.

Model comparison was performed by first training a random forest from 20 000 simulations without migration (RF; [START_REF] Pudlo | Reliable ABC model choice via random forests[END_REF] for each of the demographic models. This ABC RF is composed of 1 000 trained trees per demographic scenario and was used to estimate which of the demographic scenarios was best supported for each of the 33,000 simulated datasets.

Results

Haplotype network analysis. Our COI dataset contained 52 haplotypes and like previous phylogenetic studies [START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF][START_REF] Sengupta | Molecular phylogenetic investigation of the Viviparidae (Gastropoda: Caenogastropoda) in the lakes of the Rift Valley area of Africa[END_REF], our network analysis did not reveal geographic structure in the haplotype diversity of Bellamya from the Lake Victoria ecoregion (Fig. S2).

Linkage disequilibrium and genetic diversity. The total and regrouped datasets display low null allele frequencies (≤5.0 %) except for two of our 15 microsatellite loci, i.e. Bel_L50 and Bel_L45 (7.5 and 14.7 %, respectively). We removed these two loci from the dataset for the analyses reported below (except for demographic analyses, which were performed with 15 loci as mentioned above), although frequencies up to 8 % bias population genetic estimators only slightly [START_REF] Putman | Challenges in analysis and interpretation of microsatellite data for population genetic studies[END_REF], and analyses with all 15 loci gave highly similar results. All analyses of genetic diversity have thus been performed with the regrouped dataset and 13 loci. Examining pairwise linkage among our loci did not reveal evidence for linkage disequilibrium, therewith enabling downstream demographic inferences that assume independence among loci.

Our dataset contains substantial allelic richness and genetic diversity (Table S3). Three loci display a deficit of heterozygotes (Bel_L23, Bel_L25 and Bel_L47; Table S3) and significant deviations from Hardy-Weinberg equilibrium were observed for all but two loci (Bel_L13 and Bel_L53; Table S4), implying the existence of population structure. Summary statistics of genetic diversity per sampling locality in the regrouped dataset are illustrated in Table S5 and Fig. S3. We found significantly higher allelic richness and genetic diversity in Lake Victoria (A r = 6.962 among 14 gene copies; H E = 0.822) than in other waterbodies (A r = 6.068; H E = 0.761; Wilcoxon rank sum tests: A r : W = 82, p = 0.004; H E : W = 88.5, p < 0.001; Fig. S3). Substantial differentiation exists among populations (global F ST = 0.064, 95% CI = 0.048-0.082). Pairwise population differentiation ranges between F ST = 0.005 and 0.150, and all but 9 of the 210 pairwise tests indicate significant differentiation after FDR-correction (Fig. S4).

Spatial patterns of genetic structure. PCA on the centered matrix of genotypes followed by modelbased clustering with 14 models on the variance-covariance structure in the PCA revealed strong support for three gene pools (Fig. 3A). Solutions with a different number of groups received much less support (ΔBIC ≥ 21.024; Fig. 3B). Bayesian clustering with STRUCTURE and examination of the ΔK statistic supported two to three genetic clusters (Fig. 3C). Analysis of molecular structure with DAPC produced a four-group model, but with limited preference over models with three or five groups (ΔBIC < 2.03; Fig. S5). Overall assignment probabilities decreased substantially when more than three groups were considered, however (99.7 %, 82.6 % and 68.5 % for models with three, four and five groups, respectively), so that the three group DAPC model is considered most representative, despite its slightly higher BIC score. In summary, our analyses of molecular structure jointly indicate a three-group model, which is moreover corroborated by high population pairwise differentiation among gene pools versus low differentiation within (Fig. S4; see below). These three groups display a clear geographical pattern: 1) sampling localities in Lake Albert and the White Nile, 2) those in Lake Kyoga and the Victoria Nile, and 3) those of Lake Victoria, with its tributaries, including Lake Muhazi in Rwanda, and localities directly at the outflow of Lake Victoria into the upper Victoria Nile, i.e. VN01 (Fig. 4). In what follows we label these gene pools as LAG, LKG, LVG, respectively, after the principal lake in each group.

Pairwise F ST values between LAG and LVG, between LVG and LKG, and between LAG and LKG are 0.084, 0.078 and 0.108, respectively (regrouped dataset; all at p < 0.001). Beyond a higher allelic richness and genetic diversity (see above), LVG has more private alleles than LAG and LKG, even when resampled to identical sampling sizes (Kruskal-Wallis test; χ 2 = 2430.9, df = 2, p < 0.001; Table S6, Fig. S6). The molecular clusters reflect morphospecies and geographical races to some extent (Fig. 3 The most genetically diverse group, LVG (n=212), also displayed the highest morphological disparity (11 races/morphospecies), but these races/morphospecies do not coincide with genetically distinct subgroups within LVG (Fig. 3C,D,5).

Overall, we found strong isolation-by-distance (IBD), i.e. a significant negative correlation between kinship coefficients and geographic distances (r 2 = 0.916; p < 0.001; Fig. 6A), in Bellamya throughout the Lake Victoria ecoregion. There is no IBD within LVG (Fig. 6B; 16 localities) and 113 of the 120 related F ST values range between 0.00 and 0.05 (Fig. S4), revealing that overall limited genetic differentiation exists within LVG. Nevertheless, kinship coefficients within LVG are elevated at very small spatial scales compared to those at intermediate and large spatial scales (Fig. 6B). Recent migration rates estimated with BayesAss are low among gene pools: the fraction of individuals in a population that are inferred to be migrants from a population of another gene pool is usually ≤1.1 %.

Migration within each of the gene pools is elevated among at least some population pairs, however (>10%; Table S7).

Demographic modelling indicates population collapse.

Using anagenetic ABC models and the regrouped dataset we found that models simulating population decline (i.e. models 3 and 5 in Fig. 2) obtained high support for all three gene pools (joint posterior probability of 76.1-86.3 %; Table 1).

Model 5, a past population expansion followed by population decline, consistently obtained the highest support for all three gene pools. Model 3 also consistently received substantial support and differs from model 5 by simulating a population at equilibrium, rather than under expansion, prior to the subsequent decline. These two models are difficult to distinguish because the ongoing decline is erasing the genetic signature of previous demographic events. The support for models of constant effective population size (Ne) was much smaller (13.3 -21.5 %), whereas models that include a recent population expansion have very limited explanatory power (0.1 -2.4 %). LKG experienced the strongest population decline, with a ~500-fold reduction in Ne over the last ~102 ka (95% CI: 10-387 ka; Table 2). Nevertheless, LAG and LVG also endured 240-fold and 190-fold declines in Ne, respectively, over the same period (LAG: 140 ka, 95% CI: 18-426 ka; LVG: 173 ka, 95% CI: 26-452 ka). In simulations of model 5 the average value of t 2 , the onset of population expansion, was ~300 ka (95% CI: 70-490 ka) for each molecular group. At that time, expansions in Ne were about 2-fold for each molecular group, and, hence, much more restricted than the subsequent population collapses.

None of the cladogenetic models tested with ABC (Fig. S2) fitted the empirical data well, so we do not consider them further. In summary, the three gene pools display very similar demographic histories indicating a tight link since differentiation from their most recent common ancestor (MRAC). Their current population sizes represent only 0.2-0.6 % of those prior to ~125-150 ka ago. Some migration among gene pools occurs in our dataset (Table S7), which warranted an analysis of how the resulting gene flow may affect our ABC analyses. Specimens indicating admixture among gene pools were found in LAG (n = 1) and LVG (n = 16; regrouped dataset) but not in LKG. Model support remains very similar when these specimens are removed (Table S8), and also our estimates of model parameters are robust (Table S9). Running ABC on simulated datasets without migration, 99.8 %, 99.1 % and 99.2 % of simulations were assigned correctly to the models of population decline, population increase and a constant population size (Fig. S7). Including progressively increasing levels of migration, the demographic history of populations with declining and increasing Ne remained accurately reconstructed (correct assignment >97 %; Fig. S7A,B). Migration into populations at equilibrium size resulted in ~17 % of correct assignment only, with bias in the ABC inferences towards strongly inflated support for the population expansion model (~83 %; Fig. S7C). This bias results from migration causing long branches in the coalescent model, which mimics the expected coalescence under an expansion model. In conclusion, the model of population decline is not affected by migration nor did migration cause erroneous support for population decline under models of population increase and equilibrium. As such, our analysis of robustness indicates that the ABC support obtained for population decline cannot be attributed to bias caused by gene flow from distant gene pools.

Discussion

Our results indicate that three, geographically-structured gene pools exist in Bellamya gastropods of the Lake Victoria ecoregion, with the highest genetic diversity in LVG. We did not uncover barriers to gene flow within gene pools that reflect habitat divergence, which is surprising for LVG, given the recognition of several endemic species [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF][START_REF] Mandahl-Barth | The freshwater mollusks of Uganda and adjacent territories[END_REF]. Our study presents the first examination of demographic history of freshwater invertebrates from the Lake Victoria ecoregion with ABC and it evidences population collapse, which started before the Last Glacial Maximum.

Declines in viviparids are much more severe than in co-occurring haplochromine cichlids [START_REF] Elmer | Pleistocene desiccation in East Africa bottlenecked but did not extirpate the adaptive radiation of Lake Victoria haplochromine cichlid fishes[END_REF], they have started earlier and they are evidenced in all studied gene pools. Whereas population collapse was initiated by historical environmental change, it appears to be intensified by ongoing anthropogenic ecosystem change. Below we discuss all these aspects in the ecological context of environmental change in the Lake Victoria ecoregion.

Spatial patterns of genetic structure. Our microsatellite dataset is the first to document three gene pools in viviparid gastropods of the Lake Victoria ecoregion, which occupy distinct geographic regions (see Fig. 4). Specimens of these gene pools had been included in rift-wide phylogenetic analyses based on 6 nuclear and mitochondrial gene fragments [START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF][START_REF] Sengupta | Molecular phylogenetic investigation of the Viviparidae (Gastropoda: Caenogastropoda) in the lakes of the Rift Valley area of Africa[END_REF], but these studies and our analysis of COI haplotypes (Fig. S2) did not uncover spatial patterns of genetic structure. Our data suggest that a few critical barriers have driven dispersal limitations. The main transition between LKG and LVG occurs ~20 km downstream of the outflow of Lake Victoria, between sampling localities VN01 and VN02, which are historically separated by a series of cascades, rapids and now also the Bujagali Hydropower Plant. Likewise, LAG and LKG are separated by a series of rapids that includes the Karuma and Murchison Falls, which also prevent fish migration [START_REF] Hecky | Multiple stressors cause rapid ecosystem change in Lake Victoria[END_REF]. Interestingly, all three gene pools contain substantial genetic diversity, including private alleles, although during the LGM, Lake Victoria was dry [START_REF] Johnson | The Holocene history of Lake Victoria[END_REF][START_REF] Johnson | Late Pleistocene desiccation of Lake Victoria and rapid evolution of cichlid fishes[END_REF], Lake Albert experienced several low stands and potential desiccation [START_REF] Beuning | A revised 30,000-year paleoclimatic and paleohydrologic history of Lake Albert, East Africa[END_REF], and the Victoria Nile became a permanent overflow of Lake Victoria only ~11.2 ka [START_REF] Johnson | The Holocene history of Lake Victoria[END_REF].

Putative erosion of adaptive divergence. Genetic differentiation between the inferred viviparid gene pools seems to have been caused mainly by dispersal limitation but, given the consistent morphological differences among these gene pools, adaptive divergence may also have contributed (Fig. 5). Adaptive divergence was previously only inferred within LVG, where morphological disparity is largest (Fig. 3D). Indeed, morphological differentiation within LVG has been interpreted as the result of ecological divergence related to different microhabitats within Lake Victoria [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF][START_REF] Mandahl-Barth | The freshwater mollusks of Uganda and adjacent territories[END_REF], so that the Lake Victoria viviparids represent an evolutionary radiation [START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF][START_REF] Sengupta | Molecular phylogenetic investigation of the Viviparidae (Gastropoda: Caenogastropoda) in the lakes of the Rift Valley area of Africa[END_REF]. Therefore, we anticipated that our neutral genetic markers would uncover clear traces of molecular divergence among morphospecies within LVG, which was not the case despite high molecular diversity and morphological disparity. Nevertheless, 112 out of 120 pairwise population F ST values (~93 %) within LVG indicate limited albeit significant genetic differentiation. As such, subtle genetic differences exist in LVG, but they have not been picked up in our analyses of genetic structure. Interestingly, our sampling indicates that many of the morphospecies that were previously confined to different microhabitats within Lake Victoria currently occur in sympatry (Table S2,S5). This observation and the result that kinship coefficients within LVG are elevated at very small spatial scales (Fig. 6B) strongly suggest that gene flow occurs among sympatric morphospecies. To examine this hypothesis, we compared individual inbreeding coefficients for localities of LVG that contained one versus multiple morphospecies, which resulted in no significant differences (Fi = 0.026 ± 0.048 vs. 0.030 ± 0.041 [mean ± sd], respectively; Wilcoxon rank sum tests: W = 32.5, p = 0.958). Our data suggest that the anthropogenic homogenization of previously differentiated microhabitats [START_REF] Sayer | Freshwater biodiversity in the Lake Victoria Basin: Guidance for species conservation, site protection, climate resilience and sustainable livelihoods[END_REF] is promoting gene flow among morphospecies (see below), which may also explain the deficit in heterozygotes observed for three loci. We would expect inbreeding to trigger similar patterns of heterozygosity across loci, however, and the uneven occurrence of null alleles in a few populations for these three loci (although being overall infrequent), may have contributed to heterozygote deficiency. Surprisingly, morphological differences currently persist among morphospecies of LVG that occur in sympatry, that share recent gene flow, and that are not molecularly differentiated for the here studied loci. Ecophenotypic plasticity is contradicted by regular sympatric co-occurrence and the observed morphological disparity exceeds that expected under such plasticity (see [START_REF] Van Bocxlaer | Gradual versus punctuated equilibrium evolution in the Turkana Basin molluscs: Evolutionary events or biological invasions?[END_REF]. If morphological differentiation indeed was adaptive then we would expect it to be linked to regions of the genome that are/were under selection and where differentiation may persist in the face of gene flow. If the size of such regions is restricted in comparison to that of the viviparid genome, we would unlikely have sampled such regions with our microsatellite loci. More in-depth investigations into the molecular diversity of the viviparids of Lake Victoria is warranted to further test this hypothesis, which would best be undertaken with genome-wide, rapidly-evolving molecular markers and samples that cover all shorelines of the lake (see e.g. [START_REF] Wagner | Genome-wide RAD sequence data provide unprecedented resolution of species boundaries and relationships in the Lake Victoria cichlid adaptive radiation[END_REF].

Comparison of phylogeography and demography with haplochromine cichlids. The largest intraspecific genetic differentiation in the mega-diverse species flock of haplochromine cichlids of the Lake Victoria ecoregion occurs in Lake Kivu [START_REF] Verheyen | Origin of the superflock of cichlid fishes from Lake Victoria, East Africa[END_REF], from which other parts of the ecoregion were subsequently colonized [START_REF] Elmer | Pleistocene desiccation in East Africa bottlenecked but did not extirpate the adaptive radiation of Lake Victoria haplochromine cichlid fishes[END_REF][START_REF] Nagl | The origin and age of haplochromine fishes in Lake Victoria, East Africa[END_REF]. Lake Kivu does not harbor extant viviparid populations, and neither do Lakes Edward and George [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF], but otherwise phylogeographic patterns are highly similar in viviparids and cichlids. For example, cichlids from tributaries of Lake Victoria are genetically more closely related to those of Lake Victoria than to those of Lakes Albert and Kyoga [START_REF] Elmer | Pleistocene desiccation in East Africa bottlenecked but did not extirpate the adaptive radiation of Lake Victoria haplochromine cichlid fishes[END_REF]. Our results suggest that the ancestral stock of viviparids from the Lake Victoria ecoregion either occurred in the geographic area currently covered by LVG, or that it colonized this area well before colonizing the regions occupied by LAG and LKG. The increase in viviparid Ne in ABC model 5 ~300 ka (95% CI 70-490 ka) coincides broadly with the formation of the Lake Victoria Basin ~400 ka ago [START_REF] Bishop | Erosion-surfaces, tectonics and volcanic activity in Uganda[END_REF][START_REF] Johnson | The Holocene history of Lake Victoria[END_REF][START_REF] Lehman | Lake Victoria[END_REF]. That demographic expansion was only two-fold, which indicates that large populations of Bellamya were already existing in the ecoregion before the origin of the Lake Victoria Basin. Indeed, the MRCA of the viviparids from the Lake Victoria ecoregion was estimated to ~2.5 Ma (95% CI 1.5-4.3 Ma) [START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF], which broadly overlaps with estimates on the MRCA of the Lake Victoria haplochromines ~1.4 Ma [START_REF] Nagl | The origin and age of haplochromine fishes in Lake Victoria, East Africa[END_REF] or ~3.0 Ma (95% CI 2.3-3.9 Ma; [START_REF] Elmer | Pleistocene desiccation in East Africa bottlenecked but did not extirpate the adaptive radiation of Lake Victoria haplochromine cichlid fishes[END_REF]. As such, some genetic lineages of viviparids in the ecoregion clearly predate the Late Pleistocene desiccation of Lake Victoria, which has, beyond cichlids, also been reported for cyprinid fish [START_REF] Rutaisire | Evolution of Labeo victorianus predates the Pleistocene desiccation of Lake Victoria: evidence from mitochondrial DNA sequence variation[END_REF], catfish [START_REF] Mwita | Molecular phylogeny of the clariid fishes of Lake Victoria, Tanzania, inferred from cytochrome b DNA sequences[END_REF] and unionid bivalves [START_REF] Ortiz-Sepulveda | Diversification dynamics of freshwater bivalves (Unionidae: Parreysiinae: Coelaturini) indicate historic hydrographic connections throughout the East African Rift System[END_REF]. Furthermore, the current genetic differentiation, estimated as population pairwise F ST values, is very similar in viviparids (0.005-0.150) and cichlids (0.013-0.104; [START_REF] Elmer | Pleistocene desiccation in East Africa bottlenecked but did not extirpate the adaptive radiation of Lake Victoria haplochromine cichlid fishes[END_REF] of the Lake Victoria ecoregion.

After formation of the basin, aquatic environments experienced three low stands, potentially related to 100,000-year glacial-interglacial cycles [START_REF] Johnson | The Holocene history of Lake Victoria[END_REF]. As mentioned, the last megadrought in the Lake Victoria ecoregion occurred at the LGM ~18-15 ka and included a substantial interval during which Lake Victoria, with a current surface area of almost 70,000 km 2 , was completely desiccated. Lake Albert experienced simultaneous low stands and potential desiccation, and the Victoria Nile was only formed ~11.2 ka ago [START_REF] Beuning | A revised 30,000-year paleoclimatic and paleohydrologic history of Lake Albert, East Africa[END_REF][START_REF] Johnson | The Holocene history of Lake Victoria[END_REF]. Interestingly, none of the three viviparid gene pools evidence a population expansion related to the re-establishment of aquatic habitats in the Lake Victoria ecoregion after the LGM. Instead, our demographic modelling suggests that the Ne of each of these viviparid gene pools remained relatively stable during recent ecosystem calamities (Table 2). This diversity was potentially maintained in mountain-fed river systems along the western branch of the East African Rift [START_REF] Johnson | The Holocene history of Lake Victoria[END_REF]. The penultimate phase of megadrought in the Lake Victoria ecoregion transpired at the end of the last interglacial ~125 ka [START_REF] Tryon | The Pleistocene prehistory of the Lake Victoria basin[END_REF], and whereas the extent of aridity during this period is more uncertain in comparison to the LGM [START_REF] Johnson | The Holocene history of Lake Victoria[END_REF][START_REF] Johnson | Late Pleistocene desiccation of Lake Victoria and rapid evolution of cichlid fishes[END_REF], it corresponds broadly to the onset of viviparid population decline estimated in our ABC simulations, suggesting at least a similar level of aridity to that at the LGM.

Whereas we anticipated scenarios of early population expansion and subsequent decline to perform well in simulations, based on earlier demographic studies of cichlids [START_REF] Elmer | Pleistocene desiccation in East Africa bottlenecked but did not extirpate the adaptive radiation of Lake Victoria haplochromine cichlid fishes[END_REF], the early onset of such decline and the magnitude of population collapse were unexpected. Indeed, the here documented collapses in viviparids (Table 3) are an order of magnitude more severe than those recorded in haplochromine cichlids (30-to 50-fold population declines), and they also started 100 ka earlier [START_REF] Elmer | Pleistocene desiccation in East Africa bottlenecked but did not extirpate the adaptive radiation of Lake Victoria haplochromine cichlid fishes[END_REF]. Additionally, our evidence indicates that they affected all viviparid gene pools in the Lake Victoria ecoregion simultaneously. Given the persistence and extent of population collapses, it is likely that viviparid species have gone extinct in the Lake Victoria ecoregion over the Late Pleistocene.

Paleoenvironmental studies in the Lake Victoria ecoregion focused primarily on the megadrought at the LGM because it is geologically better constrained than previous phases of aridity [START_REF] Johnson | Late Pleistocene desiccation of Lake Victoria and rapid evolution of cichlid fishes[END_REF], and because desiccation seemed counter-intuitive with cichlid evolution [START_REF] Elmer | Pleistocene desiccation in East Africa bottlenecked but did not extirpate the adaptive radiation of Lake Victoria haplochromine cichlid fishes[END_REF][START_REF] Verheyen | Origin of the superflock of cichlid fishes from Lake Victoria, East Africa[END_REF]. Consequently, cichlid research addressing this seeming contradiction likewise focused on the LGM, and responses in cichlid evolution to earlier ecological calamities may not have been fully considered. The increase in haplotype diversity observed for haplochromines since the penultimate phase of aridity ~125 ka [START_REF] Nagl | The origin and age of haplochromine fishes in Lake Victoria, East Africa[END_REF] suggests a simultaneous bottleneck for cichlids and viviparids. The alternative explanation, i.e. that the LGM megadrought affected cichlids more severely than viviparids, is unlikely given the limited dispersal abilities of viviparids compared to cichlids. A search for genomic imprints of earlier megadroughts in other freshwater organisms including other benthic invertebrates is warranted, especially because high-throughput sequencing technology now allows the reconstruction of population history with unprecedented resolution.

Recent ecological degradation.

The historical population decline in viviparid gastropods is intensified by the ongoing ecological degradation resulting from multifactorial anthropogenic pressures on freshwater ecosystems of the Lake Victoria ecoregion [START_REF] Hecky | Multiple stressors cause rapid ecosystem change in Lake Victoria[END_REF][START_REF] Sayer | Freshwater biodiversity in the Lake Victoria Basin: Guidance for species conservation, site protection, climate resilience and sustainable livelihoods[END_REF][START_REF] Van Damme | The status and distribution of freshwater molluscs in the Lake Victoria Basin[END_REF]. Indeed, as for cichlids [START_REF] Elmer | Pleistocene desiccation in East Africa bottlenecked but did not extirpate the adaptive radiation of Lake Victoria haplochromine cichlid fishes[END_REF], no signs for a potential recovery of allelic diversity have been observed in viviparids since the LGM. Algal blooms and widespread bottom anoxia are becoming increasingly common in Lake Victoria [START_REF] Hecky | Deoxygenation of the deep water of Lake Victoria, East Africa[END_REF][START_REF] Stager | The late Pleistocene desiccation of Lake Victoria and the origin of its endemic biota[END_REF], which could result in a shoaling of gastropods (Christian Albrecht, pers. obs.), as is occurring in Lakes Malawi and Tanganyika (Van Bocxlaer, [START_REF] Van Bocxlaer | Does the decline of gastropods in deep water herald ecosystem change in Lakes Malawi and Tanganyika?[END_REF]. Viviparids were previously (19th and early 20th centuries) found to maximum depths of 30 and 33 m in Lake Victoria (B. trochlearis and B. phthinotropis, respectively), and B. rubicunda was recovered from a maximum depth of 18 m in Lake Albert [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF][START_REF] Mandahl-Barth | The freshwater mollusks of Uganda and adjacent territories[END_REF].

In our surveys, no living Bellamya specimens were retrieved from depths >6 m in Lake Albert. In Lake Victoria B. trochlearis and B. phthinotropis were obtained from <15 m and usually in sympatry with other Bellamya species (see Table S5). At two localities living viviparids, i.e. B. costulata ugandae and B. unicolor meta, which were previously reported up to depths of 10 and 12 m, respectively, were collected between 15 and 23 m. Beyond mass mortality in fishes, as occasionally reported [START_REF] Ochumba | Massive fish kills within the Nyanza Gulf of Lake Victoria, Kenya[END_REF], anoxia would asphyxiate large proportions of zoobenthos communities, especially of taxa with low mobility such as viviparids. The toll of such events on mollusc populations is evidenced by deposits of dead and moribund individuals along the shorelines of Lake Victoria (Van Bocxlaer and Albrecht, pers. obs.). The consequences of ongoing degradation may differ among shorelines, among the various habitats and among taxa. Some viviparid species, such as B. phthinotropis, which was predominantly found in deeper waters (see above), are rare in recent surveys and are reported to be critically endangered [START_REF] Sayer | Freshwater biodiversity in the Lake Victoria Basin: Guidance for species conservation, site protection, climate resilience and sustainable livelihoods[END_REF].

The ongoing ecological degradation of Lake Victoria is homogenising environmental conditions through the elimination of microhabitats, which may cause the reduction of endemic diversity in various freshwater taxa through extinction and faunal homogenization [START_REF] Sayer | Freshwater biodiversity in the Lake Victoria Basin: Guidance for species conservation, site protection, climate resilience and sustainable livelihoods[END_REF]. Our data indicate that habitat destruction has forced putatively differently adapted (incipient) viviparid species to occupy increasingly more similar habitats, and that this renewed (ecological and geographical) proximity is causing gene flow among them, which may erode genetic distinctiveness. Estimating the extent to which reproductive barriers among viviparids have already been obliterated is currently difficult, especially because it is unclear to what level such barriers existed prior to the onset of ecological degradation and given the lack of dense genomic sampling. Nevertheless, reverse speciation has previously been hypothesized for co-occurring cichlids [START_REF] Seehausen | Conservation: Losing biodiversity by reverse speciation[END_REF], so investigations as to how reproductive barriers have changed over time are warranted for other freshwater biota in the Lake Victoria ecoregion. Our data suggests inbreeding among morphospecies and therewith faunal homogenisation in aquatic invertebrates and we document the strongest demographic collapse observed thus far in the Lake Victoria ecoregion. Given the current rate of ecosystem change throughout the entire Lake Victoria ecoregion, and given the anticipated additional anthropogenic pressure expected over coming decades [START_REF] Sayer | Freshwater biodiversity in the Lake Victoria Basin: Guidance for species conservation, site protection, climate resilience and sustainable livelihoods[END_REF], further in-depth studies of the viviparid species flock from Lake Victoria, and benthic invertebrate diversity in general, are highly pressing. Indeed, understanding the consequences of ongoing, multifactorial ecosystem transformations on freshwater communities will be critical for sustaining biodiversity and managing fisheries in the Lake Victoria ecoregion over the coming decennia. Table 1. Relative model support for the five anagenetic demographic models included in our ABC simulations. Scenarios of effective population size through time for each of these models are displayed in Fig. 2. 
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Figure 1. Geographical context of this study with indication of the major lakes and sampling localities (triangles for the COI dataset, circles for the microsatellite dataset). The Lake Victoria ecoregion is demarcated. Lakes Albert and Kivu are currently considered to be part of the Upper Nile and Lake Tanganyika ecoregions, respectively (see [START_REF] Abell | Freshwater Ecoregions of the World: A New Map of Biogeographic Units for Freshwater Biodiversity Conservation[END_REF], but their historic biogeography is strongly connected with the Lake Victoria ecoregion. Therefore, we here consider them to be part of the Lake Victoria ecoregion for practical reasons (dashed lines Table S3. Estimates of nuclear genetic variation for our 15 microsatellite loci in the regrouped dataset (21 populations; 282 specimens). Note that loci Bel_L045 and Bel_L050 (in grey) are discarded from the results reported in the main text due to the presence of null alleles. A n = number of alleles; A r = allelic richness standardized to a sample size of 5 diploid individuals, H O = observed heterozygosity; H E = expected heterozygosity. The mean fixation indices F IS , F ST , F IT are indicated with their standard error following Weir and Cockerham (1984). S9. Estimates on the principal demographic parameters for the best supported ABC models on LAG and LVG excluding individuals that indicate admixture. 95% CI indicates the 95% confidence intervals. Given the high similarities in models 3 and 5, their averaged outcome is presented under Model 3+5. Ne represents the number of diploid individuals in the population and times t, t 1 and t 2 are expressed in number of generations [1 generation is ~ 1 year for Bellamya [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF]].
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Figure S1. Schematic representation of the 9 examined phylogenetic DIYABC models, including three possible topological relationships between the three molecular groups, i.e. the Lake Albert Group (LAG), the Lake Kyoga Group (LKG), and the Lake Victoria Group (LVG) for each of three scenarios.

From scenario 1 to 3 the number of parameters as to effective population size (Ne) increases, allowing with each new parameter new combinations of change (increase or decrease) in Ne. 

  , 5): all individuals identified as B. rubicunda and most identified as B. unicolor unicolor belong to LAG (n = 41), whereas LKG (n = 29) consists almost exclusively of B. costulata ugandae.

Figure S2 .

 S2 Figure S2. Haplotype network of 52 Bellamya haplotypes obtained from 60 sequences of the cytochrome oxidase subunit I (593 bp; see TableS1) belonging to specimens of the Lake Victoria ecoregion, i.e. the 'Victoria clade' of[START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF]. Dashed light grey edges indicate alternative relationships (mutations, at most 2 mutations/edge, are not indicated for these edges).

Figure S4 .

 S4 Figure S4. Heatmap of population pairwise F ST values with clustering dendrograms revealing the three molecular groups (= gene pools) of specimens in the Lake Victoria ecoregion. High F ST values are observed between gene pools (red), whereas F ST values within gene pools (blue) are lower.

Figure S7 .

 S7 Figure S7. Analysis of how migration into the studied population affects approximate Bayesian computation (ABC) for populations with a decline in Ne (A), an increase in Ne (B) and constant Ne (B) over time. Migration is indicated as the number of immigrants per generation into the studied population (N.m). Migration does not bias ABC inferences for populations that are declining or increasing in Ne, however, it is expected to bias conclusions for populations of constant Ne.

  

  

  

Table 2 .

 2 Estimates on the principal demographic parameters for the best supported ABC models. 95% 773 CI indicates the 95% confidence intervals. Given the high similarities in models 3 and 5, their 774 averaged outcome is presented under Model 3+5. Ne represents the number of diploid individuals in 775 the population and times t, t 1 and t 2 are expressed in number of generations [1 generation is ~ 1 year 776for Bellamya[START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF]].

	Group	Model 1	Model 2	Model 3	Model 4	Model 5	Model 3+5
	Lake Albert Group	0.1468	0.0003	0.3591	0.0009	0.4930	0.8521
	Lake Kyoga Group	0.1328	0.0000	0.3571	0.0041	0.5060	0.8631
	Lake Victoria Group	0.2147	0.0030	0.3443	0.0214	0.4166	0.7609

  ). Structure of molecular diversity in Bellamya from the Lake Victoria ecoregion. A) Principal component analysis on the centered matrix of genotypes for the total dataset (39 populations; 321 individuals) with results of model-based clustering using 14 variance-covariance models (B; see Methods). C) results of Bayesian clustering with STRUCTURE for K = 2, 3; the individuals of one cluster that approach another cluster in A, correspond to the individuals that have mixed assignments in C under scenario K = 3. D) the morphospecies belonging to each molecular group. LAG: B.

	Figure 2. Five scenarios of anagenetic demographic change in effective population size (Ne) over
	time (t), as implemented in approximate Bayesian computations. Scenario 1) indicates constant Ne,
	scenario 2) an expansion in Ne, scenario 3) a decline in Ne, scenario 4) a population bottleneck, and
	scenario 5) population expansion followed by population decline. These scenarios are reflected in the
	specified model conditions (see Methods).
	Figure 3.

unicolor unicolor (a) and B. rubicunda (b); LKG: B. costulata ugandae (c) and B. u. elatior (d); LVG: B. c. ugandae (e), B. c. dagusiae (f), B. c. costulata (g), B. u. elatior (h), B. u. meta (i), B. phthinotropis (j), B. jucunda altior (k), B. j. kisumiensis (l), B. j. jucunda (m), B. trochlearis (n-p), B. constricta (q).

Figure 4. Geographical distribution of sampling localities in the total dataset with pie charts indicating the average assignment of individuals per sampling localities to the three gene pools following the output of STRUCTURE.

Figure 5. Principal component analysis on the centered matrix of genotypes in our total dataset with symbols indicating the race or morphospecies to which individuals have been assigned. Specimens from LAG have been assigned to B. rubicunda and B. unicolor unicolor, whereas most specimens from LKG were assigned to B. costulata ugandae. Most morphological disparity was found in LVG, but these races/morphospecies do not coincide with genetically distinct subgroups (B. c. = Bellamya costulata, B. j. = Bellamya jacunda, B. u. = Bellamya unicolor).

Figure

6

. Regression of kinship coefficients on geographic distance for the regrouped dataset indicates a pattern of isolation-by-distance (IBD) over the entire ecoregion (A), but not for the Lake Victoria group (LVG; 16 localities; B), although kinship coefficients are elevated over very short geographical distances for LVG (blue vertical bar).

Acknowledgements

We thank Daniel Engelhard, Thies Geertz, Charles Lange and Roland Schultheiß for collecting material, Casim Umba Tolo and Julius B. Lejju of Mbarara University of Science and Technology for logistical support, Sophie Gallina for help running analyses on a university server, and Jean-Francois Arnaud and Isabelle De Cauwer for discussions that improved the paper. Sampling in Rwanda was organized in the framework of a memorandum of understanding with Umutara Polytechnic University and in Uganda and Kenya with permits from the National Councils of Science and Technology. This project was funded by project ANR-JCJC-EVOLINK of the French Agence Nationale de la Recherche to BVB and grants of the Deutsche Forschungsgemeinschaft to CA (DFG AL 1076/5-2, DFG AL 1076/6-2). This work is a contribution to the CPER research project CLIMIBIO and BVB, AD and CR thank the French Ministère de l'Enseignement Supérieur et de la Recherche, the Hautsde-France Region and the European Funds for Regional Economic Development for financial support.

Population collapse in viviparid gastropods of the Lake Victoria ecoregion started before the Last Glacial Maximum Bert Van Bocxlaer, Catharina Clewing, Anne Duputié, Camille Roux, Christian Albrecht SI text Morphological identifications Morphological identifications to species and/or races were performed with the identification key of [START_REF] Mandahl-Barth | The freshwater mollusks of Uganda and adjacent territories[END_REF] and these identifications were subsequently updated following Mandahl-Barth (1973) and [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF]. Because the identification key has some ambiguous steps, we additionally cross-validated our identifications using type specimens from the Natural History Museum in London and the Zoological Museum, Copenhagen, which houses the Mandahl-Barth collection. As multiple morphological transitions exist, the status of geographical races, nominal species and the assignment of races to species requires further taxonomic research. Nevertheless, all currently recognized races and species were represented in our total dataset, although some morphological variants of B. trochlearis, B. phthinotropis and B. unicolor are missing. Construction of the reduced dataset from the total dataset did not result in the exclusion of morphospecies, but it implied that B. phthinotropis is only represented by three specimens. This regrouping of the populations also implied three cases of lumping several morphospecies into joint populations. More specifically, it affects specimens of B. constricta, B. costulata costulata and B. trochlearis in the merge of LV01, LV14 and LV37; specimens of B. costulata ugandae, B. jucunda altior, B. jucunda jucunda, and B. unicolor elatior in the merge of LV29 and LV30;and specimens of B. costulata costulata,B. jucunda altior,B. cf. phthinotropis,B. costulata ugandae,B. sp. (juvenile) in the merge of LV35 and LV36. In none of these cases, however, did the merge result in drastically altered summary statistics. References [START_REF] Brown | Freshwater snails of Africa and their medical importance[END_REF]. Freshwater snails of Africa and their medical importance. Second edition.

London: Taylor & Francis. Jørgensen, A., [START_REF] Jørgensen | A molecular phylogeny of apple snails (Gastropoda, Caenogastropoda, Ampullariidae) with an emphasis on African species[END_REF]. A molecular phylogeny of apple snails (Gastropoda, Caenogastropoda, Ampullariidae) with an emphasis on African species. Zoologica Scripta, 37, 245-252. Mandahl-Barth, G. (1954). The freshwater mollusks of Uganda and adjacent territories. Annals of the Royal Museum of Belgian Congo Tervuren, series 8 -Zoological Sciences, 32, 1-206. Mandahl-Barth, G. (1973). A field guide to African freshwater snails. 2. East African Species.

Charlottenlund, Danmark: Danish Bilharziasis Laboratory. Nei, M. (1978). Estimation of average heterozygosity and genetic distance from a small number of individuals. Genetics, 89(3), 583-590. [START_REF] Paradis | pegas: an R package for population genetics with an integrated-modular approach[END_REF]. pegas: an R package for population genetics with an integrated-modular approach.

Bioinformatics, 26, 419-420. Paradis, E. (2018). Analysis of haplotype networks: The randomized minimum spanning tree method.

Methods in Ecology and Evolution, 9, 1308-1317[START_REF] Schultheiß | Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa[END_REF]. Disjunct distributions of freshwater snails testify to a central role of the Congo system in shaping biogeographical patterns in Africa. BMC Evolutionary Biology, 14, 42. Schultheiß, R., Wilke, T., [START_REF] Schultheiß | The birth of an endemic species flock: demographic history of the Bellamya group (Gastropoda, Viviparidae) in Lake Malawi[END_REF]. The birth of an endemic species flock: demographic history of the Bellamya group (Gastropoda, Viviparidae) in Lake Malawi. Biological Journal of the Linnean Society, 102, 130-143. Sengupta, M. E., Kristensen, T. K., [START_REF] Sengupta | Molecular phylogenetic investigation of the Viviparidae (Gastropoda: Caenogastropoda) in the lakes of the Rift Valley area of Africa[END_REF]. Molecular phylogenetic investigation of the Viviparidae (Gastropoda: Caenogastropoda) in the lakes of the Rift Valley area of Africa. Molecular Phylogenetics and Evolution, 52, 797-805.

Tables 58

Table S1. Table S6. Locus-specific percentage of private alleles for each of the three molecular groups, i.e. LAG = the Lake Albert Group, LVG = the Lake Victoria Group and LKG = the Lake Kyoga group. 12.2 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 2.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % LA05_06 0.8 % 82.4 % 0.8 % 0.9 % 0.8 % 0.9 % 0.8 % 0.8 % 0.8 % 0.8 % 0.8 % 0.8 % 1.7 % 0.8 % 0.8 % 0.8 % 0.8 % 0.8 % 0.8 % 0.8 % 0.9 %

LV01_14_37 0.9 % 0.9 % 0.9 % 67.5 % 0.9 % 15.7 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % LV06 1.1 % 1.1 % 1.1 % 1.1 % 67.8 % 11.8 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % LV07_08_09 0.7 % 0.7 % 0.7 % 0.7 % 0.7 % 84.2 % 0.7 % 0.7 % 0.7 % 0.7 % 0.7 % 0.7 % 1.5 % 0.7 % 0.7 % 0.7 % 0.7 % 0.7 % 0.7 % 0.7 % 1.5 % LV26 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 11.8 % 67.7 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % LV27 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 8.9 % 1.1 % 67.8 % 1.1 % 1.1 % 1.1 % 1.1 % 4.0 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % LV28 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 16.2 % 0.9 % 0.9 % 67.5 % 0.8 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % LV29_30 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 13.7 % 0.9 % 0.9 % 0.9 % 67.5 % 0.9 % 0.9 % 3.4 % 0.9 % 0.9 % 0.9 % 0.9 % 0.8 % 0.9 % 0.9 % 0.9 % LV31 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 12.6 % 1.0 % 1.0 % 1.1 % 1.0 % 67.7 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % LV32 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 11.8 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 67.7 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % LV33 0.8 % 0.8 % 0.8 % 0.8 % 0.8 % 14.6 % 0.8 % 0.8 % 0.8 % 0.8 % 0.8 % 0.8 % 69.9 % 0.8 % 0.8 % 0.8 % 0.8 % 0.8 % 0.8 % 0.8 % 0.8 % LV34 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 11.8 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 67.7 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % LV35_36 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 12.4 % 1.0 % 1.0 % 1.1 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 67.7 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.1 % LV38 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 11.8 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 67.7 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % LV39 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 11.4 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 2.1 % 1.0 % 1.0 % 1.0 % 67.7 % 1.0 % 1.0 % 1.0 % 1.1 % LV40 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 11.9 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 67.7 % 1.1 % 1.1 % 1.1 % VN01 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 11.8 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 1.1 % 67.7 % 1.1 % 1.1 % VN05 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 1.0 % 67.7 % 13.1 % VN06_07 0.9 % 1.0 % 0.9 % 0.9 % 0.9 % 1.5 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 0.9 % 81.7 % Table S8. Relative support for the five anagenetic demographic models in our ABC simulations for LAG and LVG, excluding individuals that indicate admixture (n = 1 and 16, respectively; in LKG all individuals have assignment probabilities to the gene pool ≥80%). Scenarios of effective population size through time for each of these models are displayed in Fig. 2.