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Abstract
Freshwater fishes are notably diverse, given that freshwater habitat represents a tiny 
fraction of the earth's surface, but the mechanisms generating this diversity remain 
poorly understood. Rivers provide excellent models to understand how freshwater 
diversity is generated and maintained across heterogeneous habitats. In particular, 
the lower Congo River (LCR) consists of a dynamic hydroscape exhibiting extraor-
dinary aquatic biodiversity, endemicity, morphological and ecological specialization. 
Previous studies have suggested that the numerous high-energy rapids throughout 
the LCR form physical barriers to gene flow, thus facilitating diversification and speci-
ation, generating ichthyofaunal diversity. However, this hypothesis has not been fully 
explored using genome-wide SNPs for fish species distributed across the LCR. Here, 
we examined four lamprologine cichlids endemic to the LCR that are distributed along 
the river without range overlap. Using genome-wide SNP data, we tested the hypoth-
eses that high-energy rapids serve as physical barriers to gene flow that generate 
genetic divergence at interspecific and intraspecific levels, and that gene flow occurs 
primarily in a downstream direction. Our results are consistent with the prediction 
that powerful rapids sometimes act as a barrier to gene flow but also suggest that, at 
certain temporal and spatial scales, they may provide multidirectional dispersal op-
portunities for riverine rheophilic cichlid fishes. These results highlight the complexity 
of diversification processes in rivers and the importance of assessing such processes 
across different riverscapes.
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1  |  INTRODUC TION

Despite inhabiting less than 1% of the earth's aquatic habitat, fresh-
water fishes are notably diverse, comprising >40% of teleost fish 
species (Cohen, 1970; Dawson, 2012; Horn, 1972; Lévêque et al., 
2008; Miller, 2021). However, the evolutionary mechanisms under-
lying this “freshwater fish paradox” (Tedesco et al., 2017) remain 
unclear. Determining how biotic and abiotic features shape spatial 
patterns of genetic variation is key to understanding speciation pro-
cesses across freshwater habitats. Rivers provide excellent models 
for such investigations because they contain heterogeneous habitats 
interconnected via linear corridors. Null models of riverscape genet-
ics can be useful for testing whether genetic patterns are shaped by 
strictly neutral processes based on river architecture. River model 
networks indicate that genetic diversity accumulates unidirection-
ally, suggesting that populations in headwaters would display lower 
genetic diversity than downstream populations (Morrissey & de 
Kerckhove, 2009; Thomaz et al., 2016). Models also suggest that 
the length and number of tributaries are positively correlated with 
the degree of genetic differentiation (i.e., FST) (Thomaz et al., 2016). 
Additionally, isolation-by-distance (IBD) is an important null model 
predicting genetic similarity decays with increasing geographic dis-
tance (Wright, 1943). Such null models can be used to investigate 
mechanisms of diversification in rivers.

Deviations from the null models may be detected when there are 
biotic or abiotic forces disrupting patterns of unidirectional genetic 
accumulation, differentiation, and/or IBD. Various abiotic barriers 
that have been reported as drivers of genetic divergence in riverine 
fishes include high-energy rapids (Alter et al., 2015, 2017; Markert 
et al., 2010; Schwarzer et al., 2011), waterfalls (Kanno et al., 2011; 
Lujan et al., 2020), environmental gradients (Brauer et al., 2018; 
Tobler et al., 2008), and artificial barriers such as dams (Hansen et al., 
2014; Samarasin et al., 2017; Vega-Retter et al., 2020). Such features 
in riverscapes often generate genetic structure in freshwater fishes 
(Lundberg et al., 2000; Thomaz et al., 2016). Therefore, testing devi-
ations from null models is an important initial step for detecting abi-
otic and biotic drivers shaping genetic patterns across riverscapes.

The lower Congo River (LCR) is an excellent natural laboratory to 
understand the evolutionary processes of speciation in freshwater 
fishes. The LCR represents a corridor with a few large tributaries 
spanning approximately 500 river kilometres from the outflow of 
Pool Malebo to its mouth at the Atlantic Ocean (Figure 1; Figure 
S1 greyscale figure). Compared to the well-studied lacustrine cichlid 
radiations in the East African Great Lakes, diversification processes 
among riverine cichlids are poorly known (Alter et al., 2017; Ford 
et al., 2019; Schwarzer et al., 2011). A massive volume of hydro-
logic discharge from the vast Congo Basin estimated at 40,662 m3/s 
(Alsdorf et al., 2016) amasses at the outflow of Pool Malebo and 
descends 280  m through a series of confined gorges, generating 
high-energy rapids, cataracts, eddies, and deep pools (Alter et al., 
2015, 2017; Jackson et al., 2009; Markert et al., 2010; Oberg et al., 
2008; Robert, 1946; Stiassny & Alter, 2021). A 2008 survey by the 
U.S. Geological Survey (USGS) and the American Museum of Natural 

History (AMNH) revealed that the LCR is characterized by deep un-
derwater canyons and intermittently variable bedrock bathymetry, 
which is expected to have a substantial influence on the underwater 
flow regime. The maximum depth recorded in the LCR is over 200 m, 
making this one of the deepest rivers in the world (Jackson et al., 
2009; Oberg et al., 2008). Given that this depth profile is more sim-
ilar to some of the African Great Lakes than the other river systems, 
the LCR provides a unique opportunity to understand diversification 
processes.

Although it covers less than 2% of the area of the Congo Basin, 
the LCR exhibits extraordinary aquatic biodiversity, endemism, mor-
phological and ecological specialization and has been described as a 
“species pump” (Lowenstein et al., 2011). Exclusive of the cichlid fish 
radiations in Lake Tanganyika, about 30% of cichlid species of the 
Congo River basin are found in the LCR, and about a quarter of those 
are regional endemics (Stiassny & Alter, 2021). Previous studies 
using mitochondrial DNA and microsatellite markers have suggested 
that some high-energy rapids in the LCR act as physical barriers to 
gene flow, thereby playing an important role in driving genetic di-
vergence and shaping the diversity of the ichthyofauna (Markert 
et al., 2010). Furthermore, microallopatric diversification (>1.5 km) 
associated with rapids was detected among rheophilic cichlids in 
the genus Teleogramma using microsatellite and genome-wide SNP 
data (Alter et al., 2017; Markert et al., 2010). These empirical studies 
suggest that allopatric speciation is mediated via high-energy rapids 
in certain areas of the LCR (referred to here as the “rapids-driven 
allopatry hypothesis”) (Alter et al., 2015, 2017; Markert et al., 2010; 
Schwarzer et al., 2011). However, a more in-depth understanding of 
how hydrological barriers are likely to influence the genetic diver-
gence throughout the LCR is needed, as previous studies focused on 
narrow regions (Markert et al., 2010) or had substantial gaps in sam-
pled locations (Alter et al., 2017). In addition, co-occurring species 
do not always respond to rapids in the same way; for example, pre-
vious population structure analysis shows that Teleogramma depres-
sum and Lamprologus tigripictilis collected from the same geological 
range display dissimilar genetic breakpoints (Markert et al., 2010). 
However, that analysis was performed with traditional mitochon-
drial DNA and microsatellite markers. Therefore, an additional in-
vestigation using larger sample sizes encompassing wider regions of 
the LCR, and a spatially explicit genome-wide approach is needed to 
gain a deeper understanding of how hydrological barriers influence 
fish diversification processes in this hydrologically complex system.

This study investigates four rheophilic Lamprologus species 
(Ovalentaria, Cichlidae) endemic to the LCR (Figure 1). Lamprologus 
represents the cichlid genus with the greatest number of specimens 
available in the LCR. Members of the family Cichlidae, particularly 
those of the African Rift Valley lakes, are recognized as model systems 
for evolutionary studies in tropical freshwaters (e.g., Kocher, 2004; 
Salzburger, 2018; Santos & Salzburger, 2012). In Lake Tanganyika, 
within the Congo basin, cichlid diversity is dominated by members 
of the tribe Lamprologini and a number of species of Lamprologus 
are also distributed in the main channel of the Congo River (Schelly 
& Stiassny, 2004; Stiassny, 1997). Of the riverine Lamprologus, at 
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least four species are endemic to the LCR: L.  tigripictilis (Schelly & 
Stiassny, 2004), L. werneri (Poll, 1959), L. markerti (Tougas & Stiassny, 
2014), and L. lethops (Roberts & Stewart, 1976). These species have 
diversified in-situ and are distributed across numerous LCR rapids, 
making them an excellent study system for investigating the role of 
hydrology on population structure and speciation.

Lamprologus tigripictilis was first described based on morpho-
logical characteristics distinguishing it from L.  werneri, and later, 
L. markerti was described based on genetic and morphological dif-
ferences from L. tigripictilis (Markert et al., 2010; Schelly & Stiassny, 
2004; Tougas & Stiassny, 2014). Lamprologus lethops is another 
endemic species found in the Bulu-Luozi and Tadi regions of the 
LCR. Lamprologus lethops is the only cichlid species to exhibit strik-
ing degenerative features, including an overall degeneration of the 
eyes and loss of pigmentation (Roberts & Stewart, 1976; Schobert 
et al., 2013). Available evidence suggests that L.  lethops live at ex-
treme depths in LCR canyons in low-light environments (Aardema 
et al., 2020; Stiassny & Alter, 2021). Lower Congo Lamprologus are 

small-bodied, physoclistous cichlids with limited intrinsic dispersal 
capabilities, particularly in deep and/or fast-flowing waters (Stiassny 
& Alter, 2021). Although it is currently unknown in L. lethops, other 
Lamprologus are pair-bonding substrate spawners, and breeding 
males establish and defend small territories in and around rocks 
where eggs are laid in caves and crevices rather than on open sub-
strate. Females actively guard eggs and newly hatched larvae while 
males patrol and defend the breeding sites (A. Lamboj, personal 
communication, October 20, 2021). These small-bodied cichlids with 
limited intrinsic dispersal abilities are useful for understanding the 
influence of extrinsic drivers on the diversification mechanisms.

As noted by Roberts and Stewart (1976), unlike in most large 
African rivers where reproductive activities are strongly linked 
to periods of increasing water levels, the relative stability of the 
lower Congo results in far less seasonality, and breeding appears 
to occur continuously rather than being restricted to a single rainy 
season. While the precise habitat of L.  lethops remains conjec-
tural (Stiassny & Alter, 2021), L. werneri and L. markerti are most 

F I G U R E  1  Sampling locations in the lower Congo River (LCR). Habitat distributions represented as the horizontal bars are colour-coded 
as L. werneri (W) in orange, L. tigripictilis (T) in green, L. markerti (M) in pink, and L. lethops (L) in purple. Whether samples are collected from 
the right bank (R), left bank (L), or an island (I) indicated at the end of the sample location name (e.g., W1-2R: L. werneri sample 1 and 2 
collected from the right bank). The background image shows the elevational gradient of the LCR (Warmer tones indicate higher elevation, 
cooler tones indicate lower elevation). A cross-section diagram of elevational decline from east to west is shown at the bottom. L. tigripictilis 
is distributed along the longest extent of the river in comparison with the other endemic lamprologines, with a range from just below that 
of L. werneri near Mbelo to the Inga rapids (~265 river km) (Tougas & Stiassny, 2014). Below the Inga rapids, L. tigripictilis is replaced by 
L. markerti whose range continues downstream to Boma. L. lethops is another endemic species found in the Bulu-Luozi and Tadi regions of 
the LCR. Some areas are inaccessible for sampling due to the presence of extremely steep banks/cliffs that enclose non-navigable stretches 
of river due to fast-moving rapids
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commonly found in proximity to rapids but are also found in a va-
riety of shoreline habitats over rocky or sandy bottoms. Although 
also common around rapids, L.  tigripictilis is a habitat generalist 
found in a wider range of shoreline habitats such as riffles, in 
side-channel and still water pools, over rocky, sandy, and muddy 
bottoms, as well as among flooded grasses (Markert et al., 2010; 
Roberts & Stewart, 1976). While all are primarily invertivores 
(Schelly & Stiassny, 2004), possible dietary partitioning between 
them is suggested by species-specific differences in gut length 
and coiling pattern (Tougas & Stiassny, 2014). Unfortunately, gut 
contents of preserved specimens available for study are too de-
graded to document possible dietary partitioning among the three 
species. While the generation time of Lower Congo Lamprologus 
in nature is unknown, that of L.  tigripictilis is 14–18  months de-
pendent on food and water temperature (O. Lucanus, personal 
communication, July 7, 2020). Differences in life history and the 
degree to which aquatic organisms are tied to their environments 
(e.g., water-level fluctuation) are essential components of under-
standing speciation processes.

Here, we generated genome-wide SNPs using reduced-
representation sequencing to test the rapids-driven allopatry hy-
pothesis (Alter et al., 2015, 2017; Markert et al., 2010; Schwarzer 
et al., 2011). We first inferred phylogenetic relationships across 
the four endemic species of Lamprologus. We then tested the null 
prediction of accumulation of downstream genetic diversity across 
sampling locations within each species. Next, we assessed whether 
high-energy rapids diminish gene flow among the species and popu-
lations of the four species with a special emphasis on the most wide-
spread species, L.  tigripictilis. We inferred genetic structure using 
spatial and nonspatial clustering approaches. Finally, we assessed 
interspecific and intraspecific effective migration rates and direc-
tionality of gene flow relative to river flow.

Understanding baseline genetic information is important for 
developing conservation management plans and understanding 
the potential impacts of climate change and ongoing hydroelectric 
dam construction in the LCR. In addition, results from our study 
have implications for our understanding of speciation processes 
and improving conservation efforts in freshwater fishes else-
where, as global freshwater fish diversity continues to be threat-
ened by anthropogenic impacts such as rapid climate change, 
hydroelectric dam construction, and overharvesting (Harrison 
et al., 2016).

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection

We sampled a total of 169 individuals from four riverine Lamprologus 
from the LCR: L. tigripictilis (n = 112), L. werneri (n = 35), L. markerti 
(n = 14), and L. lethops (n = 8) (Figure 1; Table S1). To better under-
stand population-level processes within the LCR, we used the larg-
est sample size of the most widely distributed species, L. tigripictilis. 

We chose available samples from the regions of Mbelo, Luozi, Bulu, 
Tadi, Kinganga, and Inga, spanning the known range of this species 
(Figure 1). The specimens of L. lethops were found dead or moribund; 
therefore, the recorded localities of our samples may not reflect 
their exact point of origin; however, we assume these localities are 
close enough to those points that we should be able to discern ge-
netic patterns relative to the rapids.

2.2  |  Generation of sequence data

We extracted genomic DNA from muscle tissue and fin clips using 
either the DNeasy Blood & Tissue Kit or the Gentra Puregene Tissue 
Kit (Qiagen), following the manufacturer's protocols. DNA concen-
trations were quantified using a Qubit dsDNA HS Assay (Thermo 
Fisher Scientific).

Restriction-site associated DNA (RAD) sequencing is a method 
of reduced representation DNA sequencing that samples a subset 
of homologous loci next to restriction enzyme cut sites across the 
genome of individuals (Andrews et al., 2016). The 2RAD/3RAD 
protocol is cost-effective and requires low amounts of input DNA 
(Bayona-Vásquez et al., 2019; Hoffberg et al., 2016). In addition, it 
ameliorates a major source of error in double-digest RADsequencing 
methods: PCR amplification can falsely inflate read coverage and, 
therefore, the accuracy of SNP calls (Andrews et al., 2016; Hoffberg 
et al., 2016; Tin et al., 2015). In the 2RAD/3RAD protocol, single 
molecules are tagged with a unique molecular index so that PCR du-
plicates are identified and removed in downstream analysis. We con-
structed libraries for 171 samples in two 96-well plates by following 
the Adapterama Protocol: 3RAD With Molecular IDs (Bayona-
Vásquez et al., 2019). Substantial starting DNA concentrations made 
it unnecessary to employ a third enzyme.

Briefly, for each plate, we first normalized each DNA sample to 
20 ng/µl. The restriction enzymes MspI and HindIII were chosen by 
performing in silico digestion simulations on the reference genome, 
Neolamprologus brichardi (NeoBri1.0), with the R package SimRAD 
(Lepais & Weir, 2014) (Table S2). We digested the DNA samples using 
MspI and HindIII-HF restriction enzymes (New England BioLabs) by 
incubating them for 1 h at 37°C. Immediately after the digestion, we 
ligated a unique combination of Clal and HindIII adapters to each 
sample (Bayona-Vásquez et al., 2019) (Table S3). A portion of the 
ligation product was pooled and cleaned with 1.25× AMpure XP 
Beads (Beckman Coulter). Then, a one-cycle PCR was performed 
to ligate the iTru5_8N primer, which includes the 8-nt unique mo-
lecular index used to identify PCR duplicates. PCR reagents were 
removed with a 1.5× AMpure XP Bead clean-up. Finally, an 8 cycle 
PCR amplification was performed using iTru7 primers. A total of six 
iTru7 primers were used for each plate (Table S4). The product was 
cleaned with a 1.5× AMpure XP Bead and eluted in molecular-grade 
water. The size of pooled libraries was verified on an Agilent 2100 
bioanalyser (Agilent Technologies), and then an automated size se-
lection of 525 ± 75bp fragments was performed using a BluePippin 
(Sage Science). We verified and quantified the products with Agilent 
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2100 bioanalyser again before sequencing products on an Illumina 
HiSeq 2500 sequencer (Illumina, Inc.) using 150 bp paired-end reads 
at Genewiz, Inc.

2.3  |  Demultiplexing, quality filtering, alignment, 
SNP calling

Raw Illumina reads were processed using the customized pipeline of 
IPYRAD API v.0.9.14 (Eaton & Overcast, 2020). The iTru7 barcodes 
were used to demultiplex reads into two plates, and then the individ-
ual samples within each plate were separated based on the internal 
barcode combinations of ClaI and HindIII. We set parameters to dis-
card reads with more than 5 bases with a quality score less than the 
minimum quality score of 30 per read and allowed no barcode mis-
matches. The minimum depth required to make statistical base calls 
was set to 6. The filter adapter parameter was set to 3 to allow strict 
filtering, including poly-repeats. We allowed a maximum of 2 alleles 
per locus for our diploid species and filtered loci with more than 5% 
uncalled bases and heterozygous bases. Each sample's paired-end 
reads were aligned to a reference genome, Neolamprologus brich-
ardi, version NeoBri1.0 (Ensembl GCA_000239395.1), an outgroup 
endemic to Lake Tanganyika. Two specimens of Neolamprologus 
are used in our phylogenetic analyses. Depending on the sensitiv-
ity of the analysis programs to missing data and the sample num-
ber we could include, different missingness levels were used. 
Minimum-individual coverages set ranged between 30% to 70% of 
all individuals (<30% –<70% per individual missingness), allowing for 
<22% missing data per locus (total missingness of <10.2%) in the 
variant call format (VCF) files generated for downstream analyses. 
Additional details are given in the sections below.

2.4  |  Phylogenomic history

Maximum-likelihood phylogenetic analyses were performed on 
the 140,505 concatenated SNPs using IQ-TREE 2.0 (Nguyen et al., 
2015). To assess variation across intraspecific tree topologies, we 
explored the data with three different per-individual missingness 
levels (<30%, <50%, and <70%). The <30% per-individual missing 
data set has a low amount of missing data while retaining samples 
from clades with fewer samples (e.g., L. markerti). However, since 
phylogenetic inferences are relatively robust with missing data 
(Tripp et al., 2017), we additionally explored <50% and <70% per-
individual missing data sets (Table S5). We excluded sites with less 
than 0.01 of minor allele frequency to remove rare polymorphic 
and monomorphic sites. ModelFinder (Kalyaanamoorthy et al., 
2017) was used to select the best-fit model via three optimality cri-
teria; Akaike information criterion (AIC), corrected Akaike informa-
tion criterion (cAIC), and Bayesian information criterion (BIC). Two 
lamprologine species endemic to Lake Tanganyika, Neolamprologus 
modestus and N. christyi, were used as outgroup species. Branch 
support values were estimated via 1,000 bootstrap replicates of 

ultrafast bootstrap approximation (UFBoot) (Hoang et al., 2018; 
Minh et al., 2013) and SH-like approximate likelihood ratio test (SH-
aLRT) (Guindon et al., 2010).

2.5  |  Spatial distribution of genetic diversity (π) and 
genetic structure

Genetic diversity was estimated by average pairwise differences (π; 
Tajima, 1983) using the POPULATIONS program implemented in 
STACKS v.2.41 (Catchen et al., 2013). We compared genetic diver-
sity (π) among the sampling locations within each species (Table S6), 
and also calculated the median value of this summary statistic for 
each species to compare across species.

To explore genetic structure, we used software sNMF imple-
mented in the R package LEA v.2.8.0 (Frichot & François, 2015; 
Frichot et al., 2014) and PCADAPT v.4.3.3 for only L. tigripictilis (Luu 
et al., 2017), and CONSTRUCT v.1.0.4 (Bradburd et al., 2018). To per-
form sNMF and CONSTRUCT analyses, 33,281 putatively unlinked 
loci (SNPs) were selected from the VCF file with <40% per-individual 
missing data: L. tigripictilis (n = 103), L. werneri (n = 35), L. markerti 
(n  =  10), L.  lethops (n  =  8), by choosing one SNP within blocks of 
1,000 bases using VCFTOOLS thin option (Danecek et al., 2011).

The program sNMF finds putative population clusters by cal-
culating admixture coefficients using sparse non-negative ma-
trix factorization algorithms, which are robust to departures from 
Hardy-Weinberg equilibrium  (Frichot et al., 2014). We tested the 
best-fit value of the ancestral population (K) based on the number of 
sampling regions for each species: L. tigripictilis ranging from 1 to 6 
(6 regions), L. werneri ranging from 1 to 4 (4 regions), L. markerti, and 
L. lethops ranging from 1 to 3 (3 regions). We performed 10 repeti-
tions for each K and tested the alpha regularization parameter values 
1, 10, 100, and 1000 to find the lowest cross-entropy value, which 
determines the best-fitted K value for each species. Additionally, 
principal component analyses (PCA) were performed to investigate 
the population-level divergence of the L.  tigripictilis samples. We 
used PCADAPT implemented in R (Luu et al., 2017), which employs 
the Mahalanobis distance as a test statistic for detecting genetic 
clusters. We limited the K value to 6 corresponding to the six regions 
from which L. tigripictilis samples were collected.

A pattern of IBD (Wright, 1943) or a continuous pattern of pop-
ulation structure may be mistaken for a pattern of discrete genetic 
variation (e.g., physical barriers), particularly when sampling is not 
even throughout a species’ range. For example, sampling throughout 
the LCR has been hindered by the inaccessibility of some locations 
(e.g., between Mbelo and Luozi). This can make it more difficult to 
interpret patterns and causes of population divergence accurately 
as the continuous pattern may appear as a discrete pattern due to 
the absence of samples. To avoid inaccurate interpretation of pop-
ulation structure due to sampling artifacts, we compare the fit of a 
discrete (“Barrier”) model of population structure with continuous 
models of IBD using cross-validation and layer contribution meth-
ods implemented in the program CONSTRUCT (Bradburd et al., 
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2018). CONSTRUCT estimates ancestry proportions in a set of two-
dimensional layers for continuous and discrete patterns of popula-
tion structure. The rate at which relatedness decays with distance is 
estimated within each layer (Bradburd et al., 2018).

The cross-validation method compares spatial and nonspatial 
models where, in the case of pure IBD, a spatial model with no pop-
ulation structure (K = 1) would be strongly supported against a non-
spatial model (K > 1). The same VCF files used for the sNMF analyses 
were converted to STRUCTURE format using the POPULATIONS 
program in STACKS (Catchen et al., 2013) and then to CONSTRUCT 
input format using a custom conversion script (Puckett, 2018). The 
geographic distances between sampling locations were calculated 
using the R package FOSSIL (Vavrek, 2011). The ranges of K values 
were set as K = 1–6 for L. tigripictilis, K = 1–5 for L. werneri, K = 1–3 for 
L. markerti and L. lethops, based on the number of sampling regions. 
We used 10 cross-validation replicates per K value, 100,000 MCMC 
iterations per replicate, and a 90% training proportion. Layer contri-
butions were also calculated to evaluate the model selections of the 
cross-validation analysis by setting a threshold of 0.01. Additionally, 
we compared genetic distance (pairwise FST) generated in STACKS 
and the geographic distance matrices to examine the pattern of IBD.

2.6  |  Interspecific and intraspecific effective 
migration and gene flow

To further investigate if rapids impede or facilitate gene flow, we visu-
alized spatial population structure with estimated effective migration 
surfaces (EEMS) (Petkova et al., 2016) and inferred rates and direc-
tionality of gene flow using G-PHOCS (Gronau et al., 2011). Numerous 
rapids (i.e., ~66) varying in size occur across the LCR (Robert, 1946; 
Runge, 2007). We mapped known rapids using the results from the 
previous habitat mapping effort using satellite imagery: the Advanced 
Spaceborne Thermal Emission Reflection Radiometer (ASTER), the 
Landsat Enhanced Thematic Mapper Plus (ETM+), and the Shuttle 
Radar Topography Mission (SRTM) (Ridgeway, 2006; table 5.1). Rapids 
and turbulence are approximated by the presence of whitewater, which 
is influenced by multiple factors such as sediment particles, thalweg 
depth, river width, seasonal water flow, gradient, and precipitation 
(Cook et al., 2011; Dionne et al., 2008; Ridgeway, 2006; Torterotot 
et al., 2014). Then, we superimposed the known locations of rapids over 
the estimated effective migration surfaces to determine the role that 
rapids might play in the riverscape. We also used an image of a digital 
elevation model (DEM) to show the topographic surface of the LCR.

EEMS visualizes spatially explicit effective migration rates and de-
viation from exact IBD across riverscape. This method can be used to 
assess the effect of known physical barriers to genetic differentiation 
using georeferenced samples. For example, we can determine if the 
known locations of rapids correspond with regions of higher-than-
average effective migration (i.e., promoters), lower-than-average ef-
fective migration (i.e., barriers), or simple IBD. If the “rapids-driven 
allopatry hypothesis” (Alter et al., 2015, 2017; Markert et al., 2010; 
Schwarzer et al., 2011) is supported, then regions of lower effective 

migration should correspond with locations of known rapids. EEMS 
analyses were applied to two data sets. First, we investigated the 
role of rapids in species-level genetic divergence between L. werneri, 
L. tigripictilis, and L. markerti. Next, an EEMS analysis was performed 
at the intraspecific level to understand how rapids play a role in the 
population-level divergence of the most widely distributed species, 
L. tigripictilis. In order to increase the sample number, we included ad-
ditional samples by allowing more per-individual missingness: <45% 
for the interspecific level: L. tigripictilis (n = 104), L. werneri (n = 35), 
L. markerti (n = 10), and <55% for the intraspecific level: L. tigripictilis 
(n = 108), and kept unlinked 33,281 SNPs. An average genetic dissim-
ilarity matrix was generated using bed2diffs_v1 (v1 ignores the miss-
ing genotypes) (Petkova et al., 2016). We used a deme size of 1,000 
for the species-level analysis and 2,000 for the intraspecific level 
analysis of L.  tigripictilis to compensate for the narrow dimensions 
of the river. We ran three independent chains for 1,000,000 MCMC 
iterations, each with a burnin of 200,000 using a random seed. The 
posterior probability trace of the combined three independent runs 
was checked to confirm convergence.

To examine the directionality of gene flow, we used the Bayesian 
MCMC demographic inference program G-PHOCS (Gronau et al., 
2011). In a river with such a strong downstream flow (maximum 
water velocities of >4  m/s, Oberg et al., 2008), we hypothesized 
that gene flow would occur unidirectionally in a downstream di-
rection. We analysed two data sets representing interspecific and 
intraspecific levels (Table S7). The interspecific level G-PHOCS anal-
ysis was performed to investigate whether introgression occurred 
unidirectionally or bidirectionally. We estimated interspecific migra-
tion rates between neighbouring species among L. tigripictilis from 
Mbelo, L. tigripictilis from Luozi, L. werneri, and L. markerti. Two pop-
ulations of L. tigripictilis (Mbelo and Luozi) were included in this anal-
ysis since our phylogenetic inference results indicate that those two 
populations are highly divergent. Next, we estimated intraspecific 
migration rates between putative populations of L. tigripictilis from 
the four major sampling regions, Mbelo, Luozi, Bulu, and Inga. For 
each G-PHOCS analysis, we performed 1,000,000 MCMC iterations 
sampling every 100, discarding the first 10% burnin iterations, which 
are also used for the automatic search for finetune parameters. We 
set prior model parameters, for the species-level run, as a Gamma 
distribution with α = 1.0 and β = 1,000 for τ and θ, α = 0.002 and 
β = 0.00001 for migration rates. For the population-level run, the 
parameters were set as α = 1.0 and β = 10,000 for τ and θ, α = 0.001 
and β = 0.00001 for migration rates. TRACER v1.6 (Rambaut et al., 
2014) was used to view the MCMC traces to ensure convergence.

3  |  RESULTS

3.1  |  Sequencing and bioinformatics

We generated reduced representation sequencing data 
for 171  samples using the 2RAD method (Bayona-Vásquez 
et al., 2019; Hoffberg et al., 2016), which resulted in a total of 
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313,024,030 raw reads and 250,119,866 reads after initial qual-
ity filtering, including removal of PCR duplicates. The number 
of reads per individual ranged from 38,968 to 5,399,451 with a 
mean ± SD = 1.8 M ± 1.2 M (Table S8).

3.2  |  Phylogenomic history

Species-level phylogenetic relationships of the riverine Lamprologus 
were inferred using maximum-likelihood methods, IQ-TREE (Nguyen 
et al., 2015). A comparison of the various missing data levels revealed 
that the allowed amount of missing data per individual was posi-
tively correlated with parsimony-informative sites and negatively 
correlated with constant sites (Table S5). The substitution model 
TVMe+R3 was selected for <30% and <50% per-individual missing 
data by all optimality criteria, BIC, AIC, and cAIC via IQ-TREE (Nguyen 
et al., 2015). However, the higher per-individual missingness <70% 
resulted in the incongruence model selection: TVMe+R3 model by 
BIC, but SYM+R3 model by AIC, and cAIC (Table S5).

All phylogenetic inferences with three levels of missing data 
<30%, <50%, <70% per individual (overall missingness is all less 
than 10.2%, 140,505 concatenated SNPs) strongly supported an 
identical overall topology among the four endemic LCR species 
(Figure 2: tree with <30% missing data per individual; Figures S2–
S4). There is a large split between the L. lethops clade and the re-
maining species, L. werneri, L. tigripictilis, and L. markerti (UFBoot 
=100, SH-aLRT = 100). Lamprologus werneri diverges earlier than 
two sister taxa, L.  tigripictilis, and L.  markerti, as expected given 
the geographic range of L. werneri upstream of both L. tigripictilis 
and L. markerti.

Maximum-likelihood inferences also suggest population-level 
divergence in all species, including the widely distributed L. tigripic-
tilis. Several intraspecific clades corresponding to geographic re-
gions remained consistent across all different levels of missingness 
(Figure 2; Figures S2–S4). For example, all trees with different per-
individual missingness levels indicate that all L.  tigripictilis individ-
uals from Mbelo are isolated from all other downstream samples 
(UFBoot = 100, SH-aLRT = 100). Clustering of most of the Inga sam-
ples is also observed in the <30 and 50% per-individual missingness 
level trees (UFBoot = 100, SH-aLRT = 100); all Inga samples cluster 
in the <70% per-individual missingness level tree (UFBoot  =  100, 
SH-aLRT = 95). Several other population-level subclades also reflect 
the proximity of locations corresponding to the geographic regions 
of Luozi, Bulu, Tadi, and Kinganga. For example, some individuals 
from two adjacent sampling localities within the region of Luozi 
cluster together regardless of per-individual missingness level (e.g., 
TIG2L and TIG3L). However, we also observed clustering of samples 
between adjacent regions (e.g., a few samples of TIG6R at Luozi and 
TIG7R at Bulu).

Within L.  werneri, the individuals from the uppermost extent 
of their range at Kinsuka (right bank) diverge first, followed by in-
dividuals from Foulakari (left bank, 40.2 river km downstream of 
Kinsuka) and the two downstream populations from Bela (Figure 2). 

The upper Bela population (42.2 river km downstream of Foulakari) 
is monophyletic (UFBoot = 100, SH-aLRT = 100) and nested within 
lineages from lower Bela. This overall topology is consistent among 
all missingness levels (Figure 2; Figures S2–S4).

Within L.  markerti, genetic divergence between samples from 
Nziya and Lufu (39.1 river km downstream of Nziya sampling point) 
is detected; however, there is no divergence between upper and 
lower Nziya which are approximately 2.1  km apart. This pattern 
of the tree topology remains throughout all missingness levels. 
Lamprologus lethops is monophyletic, and tree topologies are consis-
tent regardless of the level of missingness (Figure 2; Figures S2–S4).

3.3  |  Spatial distribution of genetic diversity and 
genetic structure

3.3.1  |  Interspecific and intraspecific 
genetic diversity

To test the null hypothesis of downstream accumulation of genetic 
diversity, we calculated genetic diversity (π) for each sampling lo-
cation within each species (Figure S5; Table S6). The results show 
no accumulation of genetic diversity for L. werneri, L. tigripictilis, and 
L. markerti. While L. lethops is an exception, the sample size for this 
species was relatively small (n = 8). Species-level genetic diversity 
(π) across all four species is similar to the median genetic diversity 
of cichlid fishes, which is in itself considered low for vertebrates 
(Svardal et al., 2021) (Figure S6).

3.3.2  |  Genetic structure and admixture

To investigate the role of high-energy rapids in population diver-
gence and isolation, we measured population structure and ad-
mixture within species using three methods: sNMF (Frichot & 
François, 2015; Frichot et al., 2014), PCADAPT (Luu et al., 2017), 
and CONSTRUCT (Bradburd et al., 2018). Each of these methods is 
approximately in agreement with the K values obtained from sNMF 
that delineated groups separated by rapids: K = 2 or 3 for L. tigripic-
tilis (best-fitted K is 3, but there is only a clear separation between 
Mbelo and the rest of the samples, Figure 3, K = 3), K = 2 for L. wer-
neri, and no structure for L. markerti and L. lethops.

The estimations of the admixture coefficients using sNMF 
suggest that the best-fitted K determined by the minimum-cross 
entropy method for L.  tigripictilis is 3 (Figure 3; Figure S7). These 
genetic clusters correspond to Mbelo, and the highly admixed re-
gions, including Luozi, Bulu, Tadi, Kinganga, Inga, are composed of 
two layers of ancestry proportions (Figure 3). Interestingly, however, 
fine-population structure corresponding to geographic regions is 
detectable at the higher K values (Figure 3). The genetic isolation 
of the Inga samples becomes clear at K = 5. The PCA analyses using 
PCADAPT (Luu et al., 2017) mostly support the clustering pattern 
suggested by the sNMF analyses (Figure 4).
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The cross-validation analysis of CONSTRUCT suggests the best-
fitted value K is around 4; however, layer contributions beyond the 
second layers are not significant given that they are below the thresh-
old of 0.01. Thus, it is suggested that the best K is 2 (Figures S8–S10; 
Table S9). In addition, the predictive accuracy scores of the cross-
validation analysis suggest that there is no significant difference 
between spatial and nonspatial models for L.  tigripictilis; therefore, 

IBD is not supported as the main diversification mechanism (Figure 
S8). This result was also supported by a simple comparison of genetic 
(pairwise FST) and geographic distances (R2 = 0.253) (Figure S11).

The sNMF result of L.  werneri suggests the best K value is 2 
(Figure 3; Figure S7). The genetic break between Foulakari and upper 
Bela (42.2 river km downstream of Foulakari) coincides with a cross-
channel rapid; however, there is no apparent genetic divergence 

F I G U R E  2  Maximum-likelihood phylogenetic inference from IQ-TREE under TVMe+R3 and default search values using 140,505 SNPs 
(<30% missing data per individual). (a) Species-level tree (with L. tigripictilis clade collapsed). (b) Expanded view of the L. tigripictilis clade. 
Light to dark colour gradients of each species corresponds to upstream to downstream sample locations. Branch support values were 
estimated via 1,000 bootstrap replicates of ultrafast bootstrap approximation (UFBoot) and SH-like approximate likelihood ratio test (SH-
aLRT) (see detailed branch support values in Figure S2)
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F I G U R E  3  Population structure inferred from sNMF analyses of four endemic species. Each bar represents an individual sample. 
Individuals within each plot are arranged from upstream (top) to downstream (bottom). Whether samples are collected from the right bank 
(R), left bank (L), or an island (I) indicated at the end of the sample name (e.g., TIG1L: L. tigripictilis sample 1 collected from the left bank). 
L. tigripictilis: K = 3 (best-fitted value of K) indicates that Mbelo is isolated while the rest of the regions show mixed ancestry; however, 
greater values of K reveal finer-scale structure (e.g., substructure within the Luozi region that correspond to samples from a rocky island and 
the right bank near the island (K > 4), as well as substructure within the Inga region (K > 5). L. werneri: K = 2 (best-fitted K value) shows the 
genetic divergence between Foulakari and Bela. K = 3 reveals additional substructure within upper Bela and lower Bela. L. markerti: best-
fitted K is K = 1; however, K = 2 (left plot) and K = 3 (right plot) indicate the divergence between Nziya and Lufu, which might be influenced 
by a series of large rapids between the regions (Figure 5a). L. lethops: best-fitted value is K = 1; however, K = 2 (left plot) and K = 3 (right plot) 
suggest geographic substructure between Luozi, Bulu and Tadi. These results may support that L. lethops samples are collected from the 
respective regions even though the exact point of origin within the region is unknown
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despite the presence of the rapids between Kinsuka and Foulakari 
(40.2 river km downstream of Kinsuka). The cluster value K = 2 was 
also suggested by both spatial and nonspatial models in the cross-
validation analysis and layer contributions in CONSTRUCT (Figures 
S8–S10). IBD was not detected by the comparison of genetic and 
geographic distances (R2 = 0.083) (Figure S11).

The sNMF cross-entropy values for L. markerti suggest the best 
K value is 1 (Figure 3; Figure S7). The same K value is also suggested 
by the CONSTRUCT cross-validation and layer contribution analyses 
(Figures S8–S10). While K = 2 was the best K suggested by the non-
spatial models, the spatial models outperformed nonspatial models 
suggesting no genetic structure, and the patterns may reflect IBD. 
The pattern of IBD was also seen in the comparison of genetic and 
geographic distances (R2 = 0.945) (Figure S11). Within the distribu-
tion of L. markerti, there are a series of large rapids between Nziya 
and Lufu (Figure 5a). Although K = 1 was best supported, these rap-
ids may have some influence on the genetic divergence between 
Nziya and Lufu (Figure 3: L. markerti K = 3).

We predicted genetic divergence in samples of L.  lethops be-
tween the Luozi, Bulu, and Tadi due to the intensive upwelling of 
the Bulu reach (Jackson et al., 2009), which could potentially act as a 
physical barrier. However, K = 1 is best supported by the sNMF anal-
ysis. Also, the CONSTRUCT spatial models outperformed nonspatial 
models suggesting no population structure among those sampling 
locations following a pattern of IBD (Figure S8). The pattern of IBD 
was also seen in the comparison of genetic and geographic distances 
(R2 = 0.715) (Figure S11). Although no population structure is best 
supported, the sNMF population structure K > 1 indicates a signal of 

genetic divergence corresponding to the sampling regions (Figure 3). 
Regardless, the wider 95% confidence intervals of the CONSTRUCT 
spatial cross-validation results for both L. markerti and L. lethops in-
dicate that an increased sample number may help in generating more 
confidence in these results (Figure S9).

3.4  |  Interspecific and intraspecific effective 
migration and gene flow

We performed interspecific and intraspecific level EEMS analyses to 
evaluate the correlation of rapids with effective migration rates. In 
the interspecific level analysis, we detected lower-than-average ef-
fective migration in the contact zones between the distributions of 
L. werneri and L. tigripictilis (Figure 5b) and between L. tigripictilis and 
L. markerti (Figure 5c), suggesting that the rapids/turbulence may be 
acting as major barriers at these locations. We additionally evaluated 
the direction of hybridization between species via the interspecific-
level demographic inferences using G-PHOCS (Gronau et al., 2011). 
While we hypothesized unidirectional gene flow from the upstream 
to the downstream species, the results indicate bidirectional gene 
flow and a low level of hybridization between the neighbouring spe-
cies (Figure 6a, Table S10). As expected based on genetic proximity, 
there is a higher gene flow between L.  tigripictilis from Mbelo and 
Luozi than that between L. werneri and L. tigripictilis from Mbelo and 
between L. tigripictilis from Luozi and L. markerti.

In the population-level EEMS analysis of L. tigripictilis, we ob-
served a mosaic of processes across the species range (Figure 5d). 

F I G U R E  4  Population-level principal component analyses of L. tigripictilis. (a) PC1 (28%) versus PC2 (4.6%): The isolation of Mbelo 
corresponds to 28% of the variance explained by PC1, (b) PC2 (4.6%) versus PC3 (3.1%): The separation of the Inga samples is observed 
along the PC3 axis, in which 3.1% of the variance is explained. Overlapping clusters are observed for the sampling regions of Luozi, Bulu, 
Tadi, and Kinganga, with a few exceptions of outgroups. Symbols represents sampling regions of origin within of L. tigripictilis’ distribution: 
□ = Mbelo, ◯ = Luozi, △ = Bulu, ▽ = Tadi, * = Kinganga, and ◇ = Inga. Colour gradation from lighter to darker green indicates the 
direction of the river flow from upstream to downstream
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We detected lower-than-average effective migration surfaces in 
the river stretch between Mbelo and Luozi, near the bend be-
tween Luozi and Bulu, and in the Inga rapids. The results corre-
spond to the population structure generated by sNMF (Figure 3: 
L. tigripictilis). A section of higher effective migration is observed 
between Bulu and Kinganga, which suggests high connectivity 
within this region. This result is supported by the high degree of 
admixture detected in the sNMF analysis (Figure 3: L. tigripictilis 
K = 3). The cross-channel rapids (red spirals) and partial-channel 
rapids (blue spirals) overlap with the lower migration surface 
(i.e., orange shades); however, they are also present in the re-
gion of higher-than-average effective migration (i.e., blue shades) 
(Figure 5d). The river reach around Luozi has no surface rapids and 
is largely influenced by IBD.

In addition, we estimated intraspecific-level migration rates 
across four populations of L.  tigripictilis from Mbelo, Luozi, Bulu, 
and Inga using G-PHOCS. The analyses suggest bidirectional gene 
flow upstream and downstream between neighbouring populations, 
which is inconsistent with our hypothesis of unidirectional gene flow 
along the river (Figure 6b; Table S10).

4  |  DISCUSSION

Understanding why freshwater fishes are so diverse compared 
to marine fishes, despite occupying a tiny fraction of available 

aquatic habitat on earth, remains a central question in verte-
brate evolution. However, the mechanisms by which some rivers 
generate unusually high ichthyofaunal diversity and endemicity 
remain poorly known. Previous studies have inferred allopatric 
processes as a primary mechanism driving the separation of line-
ages within and between rivers (Boschman et al., 2021; Dias et al., 
2013; Lujan et al., 2020; Miller, 2021); however, diversification 
in sympatry or parapatry has also been hypothesized for some 
groups (Burress et al., 2018; Sullivan et al., 2002) including an-
other cichlid genus in the lower Congo (Alter et al., 2017). In this 
study, we investigated a previously suggested rapids-driven al-
lopatry hypothesis in the LCR (Alter et al., 2015, 2017; Markert 
et al., 2010; Schwarzer et al., 2011) using genome-wide SNP data 
across and within four endemic lamprologine cichlids. Our results 
indicate that major rapids accompanied by significant elevational 
drops correspond to species boundaries, indicating that allopatric 
processes due to strong barriers are important in driving diver-
sity in this system (Figures 2 and 5). However, patterns at the 
population-level are more complex, showing rapids correspond 
to both increased and decreased gene flow at different locales, 
and that in the absence of rapids, patterns are best explained by 
IBD (Figures 5–6; Figure S8). Moreover, the lack of higher genetic 
diversity at downstream sites (Figure S5), as well as evidence of 
multidirectional gene flow (Figures 3 and 6), highlight complex 
evolutionary patterns even within this relatively linear system 
(Svardal et al., 2021).

F I G U R E  5  Species-level and 
population-level estimated effective 
migration surfaces (EEMS). (a) Locations 
of high-energy rapids in the lower Congo 
River: red spirals are cross-channel rapids, 
blue spirals are partial-channel rapids. 
(b) Species-level EEMS result of the 
contact zone between L. werneri (orange 
circles) and L. tigripictilis (green circle). 
(c) Species-level EEMS result in Inga 
separating L. tigripictilis (green circles) and 
L. markerti (pink circles). The size of the 
circles corresponds to the relative sample 
size. (d) Population-level EEMS result of 
L. tigripictilis. Shades of orange correspond 
to lower-than-average migration (i.e., 
barriers), shades of blue correspond 
to higher-than-average migration (i.e., 
promotors of gene flow), and white 
colour represents isolation-by-distance. 
The background shows the topographic 
surface of the lower Congo basin with 
darker shade corresponding to higher 
elevation

(d)

(a)

(b)

(c)
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4.1  |  Role of high-energy rapids in genetic 
divergence of lamprologine cichlids

Higher rates of diversification in freshwater fishes compared to marine 
fishes have been hypothesized to be shaped by barriers that reduce 
gene flow (e.g., allopatric processes), but meta-analyses of diversifi-
cation mechanisms have produced mixed results (Miller, 2021). Our 
study suggests that major rapids correspond to species boundaries in 
LCR lamprologines, and therefore appear to be important drivers of 
speciation processes. The rapids at Inga have been suggested to form 
a biogeographic barrier for other cichlid taxa (Alter et al., 2015, 2017; 
Markert et al., 2010; Schwarzer et al., 2011). For example, the rheo-
philic cichlid genus Teleogramma is absent below the Inga rapids (Alter 
et al., 2015; Schwarzer et al., 2011), and the cichlid genus Nanochromis 
does not occur below Nziya (Schwarzer et al., 2011).

Across populations within the distribution of L.  tigripictilis, the 
role of cross-channel and smaller rapids appear more complex. While 
the regions of lower-than-average migration or barriers (e.g., orange 
shades in Figure 5d) broadly overlap with the sections of elevational 
decline where rapids probably occur, our results suggest that rap-
ids may sometimes act as barriers, but in other instances, they may 
promote gene flow (Figure 5d). Within the range of L.  tigripictilis, 
Mbelo is the most genetically and geographically isolated group. 
Water velocity below Mbelo is high due to an elevational drop, and a 
series of rapids formed where the river repeatedly widens and nar-
rows (Figures 1–3). Our study suggests that a large genetic break 
between Mbelo and Luozi is partly driven by barriers (orange shades, 
Figure 5d) where at least one partial-channel rapid is identified from 
satellite imagery. Likewise, the genetic isolation of the Inga samples 
is supported by our analyses (Figure 2; Figure 3 L. tigripictilis K = 5 
and 6; Figure 4b), and the genetic isolation appears to be driven by 
the presence of cross-channel rapids (Figure 5d).

In contrast, population structure in other regions, such as Luozi, 
Bulu, Tadi, and Kinganga, presents a strong signal of admixture, 
despite the presence of multiple rapids between these locations 
(Figure 3). This pattern of high admixture may result from the more 
gentle elevational incline in this region compared with the larger 
elevational drops below Mbelo and around Inga (Figure 1). While 
small-bodied, physoclistous cichlid species have limited intrinsic 
dispersal capabilities in deep and/or fast-flowing waters (Stiassny & 
Alter, 2021), dispersal may be facilitated for such a small-bodied, eu-
rytopic species as L. tigripictilis during wet seasons when river banks 
are flooded, particularly in regions of gentle elevational incline. 
Additionally, turbulent high-energy rapids may occasionally facili-
tate downstream and upstream bidirectional migration (Figure 6b). 
Interestingly, our population-level EEMS results indicate that the re-
gion of Luozi (exclusive of the middle island area) is strictly explained 
by IBD (Figure 5d). This stretch of river is devoid of surface rapids, 
is fully navigable, and is represented by numerous samples collected 
from both banks along the reach. This result supports the idea that 
the IBD may play a primary role when no hydrological barriers are 
present.

While allopatric speciation due to physical barriers is reported 
across many taxa including birds (Winker, 2021), herbivorous insects 
(Tishechkin, 2020), snapping shrimp (Knowlton & Weigt, 1998), and 
alpine plants (Boucher et al., 2016), some barriers may be temporary 
or ephemeral, particularly in some aquatic environments (e.g., soft 
barriers to coral reef fishes, Bowen et al., 2013; Rocha & Bowen, 
2008; Tornabene et al., 2015). Hydrological barriers in the LCR 
are also expected to have some seasonal variation (e.g., wet and 
dry seasons) and may have been influenced by major shifts during 
Quaternary climatic oscillations. Therefore, exploring different time 
scales across hydrological regimes, rather than drawing conclusions 
from one temporal snapshot, is important for inferring the effects of 

F I G U R E  6  Migration rates and directionality estimated by G-PHOCS. Migration rates (mean, 95% highest posterior density intervals) are 
depicted as the number of migrants per generation. Species and populations are colour-coded: L. werneri (WER) is orange, L. markerti (MAR) 
is pink, L. tigripictilis (TIG) from different locations are different shades of green and colour gradation from lighter to darker green indicates 
the direction of the river flow from upstream to downstream. Evidence of upstream and downstream bidirectional gene flow are observed 
between (a) neighbouring species and (b) populations of L. tigripictilis. The lower bounds of the 95% HPD intervals include 0 for some 
pairwise L. tigripictilis populations. Generally, if the migration rate estimates overlap with 0, then there is no strong evidence of gene flow. 
However, the intervals are very wide often with high upper bounds that are consistent with a high degree of uncertainty
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these regimes on population structure. Our use of satellite imagery 
to detect rapids (Ridgeway, 2006) suggests potential applications to 
monitor changes in hydrological patterns of rivers and other aquatic 
systems across different temporal scales to better understand spe-
ciation dynamics.

4.2  |  Complex evolutionary processes in the lower 
Congo River

Strongly directional physical forces such as river flow, marine 
currents, and wind can control the movement of gametes and 
individuals, influencing gene flow and broader patterns of diversifi-
cation across a wide array of species (Bertola et al., 2020; Cowen & 
Sponaugle, 2009; Kling & Ackerly, 2021; Morrissey & de Kerckhove, 
2009; Pringle et al., 2011). Simple models of such systems predict 
asymmetric gene flow and higher genetic diversity in downwind, 
downstream, and down-current locations compared to source popu-
lations. In rivers, we expect the accumulation of genetic diversity 
from the headwater to downstream locations in a one-dimensional 
linear stepping-stone pattern (Maruyama, 1969; Thomaz et al., 2016; 
Washburn et al., 2020). However, numerous factors could cause de-
viations from this expectation, including the presence of barriers to 
gene flow and corridors or other landscape complexities that pro-
mote multidirectional gene flow (Petkova et al., 2016). The LCR pre-
sents a useful test of the simplest null model of river architecture as 
it is a nearly linear corridor with few major tributaries, in contrast to 
complex dendritic river networks (Brauer et al., 2018; Levin et al., 
2020; Ochoa et al., 2015). Our estimation of intraspecific genetic 
diversity (π) within each species indicates that there is no clear sig-
nal of downstream genetic diversity accumulation, except for in 
L.  lethops. There are several potential explanations for this lack of 
the expected pattern. In addition to the physical barriers to migra-
tion demonstrated here, patterns of genetic diversity may also be in-
fluenced by the multidirectional gene flow we observed in this study. 
Our results suggest bidirectional migration between several popula-
tions of L.  tigripictilis (Figure 6b) as well as potential cross-channel 
migration with gene flow between the right and left banks at Luozi, 
Bulu, and Kinganga (Figures 2 and 3). This multidirectional gene 
flow perhaps is the result of upstream corridors along banks created 
during the wet season, which may introduce genetic variation from 
downstream to upstream locations (Thomaz et al., 2016). In addition, 
it is also important to consider the possibility of historical episodic 
surges in gene flow due to rare events, for example, geological up-
lifts, severe droughts that change discharge dramatically, or unusual 
flooding. In summary, the results presented here suggest that despite 
its seemingly simple architecture, the LCR is better characterized as 
a more complex system such as in the infinite-islands model (Wright, 
1931), rather than by a one-dimensional linear stepping-stone model 
(Maruyama, 1969). These findings add to the literature suggesting 
that patterns of gene flow may often be strongly influenced by com-
plex and idiosyncratic landscape features and historical events, even 
in systems that appear linear (Kling & Ackerly, 2021).

5  |  CONCLUSIONS

Our study extends the understanding of diversification processes 
influenced by high-energy rapids and provides insight into the 
evolutionary processes driving the remarkable diversity of fishes. 
While we focused on the rapids-driven allopatry hypothesis, ex-
plorations of other drivers will also be needed to fully decipher 
complex riverscape processes. Ongoing research includes the 
potential impact of geological changes and Quaternary climate 
fluctuation in the demographic history of the lamprologine cich-
lids. Although the geological history of the LCR is poorly known 
(Stiassny & Alter, 2021), a previous study posited that the up-
stream and downstream reaches of Inga were once separated by 
a large waterfall, which eroded over time, forming the current 
Inga rapids and allowing greater dispersal (Schwarzer et al., 2011). 
The hydrological regime, including the location and size of rapids, 
and the level of water discharge all probably differed in the past, 
particularly during glacial cycles, which might have had a large in-
fluence on gene flow. Future studies include surveying environ-
mental variation across species’ habitats to investigate ecological/
sympatric speciation, which has been suggested in some cichlid 
clades (Barluenga et al., 2006; Elmer et al., 2014; Kautt et al., 
2016; Malinsky et al., 2015; Poelstra et al., 2018). Furthermore, we 
suggest that it is important to compare diversification rates among 
riverine habitats varying different habitat complexity, for exam-
ple, between the LCR and other subdrainages in the Congo Basin, 
in addition to comparison with other freshwater systems and ma-
rine habitats (Miller, 2021). Further examination of regional-based 
diversification rates may provide more nuanced insight into the 
complex diversification processes in the hydrologically extreme 
LCR revealed in the present study as well as the “freshwater fish 
paradox”.

Our findings strongly suggest that hydrological features are im-
portant in maintaining and shaping biodiversity and therefore con-
serving that aspect of the LCR riverscape will be crucial. This study 
demonstrates that genome-wide SNP data can help improve fun-
damental understanding of the evolutionary processes generating 
riverine fish diversity, and such results may facilitate the planning of 
conservation management strategies, particularly as they relate to 
proposed dam development in this rich system.
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