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Abstract 

 

Impacts of urban development on aquatic populations are often complex and difficult to 

ascertain, but population genetic analysis has allowed researchers to monitor and estimate gene 

flow in context of existing and future hydroelectric projects. The Lower Mekong Basin is 

undergoing rapid hydroelectric development with around 50 completed and under construction 

dams and 95 planned dams. We investigated the baseline genetic diversity of two exploited 

migratory fishes, the Mud Carp Henicorhynchus lobatus (five locations) and the Rat-faced 

Pangasiid Helicophagus leptorhynchus (two locations), in the Lower Mekong Basin using the 

genomic ddRAD method. In both species, fish sampled upstream of Khone Falls are 

differentiated from those collected at other sites, and Ne estimates at the site above the falls are 

lower than at other sites. This was the first study to utilize thousands of RAD-generated SNPs to 

indicate that the Mekong’s Khone Falls are a potential barrier to gene flow for these two 

moderately migratory species. The recent completion of the Don Sahong dam across one of the 

only channels for migratory fishes through Khone Falls may further exacerbate signatures of 

isolation and continue to disrupt the migration patterns of regionally vital food fishes. 

Additionally, Hen. lobatus populations downstream of Khone Falls, including the 3S basin and 

Tonle Sap system, displayed robust connectivity. Potential obstruction of migration pathways 

between these river systems resulting from future dam construction may limit dispersal, which 

has led to elevated inbreeding rates and even local extirpation in other fragmented riverine 

species. 

 

Keywords: dams, fishes, fragmentation, Khone Falls, Mekong River, population genetics  
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Introduction 

The Mekong River Basin supports the world’s most productive inland fishery and is the second 

most biodiverse freshwater habitat, surpassed only by the Amazon River Basin (Campbell, 

2009). The river system encompasses a large variety of habitats, including permanent river 

channels, swamps and marshes, lakes, rapids, floodplains, seasonally isolated pools, and flooded 

forest, all of which experience drastic annual shifts during the monsoon and dry seasons. 

Formative historic changes in hydrology and structure due to climatic shifts throughout the 

Pleistocene and Holocene epochs (Ta et al., 2002; Voris, 2000) have resulted in its elevated 

aquatic diversity, which includes over 100 species of migratory fishes (Valbo-Jørgensen et al.; 

2009; Ziv et al.; 2012). This diversity, however, is under threat from the construction of 

manmade structures as the nations of the Mekong develop hydroelectric projects on the river, 

and conservation measures will be required to mitigate these impacts. 

The Mekong and tributaries south of Pakse in Lao PDR are collectively known as the Lower 

Mekong Basin, which encompass several major hydrological features traversed by migratory 

fishes. Khone Falls is the largest waterfall along the mainstream Mekong River and has been 

hypothesized to be a major barrier to migration and a potential source of population 

diversification (Hurwood et al., 2007; Poulsen & Valbo-Jørgensen, 2001; Chhea et al., 2000). 

Below Khone Falls, one of the largest tributary systems is the 3S Basin, comprised of the 

Sekong, Sesan, and Srepok rivers (Figure 1). The 3S rivers are major tributaries that provide up 

to 20% of annual flow and sediment to the Lower Mekong Basin (Piman et al., 2016). The 3S 

Basin also provides habitat to 40% of Mekong fish species, including many species that migrate 

through the 3S rivers to reach their spawning ground (Baran et al., 2013). Tonle Sap River is 

known to support a large inland fishery throughout its tributaries and Tonle Sap Lake and is 
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characterized by a seasonal flood-pulse hydrology that is used by many fish species in their 

migrations (Arias et al., 2013; Junk et al., 1989; Poulsen et al., 2002). 

Changes to the natural hydrography of this system brought about by hydroelectric development 

have had measurable impacts on the composition of fish communities in this region, including 

decreasing overall diversity and favoring generalist species (Ngor et al., 2018a). Currently, there 

are more than 50 existing dams in the Mekong River Basin and over 100 more planned or under 

construction (WLE Greater Mekong, 2016) with changes to downstream flow and sediment 

transportation already being observed (Fan et al., 2015; Li et al., 2017). Eleven of the planned or 

under construction dams are for the main river channel and the remaining are for tributaries of 

the Mekong, including 21 for the 3S Basin alone (Piman et al., 2016). A dam has just been 

completed in the Hou Sahong Channel, one of the more navigable passages through Khone Falls, 

and its construction may potentially obstruct an important migratory route for fishes navigating 

the main stem of the Mekong (Baird, 2011; International Rivers, 2017). The development of 

hydroelectric infrastructure is considered important for energy independence in the region, where 

water is an abundant resource. However, studies by the Mekong River Commission (1997) 

concluded that impacts from dam construction and urbanization were significantly greater threats 

to Mekong River biodiversity than ongoing intensive direct exploitation. Despite efforts to 

minimize biological impact on migratory species, many dams lack fish ladders and those that 

exist have been largely ineffective at maintaining migratory routes (Amornsakchai et al., 2000). 

A case study on the effects of dams on migratory species predicts that hydroelectric development 

in the Lower Mekong Basin will negatively impact fisheries development in the region 

(Ferguson et al., 2011). The continuing impacts of dam-induced fragmentation and habitat 

alteration to fish communities in the Mekong River, where fisheries species compose up to 80% 
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of protein consumption for the human populations, will result in the need for costly 

compensatory action (Orr et al., 2012). 

Here, we investigate genetic structure of two exploited fishes exhibiting varying levels of 

migratory behavior in the Lower Mekong Basin in order to hypothesize potential impacts from 

damming. The Mud Carp Henicorhynchus lobatus Smith 1945 is a small cyprinid (maximum 

size 15 cm standard length) and one of the most abundant fishes in the Mekong River system. It 

is the most economically important fish in the region (Roberts and Baird, 1995) and is especially 

important for the Tonle Sap fishery in Cambodia and in the Khone Falls area of southern Lao 

PDR where it accounts for up to 50% of the total wild fish catch (Baran et al., 2005). 

Henicorhynchus lobatus undergoes mass migrations (Baran et al., 2006) and has been observed 

swimming through the few passable channels (Hou Sahong and Hou Sadam) in Khone Falls 

(Baird et al., 2003). This is notable since the falls are known to be a formidable barrier to 

riverine fish migration, and previous studies of genetic structure in the Mekong and adjacent 

systems have found no genetic differentiation in Hen. lobatus populations across the falls or 

along the main stem of the Lower Mekong using mitochondrial ATPase6 sequences (Hurwood et 

al., 2007) and microsatellite markers (Iranawati, 2014). 

In comparison, relatively little is known of the ability of the recently described Rat-Faced 

Pangasiid Catfish Helicophagus leptorhynchus Ng & Kottelat 2000 to traverse Khone Falls. 

Helicophagus leptorhynchus is endemic to the Mekong and Chao Phraya watersheds in 

Southeast Asia (maximum size 47 cm standard length). Many pangasiids are known to 

successfully migrate upstream through Khone Falls at the beginning of the rainy season (Baird, 

2001; Baird and Flaherty, 2004; Hogan et al. 2004), and these fishes support a wing trap fishery 

specifically designed to target the seasonal migration through Khone Falls (Baird et al., 2004). It 
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is unknown, however, whether Hel. leptorhynchus is among the pangasiids capable of traversing 

the falls. Helicophagus leptorhychus primarily inhabits deep permanent tributaries and main 

river channels, migrating upstream during the rainy season and avoiding seasonally flooded 

habitat (Ng & Kottelat, 2000; Rainboth, 1996). 

To gain a better understanding of gene flow patterns in these harvested Mekong River fishes, we 

used double-digest restriction site associated DNA (ddRAD, Peterson et al., 2012) data to 

document genetic patterns in populations that were unimpacted by dam-induced fragmentation at 

the time of collection. Given differing migratory capabilities and exploitation between these 

fishes, we examined levels of genetic divergence, relatedness, and effective population size, with 

particular attention to overlapping collections from mainstream populations upstream of Khone 

Falls and upstream in the Sekong River of the 3S Basin. We also utilized the power of thousands 

of ddRAD-obtained SNPs to detect population structure in Hen. lobatus, where no genetic 

structure has been detected by previous studies using mitochondrial or microsatellite markers. 

We hypothesized that Hen. lobatus will exhibit limited population differentiation throughout the 

study area due to its documented large-scale migrations and based on previous studies detecting 

no genetic structure using mitochondrial and microsatellite markers. We then hypothesized that 

the larger and less numerous Hel. leptorhynchus may comprise multiple somewhat differentiated 

stocks, as it is not known to undertake basin-wide migrations. These results would have different 

implications for long-term conservation of the two species in a region that will soon be heavily 

dammed. 

 

Materials and Methods 
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Samples of Hen. lobatus were field-identified and purchased at fish markets in Attapeu and 

Pakse in Lao PDR, and from three sites, Kratie, Stung Treng and Siem Reap, in Cambodia 

(Figure 1, Table 1). Samples of Hel. leptorhynchus were collected in the same manner from 

Attapeu and Pakse in Lao PDR. All fish were collected during the period of October 2016 to 

January 2017. Vendors reported that specimens originated from fisheries near the city of 

collection. Muscle tissue was taken and stored in 95% molecular-grade ethanol for transport to 

the molecular lab at Nha Trang University, Vietnam. DNA isolation was carried out using the 

Qiagen DNeasy Blood and Tissue kit (Hilden, Germany) and high-quality extracts were 

confirmed with gel electrophoresis, stained with ethidium bromide. Extracted DNA appearing as 

high-weight bands with very little degradation on a gel was shipped to the Texas A&M 

University – Corpus Christi (TAMUCC) Genomics Core Laboratory for library preparation. 

Double-digest RAD (ddRAD; Peterson et al., 2012) library prep was employed to reduce 

genome complexity, with minor modifications on the original protocol. Extracted DNA was 

again checked for size distribution after shipping to TAMUCC using standard gel 

electrophoresis. Samples with visible DNA fragments below 3000 bp were SPRI-selected (0.4x, 

Beckman-Coulter). Samples that were not SPRI-selected were cleaned using AmpureXP 

paramagnetic beads (Beckman-Coulter). In both cases, the paramagnetic beads were left in the 

cleaned samples to minimize DNA loss and reactivated, as required, by adding 3M NaCl 20% 

PEG (Fisher et al., 2011). The DNA was quantified using the Biotium AccuBlue HighSensitivity 

kit on a Spectramax M3 fluorescent plate reader. Samples were normalized and 50 ng of DNA 

per fish were digested with the Hin1II and EcoRI restriction enzymes. Each fish was individually 

barcoded and groups of 48 fish were combined and indexed via polymerase chain reaction 

(PCR), as described by Peterson et al. (2012). DNA fragments from 400-500bp were isolated 
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using a Pippin Blue automated electrophoresis rig and the molar concentration of DNA in each 

library was determined using the qPCR KAPA Library Quantification Kit for Illumina Platforms. 

Libraries were subsequently normalized and combined in equal proportions into a super library, 

which was sequenced on two lanes of an Illumina HiSeq 4000 (paired-end 150bp) at New York 

University’s Genome Technology Center. 

All bioinformatics and statistical analyses were completed by the molecular systematics 

laboratory at Old Dominion University. Successful sequences were demultiplexed by Illumina 

dual-indices and barcodes using scripts developed by the TAMUCC bioinformatics team. 

Quality trimming, de novo reference assembly, mapping, and variant calling were carried out in 

the dDocentHPC pipeline (https://github.com/cbirdlab/dDocentHPC ) a fork of the dDocent 

pipeline (Puritz et al., 2014). The settings used to process the FASTQ files, create the reference 

genomes, and call variants are included in the dDocentHPC configuration file (Supplemental 

S1). Briefly, for the assembly of the reference genomes, reads were subjected to a base call 

quality (5’ phred 20, 3’ phred 15, 20 nucleotide sliding window at phred 20) and adapter 

trimming with any read trimmed shorter than 146 nucleotides being removed. The reference 

genomes were assembled for each species from unique DNA sequences present in at least four 

individuals and with a depth of coverage of at least 5x using rainbow (Chong et al., 2012) and 

CD-HIT (Fu et al., 2012). For mapping and variant calling, reads were subjected to adapter and 

quality trimming as described above, but with a 3’ phred quality threshold of 20, and any read 

trimmed shorter than 75 bp was removed. The trimmed reads were mapped to the reference 

genome using bwa mem (Li et al., 2013; -A1 -B6 -O10 -T50 -L30,5) and the binary sequence 

alignment maps were filtered to remove improperly paired reads, secondary alignments, and read 

pairs with an unmapped read using samtools view (Li et al., 2009; -q20 -F264 -f2). The variant 
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calling settings in freebayes (Garrison & Marth, 2012) were tuned to explicitly call SNPs rather 

than multinucleotide polymorphisms (MNPs) because there is no VCF filtering software to 

handle MNPs, which typically have more than two allelic states, and there is no software to 

deconstruct MNPs into SNPs that maintains or generates the statistical information associated 

with each SNP for downstream filtering.  

SNPs underwent stringent filtering following O’Leary et al. (2018), employing vcftools 

(Danecek et al., 2011), vcflib (https://github.com/vcflib/vcflib), and rad_haplotyper (Willis et al., 

2017). The filtering commands (Supplemental S2) provide all information required to replicate 

our filters. Briefly, genotype calls based on fewer than 3 reads were discarded initially to reduce 

memory required for subsequent filters. Variant positions meeting any of the following criteria 

were removed: mean depth of coverage less than 5x, phred-scaled probability of the presence of 

at least one alternate allele less than a 30, alternate allele frequency less than 0.05 or greater than 

0.95, allele balance greater than 0.75 or less than 0.25, significant deviation from Hardy-

Weinberg Equilibrium, and more than two haplotypes in greater than one individual. All indels 

and SNPs with more than two allelic states were removed. Parameter values for several other 

filters differed between the two datasets and can be found in the supplemental material 

(Supplemental S2). Following Mastretta-Yanes et al. (2015), of the remaining contigs with 

SNPs, we removed positions above 330 (Hen. lobatus) and 337 (Hel. leptorhynchus) for all 

contigs due to an excessively high concentration of variable positions (Supplemental S3). 

Finally, one SNP was selected from each contig for analysis and PGDSpider (Lischer and 

Excoffier, 2012) was used to convert the VCF file to the formats required by subsequent 

analyses. BayeScan (Foll and Gaggiotti, 2008) was used to look for SNPs showing higher 

differentiation (FST) than expected under neutrality in both species’ datasets, with a false 
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discovery rate (FDR) correction of 0.05. No loci were identified as outliers from either dataset, 

and so all the following methods were completed on the full SNP datasets. 

Indices of genetic diversity (expected heterozygosity, observed heterozygosity, and inbreeding 

coeffiecient [GIS]) were calculated for loci, individuals, and populations in GenoDive v3.0 

(Meirmans and Van Tienderen, 2004). An analysis of molecular variance (AMOVA, Excoffier et 

al., 1992) among all sites and genetic differentiation (FST) between all pairs of sites were also 

calculated in GenoDive (p-values were generated with 9,999 permutations). Maximum 

likelihood triadic estimates of relatedness between pairs of individuals were made with the 

coancestry function in the R package “related” (Wang, 2007) with 500 bootstraps for confidence 

intervals. Estimates of effective population size (Ne) were made in the program NeEstimator (Do 

et al., 2014) using the linkage disequilibrium method. Ne estimates were made for each 

individual sampling site, and with and without putatively related individuals. 

Population structure analyses were carried out using the R package “adegenet” (Jombart and 

Ahmed, 2011) to perform principle component analyses (PCAs), and in the program 

STRUCTURE (Hubisz et al., 2009; Pritchard et al., 2000). STRUCTURE analyses utilized 

100,000 MCMC iterations following 50,000 burn-in reps per K (K values 1 through 6 for Hen. 

lobatus and 1 through 4 for Hel. leptorhynchus). Each of these runs was repeated 10 times to 

maximize parameter space and location information was not used as a prior. Structure Harvester 

was used to determine the most likely K-value from STRUCTURE output using the Evanno 

method (Earl et al., 2012; Evanno et al., 2005), and the replicate Q-scores for individuals and 

populations for the chosen K were aggregated with CLUMPP (Jakobsson and Rosenberg, 2007). 

STRUCTURE plots were constructed using distruct (Rosenberg, 2004). Post-hoc clusters of 

genetically similar sample sites were formed based on results of population structure analyses 
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and tested using AMOVA (Excoffier et al., 1992) in GenoDive to find the clustering scheme that 

explains the most variance. Mantel and partial Mantel tests were conducted in the R package 

“ecodist” (Goslee & Urban, 2007) to examine potential effects of isolation by distance (IBD) on 

patterns of structure by measuring the correlation between genetic differentiation (pairwise FST 

values) and geographic distance (measured as shortest over-water distance using the “measure 

distance” function in Google Maps). The same post-hoc clustering schemes created for 

AMOVAs were also used to test for IBD while accounting for significant structure using partial 

Mantel tests. 

 

Results 

Henicorhynchus lobatus 

One hundred and thirty fish were successfully sequenced, demultiplexed, mapped to the de novo 

reference genome, and passed stringent filtering (Table 1). No outlier SNPs were identified by 

BayeScan, and 88 SNPs were removed from 10 terminal positions on all reads (Supplemental 

Figure S3), resulting in a panel of 1,971 putatively neutral SNPs (one per contig) to be used in 

the remaining analyses. Observed heterozygosity was statistically similar among locations, 

ranging from 0.26 (Pk) to 0.27 (ST; average 0.26). The inbreeding coefficient (GIS) was lowest at 

Stung Treng (0.12) and highest at Pakse (0.14) and non-overlapping confidence intervals indicate 

a statistically significant difference in GIS between these two sites. 

Indices of genetic differentiation, relatedness, and inferred population size all indicated that the 

Hen. lobatus from the site above Khone Falls, Pakse, were differentiated and isolated with 

respect to those from the other sites. Analysis of molecular variance (AMOVA) indicated that 

significant genetic differentiation exists among sampling locations when unclustered (FST = 
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0.0019, p = 0.0001). Pairwise comparisons of neutral SNPs indicated that Pakse was 

differentiated from the other sites (FST = 0.0028 - 0.0050, p < 0.0001; Table 2), while the 

remaining sites were not significantly differentiated. Estimates of relatedness revealed a pair of 

closely related fish within Pakse with a triadic related value of 0.458 (Table 3), but not at the 

other locations. This level of relatedness would be seen among siblings or a parent and its 

offspring. The estimate of Ne was substantially lower at Pakse (Ne = 6.4E2, Table 4) than the 

other Lao PDR sites (Ne = 1.1E4 - 1.3E4) or the Cambodia sites downstream (Ne = 3.7E4 - 

4.3E5). However, when an individual from the related pair is removed from Pakse, the Ne 

estimate increases to 2.4E3, though it is still at least an order of magnitude lower than estimates 

from other sites. Due to the lack of genetic structure among the sites below Khone Falls, Ne was 

estimated for all of these sites, but that resulted in an infinite estimate (Table 4) suggesting that 

either Ne is very large, or that more sampling is required to obtain a bounded estimate. 

In a principle component analysis (PCA), Pakse was distinguishable from other sites along PC1, 

which explained 1.23% of the variation in the data (Figure 2). A related pair separated from the 

remaining individuals on PC2 (1.10% of the variation; Figure 2), and when one individual from 

the pair was removed from analysis, Pakse is still distinguishable from the cluster of other sites 

(Supplemental S4). The STRUCTURE analysis, plotted with a k of 2 as chosen by the Evanno 

method, also showed a clear distinction between Pakse and the remaining four sites, with a 

greater proportion of individuals assigning more strongly to one group (top color) than in the 

other locations with the exception of a handful of individuals below the Khone Falls that also 

exhibited a Pakse-like pattern (Figure 3). An AMOVA finds that the variance is maximized 

when Pakse is held in a separate cluster from all other sites (FCT = 0.0041, p = 0.0001). All 

Mantel (Mantel correlation coefficient r = 0.3004, p = 0.2670) and partial Mantel (with Pakse 
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held in a separate cluster from all other sites; r = 0.4675, p = 0.2330) tests were non-significant, 

indicating that IBD is not a driving factor of diversification in this species. 

Helicophagus leptorhynchus 

Thirty-nine individuals from Attapeu and 40 from Pakse were successfully sequenced, 

demultiplexed, mapped to the de novo reference, and passed stringent filtering (Table 1). No 

outlier SNPs were identified by BayeScan, and 531 SNPs were removed from 12 terminal 

positions on all reads (Supplemental S3), resulting in a panel of 3,768 putatively neutral SNPs 

(one per contig) to be used in the remaining analyses. Observed heterozygosities for the sites 

were statistically similar (HO = 0.29 - 0.30), as were the inbreeding coefficients (GIS = 0.047 - 

0.048; Table 1). 

As with Hen. lobatus, the genetic analyses indicated that the site above Khone Falls was 

differentiated from the Sekong River site. An AMOVA found there was a significant amount of 

genetic differentiation among the two locations (FST = 0.012, p < 0.001). Estimates of 

relatedness revealed six pairs of closely related individuals within sites and no pairs of related 

individuals among sites (Table 3). Relatedness values for these pairs ranged from 0.21 to 0.93, 

which is the equivalent of half-siblings to identical. Estimates of Ne for the two locations were 

similar (Ne = 3.3E2 – 4.0E2; Table 4), but marginally lower at Pakse than at Attapeu. When an 

individual from all related pairs were removed from Attapeu, the Ne estimate increased to 2.6E3, 

and when the same was done for the related pair from Pakse, the Ne estimate increased to 4.3E3. 

Hel. lephtorhynchus from Attapeu and Pakse were clearly differentiated along both PC1 and PC2 

in a principle component analysis (PCA; Figure 2). The STRUCTURE analysis, plotted with a k 

of 2 as chosen by the Evanno method, also distinguished the two sites (Figure 3). Unlike with 

Hen. lobatus, the Hen. leptorhynchus from Pakse strongly assigned to a different genetic cluster 
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than most of those from Attapeu. There was one fish from Attapeu that more strongly assigned to 

the Pakse cluster than the other cluster, as well as two that assigned to the Pakse cluster in at 

least 20% of the replicates, suggesting limited admixture. No clustered AMOVA or IBD 

analyses were completed due to this dataset only having two sampling sites. 

 

Discussion 

Genetic structure and Khone Falls 

For the first time for both Henicorhynchus lobatus and Helicophagus leptorhynchus, a genetic 

analysis in the Lower Mekong Basin has detected population structure. In particular, the findings 

contrast with our hypothesis and with previous studies of Hen. lobatus that did not detect genetic 

structure in the Mekong Delta (Hurwood et al., 2005, 2007; Iranawati, 2014). The panmixia 

observed in Hen. lobatus among the four sites below Khone Falls, however, does remain 

consistent with previous surveys, including between the Stung Treng and Tonle Sap sites which 

were also analyzed by Hurwood et al. (2007). The ability to detect neutral genetic differentiation 

between Pakse and the other locations sampled here is likely due to the improved sampling of the 

genome provided by RADseq as compared to previous studies using low-throughput methods 

(Hurwood et al., 2007; Iranawati, 2014), rather than recently emergent population structure. 

High-throughput methods similar to those utilized in this study are increasing in use in the 

Mekong (Ackiss et al., 2019, Dang et al., 2019) and are needed to measure baseline genetic 

diversity, population size, and structuring for fishes in this rapidly changing riverscape. 

Despite our findings of statistically significant differentiation, it is clear from the PCA and 

STRUCTURE results from both species that some mixing of lineages through Khone Falls is 

evident (Figures 2, 3). In the case of Hel. leptorhynchus, this admixture appears to be 
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unidirectional, from Pakse to Attapeu which connects to the Lower Mekong, as evidenced by the 

absence of individuals with intermediate assignment in Pakse. Helicophagus leptorhynchus also 

exhibits two times more partitioning (FST = 0.010) than Hen. lobatus (FST = 0.0050) between the 

sites shared by both datasets, which is also evident in the PCA and STRUCTURE analyses 

(Figures 2, 3). Differences in the magnitude of FST and pvalues between these datasets may be 

attributable to varying numbers of SNPs and sample sizes between the two datasets (more SNPs 

and larger sample sizes in Hel. leptorhynchus; Table 1). 

Obstruction of gene flow by Khone Falls is a plausible cause of the genetic differentiation 

measured between Pakse and the other sampling sites in both species (Figure 1). Based upon the 

pattern of genetic structure across the five sampling sites for Hen. lobatus, parsimony dictates 

that there is a gene flow restriction between Pakse and the Sekong-Mekong confluence. For Hel. 

leptorhynchus, with only two sampling sites, the gene flow restriction lies between Pakse and 

Attapeu. In both species, Khone Falls is the most obvious natural feature that might restrict gene 

flow. As the largest series of waterfalls and cascades in Southeast Asia, Khone Falls has 

previously been hypothesized to be a modulating feature of gene flow in the Mekong River 

Basin. Indeed, the falls have been shown to restrict migration and gene flow along the main stem 

Mekong River for relatively small potamodromous fishes such as the sister species of Hen. 

lobatus, the Siamese Mud Carp Henicorhynchus siamensis (Adamson et al., 2009; Hurwood et 

al., 2005) but not for larger fishes such as the Mekong Giant Catfish Pangasianodon gigas 

(Ngamsiri et al., 2007) and some other pangasiids (Chhea, 2000).  

Alternatively, there may be another natural impediment to gene flow that is not as obvious as 

Khone Falls, although it remains unclear as to what this would be. Like its sister species, Hen. 

lobatus is also relatively small, however, mass migrations of Hen. lobatus have been well-
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documented through sections of Khone Falls via channels such as the Hou Sahong and to a lesser 

extent the Hou Sadam (Baird et al., 2003). These channels are likely to be important migration 

pathways in maintaining gene flow between the Upper and Lower Mekong for other species and 

expanding surveys to include additional taxa and sampling sites will be important in determining 

the extent of this feature as a barrier to gene flow. There is substantial distance between Pakse 

and Stung Treng or Attapeu via the direct Mekong – Sekong confluence, though there is no 

evidence of isolation by distance (IBD) in Hen. lobatus below Khone Falls. This could be further 

tested with additional sampling along this corridor. There is also some evidence that until 

recently the Mekong River maintained an anastomosing connection to the upper Sekong 

(Workman, 1997), but since this potential connection was diverted, the only main corridor for 

migration between the Upper and Lower Mekong is through Khone Falls.  

At Khone Falls, the recent completion of the Don Sahong dam on the Hou Sahong channel may 

restrict natural levels of gene flow and have detrimental impacts on migratory fishes known to 

use this corridor (Fukushima et al., 2014). As sampling took place the same year as construction 

on the dam began, there is no evidence that damming has caused the genetic discontinuities 

observed by this study for Hen. lobatus or Hel. leptorhynchus as it is extremely unlikely that 

genetic drift could impact allele frequencies over such a short time span (Maruyama & Fuerst 

1985; Nei et al., 1975; Tajima 1989). This does not mean, however, that damming has not 

affected population connectivity in other locations or cannot affect population connectivity in the 

future at Khone Falls. The genetic structure we observed along the main stem of the Mekong 

may become more pronounced after the construction of several planned dams. Impacts on the 

genetic diversity of these species should be expected both up- and downstream of planned dams 
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at Stung Treng and Pakse, and these impacts may extend to other basins such as the Mun River 

in eastern Thailand and the Xe Bang Fai tributary in Lao PDR (Figure 1; Ng & Kottelat, 2000).  

The effects of dams – including population fragmentation, blocked access to spawning grounds, 

and altered habitat both up- and downstream – can be particularly perilous for riverine species, 

which are confined to narrow, often relatively shallow habitat and for whom isolation can lead to 

local extirpation (Jager et al., 2001; Neraas & Spruell, 2001). Many genetic studies have 

investigated the actual and potential effects of damming on river fish populations with a variety 

of outcomes (e.g. Ferierra et al., 2017; Gouskov et al., 2016; Khedkar et al., 2014; Ruzich et al., 

2019), however, examples from heavily dammed rivers, like the Columbia and Fraser Rivers of 

northwest North America, have shown that migratory fish populations are particularly vulnerable 

to negative effects like severe inbreeding and complete extirpation upstream of dams (Ferguson 

et al., 2011). In the 3S Basin, a population of the catfish Hemibagrus spilopterus sampled 

upstream of dams on the Srepok River was found to have diminished effective population size 

and elevated relatedness and inbreeding (Ackiss et al., 2019). 

The apparent panmixia observed in Hen. lobatus sampled from sites downstream of Khone Falls 

and in major tributary systems (3S Rivers and Tonle Sap) indicate strong connectivity despite 

distances of up to 650 km across varied hydrological features. Henicorhynchus lobatus is known 

to undertake migrations spanning 400 to 1000 km (Baird et al. 2003), and previous otolith 

microchemistry and genetic analyses have provided evidence for strong population connectivity, 

possibly via a single natal origin (Fukushima et al., 2014; Hurwood et al., 2007; Iranawati, 

2014). However, two planned dams threaten to interrupt migration pathways between the sites 

sampled by this study in the Lower Mekong, the Stung Treng and the Sambor dams (Figure 1), 

and other dams are planned for or under construction in the region occupied by this species 
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(International Rivers, 2017). The Stung Treng dam will be erected at the confluence of the 3S 

Rivers just before they flow into the main stem of the Mekong, threatening to restrict this highly 

important migratory pathway from the 3S Basin. The Sambor dam planned for the Mekong main 

stem north of Kratie has caused concern among local advocates and scientists because of its 

potential to interrupt a major migratory pathway for fishes that move in and out of the Tonle Sap 

flood plain (International Rivers, 2017). The lake system is vitally important to local fisheries, 

providing over half of the fisheries production in Cambodia. Without connectivity to the greater 

Mekong, fish populations in the Tonle Sap region, including the highly valuable Hen. lobatus, 

may be at risk of detrimental effects from fragmentation. 

Conservation status and effective population size 

The effective population size (Ne) estimates for both species follow an expected pattern and can 

contribute to our understanding of their conservation status. The smaller, very numerous Hen. 

lobatus (Ngor et al., 2018b) had a much higher Ne (Table 4) than the larger, less common Hel. 

leptorhynchus (Baird et al., 2004). The IUCN Red List extinction risk assessment of Hen. 

lobatus is understandably “Least Concern” because of its present abundance estimates for the 

Mekong River Basin while Hel. leptorhynchus is listed as “Data Deficient” because it is 

uncommon and lacks population estimates (IUCN Red List, 2020). The 50/500 Ne rule 

introduced by Franklin (1980) states that Ne should be at least 50 to maintain short-term 

population viability, and at least 500 for long-term evolutionary viability, though more recent 

evaluations indicate that these benchmarks are too low (Frankham et al., 2014). The very high Ne 

estimates for nearly all sites supports the Least Concern conservation status for Hen. lobatus. 

However, the relatively low Ne estimates for this species in general, and especially at Pakse 

(Table 4), may indicate the need for conservation efforts for this important fisheries species in 
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certain areas, especially since its population trend is considered declining (IUCN Red List, 

2020). These estimates are below or near the 500 Ne rule for long term population viability and 

therefore indicates that this IUCN Red List Data Deficient species’ conservation status warrants 

new consideration. Unfortunately, no census sizes or Ne/N ratios have been estimated for our two 

study species, nor for most Mekong fish species, indicating a critical gap in knowledge for 

understanding their vulnerability to exploitation and damming. 

The Ne and conservation status assessments for Hen. lobatus and Hel. leptorhynchus are 

precautionary signals for fisheries management. The Mekong River is home to the largest inland 

fishery in the world, supporting the diets and livelihoods of millions of people. Henicorhynchus 

lobatus is considered the most important fisheries species in the region, composing large 

percentages in fishing industries, especially in Khone Falls and Tonle Sap River (Baird, 2011). A 

small minnow species, Hen. lobatus catches have remained consistently high as catches for 

larger fish have decreased with growing fishing pressure in Tonle Sap (Ngor et al., 2018b). The 

share of fisheries catch from this species is likely to continue to grow as larger fish populations 

decline, and so informed management is vital, particularly above Khone Falls where Ne sizes 

may be smaller. Pangasiids are important products of the wing trap fishery in the network of 

channels within Khone Falls, though Hel. leptorhynchus is not one of the most commonly caught 

species (Baird et al., 2004). As hydroelectric development increases, overall fisheries production 

is likely to decrease with damming (Ferguson et al., 2011). 

The relatively low Ne of Hen. lobatus in Pakse and the overall low Ne of Hel. leptorhynchus 

indicates these species may be vulnerable to population fragmentation due to damming. Ziv et al. 

(2012) predict that hydroelectric projects on Mekong tributaries may have an even greater impact 

on biodiversity than those proposed for the mainstream Mekong due to isolation of 
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subpopulations in the upper tributaries. Extirpation of local populations has been observed in the 

Columbia River system following the blocking of upstream spawning grounds by dams 

(Ferguson et al., 2011) and freshwater fish are approximately four times more likely than marine 

to be classified as vulnerable to extinction (Olden et al., 2007). Incipient extirpation due to 

damming has been detected in at least one species of economically important catfish in the 

Mekong Basin (Ackiss et al., 2019).  

The presence of putative related individuals in both Hen. lobatus (at Pakse) and Hel. 

leptorhynchus (at Pakse and Attapeu) suggests that individuals at these sites are unable to 

consistently disperse as far as their life histories likely allow (Chhea, 2000). Inbreeding 

coefficients (GIS) in both species, however, are not excessively high (Table 1), so any potential 

bottleneck events would have been very recent and not severe enough to cause substantial 

inbreeding. However, the low Ne estimates for Hen. lobatus above Khone Falls may also be a 

function of restricted gene flow, thereby indicating that further decreases in migration due to 

damming could lead to increased inbreeding and alter the long-term viability of this species. 

Continued sampling is needed to confirm if populations are subdivided in the upper tributaries 

due to existing dams and other infrastructure, and if a planned dam on the Sekong River (Figure 

1) may result in new isolation of upstream populations. Low levels of gene flow should be 

maintained to ensure genetic diversity in populations in the upper 3S Rivers and prevent severe 

inbreeding and local extinction in the tributaries (Ferguson et al., 2011). These precautions are 

particularly relevant since future effects from climate change, human population growth, and 

increased exploitation of aquatic resources are unpredictable and therefore planning for aquatic 

infrastructure requires special attention (Hoang et al., 2016; Pech and Sunada, 2008; Syvitski et 

al., 2009). Hen. lobatus and Hel. leptorhynchus are representatives of two of the most 
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economically important and species-rich fish families found in the Mekong Basin (Ngor et al., 

2018a) and the usefulness of high throughput sequencing to inform population structure and 

management precautions indicated for these species, especially regarding potential for 

fragmentation due to damming, are likely to be relevant to many other species in the region. 
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Figure 1. Map of the Mekong River Basin. Circles and triangles indicate Henicorhynchus 

lobatus and Helicophagus leptorhynchus sampling locations, respectively. Dams, both planned 

(marked by **) or under construction at the time of sampling, are labeled in smaller black font 

with the megawatt hours (International Rivers, 2017) which are indicators of the amount of water 

restricted by the dams. The Mekong River is indicated by black, while the other rivers and 

tributaries are grey. 
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Figure 2. Scatterplots of PC2 versus PC1 for (B) Henicorhynchus lobatus and (A) Helicophagus 

leptorhynchus. Each point represents a single fish. Colors represent sampling site. Ellipses are 

the 50% confidence intervals of the centroid. Barplots for the first 20 eigenvalues are displayed 

in the bottom right corner of each plot. 
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Figure 3. STRUCTURE barplots for (A) Henicorhynchus lobatus and (B) Helicophagus 

leptorhynchus. Bars depict the probability of assignment (y axis) of each individual fish (x axis) 

to each genetic cluster (color). K is the number of genetic clusters, chosen as two by the Evanno 

method (Evanno et al., 2005).  
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Table 1. Summary statistics by site, including numbers of individuals collected, sequenced, and 

analyzed, for Henicorhynchus lobatus and Helicophagus leptorhynchus. HO is observed 

heterozygosity. He is expected heterozygosity. GIS is the inbreeding coefficient. 

Henicorhynchus lobatus 
     

  Site Collected Sequenced Analyzed HO HS GIS 

 
Lao PDR 

      

  
Attapeu 58 45 32 0.2630 0.3041 0.1353 

  
Pakse 54 41 32 0.2645 0.3051 0.1332 

 
Cambodia 

      

  
Kratie 54 42 31 0.2648 0.3016 0.1221 

  
Siem Reap 60 40 29 0.2691 0.3047 0.1168 

  
Stung Treng 60 46 35 0.2628 0.3055 0.1398 

         
Helicophagus leptorhynchus 

     
  Site Collected Sequenced Analyzed HO HS GIS 

 
Lao PDR 

      

  
Attapeu 64 46 39 0.3023 0.3173 0.0471 

  
Pakse 56 48 40 0.2940 0.3088 0.0478 
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Table 2. Pairwise comparisons for genetic differentiation among sites for Henicorhynchus 

lobatus. Above the diagonals are FST values and below the diagonals are p values. Significant 

genetic differentiation is indicated by bold font. 

Henicorhynchus 

lobatus 

Attapeu Kratie Pakse Siem Reap 

Stung 

Treng 

Attapeu -- 0.0002 0.0045 0.0004 0.0001 

Kratie 0.3667 -- 0.0028 -0.0003 0.0007 

Pakse 0.0001 0.0001 -- 0.0045 0.0050 

Siem Reap 0.2699 0.6695 0.0001 -- 0.0004 

Stung Treng 0.4669 0.1235 0.0001 0.2680 -- 
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Table 3. Pairs of individuals with a triadic relatedness with confidence intervals above or 

including 0.25 for Henicorhynchus lobatus and Helicophagus leptorhynchus.  Columns contain 

the identities of individuals, their source location (Pk = Pakse; At = Attapeu), and the relatedness 

estimates with 95% confidence intervals. 

Henicorhynchus lobatus 

  

  Individual 1 Individual 2 Group trioml r (95% CIs) 

 

Pk_Hlo018 Pk_Hlo040 Pk-Pk 

0.4580 (0.4067 - 

0.5135) 

     
Helicophagus leptorhynchus 

  

  Individual 1 Individual 2 Group trioml r (95% CIs) 

 

Pk_Hle210 Pk_Hle222 Pk-Pk 0.9296 (0.9047-0.9514) 

 

At_Hle314 At_Hle316 At-At 0.8495 (0.8061-0.8916) 

 

At_Hle276 At_Hle309 At-At 0.2568 (0.2212-0.2944) 

 

At_Hle299 At_Hle319 At-At 0.2532 (0.224-0.2918) 

 

At_Hle295 At_Hle298 At-At 0.2526 (0.2183-0.291) 

 

At_Hle274 At_Hle289 At-At 0.2111 (0.1752-0.2523) 
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Table 4. Estimates of effective population size (Ne) with 95% confidence intervals for 

Henicorhynchus lobatus and Helicophagus leptorhynchus. Below Khone Falls is composed of all 

locations except Pakse because it was genetically differentiated. Also included are analyses in 

which one individual from each sibling pair was removed, indicated by "w/o related pair(s)". 

Henicorhynchus lobatus 

 

  Population   Ne (95% CI) 

 

Lao PDR 

  

  

Attapeu 10687.8 (3087.3 - Infinite) 

  

Pakse 642.4 (558.7 - 755.2) 

  

  w/o related pair 2423.2 (1493.9 - 6369.4) 

 

Cambodia 

  

  

Stung Treng 13287.1 (3569.6 - Infinite) 

  

Kratie 432369.8 (4213.8 - Infinite) 

  

Siem Reap 37347.8 (3390.2 - Infinite) 

    

 

Below Khone Falls Infinite (25688.0 - Infinite) 

    
Helicophagus leptorhynchus 

 

  Population   Ne (95% CI) 

 

Lao PDR 

  

  

Attapeu 396.7 (382.3 - 412.3) 

  

  w/o related pairs 2551.3 (1995.9 - 3532.0) 

  

Pakse 331.9 (321.5 - 342.9) 

  

  w/o related pair 4251.7 (3023.8 - 7148.5) 
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