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The Smallscale Croaker, Boesemania microlepis, is a valuable fishery resource in the Mekong
River basin that lacks clear biological data to understand its basic ecology and conservation
management priorities. This species is common in the southernmost floodplain of the Mekong
which extends from Tonlé¢ Sap in Cambodia to the Mekong Delta in Vietnam. This floodplain is of
particular biodiversity conservation concern because of the many upstream dams that restrict water
flow in an ecology that relies heavily on a flood-pulse cycle. The literature regarding the biology B.
microlepis in this region contains conflicting ideas that populations are both highly localized and
exhibit extensive migratory behavior. We used restriction-site associated DNA to test the
hypothesis that localized populations exist in the southernmost floodplain of the Mekong basin. Our

data indicates high connectivity among eight sites sampled in this region supporting overall
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panmixia. Our results suggest a potential upstream source of propagules for this floodplain and the

need for further research to clarify mechanisms driving gene flow.
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BACKGROUND

The Mekong River Basin and its biota face many environmental and conservation
challenges (Hughes 2024), and these are amplified in its southernmost floodplain region. The
Lower Mekong Basin (LMB) includes the part of the Mekong River and its tributaries from
Myanmar south to Vietnam, and the largest continuous extent of floodplain in the LMB is from
Tonlé Sap to the Mekong Delta (Grill et al. 2014). This southernmost floodplain of Cambodia and
Vietnam supports one of the largest and most biodiverse inland fisheries globally, but it is
threatened by changing hydrological conditions imposed from dam construction and unsustainable
fishing pressure (Campbell and Barlow 2020; Chan et al. 2020; Vu et al. 2021; Baird and Hogan
2023; Chevalier et al. 2023). Dramatic cyclical flood-pulse water level changes in the LMB
floodplain are dampened by the restriction in water flow caused by upstream dams reducing the
nutrient availability that supports high productivity and the fisheries this sustains (Pokhrel et al.
2018; Chua et al. 2022; Dang et al. 2022).

Changes in water depth and nutrient availability due to hydrological disruptions, and
unsustainable fisheries can particularly impact large, high trophic level fishes such as the Smallscale
Croaker (Boesemania microlepis) in the LMB floodplain (Chan et al. 2020; Thapa et al. 2024). This
species is widespread in Southeast Asia, throughout most of the LMB, Chao Phraya river basin, and
in Sumatra island (west Malaysia and Indonesia), can reach up to 100 cm total length, and feeds
mostly on crustaceans, insects, gastropods, and small fishes (Rainboth 1996; Poulsen et al. 2004;
Baird 2021). It is important in fisheries in the LMB as a highly valued food fish and also prized for
its swimbladder (Baird 2001; Vann et al. 2005; Suvarnaraksha 2011). B. microlepis is regularly
present in catch lists, as well as indicator species for annual yields in important fishing grounds in

the LMB, such as Tonlé Sap (Ou 2012), Laos and Cambodia (Baird et al. 2004). While local
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ecological knowledge provides substantial information (Poulsen et al. 2004; Baird and Flaherty
2005), the population status of B. microlepis remains largely unknown (Baird 2021). Although still
common in parts of its reported range, B. microlepis is sensitive to pollution and overfishing,
leading to notable declines and local extirpations (Baird 2021), including declines of up to 45% in
the Mekong Delta (Mai et al. 2018).

Unlike many of the important food fishes in the LMB which are highly migratory such as
Mekong giant catfish (Pangasianodon gigas) (Mitamura et al. 2006) and Pangasius krempfi (Duong
et al. 2023), B. microlepis appears to mostly migrate short distances according to fisheries surveys
and local ecological knowledge (Baird 2001, 2021; Poulsen et al. 2004; Baird and Flaherty 2005). It
is thought to migrate during the late dry to early flood season upstream above the Khone Falls and
downstream below the Khone Falls and opposite directions in these segments during the late flood
to early dry seasons (Poulsen et al. 2004). These short migrations do not involve shoaling or
schooling behavior and may be for feeding habits rather than reproduction and may also be
influenced by lunar cycles (Poulsen and Valbo-Jergensen 1999). B. microlepis is also presumed to
migrate from the Tonlé Sap Lake to the Mekong River at the beginning of the dry season according
to fishery data (Baird et al. 2001). Probably because of its large size it is sometimes included among
the highly migratory “white fishes” within the Tonlé Sap and Mekong Delta region (Heng et al.
2018; Nguyen et al. 2022). Within the Tonlé Sap basin, it is known to move into shallow grassland
and marsh areas during the flood-pulse cycle (Lamberts and Koponen 2008). This species also
prefers deep pools, not only during the dry season but also to spawn at the height of the dry season,
and it resides permanently in deep pools in southern Laos and northeastern Cambodia (Poulsen et
al. 2004) where these deep pools are common (Halls et al. 2013). This relatively sedentary behavior
led to speculation that its population structure consists of many localized populations (Poulsen et al.
2004). Deep pools are also common in the Tonl¢ Sap, Hau and Tien rivers, and B. microlepis is
reported as common in the deep pools of the Vam Nao in the Delta (Vu et al. 2009). Peak spawning
occurs around May, and the larval duration of this species is reported to be 30 days (Sittajaruwat
1995). Currently, the only confirmed spawning locations of this species are seven locations above the
Khone Falls in Laos (Baird 2021), and migration or dispersal patterns from these areas remain
unknown.

Genetic data is increasingly used to understand the influence of migration or larval dispersal
within the confines of riverine topography on the population structure of fishes (Davis et al. 2017;
Shelley et al. 2022). This includes the use of Single Nucleotide Polymorphisms (SNPs) derived
from Restriction site-associated DNA sequencing (RAD-seq) to investigate population
differentiation and genetic diversity of Mekong fishes (Ackiss et al. 2019; Dang et al. 2019; Biesack
et al. 2020). Among RAD-seq techniques (GBS, ddRAD, 2bRAD (Peterson et al. 2012)), ezZRAD
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provides a strong combination of simplicity (ready-made kit), cost-effectiveness, and flexibility, as
an appealing choice for working with non-model organisms (Toonen et al. 2013).

Understanding the population structure of B. microlepis in the southernmost floodplain
region of the LMB is important for conservation management given the many threats to this species.
The Tonlé Sap river and the Mekong Delta contains many deep pools (Halls et al. 2013) ideal for B.
microlepis residency, and its river pathways are both highly dendritic and anastomosing with highly
variable river flow in different branches (MRC 2004). This, combined with the hypothesized
numerous isolated populations of this species (Poulsen et al. 2004), could require a complex
conservation management scheme to avoid local extirpations of unique gene pools. The purpose of
this study was to leverage genetic data to test the hypothesis that isolated populations exist in the

complex riverscape of the Tonlé Sap-Mekong Delta floodplain.

MATERIALS AND METHODS

Sampling sites and tissue collection

Boesemania microlepis were collected from markets located along local riversides or directly
from fishing boats docked at markets from the Bassac (Hau) and Mekong (Tien) Rivers in the
Vietnamese Mekong Delta (MD) between 2013 and 2016. Local markets supplied by small fishing
boats were targeted, and all vendors were interviewed to confirm that fish were caught locally. A
total of 187 individuals were sampled from Hau River (An Giang, Can Tho, and Soc Trang) and
Tien River (Dong Thap, Vinh Long, and Ben Tre-Tra Vinh) in the MD. An additional 19
individuals were sampled at a local fish landing in Tonl¢ Sap (Siem Reap, Cambodia) (Table 2, Fig.
1). Tissue samples were taken from fresh fish and preserved in 95% ethanol immediately after

sampling.
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Fig. 1. Sampling map of Boesemania microlepis in the Lower Mekong Basin. (A) Dam status on
Mekong River; (B) Zoon in “Khone Falls; (C) Sampling sites (red dots): An Giang (AG), Can Tho
(CT), Soc Trang (ST) at Bassac (Hau) river, Dong Thap (DT), Vinh Long (VL), Ben Tre - Tra Vinh

(BV) at Mekong (Tien) river, and Siem Reap (SR) at Tonlé Sap, Cambodia.

RAD library preparation

Genomic DNA was extracted from preserved tissue samples using the Qiagen DNeasy Blood
and Tissue kit (Hilden, Germany) following the manufacturer's instructions and treated with RNase
(100 mg/mL) to remove residual RNA. Extracted DNA was eluted off the filter in four separate
aliquots (100 pl elution/time) to aid in the removal of degraded DNA fragments prior to Restriction-
site Associated DNA (RAD) library preparation. All four elutions for each sample were inspected
by gel electrophoresis (1.5% agarose), and the elution that contained high-quality genomic DNA
with the least amount of smaller, degraded DNA fragments was selected. The concentration of this
selected elution for each sample was then measured using a Qubit® 2.0 Fluorometer with dsDNA
High Sensitivity Assay kit (Invitrogen, Thermo Fisher Scientific, Inc.).

Selected DNA (100 ng, > 3ng/ul) was used for EZRAD library preparation (Toonen et al.
2013; Dang et al. 2019). The library preparation process followed the same protocols detailed in
Dang et al. (2019), which included randomly fragmenting the genomic DNA with the
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isoschizomeric restriction enzymes Mbol and Sau3AI (New England Biolabs, USA), followed by
end-repair, fragment size selection, poly-A tailing, ligation of dual-indexed Illumina adapters, and
PCR amplification using the Illumina TruSeq Nano DNA Library Prep kit (Illumina, USA). The
libraries were then sent to the Genomics Core Laboratory (Texas A&M University, Corpus Christi,

USA) for paired-end sequencing on the Illumina HiSeq 2500/4000 system.

SNP discovery and filtering

Data processing, including sequence quality trimming, de novo reference assembly, mapping,
and variant calling, was performed using dDocent v2.24 (Puritz et al. 2014) following the protocols
outlined in Dang et al. (2019). Raw SNP calls were filtered with vcftools v0.1.11 (Danecek et al.
2011) and vcffilter in veflib v1.0.0 (Garrison et al. 2021). The SNP filtering process was carried out
in several steps. Initially, raw SNPs were filtered to retain only biallelic loci, followed by the
removal of insertion/deletion polymorphisms (INDELs). SNPs with a minimum quality score
(MinQ > 30) and a mean depth (mean 5 < DP < 10) were retained. A maximum missingness
threshold (Max-missing of 95%) was applied to include loci with genotype data present in at least
95% of individuals. Further filtering included the application of an allelic balance filter (AB < 0.3)
and a mapping quality filter (0.1 <MQM < 1.1), as well as the exclusion of SNPs based on paired-
end read consistency (PAIR < 0.05). A minor allele frequency threshold (MAF > 0.05) was applied
to ensure the inclusion of common variants. Subsequently, individuals with excessive missing data
were excluded. SNPs deviating from Hardy-Weinberg equilibrium (HWE, p < 0.001) were
removed, and loci were analyzed using the RAD haplotyper tool to eliminate possible paralogous
loci. To minimize linkage disequilibrium, one SNP per contig was retained. Finally, a
heterozygosity filter (Ho > 0.35) was applied to exclude individuals with excessively excess
heterozygosity, resulting in the final dataset used for analyses. The pipeline steps and script

descriptions are detailed in Supplementary Index 1.

Outlier loci detection and linkage-disequilibrium (LD) analysis

Outlier loci potentially under selection were identified using LOSITAN (Antao et al. 2008)
and BayeScan v2.1 (Foll and Gaggiotti 2008). LOSITAN was run using the infinite alleles mutation
model with parameter settings of ‘neutral’, 500,000 simulations, and a confidence interval of 0.95.
BayeScan was run with default parameters, and a false discovery rate (FDR) correction of 0.05.

Linkage disequilibrium (LD) was measured as the squared pairwise correlation coefficient

between loci (1%) calculated using the ‘LD’ function in the R package ‘genetics’ (Gregory et al.
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2019). Selected Outlier Clusters (SOC) and Compound Outlier Clusters (COC) were identified by
LD network analysis using the R package ‘LDna’ (Kemppainen et al. 2015), and an optimal value
of ¢ and |[Ejmin parameter and LD threshold was set up for SOC. LD networks were constructed
using the R package ‘igraph’ (Csardi and Nepusz 2006).

All loci putatively under selection or exhibiting linkage were removed from the dataset to
generate a panel of neutral, unlinked SNPs. A dataset of outlier SNPs identified by all two analyses

was also generated to examine samples for selection-associated differentiation.

Relatedness

High levels of relatedness can impact analyses of population structure. We performed
simulations using neutral loci dataset of identical twins, parent-offspring, full-siblings, half-siblings,
cousins, second cousins, and unrelated individuals (1,000 simulated dyads per category) to evaluate
the performance of seven relatedness estimators, and selected the best estimator using
COANCESTRY (Wang 2011). The results were visualized using ggplot2 in the tidyverse package
(Wickham et al. 2019) showing dyadic is best approach (Fig. S1). Based on the simulations, we
delineated upper and lower relatedness value ranges that were consistent with the relatedness
categories (identical twins, full-siblings, half-siblings, and unrelated). Any putatively related pairs

at the half-sibling level or higher were broken by removing one individual from analyses.

Population genetic analyses

Measures of genetic diversity were generated with the neutral SNP dataset, including numbers
of alleles (Na), effective numbers of alleles (Ng), expected (H.) and observed (H,) heterozygosity,
and inbreeding coefficients (Gis), were computed in GenoDive v3.04 (Meirmans and Van Tienderen
2004). Genetic differentiation (Fs7) between all pairs of B. microlepis populations was calculated
using ARLEQUIN v3.5 (Excoffier and Lischer 2010). A FDR correction was applied to all p-values
to mitigate the risk of false positives due to multiple comparisons (Benjamini and Hochberg 1995).
An analysis of molecular variance (AMOVA) testing for significant structure within and among
individuals and populations was carried out using ARLEQUIN v3.5 with 9,999 permutations.

To investigate population structure, we performed two clustering approaches with different
methodologies using both neutral and divergent SNP panels. First, the program Structure v2.3.4
(Pritchard et al. 2000) was used to identify distinct genetic clusters and assign individuals to
populations under the assumption of population admixture and correlated allele frequency. Runs

consisted of a burn-in period of 5,000 Markov Chain Monte Carlo iterations followed by an
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additional 50,000 steps for inferred clusters (K) 1 - 7, with 10 replicates each. Results were collated
in STRUCTURE HARVESTER (Earl and Vonholdt 2012), and the AKX statistic (Evanno et al.
2005) was used to determine the most likely number of clusters. Second, principal components
analysis (PCA) was run using the R package “adegenet” (Jombart and Ahmed 2011). These
analyses provide a graphic description of the allelic divergence among populations in multivariate
space.

Estimates of effective population size (N.) were generated with NeEstimator v2.1 (Do et al.
2014) using the bias-corrected linkage disequilibrium (LD) method with a minor allele frequency
cutoff of 0.05. Effective population size was calculated for the Hau (AG, CT, ST), and Tien (DT,
VL, BV) Rivers, the Mekong Delta populations combined, and for all sampled individuals

combined into a single population.

Migration patterns

We estimated the direction and magnitude of the gene flow among sampling sites using three
methods.

Firstly, gene flow between populations was estimated using Bayesian inference implemented
in MIGRATE-n v3.6.11 (Beerli and Felsenstein 2001). Sample sizes were reduced for each
population to obtain 250 loci genotyped in 100% of individuals used for the analysis. The run was
performed using 500,000 recorded genealogies sampled every 100 steps, preceded by a burn-in of
20,000. Four hot chains were used with temperatures: T1 = 1.0, T2=1.5, T3=3.0 and T4 =
1.0x10°. After optimization, the maximum mutation-scaled effective populations size (6) prior was
set at 0.1 while the maximum mutation-scaled migration (M) prior was set at 20,000. Ten
hypotheses of migration among populations were tested: (1) symmetric migration rates between all
sites (Panmixia Model), (2) non-symmetric migration rates between all sites (Full Model), (3)
migration between all sites within each of the rivers (Hau and Tien), but no migration between
rivers (Rivers Separate), (4) migration occurring only between neighboring, downstream sites and
between rivers (Downstream Open), (5) migration occurring only between neighboring,
downstream sites but no migration between rivers (Downstream Closed), (6) migration occurring
only between neighboring, upstream sites and between rivers (Upstream Open), (7) migration
occurring only between neighboring, upstream sites but no migration between rivers (Upstream
Closed), (8) migration occurring among all sites found in each river, however migration only occurs
from the Tien to Hau River sites (Tien Source), (9) migration occurring among all sites found in
each river, however migration only occurs from the Hau to Tien River sites (Hau Source), (10)

migration occurring among all sites, but no migration to Siem Reap. The most likely model was
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chosen using the Bezier approximation score produced by Migrate-n and migrants per generation
for the chosen model were calculated according to Beerli (2009).

Second, the relative migration levels and migration patterns were estimated based on neutral
SNPs using the divMigrate function (Sundqvist et al. 2016) in the R package “Diversity” (Keenan et
al. 2013). Gene flow patterns were visualized using network graphics produced using the R package
“qgraph” (Epskamp et al. 2012). All simulations of network graphics were run following the
instructions on GitHub (https://github.com/quangsang52sh/pyMigSim), with 10,000 repetitions
employing cosine distance calculations in a Python script. The best simulation from these
migrations was selected based on statistical analysis using the Ordinary Least Squares (p-value <
0.05) method.

Thirdly, TreeMix (Pickrell and Pritchard 2012) — an algorithm simultaneously infers a tree of
relationships and migration events — was applied to infer the split and admixture among sampling
sites. Based on the allele frequency data, an unrooted maximum likelihood population tree was
approximated. The stepwise likelihood method was subsequently used to examine the effect of
migration events (m = 0—7) on the residual covariance matrix. The significance of migration events
was tested using a jackknife approach. In order to determine the optimal number of migration
events (m-model), ad hoc statistic (Am value) (Fitak 2021) was estimated from the maximum

composite likelihood.

RESULTS

SNP filtering, outlier detection, and tests for linkage

A total of 206 ezZRAD libraries (across 7 sample sites: Siem Reap (SR), An Giang (AG), Can
Tho (CT), Soc Trang (ST), Dong Thap (DT), Vinh Long (VL), Ben Tre - Tra Vinh (BV)) of B.
microlepis were sequenced. After filtering, 113 individuals were successfully genotyped at 638
validated SNPs. Nine individuals exhibited excess heterozygosity (Ho > 0.35) and probable
contamination were dropped from the dataset. Information on number of SNPs and individuals
removed at each step of filtering and data analysis is presented in table S1 and table S2.

LOSITAN identified 47 putative outlier loci, 38 loci putatively under balancing selection and
9 loci putatively under divergent selection. BayeScan identified 12 SNPs as outliers (FDR < 0.05).
LD network presented 01 SOC including 47 loci (¢ = 5 and |[Ejmin = 0, Amin = 0.822) (Fig. S2). In

total, 97 loci were removed, and the panel of 541 remaining loci was assumed to be comprised of
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neutral, unlinked SNPs. A dataset of eight loci identified as divergent outliers by all three

approaches was used for additional analyses.

Relatedness

Relatedness analysis detected 3 pairs of putative full siblings and 2 pairs of putative half
siblings. One individual from each putative full sibling and half sibling were removed to obtain a

final dataset of 99 genotyped individuals used in population genetic analyses (Table 1).

Table 1. Related pairs identified by the Dyadml likelihood estimator with 95% confidence
intervals. The most likely relationship for each pair is also shown

Specimen Pairs Removed Dyadml (95% CI) Relationship
SR311-SR318 SR311 0.3971 (0.3012—-0.4963) Full sibling
ST309-ST327 ST309 0.335 (0.2414-0.4332) Full sibling
VL202-VL204 VL202 0.3311 (0.2313-0.4354) Full sibling
AG117-CT113 AGI117 0.1872 (0.0881-0.2835) Half sibling
ST307-ST310 ST307 0.1841 (0.0851-0.2469) Half sibling

Abbreviations: SR, Siem Reap; ST, Soc Trang; VL, Vinh Long; AG, An Giang; and CT, Can Tho

Population genetic analysis

Estimates of genetic diversity in B. microlepis are presented in table 2. The mean observed

and expected heterozygosity of the populations were 0.262 and 0.272, respectively. Observed

heterozygosity within sites ranged from 0.251 (DT) to 0.268 (ST) and expected heterozygosity from
0.258 (AG) to 0.288 (BV). The average number of alleles (Na) was 1.875; and effective number of

alleles (Ng) was 1.431. Inbreeding coefficients ranged from 0.008 (AG) to 0.089 (DT), with an
overall Gis for all individuals at 0.038.

Table 2. Boesemania microlepis sample site information and genetic diversity indices

Sampling sites

River location (population code) Geographic coordinates N Nse Na Ng Ho He Gis
Tonlé Sap - Cambodia Siem Reap (SR) 13°0'N 104°E 19 15 1904 1438 0266 0275  0.030
An Giang (AG) 10°28'N 105°12'E 30 12 1.865 1.421 0.253  0.258 0.008
H‘au Can Tho (CT) 10°02'N 105°45'E 38 15 1.898 1437 0265 0.276 0.033
Mekong River
Delta - Soc Trang (ST) 9°32'N 105°56'E 29 24 1.959 1437 0.268  0.276 0.027
Vietnam Dong Thap (DT) 10°35N 105°36E 29 6 1756 1417 0251 0273  0.089
Tien Vinh Long (VL) 10°06'N 106°01'E 26 15 1.867 1427 0258  0.267 0.034
River Ben Tre — 10°08'N 106°29'E
Tra Vinh (BV) 9°47'N 106°20'E 35 12 1.878 1438 0.266  0.288 0.070
Overall 206 99 1.875 1.431 0.262  0.272 0.038

Abbreviations: N, Number of samples collected; Nse, number of individuals successfully genotyped and relatedness removed used in
analyses; Na, number of alleles; Nk, effective number of alleles; Ho, observed heterozygosity; He, expected heterozygosity; and Gis,

inbreeding coefficient.

10
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Pairwise genetic differentiation (Fst) among sites ranged from < 0.001 to 0.003, with all
pairwise comparisons showing non-significance (p > 0.05) (Table 3). Hierarchical AMOVA results
(Table 4) showed the majority of the variation in B. microlepis was found among individuals within
populations (16%), and within individuals (84%), and highly significant in both cases (p = 0.001),

suggesting high connectivity among geographic defined populations.

Table 3. Pairwise genetic differentiation (below the diagonal) and respective p-values (above the
diagonal) between sampled sites in the Lower Mekong Basin using neutral SNP panels
Sample site codes are given in table 2

Population SR AG DT CT VL ST BV
SR -- 0.371 0.371 0.262 0.241 0.293 0.369
AG <0.001 - 0.418 0.410 0.400 0.310 0.418
DT <0.001 <0.001 - 0.393 0.347 0.371 0.392
CT 0.003 <0.001 <0.001 - 0.369 0.267 0.398
VL 0.003 <0.001 <0.001 <0.001 -- 0.284 0.393
ST 0.001 0.001 <0.001 0.002 0.002 - 0.312
BV <0.001 <0.001 <0.001 <0.001 <0.001 0.002 --

Table 4. Hierarchical analysis of molecular variance (AMOVA) in Boesemania microlepis using
the neutral SNP panels

- Degrees of Sum of Variant % of Fixation

Source of variation . . p value
freedom square components variation index

Among populations 6 571.415 0 0 Fsr=-0.001 0.621
Among individuals 92 9040.838 13.261 16 Fis=0.156  0.001
within populations
Within individuals 99 7103.000 71.747 84 Fir=0.155 0.001
Total 197 16715.253 85.009 100

Two population clustering methods using the neutral SNP panel of B. microlepis produced
concordant results indicating highly connectivity across the sampling locations. STRUCTURE
showed high admixture (Fig. S3) and PCA revealed no detectable allelic divergence among the
southernmost populations in the LMB (Mekong Delta — Tonlé Sap Lake) (Fig. 2A). When repeated
with the dataset of eight putative outlier loci, PCA showed a similar pattern to the neutral loci (Fig.
2B).

Estimates of effective population size (Ne) for proposed groups ranged from 1,732 (Tien
River) to 12,268 (Hau River) and 4,764 for all sites combined, indicating a relatively large
population of B. microlepis in the sampled region of the LMB (Table 5).

11
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Fig. 2. Principal Component Analysis (PCA) of B. microlepis population structure in the Lower
Mekong Basin using neutral SNP panels (A) and outlier loci dataset (B). Dots represent individuals
and colored by sampling sites (see Fig. 1 for site codes). Ellipses contain 95% of the variation.
Percentage of variance explained by each principal component is shown on the axes.

Table 5. Estimates of Boesemania microlepis effective population size (Ng) calculated from 541
neutral SNPs. Sample sizes (N) are presented in parentheses with the name of each analysis and
95% confidence intervals (CI) are presented in parentheses with estimates of Ne

Dataset (N) NEi (95% Cls)

Hau River (51) Infinite (1,875 - infinite)

Tien River (33) 4,876 (846 - infinite)

Mekong Delta (84) 14,928 (2,373 - infinite)

All sites (99) 17,741 (2,850 - infinite)
Migratory patterns

The results of MIGRATE-n analysis strongly supported the Panmixia model out of 10
hypothesized models we tested based on the highest Bezier approximation score (In =-60587.71),
in which migration was maintained among all sites with random mating between individuals (Table
6). Significant relative rate (a—b) from divMigrate (Fig. S4) was also supported the highly migratory
pattern between geographic defined populations. Using Treemix, two migration events were
supported based on Am value (Fig. S5). Both downstream migrations were observed from an

intermediate site between VL and SR toward CT and ST (Fig. 3).
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Table 6. Migrate-n results for ten models testing historical migration of Boesemania microlepis
between sites. Ranks were assigned using marginal log-likelihoods based on the Bezier
approximation score

Model # Model name Bezier In Rank
1 Full -62200.68 10
2 Panmixia -60587.71 1
3 River Separate -61148.70 2
4 Downstream Open -62895.64 9
5 Downstream Closed -61285.79 4
6 Upstream Open -61160.99 3
7 Upstream Closed -61691.55 5
8 Tien Source -61704.65 6
9 Hau Source -62396.69 8
10 Siem Reap Separate -61849.69 7
s AG

Migration weight

043
.
- 0.42

BVe 0.41
0.40
* 0.39
DT *
L]
ST e
L[]
«VL
« SR
L]
CT
0.00000 0.00025 0.00050 0.00075

Drift parameter

Fig. 3. Maximum likelihood tree of the genetic relationships among the Boesemania microlepis
populations with two migration events (m = 2) inferred from the TreeMix analysis. The graph
shows the topology and branch lengths according to the drift parameter. Migration arrows depict
potential gene flow events that increase the likelihood of the tree, color coded according to their
weight. Intermediate nodes are hypothetical ancestral populations that are inferred but were not
sampled. Abbreviations at nodes are sample sites as depicted in figure 1.

DISCUSSION

The hypothesis that there are many isolated populations of B. microlepis sheltering in the
numerous deep pools of the LMB (Poulsen et al. 2004; Baird 2021) is not supported by our data.
This is despite the observation that there are many deep pools in the southernmost floodplains of the
LMB including the Tonlé Sap River and in the Mekong Delta (Halls et al. 2013). The observed
panmixia in our data indicates that either adult migration or passive dispersal of larvae is taking

place within this population. However, after many years of observations on the biology of this
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species active adult migration in this species is limited to only short distances (Poulsen et al. 2004,
Baird 2021), making long range migration an unlikely explanation for the observed panmixia. This
aligns with findings of panmixia in Polynemus melanochir (Dang et al. 2019) and Anabas
testudineus (Pham and Duong 2014) within the Mekong Delta, suggesting high gene flow likely
facilitated by the delta's river/canal system.

Passive early life stage dispersal originating upstream from the region we sampled is an
alternative explanation for the observed panmixia since active widespread adult migration is not
considered likely. The reproductive biology of B. microlepis is largely unstudied except above the
Khone Falls where there are seven confirmed spawning areas (Baird et al. 2001). Passive dispersal
from reproductive sites above Khone Falls is feasible but it is also possible that the numerous deep
pools below Khone Falls and north of Kratie (Halls et al. 2013) could also serve as breeding
grounds for this species. The Treemix results (Fig. 3) support the notion that migration to both Siem
Reap and the Mekong Delta originates at some unsampled point between these two areas and a
potential explanation is that this unknown point is at the confluence of the Tonlé¢ Sap River and the
Mekong River. This confluence could receive dispersal propagules originating upstream that
ultimately flow into the Tonlé Sap during the wet season and into the Mekong Delta year-round.
Peak spawning for this species is reported in May (Poulsen and Valbo-Jergensen 1999) at the
beginning of the wet season when flow into Tonlé Sap from the Mekong tributaries. We suggest
that future studies expand our population genetic sample to points north of the Tonlé Sap-Mekong
rivers confluence. This would allow for a direct test of the hypothesis that panmixia in the
southernmost floodplains extends to the concentrated areas of deep pools in the Mekong River
between Kratie and Khone Falls (Halls et al. 2013).

The contribution of reported seasonal migrations (upstream during late flood to early dry
season, and downstream during late dry to early flood season, Poulsen et al. (2004)) to the observed
panmixia in the southern LMB remains unclear. While B. microlepis is generally considered to
exhibit limited, localized feeding movements (Poulsen and Valbo-Jergensen 1999), existing
reproductive biology data originates from studies above the Khone Falls (Baird et al. 2001; Baird
2021), potentially not representative of the southern floodplains. Our knowledge of migration in B.
microlepis depends mostly on local ecological knowledge — LEK (Poulsen et al. 2004; Baird and
Flaherty 2005) and fragmentary fishery landing data. Although LEK data is abundant in the
Mekong and considered reasonably reliable (Valbo-Jergensen and Poulsen 2000; Baird 2007;
Silvano and Valbo-Jergensen 2008), it is possible that B. microlepis may rely on deep channels or
parts of the river that are not easily observed and are capable of evading fishing methods used by
local fishermen during potential migrations, especially in the southernmost floodplain region.

Landings by local fishermen are a prominent source of LEK data. In addition, juveniles of this
14
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species have been observed aggregating near shore in some areas (Baird et al. 2001) and movement
of juveniles enhanced by river flow may also facilitate mixing of individuals from different areas.
Additional sampling of this species throughout Laos and Cambodia for genetic analyses may help
elucidate the extent of panmixia within the LMB. Tagging and reproductive biology data may also
help to understand the limits of migration in this species. These additional data may be particularly
useful in the Tonlé Sap and Mekong Delta floodplain where these species have been reported as
being highly migratory based on limited data (Heng et al. 2018; Nguyen et al. 2022).

In addition to increased spatial sampling and corroborating migratory studies, our dataset
could be improved by more comprehensive genome-sampling to increase the relatively small
number of loci in our study. The number of neutral loci sampled in our study (541) should be able
to detect discrete differences among populations that have been reproductively isolated for many
generations (Morin et al. 2009), but they may be insufficient to detect evolutionarily recent patterns
of population structure or populations experiencing higher levels of gene flow, both of which may
be relevant in this species. For example, studies examining a post-Pleistocene radiation of
salmonids in the Laurentian Great Lakes were first able to detect clear differentiation among species
with RAD-seq panels comprised of ~30,000 SNPs where for decades mitochondrial and
microsatellite loci could not (Ackiss et al. 2020; Lachance et al. 2021). While the hundreds of SNPs
genotyped here is larger than a typical microsatellite panel comprised of tens of loci, simulations
have shown SNP panels up to 10,000 loci are unable to fully resolve populations at shorter
divergence times, particularly when there was a high proportion (~20%) of low minor allele
frequency SNPs (Haasl and Payseur 2011). Future research on B. microlepis that samples a larger
portion of the genome could confirm if the patterns we found in our study are true representations
of gene flow in this species or an artifact of the number of loci genotyped.

The conservation and management implications of our findings are complex. Our rejection
of the hypothesis that numerous isolated populations may exist for this species (Poulsen et al. 2004)
in the southernmost floodplains of the LMB simplifies the management strategy. Conservation of
many discrete populations would require more complicated management schemes to ensure that
unique gene pools are not threatened. In addition, our data indicates that the panmictic population in
these floodplains has healthy levels of genetic diversity, and effective population sizes appear to be
large at present (Tables 2 and 5). It is notable, however, potential consequence of population
isolation, driven by anthropogenic pressures including dam construction, intensive agriculture,
urbanization, and climate change impacts like sea level rise and altered river flow regimes, is the
increased likelihood of encountering full and half siblings. This suggests that recruitment is
occurring from increasingly restricted gene pools, leading to higher levels of inbreeding. This

reinforces the necessity of proactive conservation measures for reproductive sources (e.g., Ozerov
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et al. 2015; Cossu et al. 2021). If long range migration of adults around the southernmost floodplain
does occur and is the cause of panmixia despite what is reported about their migratory habits, then
the stock could be managed in its entirety. However, if recruitment within the southernmost
floodplain depends on successful recruitment of larvae or juveniles from upstream reproductive
events then this southernmost region could be considered a population sink, and management of
upstream populations would be most important. In this instance, additional measures may be needed
to ensure that flow of water in the Mekong River is not impeded as this flow facilitates recruitment
to the southernmost floodplains. This precautionary note is particularly relevant since many recent
studies warn of increasing consequences of continuing damming of the Mekong River and the LMB
(Campbell and Barlow 2020; Chan et al. 2020; Vu et al. 2021; Baird and Hogan 2023; Chevalier et
al. 2023).

Although valuable new population information has been gained for B. microlepis,
particularly in the LMB, additional population and reproductive biology studies are still needed.
Despite the wealth of LEK data available for this species, it appears as if our understanding of the
population biology of B. microlepis remains somewhat disjunction between the regions of its range
that have been more thoroughly studied. This has impacted extinction risk assessments for this
species as well as a previous assessment considered it Near Threatened but a more recent
assessment pronounced it Data Deficient (Baird 2021). The Smallscale Croaker is a valued fishery
resource in the LMB, and support should be allocated to address the population and reproductive

biology questions that remain.
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Supplementary materials

Fig. S1. Coancestry simulation analysis showing stimulated relatedness values following the

redefined relatedness categories (A) and difference in averages between the estimators (B).

(download)

Fig. S2. Graphical representation of selection test results for Boesemania microlepis. (A) Values
are plotted against expected heterozygosity (H.) in Lositan with different colors showing balancing,
neutral, or positive patterns of selection (yellow, gray, and red, respectively); (B) Fst values are
plotted against the log 10 of posterior odds (PO) for all loci in BayeScan, where values of log 10 PO
> 1.25 indicate the threshold value for identifying loci under selection; (C) All A values in
increasing order with values above Amin corresponding to outlier clusters in LD analysis, parameter

values for ¢ and |[Ejmin are shown above plots. (download)

Fig. S3. STRUCTURE results from different K values (K=1-7, presented here K=2, 4 and 6) across
the 7 sampling locations in the Lower Mekong Basin using neutral SNP panels. Bar plots showing
membership probabilities of lineage membership of individuals to assigned genetic clusters.

(download)

Fig. S4. Directional relative migration calculated by the divMigrate function (left), and the
illustration of the significant directional asymmetric migration (right) for neutral SNP panels.

Arrows indicate the direction of gene flow, and numbers show relative migration coefficient.

(download)

Fig. S5. The output with m = 2 migration edges based on the second-order rate of change (Am)

across values of m. (download)

Table S1. Numbers of Boesemania microlepis individuals and SNPs following the filtering steps.

(download)

Table S2. Number of individuals of Boesemania microlepis per population retained at each

processing and analysis step. (download)
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