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Abstract
Genomic information can aid in the establishment of sustainable management plans 
for commercially exploited marine fishes, aiding in the long-term conservation of 
these resources. The southern African hakes (Merluccius capensis and M. paradoxus) are 
commercially valuable demersal fishes with similar distribution ranges but exhibiting 
contrasting life histories. Using a comparative framework based on Pool-Seq genome-
wide SNP data, we investigated whether the evolutionary processes that shaped ex-
tant patterns of diversity and divergence are shared among these two congeneric 
fishes, or unique to each one. Our findings revealed that M. capensis and M. paradoxus 
show similar levels of genome-wide diversity, despite different census sizes and life-
history features. In addition, M. capensis shows three highly structured geographic 
populations across the Benguela Current region (one in the northern Benguela and 
two in the southern Benguela), with no consistent genome–environment associations 
detected. In contrast, although population structure and outlier analyses suggested 
panmixia for M. paradoxus, reconstruction of its demographic history suggested the 
presence of an Atlantic–Indian Ocean subtle substructuring pattern. Therefore, it ap-
pears that M. paradoxus might be composed by two highly connected populations, one 
in the Atlantic and one in the southwest Indian Ocean. The reported similar low levels 
of genomic diversity, as well as newly discovered genetically distinct populations in 
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1  |  INTRODUC TION

The conservation of marine biodiversity requires the sustainable 
management of fishery resources, as the majority of the world's 
stocks are currently over- or fully exploited (FAO, 2022). This, in turn, 
strongly relies on accurate knowledge of biological and demographic 
features, including population substructuring patterns, of targeted 
species. Molecular data can assist conservation and management 
actions, by providing vital information on evolutionary potential, ge-
netic connectivity patterns and effective population sizes (Nielsen 
et al., 2023). In the last decade, novel sequencing approaches, such 
as genotype-by-sequencing (GBS), have been successfully used to 
inform fisheries management (Beacham et al.,  2018; Clucas, Kerr, 
et al., 2019; Clucas, Lou, et al., 2019; Dahle et al., 2018; Hemmer-
Hansen et al., 2019), as they can reveal subtle levels of population 
substructuring in otherwise high-gene flow species (reviewed in 
Gagnaire,  2020), while also allowing to detect local adaptation 
and selective pressures (Clucas, Kerr, et al.,  2019; Clucas, Lou, 
et al., 2019; Diopere et al., 2018; Hoey & Pinsky, 2018; Lamichhaney 
et al., 2012; Nielsen et al., 2018; Riquet et al., 2019). For example, 
the use of genome-wide single-nucleotide polymorphisms (SNPs) 
has uncovered previously unrecognized patterns of population sub-
structuring in commercially important species such as the American 
lobster (Homarus americanus; Benestan et al.,  2015), Atlantic cod 
(Gadus morhua; Dahle et al.,  2018), lesser sandeel (Ammodytes 
marinus; Jimenez-Mena et al., 2020), kingklip (Genypterus capensis; 
Schulze et al.,  2020) or the European hake (Merluccius merluccius; 
Milano et al., 2014). Marine species are generally characterized by 
large effective population sizes and high levels of gene flow, which 
tend to minimize the effects of genetic drift and, subsequently, lev-
els of population differentiation (Waples & Gaggiotti, 2006). Natural 
selection, via local adaptation, can thus counteract the effects of 
gene flow and lead to cryptic population substructuring patterns in 
marine species (Gagnaire et al., 2015). The management of fishery 
resources as one single population (or stock) when it is composed 
by multiple populations, with independent demographic and evolu-
tionary histories, may lead to the depletion of the most vulnerable 
populations (Ovenden et al., 2015), and the loss of marine biodiver-
sity. Therefore, the distinction between neutral markers (affected 
mainly by genetic drift and gene flow) and putatively adaptive mark-
ers (affected by natural selection) can provide valuable insights for 
the establishment of conservation and fishing practices that take 
into account the evolutionary dynamics of populations, an under-
standing crucial for the continued sustainable management of these 

resources (Gagnaire et al., 2015). In fact, several empirical studies 
for marine species show that including neutral and outlier informa-
tion can greatly enhance conservation and management outcomes 
(Nielsen et al., 2023; Schulze et al., 2020; Therkildsen et al., 2013).

The southern African hakes (Merluccius capensis and M. para-
doxus) are the most commercially important fishery species in the 
Benguela Current region, in the south-eastern Atlantic (DFFE, 2020), 
with total capture weight reported as 265,172 tonnes for both spe-
cies for 2020, a much higher volume than total capture weight for the 
European hake (M. merluccius) throughout Europe (98,238 tonnes) 
for the same year (https://www.fao.org/fishe​ry/stati​stics​-query/​en/
captu​re/captu​re_quantity). Both species are distributed throughout 
southern Africa, from northern Namibia to eastern South Africa 
(Jansen et al., 2015), and show similar external morphology; how-
ever, they exhibit key differences in their depth distribution, pop-
ulation structuring and migration patterns (Durholtz et al.,  2015; 
Kathena et al.,  2016; Strømme et al.,  2016). Merluccius capensis 
inhabits waters ranging from 30 to 500 m depth, whereas M. para-
doxus occurs preferentially in waters of 110–1000 m depth (Durholtz 
et al., 2015), and despite this overlap, as adults they occupy different 
niches, with adults M. capensis overlapping in depth with juveniles 
M. paradoxus (Durholtz et al., 2015; Kathena et al., 2016; Strømme 
et al., 2016). The southern African hakes appear to have diverged 
between 3 and 4.2 million years ago, and likely expanded into the 
region in two separate events (Campo et al., 2007).

Historically, high catch levels combined with data-deficient fish-
ery management policies contributed towards severe population 
declines of both species during the 20th century (DFFE, 2020). The 
first genetic data to support management decisions were drawn 
from allozymes and mitochondrial DNA (mtDNA), confirming the 
presence of the two species in the region, as well as the possibility 
of species-specific population substructuring (Grant et al., 1988; von 
der Heyden et al., 2007). More recent work using microsatellite data 
supported the presence of two populations (northern and southern 
Benguela) of M. capensis (Henriques et al., 2016; Kapula et al., 2022) 
and revealed a panmictic population of M. paradoxus (Henriques 
et al.,  2016) across the region. At present, management practices 
are country specific (Namibia vs. South Africa) and species-specific 
within South Africa, with both species showing signs of recovery and 
an increase in spawning biomass in South Africa (DFFE, 2020).

Based on a neutral data set, Henriques et al.  (2016) sug-
gested that the reported differences in population substructuring 
and genetic diversity levels in the southern African hakes were 
likely due to species-specific responses to contemporary neutral 

both hake species can thus assist in informing and improving conservation and man-
agement plans for the commercially important southern African Merluccius.
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microevolutionary processes (drift and gene flow), coupled with 
different historical exploitation patterns. However, the reported 
asymmetrical migration patterns between the two M. capensis popu-
lations, confirmed by Kapula et al. (2022), appeared to be associated 
with environmental differences across the Benguela Current sys-
tem, as the northern Benguela subsystem is characterized by colder 
sea surface temperatures (SST), and frequent low oxygen water 
events (LOW), when compared to the southern Benguela subsys-
tem (Hutchings et al., 2009). Similarly, Mbatha et al. (2019) revealed 
that the distribution of juvenile M. paradoxus is affected by dissolved 
oxygen and temperature. These findings thus suggest that local ad-
aptation might also be an important evolutionary mechanism shap-
ing the evolutionary history of the southern African hakes. The data 
previously collected, however, cannot provide insights into the inter-
play among environment, microevolutionary mechanisms and life-
history features in these two economically valuable marine fishes. 
Therefore, the southern African hakes represent a good example of 
commercially exploited fishes for which molecular tools have had 
potentially important management outcomes, but for which new 
high-throughput data have the potential to translate molecular in-
sights into more accurate fisheries outcomes that take into consid-
eration the effects of local adaptation.

Given the previous findings on diversity and differentiation for 
the southern African hakes and their life-history features, as well as 
the environmental differences across the Benguela Current region, 
we hypothesize that genome-wide markers will allow us to identify 
cryptic population substructuring in these species due to adapta-
tion to local environmental conditions. In this context, we used a 
population-based approach (Pool-Seq) to generate genome-wide 
SNPs for the southern African hakes to assess the mechanisms in-
volved in shaping the evolution of these two species. In particular, 
we were interested in understanding if: (1) extant patterns of diver-
sity and divergence are unique to each species; (2) contemporary 
genomic patterns are influenced by selection, genetic drift and/or 
gene flow; (3) both species show similar demographic histories; and 
(4) whether identified outlier SNPs are associated with specific en-
vironmental features. Our results showed the presence of cryptic 
populations in both species, as well as outlier loci, although no sig-
nificant associations were observed between loci and environmen-
tal conditions. These findings provide further support to the need 
of incorporating genomic data for conservation of species (Hunter 
et al., 2018), and in particular for the management of commercially 
important marine fishes, to avoid further biodiversity loss.

2  |  MATERIAL S AND METHODS

2.1  |  Sampling and Pool-Seq sequencing

Samples used in this study were collected in 2012 for the study of 
Henriques et al.  (2016), from fisheries surveys by the Department 
of Forestry, Fisheries and Environment (DFFE – South Africa) and 
the Ministry of Fisheries (Namibia), and ethical clearance for data 

usage was obtained from the University of Pretoria (NAS217/2021). 
The sampling design mimicked the main oceanographic features of 
the Benguela Current system, with samples collected from north 
and south of the perennial upwelling cell, as well as past Cape Point 
towards the east in South Africa (Figure 1a). For M. capensis, sam-
ples were obtained from northern Namibia to the southern West 
Coast of South Africa, as previous findings reported a single popula-
tion break across the Orange River. For M. paradoxus, sampling took 
place from northern Namibia to south-western South Africa, as von 
der Heyden et al.  (2007) reported a putative genetic break across 
Cape Point in South Africa, which was not detected by Henriques 
et al. (2016). A reduced representation, pooled sequencing approach 
was employed (ezRAD Pool-Seq—Toonen et al., 2013) to generate 
SNPs, as this methodology is a cost-effective way to accurately ob-
tain population-based allele frequencies (Dorant et al., 2019).

Muscle tissue was sampled from 20 to 40 individuals for each 
pool per species, and their DNA was pooled based on average lat-
itude and depth of the sampling sites, as well as the genotypes of 
M. capensis individuals obtained from microsatellite data (Henriques 
et al., 2016), meaning that for this species, northern and southern 
Benguela pools contained individuals with either a northern or 
southern genotype. Four M. capensis pools were obtained: northern 
Namibia (CNN), central Namibia (CCN), northern South African west 
coast (CWC) and southern South African west coast (CWC2). The 
five M. paradoxus pools included northern Namibia (PNN), central 
Namibia (PCN), northern South Africa west coast (PWC), southern 
South African west coast (PWC2) and South African southwest 
coast (PSW). DNA was extracted using the chlorophorm:isoamyl al-
cohol method of Winnepenninckx et al. (1993) and quantified using 
a broad-range QUBIT assay (Invitrogen) at the Central Analytical 
Facilities of Stellenbosch University. DNA samples were pooled in 
equal concentrations and sent for paired-end sequencing at the 
Hawai'i Institute of Marine Biology (HIIMB), following the proto-
col of Knapp et al.  (2016). This method employs a high-frequency 
restriction enzyme (DpnII—5′ GATC 3′) to shear DNA and uses the 
Kapa Hyper Prep kit for library preparation. Sequencing was con-
ducted on an Illumina MiSeq platform for 600 cycles, generating 
paired-end reads of 300 bp.

2.2  |  Bioinformatic pipeline

Raw reads were received in fastq format and checked for quality 
in FASTQC (Andrews,  2010). Three trimming and quality checks 
were done sequentially to improve read quality in TrimGalore! 
0.6.5, namely, reads with a low Phred quality score (Q < 25), shorter 
than 50 base pairs (bp) and containing uncalled bases (‘N’) were re-
moved from the data sets. A final trimming of 5 bp from both 5′ and 
3′ ends of all reads was performed to improve per base sequence 
content. The cleaned and trimmed reads were merged using FLASH 
1.2.11 (Magoč & Salzberg,  2011) with default parameters, as this 
significantly improves read alignment to reference genomes (Li & 
Durbin, 2009).
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To create a nuclear DNA (nDNA) data set for further down-
stream analyses, mitochondrial reads were identified and re-
moved. As there are no available mitochondrial genomes for 
either of the study species, the cleaned reads were mapped to the 
mitochondrial genome of the European hake M. merluccius (acces-
sion number FR751402), using BWA-MEM 0.7.17 alignment pro-
gram with default parameters (Li, 2013; Li & Durbin, 2009). The 
resulting SAM files were used to extract reads that mapped to the 
reference mitogenome in samtools 1.9 (Li et al., 2009; Li, 2021), 
using the ‘filterbyname’ script in BBmap (Barnett et al., 2011). The 
nDNA-only data sets were mapped to the available reference ge-
nome of M. capensis (accession number GCA_900312945.1, total 
size 414.3 Mb) in BWA-MEM, with resulting SAM files sorted, in-
dexed, merged (combined and non-combined FLASH reads) and 
converted into BAM files. In order to decrease the possibility of 
secondary alignments (i.e. where reads map to more than one 
location in the reference), the BAM files were filtered further, 
retaining only reads with mapping quality (MAPQ) ≥ 20, and sub-
sampled all bam files in samtools 1.9 (Li et al., 2009; Li, 2021) to 

the minimum number of reads across pools to ensure equal repre-
sentation of each pool in downstream analyses.

SNP calling was first performed in samtools 0.1.18, generat-
ing an mpilup file per species, which was then converted to sync 
files using the ‘mpileup2sync.py’ script from PoPoolation (Kofler, 
Orozco-terWengel, et al., 2011). Pooling and sequencing error bi-
ases are accounted for when using PoPoolation as it is designed 
specifically for Pool-seq data. Further SNP filtering was done 
using the ‘snp-frequency-diff.pl’ script from PoPoolation2 (Kofler, 
Pandey, & Schlötterer, 2011), and SNPs were retained if they had 
a minimum allele count of 3, minimum coverage of 20 reads and 
a maximum coverage of 300 reads, to minimize the possibility 
of called SNPs resulting from sequencing errors as well as over-
merging, that is, collapsing reads of different RAD-loci into a single 
RAD-locus. This approach ensured that for a SNP to be called, all 
pools had to have at least three reads in that region. Therefore, 
if a SNP had an allele frequency of zero in any particular pool, it 
would result from that pool having the reference allele and not 
from missing data. Further filtering was conducted using custom 

F I G U R E  1  (a) Sampling strategy for Merluccius capensis (C) and Merluccius paradoxus (P) across the Benguela region: NN—northern 
Namibia, CN—central Namibia, CWC—north West Coast South Africa, WC2—south West Coast south Africa; SW—Southwest Coast 
South Africa. (b) The variation and densities of Tajima's D, nucleotide diversity (π) and Watterson's estimator (θ) calculated in a 500 bp 
window, across each pool for M. capensis (1271 SNPs) and M. paradoxus (3494 SNPs), with mean represented by the black bar, and variance 
represented by the width of the violin plot.
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scripts (Data S1) to retain only biallelic SNPs and SNPs between 
populations for M. paradoxus, to avoid capturing SNPs against the 
M. capensis reference in this data set. Given the type of data and 
the aim to understand if natural selection may play a role in shap-
ing the evolutionary history of these two species, the data were 
not filtered for linkage disequilibrium.

2.3  |  Estimates of genomic diversity and 
population differentiation

To characterize genome-wide levels of diversity for each pool and 
species, several metrics were calculated (Table S1). First, the minor 
allele frequencies were obtained from the sync files using a custom-
built command (Data S1), to obtain the number of total and private 
SNPs (as a measure of uniqueness) per pool and species, in R Core 
Team (2021). Second, nucleotide diversity (π), Watterson's theta 
estimator (θ) and Tajima's D were calculated for each species and 
each pool in PoPoolation (Kofler, Orozco-terWengel, et al.,  2011). 
These metrics were calculated in 500 bp windows, as recom-
mended by Kofler, Orozco-terWengel, et al.  (2011) for pools with 
low-sequencing coverage (<50×), with a minimum read count of 2, 
minimum coverage of 20 reads, maximum coverage of 300 reads, 
minimum percentage of sites having sufficient coverage in the given 
window of 60% and a minimum mapping quality of 20, using the 
‘Variance-sliding.pl’ script of Popoolation, per pool and species, 
and their average calculated for intervals where SNPs were present 
(number of SNPs different from zero and metric different from zero, 
to avoid calculating diversity for SNPs that might be fixed against 
the reference). The pool size was specified as the median number 
of gene copies (Table S2). In order to understand if obtained metrics 
of diversity were significantly different between species, a Mann–
Whitney–Wilcoxon test was performed in R Core Team (2021).

To assess patterns of population substructuring in the two spe-
cies, principal component analyses (PCA) were performed based on 
the exact allele counts generated by PoPoolation2 (Kofler, Pandey, 
& Schlötterer, 2011), using the packages ‘dplyr’, ‘ade4’, ‘FactoMineR’, 
‘factoextra’, ‘gridExtra’ and ‘utils’ in R (Auguie,  2017; Kassambara 
& Mundt,  2021; Lê et al.,  2008; R Core Team,  2021; Thioulouse 
et al., 2018; Wickham et al., 2021). Preliminary PCAs for M. para-
doxus, and to a lesser extent M. capensis, revealed a clustering pattern 
which coincided with the grouping of pools for sequencing, that is, a 
batch effect. Batch effects are variation patterns observed between 
subgrouped data due to technical variables, and can drastically influ-
ence the conclusions drawn from a study (Leek et al., 2010; Lou & 
Therkildsen, 2021). They can occur at three different stages: during 
DNA extraction, library preparation and sequencing. Sequencing 
batch effects are likely due to differences in sequencing chemistry, 
read type, sequencing run, read length, DNA degradation level and 
sequencing depth (Lou & Therkildsen, 2021). During the DNA ex-
traction and pooling step, DNA extraction protocols were standard-
ized, pooling samples with similar DNA concentrations and qualities 
across pools, in order to minimize variability. Although it is not 

possible to discard the possibility that problems arose during library 
preparation, the same protocol has been used for different studies 
on different taxa by our group (Nielsen et al., 2018, 2020; Schulze 
et al., 2020) without similar effects being observed. The most likely 
explanation might be linked with differences in DNA degradation 
and/or sequencing chemistry across pools, as the observed effect 
accurately mimicked the order in which the samples were sequenced 
particularly for M. paradoxus. Lou and Therkildsen (2021) noticed a 
similar effect when comparing low coverage whole genome data 
from different studies, and suggested developing batch effect re-
sistant bioinformatic pipelines, particularly during the SNP calling 
phase. In this study, to assess the possibility of a batch effect, the 
contribution of each SNP to the differentiation along the PC 1 was 
computed from the PCAs using the entire data sets and extracted 
into a data frame. The top 1%, 5%, 10% and 15% of SNPs causing 
the differentiation observed in the individual PCAs were identified. 
These four sets of SNPs were sequentially removed from the original 
data sets to evaluate their impact in the population substructuring 
patterns identified. Results indicated that the top 5% for M. capensis 
and the top 10% M. paradoxus contributing SNPs should be removed 
to adequately eliminate the observed batch effect (Data S3), while 
still retaining enough information for population-based inference, 
and this was completed using the R package ‘dplyr’. The filtered data 
sets were then used in all downstream analyses and are hereafter 
named the final data sets.

Overall and pairwise FST were calculated for each species using 
the R package ‘Poolfstat’ (Hivert et al., 2018). The filtered sync files 
were converted to a ‘pooldata’ object using ‘popsync2pooldata’, with 
additional filtering steps including exact pool size (haploid number of 
individuals per pool), and a minimum minor allele frequency (MAF) 
of 1%. Overall FST was calculated using the command ‘computeFST’, 
while pairwise FST were calculated using the ‘compute.pairwiseFST’ 
command, specifying ANOVA as method for the analysis of variance 
and with a block-jackknife of 2 SNPs per block, given the number 
of contigs present in the reference genome (Hivert et al.,  2018). 
In order to understand if using different number of individuals per 
pools would significantly impact our estimates of divergence, FST 
was estimated for (i) original number of individuals per pool; (ii) min-
imum number of individuals per pool (20 for M. capensis and 35 for 
M. paradoxus); and (iii) using the median number of individuals per 
pool (35 for both species). Statistical significance among pairwise 
estimates for each scenario was determined using a Kruskal–Wallis 
test in R.

Finally, to assess genome-wide patterns of FST for each of the 
Southern African hakes, the sliding FST values were calculated using 
‘fst-sliding.pl’ in PoPoolation2 (Kofler, Pandey, & Schlötterer, 2011). 
FST was calculated per SNP only for variable SNPs, with the same 
parameters as before. Visualization of the genome-wide distribution 
of SNP-specific pairwise FST was done using a scatterplot in the R 
package ‘ggplot2’ (Wickham, 2016) for only the most genetically (M. 
capensis) or geographically (M. paradoxus) distant pools of each spe-
cies as previously identified (i.e. CNN vs. CWC2 and PNN vs. PSW2, 
as per Figure 1).
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2.4  |  Demographic history

Reconstruction of demographic history for the southern African 
hakes was performed based on two simple models, a single panmictic 
population (PAN) or derived from two structured populations con-
nected by gene flow (IM), using the demographic modelling approach 
implemented in moments (Jouganous et al., 2017). This software uses 
a likelihood approximation approach to infer the demographic history 
between two sets of individuals from the joint site frequency spec-
trum (jSFS). This statistic only requires the allele counts sampled in a 
given location and does not use individual-based information, making 
it perfectly suited for Pool-Seq data. In the absence of an outgroup 
like in this case, the jSFS is computed in its folded version using only 
the allelic count obtained from the overall MAF. To bypass the ef-
fect of variable depth of sequencing across SNPs within and across all 
pools, allele counts were standardized as if 20 chromosomes were se-
quenced (~10 diploid individuals) prior to computing the jSFS, based 
on allele counts generated in Poolfstat as above, without enforcing a 
minor allele frequency. Then, the ability of the two models to repro-
duce the observed jSFS was compared: A situation where an ances-
tral population went through changes in population size sometime in 
the past without any population split (PAN model), and a classic island 
model with one ancestral population split in two derived populations, 
which have then diverged for a certain period of time (IM model; 
Figure S1). The two models were then adjusted to the data using the 
parameter optimization procedure initially developed by Portick et al. 
(2017) for dadi and adapted to moments in Momigliano et al. (2021) 
and Le Moan et al. (2021). This routine uses a four-step optimization 
procedure to infer the best parameters of each model. Each of the op-
timization steps was replicated 20, 20, 40 and 40 times, respectively, 
and the optimization routine was run 20 times for each model to con-
trol for convergence. The 10 best runs were kept for each model, and 
the best model was then selected based on the Akaike information 
criterion (AIC). A stringent threshold of four points of AIC differences 
with the best model (ΔAIC) was used to assess the significance of 
a model. For each species, the model comparison was run between 
each possible pair of pools, for a total of six and 10 pairwise compari-
son in M. capensis and M. paradoxus, respectively.

2.5  |  Environmental association analyses

Assessment of possible local adaptation and association of observed 
population substructuring patterns with environmental features 
were performed employing an environmental association analysis 
(EAA) in BayPass 2.31, which is specifically designed for Pool-Seq 
data (Gautier, 2015). Environmental data were obtained from Bio-
Oracle (Assis et al.,  2017), using the R packages ‘sdmpredictors’ 
(Bosch et al., 2022) and ‘leaflet’ (Cheng et al., 2021). Given the previ-
ous findings of Henriques et al. (2016), the environmental layers in-
cluded: mean chlorophyll a concentration (mg/m3); current velocity 
(mean at mean depth; m/s); mean dissolved oxygen concentration at 
mean depth (mmol/m3), mean sea water temperature (SST) at mean 
depth (°C); mean primary production at mean depth (g/m3/day); 

maximum sea water salinity at mean depth (PSS); mean sea surface 
temperature (°C); and average depth of the seafloor (m). Collinearity 
between environmental variables was assessed using the ‘dudi.pca’ 
function and the ‘usdm’ R package (Naimi et al., 2014; Thioulouse 
et al., 2018), and variables that were found to be collinear were re-
moved, based on PCA correlation circles, a variance inflation factor 
(VIF) > 10 and a Pearson correlation >0.7.

The ‘pooldata’ objects generated in the section above were then 
used to generate ‘genobaypass’ files in Poolfstat for BayPass 2.31. 
These were run through the standard covariate model of BayPass which 
allows to assess the extent that a population covariable (environmen-
tal variable, in this case) is associated with each SNP (Gautier, 2015), 
and the recommended model for studies with low number of samples 
(Gautier, personal comm.). Five independent runs were conducted per 
species, using the ‘scalecov’ option, to scale each covariable in the en-
vironmental database. Given the small number of pools and SNPs, the 
medians of resulting metrics were calculated for the five runs (Gautier, 
personal comm.). Detection of outliers in BayPass 2.31 were based 
in two different approaches: First, based on the XtX values, a metric 
analogous to FST corrected for the scaled covariance of allele frequen-
cies of the populations; second, based on environmental associations. 
In the first approach, a pseudo-observed (POD) data set was created 
to estimate the posterior predictive distribution of the XtX values. In 
this case, outlier SNPs were selected if they fell within the 99% quan-
tile of the POD XtX distribution (Gautier, 2015; Nielsen et al., 2020). In 
the second approach, environmental associated SNPs were obtained 
from the relationship between environmental covariates and allele 
frequencies, with significance assessed based on calculated Bayes 
Factors (BF) for each locus, where loci with a log10 BF (db) > 20 were 
identified as outliers (Nielsen et al., 2020).

In addition, redundancy analyses (RDA) were performed using 
the ‘vegan’ R package, to calculate linear regressions between allele 
frequencies and the environmental variables at the sites of inter-
est while simultaneously being constrained using a PCA (Forester 
et al.,  2018; Oksanen et al.,  2020). Allele frequencies were ob-
tained from the ‘genobaypass’ files generated above and subjected 
to a Hellinger transformation (Legendre & Gallagher,  2001). The 
environmental variables were centred and scaled using the ‘scale’ 
function (Forester et al.,  2018). Using both the adjusted R2 value 
and an ANOVA, the significance was tested. Putative adaptive loci 
were considered to have a loading score of ±3 standard deviation 
of the average loading for the first two axes (Forester et al., 2018). 
Preliminary results for M. paradoxus suggested the presence of a 
batch effect still, and thus, a partial RDA was conducted for this data 
set, using sequencing lane as a conditional categorical variable.

3  |  RESULTS

3.1  |  SNP calling and filtering

The average number of raw reads per pool was ~3,239,433 for 
M. capensis (four pools) and ~3,406,445 for M. paradoxus (five 
pools), and after quality control ~2,960,270 reads were retained 
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for M. capensis and ~2,950,904 for M. paradoxus (Table S1). Very 
few reads mapped to the mtDNA of M. merluccius, with M. para-
doxus showing, on average, a larger number of reads mapped than 
M. capensis (Table S1). The nuclear-only data sets for each species 
mapped to the reference genome with a success of 49.88% for 
M. capensis and 46.27% for M. paradoxus, for MAPQ >20. After 
subsampling to the lowest number of mapped reads per species, 
6030 SNPs were retained for M. capensis and 4963 SNPs were 
retained for M. paradoxus, with average coverages of 16.81× and 
26.58× respectively. Only 512 SNPs were common between both 
species, representing 8.5% of the M. capensis data set and 10.3% 
of the M. paradoxus data set.

3.2  |  Genomic diversity metrics and population 
substructuring

Overall, M. capensis showed a lower level of genomic diversity 
(θ = 0.019, π = 0.015), compared to M. paradoxus (θ = 0.026, π = 0.021; 
Figure 1b, Table S2). Merluccius capensis had a lower number of pri-
vate SNPs, ranging from 522 to 2923 per pool, than M. paradoxus 
pools (1181–3493 private SNPs; Table S2). Within each species, di-
versity metrics did not vary greatly across pools, but Watterson's θ 
was consistently higher than π (Figure 1b, Table S2). Tajima's D was 
similar across species, with D = −0.839 and D = −0.913 for M. cap-
ensis and M. paradoxus, respectively (Table S2). Tajima's D per pool 
ranged from D = −0.951 (CNN) to D = −0.818 (CWC) in M. capensis 
and from D = −0.764 (PWC) to D = −0.983 (PWC2) in M. paradoxus 

(Table  S2). The distribution of all metrics was similar across the 
southern African hakes but M. paradoxus pools did show the great-
est variance (particularly π and θ, Figure 1b). Only the comparisons 
between nucleotide diversity were significantly different from zero 
between species (p < .05).

Patterns of population substructuring between the pools 
of each species were first visualized and assessed using a PCA 
(Figure 2a,b,d,e). A clear pattern emerged for M. capensis, where the 
Namibian pools (CNN and CCN) clustered together separately from 
the South African pools (CWC and CWC2), while the South African 
pools appeared isolated from each other (Figure 2a). This structuring 
pattern of the M. capensis pools remained the same even when loci 
that may have been involved in the batch effect were accounted for 
(305 loci removed, Figure 2b). On the contrary, using the complete 
data set resulted in a clear grouping of M. paradoxus pools which 
matched the sequencing lanes (PNN + PWC2 and PCN + PWC, with 
PSW somewhat isolated from the rest—Figure 2d). When these loci 
where removed (498 loci), there were no obvious geographical clus-
tering patterns (Figure 2e).

Further filtering in poolfstat resulted in 3602 SNPs for M. capen-
sis and 2388 SNPs for M. paradoxus (MAF > 0.01). No significant dif-
ferences were observed between estimates of pairwise FST between 
scenarios (i)–(iii) for pool size for M. paradoxus. For M. capensis, only 
scenario (ii) all pools of minimum size 40 (20 individuals) were sig-
nificantly different from the remaining scenarios (Data S3). Overall 
values of FST were not significantly different from 0 for either spe-
cies (FST = 0.001, 95% CI = −0.001 to 0.004, for M. capensis and 
FST = −0.007 for M. paradoxus, 95% CI = −0.009 to 0.005), suggesting 

F I G U R E  2  Principal component analyses (PCAs) of the genomic pools of southern African hakes' samples to graphically represent the 
genetic variation observed between the two species: (a) and (b) for Merluccius capensis and (d) and (e) for Merluccius paradoxus. The PCAs 
represent the entire data sets (a, d) and the data sets without the top percentage of SNPs associated with a batch effect (b, e). Pairwise FST 
values (0–1) calculated for each SNP of the most geographically distant pools of (c) M. capensis (CNN vs. CWC2) and (f) M. paradoxus (PNN vs. 
PSW), for the final data sets. Pool labels are shown in Figure 1a.
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a higher within-pool than across-pool variability. This is most likely 
due to the fact that if there are no strong geographical structuring 
patterns, such as expected from marine fishes, then most of the ge-
netic variability will be present within each pool, and private alleles 
in a given pool will be rare. For M. capensis, pairwise FST were only 
significantly different from zero for the CNN and CWC2 comparison 
(FST = 0.013, 95% CI = 0.0075–0.0189), despite a small divergence 
also observed for the CWC and CWC2 comparison (FST = 0.002, 
95% CI = −0.0023 to 0.0070; Table S3). For M. paradoxus, no pair-
wise comparison was significantly different from zero (Table  S4). 
The baseline FST for each identified SNP within each species was 
around zero (Figure 2c,f). However, there were SNPs with elevated 
values of FST in both species, with more observed for M. capensis 
(Figure 2c). The maximum SNP-specific FST was higher in M. capensis 
(FST = 0.543) compared to M. paradoxus (FST = 0.326; Figure 2c,f).

3.3  |  Demographic history

The jSFS is a half-matrix that allows to visualize how well the allelic 
count of each SNP in a given pool correlate with the allelic count of 
another pool. Each cell of the matrix is coloured according to the 
number of SNPs it contains. The cells on lower and left side of the 
matrix are associated with private alleles (allele only found in one 
pool), while the cells on the diagonal x = y are associated with SNPs 
in equal frequency in the two pools. Thus, the more concentrated 
around the diagonal the jSFS is, x = y, the more similar the pools are. 
Here, the jSFS showed clear differences between M. capensis and 
M. paradoxus (Figure 3a,b, Tables 1 and 2). Indeed, the jSFS between 
M. paradoxus pools was more restricted to the diagonal x = y than 

in M. capensis, suggesting more pronounced differences in the lat-
ter. In accordance with this observation, most of the M. paradoxus 
inferences showed similar support for IM and PAN model (4 of 10, 
Table  2) or supported a PAN model (2 of 10, Table  2), suggesting 
a lack of structure (on the more spatially robust level) in this spe-
cies. Only the pairwise comparison involving the south-eastern most 
pool, PSW, showed consistent support for the IM model (3 of 4 pair-
wise comparison with ΔAIC >4 between IM and PAN, Table 2). In 
contrast, all but one inference showed support for an IM model in M. 
capensis, with only the two Namibian pools (CNN and CCN) showing 
support for the PAN model (Table 1). The details about the param-
eters estimated by each model are provided in Table S5.

3.4  |  Environmental associations

After controlling for collinearity and VIF, only two environmental 
variables were retained for M. capensis: mean dissolved oxygen 
(DOmean) and mean sea surface temperature (SSTmean), while 
three variables were retained for M. paradoxus: mean chlorophyll 
a concentration (CAmean), mean dissolved oxygen (DOmean) and 
mean sea salinity (SSmean; Tables S6–S8).

The population scaled covariance matrices (Ω) indicated some 
differentiation between pools of both species (Figure 4). Merluccius 
capensis pools which are geographically closer exhibited a higher 
correlation of scaled covariance; however, as before, there was no 
clear geospatial pattern observed for M. paradoxus. The hierarchical 
clustering trees showed three distinct clusters (one Namibian and 
two South African) observed for M. capensis and no obvious geo-
graphical pattern for M. paradoxus, as seen for the PCAs (Figure S2).

F I G U R E  3  Joint site frequency spectrum for (a) Merluccius capensis and (b) Merluccius paradoxus, with inserts depicting the distribution of 
residuals obtained from the best model (SFS obs–SFS theoretical). Pool labels are shown in Figure 1a.
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Although 37 of 3602 SNPs were indicated to be outliers for M. 
capensis based on the XtX metric, none exhibited a significant asso-
ciation with either of the environmental variables tested. For M. par-
adoxus, 24 of 2388 SNPs were identified as outliers based on the XtX 
metric, but again no significant associations were observed between 
these and the environmental variables used.

The RDAs showed adjusted R2 values of .020 (p = .417) and .250 
(p = .008) for M. capensis and M. paradoxus respectively. Therefore, 
no statistically significant environmental associations were found 
for M. capensis. On the contrary, although weak, M. paradoxus RDA 
appeared to show statistically significant associations between envi-
ronmental conditions and allele frequencies, with 98 SNPs identified 

as outliers. However, when a partial RDA was conducted using se-
quencing lane as a conditional variable, the model was no longer 
statistically significant (adjusted R2 = −.064, p > .05), suggesting that 
observed associations were still with sequencing lane and not envi-
ronment. Redoing the analyses for the data set with 15% of batch ef-
fect loci removed did not change these findings (adjusted R2 = .243, 
p < .05; conditional RDA adjusted R2 = −.078, p > .05).

4  |  DISCUSSION

4.1  |  Genome-wide diversity levels for the 
southern hakes

Genome-wide diversity is fundamental for the long-term persis-
tence of species. Marine fish tend to exhibit high levels of diversity 
due to historically high effective population sizes, reproductive 
potential and connectivity levels. Based on the neutral coales-
cence theory, the level of genomic diversity (θ) is proportional to 
the mutation rate (μ) and the effective population size (Ne), such 
that θ = μ2Ne, assuming an equilibrium has been reached between 
mutation and genetic drift (Kingman, 1983). However, recent work 
has shown that other factors, such as habitat and life-history fea-
tures, can influence genetic diversity levels in marine fishes (Barry 
et al.,  2021; Martinez et al.,  2018). In particular, age at maturity, 
fecundity and variance in reproductive success (e.g. age-specific 

TA B L E  1  Summary of the pairwise inferences from 
Merluccius capensis.

CCN CCN CWC CWC2

CCN x IM = PAN IM IM

CNN 1.12 x IM IM

CWC 19.91 7.70 x IM

CWC2 166.23 87.40 65.34 x

Note: The name of the best model in each pairwise comparison is 
showed above the diagonal, and the ΔAIC between the IM and the 
PAN model is showed below the diagonal. A ΔAIC <4 shows an 
equal support for both IM and PAN, suggesting that the effect of the 
population split has no significant effect. Pool labels are shown in 
Figure 1a. Statistically significant values (p<.05) in bold.

PNN PCN PWC PWC2 PSW

PNN x IM = PAN IM = PAN PAN IM

PCN 2.79 x PAN IM IM

PWC 2.88 7.39 x IM = PAN IM = PAN

PWC2 4.72 5.09 2.26 x IM

PSW 12.6 11.6 0.37 23.6 x

Note: The name of the best model in each pairwise comparison is shown above the diagonal, and 
the ΔAIC between the IM and the PAN model is shown below the diagonal. A ΔAIC <4 shows 
an equal support for both IM and PAN, suggesting that the effect of the population split has no 
significant effect. Pool labels are shown in Figure 1a. Statistically significant values (p<.05) in bold.

TA B L E  2  Summary of the pairwise 
inferences from Merluccius paradoxus.

F I G U R E  4  Population scaled 
covariance matrices (Ω) obtained with 
the standard covariate model with scaled 
covariables in BayPass 2.31 for the pools 
of (a) Merluccius capensis (3602 SNPs) and 
(b) Merluccius paradoxus (2388 SNPs). Pool 
labels are shown in Figure 1a.
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mortality) can all impact the ratio between census size (N) and Ne, 
leading to deviations of genomic diversity levels from theoretical 
predictions (Barry et al., 2021).

Henriques et al.  (2016) first showed reduced contemporary 
genetic diversity levels for the southern African hakes, especially 
when compared with also the heavily exploited European hake 
(M. merluccius—Castillo et al.,  2005): HE = 0.518 for M. capensis; 
HE = 0.692 for M. paradoxus and HE = 0.871 for M. merluccius. Our 
present work further supports the findings of low genome-wide di-
versity for the southern African hakes, with M. capensis consistently 
showing lower values than M. paradoxus over 500 bp non-overlapping 
intervals (θ = 0.019, π = 0.015 vs. θ = 0.026, π = 0.021 respectively). 
However, only the comparisons involving nucleotide diversity be-
tween species were significantly different from zero (p < .05). As di-
versity metrics were calculated based on 500 bp intervals, it was not 
possible to extract batch effect loci, which may have affected the 
obtained estimates, particularly for M. paradoxus. Furthermore, since 
the reference used for mapping and SNP calling was M. capensis, it 
is possible that for calculation of windows-based metrics of diver-
sity, M. paradoxus retained loci against the reference, instead of only 
population-based SNPs, inflating its estimates of diversity. It is thus 
possible that estimates for M. paradoxus may be overall lower than 
here documented, and we cannot at this time confidently reject the 
hypothesis that M. capensis and M. paradoxus have similar levels of 
genome-wide diversity. The observed differences between pairwise 
nucleotide diversity and Watterson's theta, as well as the negative 
Tajima's D, suggest an increase in rare alleles (there are more poly-
morphic sites than sequence diversity), pointing to a population ex-
pansion in both species. However, this expansion has likely occurred 
in the last thousands of years, and not in recent ecological time. 
Immediately after a bottleneck, Tajima's D is expected to be positive 
(loss of rare variants), and its value will decrease as the percentage of 
singletons increase with population growth (Tajima, 1989). Previous 
studies based on mtDNA data estimated population expansion to 
have occurred after the end of the Last Glacial Maximum for M. par-
adoxus (~6000 years, von der Heyden et al.,  2010) and between 
4000 and 75000 years for M. capensis, depending on the mtDNA 
locus, mutation rate and dating method used (Henriques et al., 2016; 
von der Heyden et al., 2007). Although different values can be ob-
served between mtDNA and nDNA due to their different effective 
population sizes (Gattepaille et al., 2013), in this study, values of D 
were similar in range to the ones reported for mtDNA (M. capensis 
D = −1.687, M. paradoxus D = −1.036, Henriques et al.,  2016), thus 
suggesting an historical expansion. Given the estimated time frame 
and life-history features of the species, it is likely that a historical 
population growth resulted from a range expansion as environmen-
tal conditions changed in the Benguela Current region during the 
Last Glacial Maximum (von der Heyden et al., 2007).

Although caution is warranted, these results, in combination 
with previous findings of Henriques et al.  (2016), suggest that Ne 
for M. capensis should be similar in range to that of M. paradoxus. 
Interestingly, based on fishery-independent abundance indices, 
overall abundance levels of M. capensis are higher than M. paradoxus 

(DFFE,  2020). For example, in Namibia, the abundance of M. cap-
ensis is roughly three times higher than that of M. paradoxus, while 
in South Africa, although M. paradoxus is more abundant in the 
west coast, M. capensis dominates in the south and east coasts 
(DFFE, 2020). M. paradoxus also experiences intense predation of its 
juveniles by M. capensis adults (as they overlap in depth), leading to 
high natural mortality levels at this life stage (Ross-Gillespie, 2016), 
as well as years of poor recruitment levels (DFFE,  2020), both of 
which contribute to a higher variance in survivability for this species. 
Furthermore, although both southern African hakes experienced 
appreciable population declines between 1950 and 1970, with the 
biomass of both species declining to below maximum sustainable 
yield levels (MSYL), M. capensis recovered relatively quickly and 
its biomass has generally been well above MSYL since the 1980s 
(DFFE, 2020). The abundance of M. paradoxus, on the contrary, re-
mained below MSYL until the 1990s (DFFE, 2020), only showing an 
increase in recruitment success between 2005 and 2010, which was 
not observed for M. capensis (Strømme et al., 2016).

These demographic and life-history features would thus be ex-
pected to result in lower population sizes (Barry et al.,  2021) and 
consequently significantly lower genome-wide genetic diversity 
levels for M. paradoxus when compared to M. capensis, which does 
not appear to be the case based on our findings. However, while 
M. paradoxus has a life cycle showing one panmictic population 
that migrates and expands over a vast area, with juveniles having 
relatively good conditions for feeding, growth and survival (Mbatha 
et al., 2019; Strømme et al., 2016), M. capensis appears to be com-
posed by multiple demographic units across southern Africa, with 
different life-history features and limited connectivity in between 
(Jansen et al., 2015; Strømme et al., 2016). Smaller populations that 
show a degree of genetic isolation are likely to be more vulnerable 
to loss of diversity due to genetic drift (Wright, 1931), which may 
explain the observed genome-wide estimates of the two southern 
African hakes.

Interestingly, observed values of genome-wide diversity of M. 
capensis are similar to those of another highly structured southern 
African demersal fish, kingklip (G. capensis — Schulze et al., 2020). 
Using the same sequencing and SNP-calling methodology, and map-
ping to a de novo assembly of kingklip, Schulze et al. (2020) reported 
genome-wide diversity levels of θ = 0.017, π = 0.017. Kingklip is cur-
rently caught as by-catch in the hake-directed fisheries, as there is 
a fishing ban for this species since 1994, due to an extreme pop-
ulation decline driven by overharvesting (Punt & Japp,  1994). It is 
thus possible that observed levels of genome-wide genetic diversity 
of the southern African hakes reflect a complex interplay between 
demographic and evolutionary history as well as historical exploita-
tion levels. In order to properly assess the impact of historical fishing 
levels in the demographic history of the southern African hakes, it 
would thus be necessary to (i) evaluate the true extension of map-
ping M. paradoxus to a different species reference genome in esti-
mates of genetic diversity; and (ii) obtain samples that predate the 
population collapse to compare genomic diversity and population 
structure levels through time (Manuzzi et al., 2022).
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4.2  |  Patterns of population structuring of the 
southern African hakes across the Benguela region

Estimates of population structure between the two southern hakes 
revealed contrasting patterns and differentiation levels. After re-
moval of loci that were likely associated with the sequencing lane 
(batch effect loci), three populations were observed for M. capen-
sis, while no obvious geographic structuring pattern was retrieved 
for M. paradoxus. These results were consistent in the PCA analy-
ses, pairwise FST (Tables S3 and S4), but also in the baseline level of 
SNP-specific FST, which showed higher variation and more outliers in 
M. capensis, compared to M. paradoxus. Although these differences 
in population structure between the two species were also shown 
in previous work (Henriques et al., 2016), the presence of a previ-
ously un-identified population within the southern Benguela region 
of M. capensis is new.

For M. capensis, overall pairwise FST levels were low and non-
significant, except for the northern and southern pools (CNN vs. 
CWC2, FST = 0.013, 95% CI = 0.0075–0.0189), while the PCA re-
trieved three major clusters: northern Benguela region (CNN and 
CCN) and clearly differentiated between CWC (northern west coast) 
and CWC2 (southern west coast). Visualization of SNP-specific FST 
values for this comparison revealed four major areas with elevated 
levels across the genome, which might suggest the presence of 
barriers to gene flow in this species. Similar findings have been re-
ported for loci putatively under selection in kingklip, with three pop-
ulations also described across the region: one in northern Namibia 
and two in South Africa, albeit being a clear west coast versus east 
coast South Africa differentiation pattern (Schulze et al.,  2020). 
These findings further support the hypothesis of multiple spawning 
populations of M. capensis in southern Africa, proposed by Jansen 
et al.  (2015) based on a gonadosomatic indices. Here, the authors 
identified the presence of two spawning populations within the 
west coast of South Africa (31–32.5°S and 34.5–36°S), as well as 
spawning females on the south coast of South Africa (east of 20°E). 
Our results showed two populations both found within the west 
coast, albeit at different latitudes (30°S vs. 33°S) than those identi-
fied by Jansen et al. (2015). It is thus likely that the southern-most 
population here identified (CWC2) may represent the western edge 
of the spawning population occurring at 34.5–36°S, as proposed 
by Jansen et al.  (2015). As the main aim of this study was to eval-
uate the genomic component of the previously described north–
south Benguela differentiation in M. capensis, where the break was 
located off the Orange River in the border of Namibia and South 
Africa and no previous genetic structure was observed within South 
African waters, we did not include individuals caught on the south 
and east coasts of the country. Our new findings suggest that this 
will be necessary to truly understand the geographical distribution 
of these two populations. Furthermore, although we pooled indi-
viduals based on their northern–southern microsatellite genotypes 
(Henriques et al., 2016), the presence of a third population within 
this system requires an individual-based sequencing approach in fu-
ture population genomic surveys.

Unexpectedly, the data showed an indication of spatial differ-
ences for M. paradoxus. However, there was no reasonable geo-
graphical pattern which could explain the observed grouping. 
Preliminary PCA analyses grouped the northern most pool (PNN) 
with the west coast of South Africa (PWC2) and the south-western 
most pool (PSW) with the middle-range pools (PCN and PWC). After 
controlling for a sequencing-driven batch effect, the PCA and pair-
wise FST comparisons suggested a single population throughout the 
Benguela region. Contrary to what was observed of M. capensis, vi-
sualization of SNP-specific pairwise FST between PNN and PSW did 
not reveal major areas of differentiation across the genome, with 
only a few, sporadic loci exhibiting higher FST levels, suggesting that 
genetic drift and gene flow are the major microevolutionary pro-
cesses shaping the population structure of M. paradoxus.

4.3  |  Distinct evolutionary trajectories of co-
distributed hake species

Based on the results obtained for population differentiation, we as-
sessed two simple models of demographic history for the southern 
African hakes: panmixia (PAN) and isolation with gene flow (IM). 
As expected, M. capensis showed a deeply structured jSFS, where 
only the comparison involving the two northern Benguela pools 
(CNN and CCN) supported the PAN model. All other comparisons 
supported the IM model, thus further corroborating the hypothe-
sis of three populations: one in northern Benguela and two within 
South Africa. On the contrary, M. paradoxus showed broad evi-
dence of panmixia, with allele frequencies highly correlated across 
all pools. The only exception were the comparisons involving the 
south-eastern-most pool (SWC), and to a lesser extent PCN and 
PWC2. These results suggest that, as reported by von der Heyden 
et al.  (2007), there might be a subtle population substructuring 
in M. paradoxus, between Atlantic (PNN, PCN, PWC, PWC2) and 
Indian Ocean sites (PSW). The southwest coast of South Africa is 
a known phylogeographic break within the region, with some spe-
cies showing evidence of population substructuring across this area 
(Dalongeville et al., 2022; Teske et al., 2011). In fact, analyses of life-
history features for M. paradoxus based on survey data suggest the 
presence of a single spawning ground off the west coast of South 
Africa, from 31° to 34°S, but large fish are also found off the East 
coast of South Africa between 26° and 27°E, which may indicate a 
small spawning ground in that area (Strømme et al., 2016). Merluccius 
paradoxus is not known to spawn in Namibia (Jansen et al., 2015), 
which further supports the hypothesis of an Atlantic–Indian Ocean 
separation. These results, combined with the reported PCA and 
FST levels, suggest that divergence between putative M. paradoxus 
populations is quite small, either due to gene flow, a recent isola-
tion event or a combination of both (Andre et al., 2011). Marine spe-
cies traditionally have large population sizes and high levels of gene 
flow, which can mask subtle levels of population isolation (Hauser & 
Carvalho, 2008). High-throughput sequencing, by generating thou-
sands of genome-wide SNP markers, can thus assist in identifying 
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subtle levels of differentiation in high gene flow species, as seen for 
both southern African hakes.

The observed differences in population substructuring patterns 
further suggest that M. capensis and M. paradoxus are not experienc-
ing the same evolutionary trajectories despite being congeneric and 
sharing similar geographical distribution ranges (Irwin et al., 2016; 
Teske et al., 2019; van Doren et al., 2017). Interestingly, these dif-
ferences may also assist in contextualizing the observed differences 
in genomic diversity levels between species. As M. capensis appears 
to be composed of at least three demographically independent pop-
ulations, its Ne is likely to be smaller than expected in comparison 
to species with panmictic populations. Therefore, M. capensis might 
be more vulnerable to loss of genomic diversity due to genetic drift 
(Gagnaire, 2020) than M. paradoxus, which appears to be composed 
by two populations with highly correlated allele frequencies, im-
plying higher genetic connectivity. These results suggest an evo-
lutionary response that is species-specific and possibly related to 
the different environmental niches that the species occupy (Irwin 
et al., 2016; Teske et al., 2019; van Doren et al., 2017), with simi-
lar findings reported among four flatfish species sampled along the 
Baltic Sea transition zone (Le Moan et al., 2019), as well as stickle-
back species sampled along a latitudinal gradient (Reeve et al., 2022).

4.4  |  Environmental association analyses: The 
relative irrelevance of the environment in shaping the 
evolutionary history of the southern African hakes?

Genome-wide patterns of population differentiation varied between 
M. capensis and M. paradoxus. In particular, M. capensis exhibited not 
only overall higher levels of differentiation, but also four areas of the 
genome with elevated FST, while for M. paradoxus only a few loci were 
found with elevated levels of FST. These results suggest that adapta-
tion to local environmental features might be driving the observed 
patterns of differentiation in the former, while genetic drift and gene 
flow might be the dominant microevolutionary forces shaping the 
evolutionary history of the latter. In fact, studies have reported as-
sociations between local oceanographic features and patterns of de-
mersal fish population structuring (White et al., 2010). For example, 
in North Atlantic roundnose grenadier (Coryphaenoides rupestris), 
population differentiation is in part driven by a locus under depth-
mediated selection (White et al., 2010). The oceanographic features 
of the Benguela system are stratified by depth so that different 
depths experience varying water temperatures and current move-
ment. The southern African hakes are only partially sympatric with a 
preferential depth overlap at 110–500 m for all life stages (Durholtz 
et al., 2015; Henriques et al., 2016). Therefore, we hypothesized that 
species-specific population substructuring is likely influenced by dif-
ferent local oceanographic conditions, which however did not seem 
to be supported by the results for the gene–environment associa-
tion analyses.

Despite the observed elevated FST in regions of the genome 
of M. capensis, and the detection of outlier loci in BayPass, there 

was no correlation between these and the environmental variables. 
Similarly, the RDA did not show a significant association between 
allele frequencies and dissolved oxygen and SST, suggesting that 
these are not mediating the observed genetic divergence across the 
Benguela current in this species. A smaller number of outlier loci 
were identified for M. paradoxus in BayPass, but as seen for M. cap-
ensis, no significant associations were found neither with BayPass 
nor with the RDA once sequencing lane (i.e. batch effect) was used 
as a conditional variable. This is somewhat unexpected given that 
those loci were removed from the data set and the demographic 
history results suggesting an Atlantic–Indian Ocean divergence. 
Nevertheless, our results do not support strong gene–environment 
associations for either species.

These results seem to be in contradiction with previous find-
ings for these species, as dbRDA analyses conducted by Henriques 
et al.  (2016) based on microsatellite data suggested that upwelling 
events (high concentration of Chlorophyll a and low dissolved ox-
ygen) might explain the differentiation patterns between northern 
and southern Benguela population of M. capensis, while Mbatha 
et al. (2019) demonstrated a clear impact of environmental variables 
in the distribution patterns of juvenile M. paradoxus. In addition, 
Nielsen et al.  (2020) using the same genomic methodology, and a 
smaller number of SNPs, detected significant associations between 
SST and SSS for three inshore invertebrates across the South African 
coastline. It is thus possible that our data sets did not contain enough 
geographical resolution to detect significant associations between 
genotypes and environmental conditions.

4.5  |  Implications for conservation and sustainable 
management of the southern African hakes

The assessment of stock structure, where a stock represents 
a demographically cohesive unit that can be exploited 
(Benestan, 2019), is the central tenet of fisheries management for 
sustainable conservation of resources. Molecular data, with its 
ability to identify demographically independent populations, has 
provided vital information for stock management and conservation 
for several commercially important species. The traditional 
example is the ‘real-time’ genomic monitoring of salmonids in the 
North America for allocating fishing quotas (Waples et al., 2008). 
This approach has recently been implemented in Norway to 
manage the very abundant North East Artic cod and the vulnerable 
Norwegian Coastal cod (Gadus morhua) stocks—where genotyping 
of landed samples allowed to establish fishing quotas that are 
actively being used in the management of this mixed-stock fishery 
(Dahle et al., 2018). The description of previously unknown winter 
and spring spawning populations in the Atlantic cod in the Gulf of 
Maine (Clucas, Kerr, et al., 2019; Clucas, Lou, et al., 2019), which do 
not match current fishing regulations, as well as the physical mixing 
of two genetically divergent Atlantic cod populations in the Baltic 
Sea indicating the presence of a mixed-fishery (Hemmer-Hansen 
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et al.,  2019), demonstrates that molecular data can successfully 
lead to improvements of current fisheries management strategies.

It is well known that harvesting mixed populations as a single 
unit can lead to depletion of the least abundant (more vulnerable) 
population (Ovenden et al.,  2015), and also result in losses of ge-
nomic diversity (Pinsky & Palumbi, 2014) and differentiation (Gandra 
et al., 2020). Prior to the 1970s, the southern African hakes were 
initially commercially exploited as a single unit throughout their 
distribution range. The resources are now managed separately in 
South African and Namibian waters. Within South Africa, the hake 
resources have been managed primarily with a species-combined 
total allowable catch (TAC) restriction, calculated using an opera-
tional management plan (OMP) approach since 1991 (Rademeyer 
et al.,  2008). As a result of the substantial overlap in distribution 
and the difficulty of distinguishing between the two hake species, 
species-specific catch and effort data are not available from the 
commercial fishery, and the two species were initially assessed 
and managed as a single resource. However, algorithms to appor-
tion the commercial hake between the two species were developed 
during 2005 using research survey data, enabling the development 
of species-disaggregated assessment models. In Namibia, the two 
hake species are still treated as a single stock, and the assessment 
procedure includes information about biomass supporting the max-
imum sustainable yield (BSMY), the replacement yield and the catch 
corresponding to the harvest control rule (HCR).

Our findings suggest that M. capensis is composed of one pop-
ulation in Namibia, but two populations within South African juris-
dictional waters, and thus point to a possible mixed-stock scenario 
in this region, which should be addressed with new fishing regula-
tions. If the species is indeed composed of two populations that are 
mixed in their distribution, but have different demographic histories, 
then harvesting them as a single unit may well contribute towards 
maintaining low levels of genomic diversity, as observed in this study. 
Genomic diversity (both neutral and adaptive) is fundamental for the 
long-term persistence of species, particularly in a climate change con-
text (Nielsen et al., 2021). Therefore, accurate fishing management 
policies are fundamental to ensure the conservation of M. capensis. 
Further studies should be conducted using individual-based sequenc-
ing approaches to assess the geographical (and possibly temporal) 
boundaries of these populations, taking into consideration possible 
migration patterns, in order to understand if they might be geograph-
ically based (west vs. south coast) or constitute a true mixed stock.

Similarly, the reconstruction of demographic history in M. par-
adoxus revealed the presence of two highly connected popula-
tions, with a break detected across Cape Point, as first reported for 
mtDNA in von der Heyden et al. (2007). The Atlantic M. paradoxus 
putative stock appears to extend from Cape Town, South Africa, to 
northern Namibia, suggesting a transboundary stock. Within South 
African waters, the genomic break is already considered to a cer-
tain extent in the assessment of the species (west and south coast-
specific input data) and hence in subsequent management measures, 
but further research on the extent of mixing between the various 
populations/stocks, followed by an evaluation of the impacts of this 

on stock dynamics and exploitation is required to establish whether 
or not the current management strategies need to be reconsidered. 
In either case, the current country-wide OPM and TAC might need 
to be revised to reflect the presence of two previously undescribed 
populations of southern hakes in South Africa.
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