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1 | INTRODUCTION

Abstract

The bearded goby Sufflogobius bibarbatus is an abundant endemic small fish species on
the continental shelf of the northern Benguela. The goby habitat is characterised by
generally low bottom oxygen concentrations that vary spatially and seasonally. In the
present study of population structure, 13 samples of S. bibarbatus from inner and outer
shelf areas between 19°S and 32°S were screened using ten microsatellite loci. The ge-
netic data were analysed in relation to isolation by distance and depth. Furthermore, for
the first time, this study examined genetic data in relation to bottom oxygen concentra-
tion at the sampling locations. The data show low but significant genetic heterogeneity
(G-test; Fsr = 0.007, p < .05). There was weak but significant genetic differentiation
along a latitudinal gradient across all sampling sites from 19.50°S to 32.37°S (Mantel
test; r = 464, p = .001), but this disappeared when the southernmost sample was
removed. On the other hand, a positive correlation of bottom oxygen concentration
with pairwise Fq; (r = .336; p = .017) was observed among the sampling sites from the
Northern Benguela shelf area. Overall, the data are complex but suggest that isolation
by distance and bottom oxygen concentration may play a role in the genetic structuring
of S. bibarbatus. The findings are discussed in relation to the species’ life history features

and oceanographic characteristics of the Benguela upwelling ecosystem.
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1994; Planes & Fauvelot, 2002; Riginos & Nachman, 2001; Wright,
Bishop, Matthee, & Heyden, 2015). Furthermore, weak currents on

Despite ample opportunities for marine connectivity owing to the
absence of physical barriers (Weersing & Toonen, 2009), many ma-
rine species show low but significant genetic population structure
(Palumbi, 1994). Possible reasons for population differentiation in
the marine environment include maintenance of discrete spawning
sites and larval retention, historical vicariance events, present day
biogeographic discontinuities that prevent indiscriminate adult or lar-
val dispersal, and isolation by distance among populations (Palumbi,

spawning sites may restrict the advective transport of eggs and larvae
away from the spawning site (Hellberg, 2009; Palumbi, 1994) leading
to geographic isolation, while oceanic currents may also create iso-
lated circulation cells (White et al., 2009) and cline formation in spe-
cies (Knutsen, Jorde, Albert, Hoelzel, & Stenseth, 2007). Other drivers
of genetic structuring in marine populations include local adaptation
or selection in response to environmental gradients (Ingram, 2011;
Palumbi, 1994; Wang et al., 2013; Waples, 1998), habitat related
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ecological factors such as depth, bottom topography (Ingram, 2011;
Prada & Hellberg, 2013; Saha et al., 2016) and bottom oxygen concen-
tration (van der Meer et al., 2005), and also physical discontinuities in
basin circulations that limit connectivity (Cadrin et al., 2010; Knutsen
et al., 2007; Pampoulie et al., 2004; Stefansson et al., 2009). On the
other hand, if the currents distribute early life stages over large areas,
this can lead to panmixia over broad geographic ranges preventing any
genetic structuring (Naro-Maciel et al., 2011).

The Benguela current in the eastern boundary of the South Atlantic
Ocean creates one of the most productive upwelling ecosystems of the
world (Agenbag & Shannon, 1988; Boyer, Cole, & Bartholomae, 2000).
Over the shelf areas of the Benguela, the oceanographic conditions are
characterised by perennial upwelling that varies spatially and season-
ally in intensity (Boyer et al., 2000; Hutchings et al., 2009). Many stud-
ies have suggested that the strong upwelling centred on the shelf off
Lideritz (27-28°S) with powerful offshore advection could represent a
semi-permanent hydrographic barrier, mostly against longshore trans-
port of pelagic life stages of some species inhabiting the region (Boyer et
al., 2000; Duncombe Rae, 2005; Hutchings et al., 2002, 2009). Upwelling
also creates a contemporary biogeographic and genetic discontinuity
in some ecologically important fishes including cape hakes (Merluccius
paradoxus and M. capensis) (Henriques et al., 2016) and Atractoscion
aequidens (Henriques, Potts, Santos, Sauer, & Shaw, 2014) in the region.
However, hydrographical studies predict that long distance transport of
eggs and larvae across the upwelling system in deeper parts is still pos-
sible (Boyer et al., 2000; Lett, Veitch, Lingen, & Hutchings, 2007), and
therefore population connectivity can disrupt spatial genetic structuring
of species across the Benguela region (Mas-Riera, Lombarte, Gordoa, &
MacPherson, 1990). Genetic discontinuity and its determinants can be
followed in species having a wide distribution across the area affected
by the Benguela current and the associated perennial upwelling.

The bearded goby, Sufflogobius bibarbatus von Bonde, 1923, is
an abundant small fish species endemic to the Benguela upwelling
ecosystem (Crawford, Shannon, & Pollock, 1987). Adults have a wide
distribution across the Benguela region, with the highest densities
mainly between 22°S and 27°S (Crawford et al., 1987; Salvanes et
al., 2018; Seivag, Salvanes, Utne-Palm, & Kjesbu, 2016). S. bibar-
batus is well known for being uniquely adapted to severe hypoxia
(Currie, Utne-Palm, & Salvanes, 2018; Salvanes, Utne-Palm, Currie,
& Braithwaite, 2011; Utne-Palm et al., 2010); it occurs naturally on
shelf areas with severely hypoxic conditions (Salvanes et al., 2015),
and also inshore where hydrogen sulphide rich sediments and sul-
phide eruptions occur (Briichert, Currie, & Peard, 2009; Briichert et
al., 2006; Currie et al., 2018). It has a benthic egg stage and pelagic
larvae (Skrypzeck, Salvanes, Currie, & Kotze, 2014). The larvae are
distributed over the shelf area of Namibia between 17.5-33.5°S
above the 50-300 m isobaths (Olivar & Fortufio, 1991; Olivar &
Shelton, 1993; O'Toole, 1978; Shelton, 1986). Highest concentra-
tions of the young larvae are recorded between the 100-200 m iso-
baths, indicating that spawning areas are located on the outer shelf
(Olivar, Rubiés, & Salat, 1992).

After the collapse of the sardine population Sardinops sagax,

S. bibarbatus has partially replaced the sardine as the main prey item
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FIGURE 1 Bottom dissolved Oxygen concentration (ml DO LY
along the coast of Namibia averaged from 1990 to 2012. Extreme
hypoxic areas are identified by red color code (0-0.5 ml DO L™}).
The sampling sites of Sufflogobius bibarbatus are shown with
relevant location labels (N1-N11)

in the diet of predators, where it can represent over 50% of the prey
consumed by seabirds, seals and hake Merluccius spp. (Crawford,
Cruickshank, Shelton, & Kruger, 1985; Crawford et al., 1987; van der
Lingen et al., 2006; Mecenero, Roux, Underhill, & Kirkman, 2006;
Salvanes & Gibbons, 2018). As a result, it has become vital to un-
derstand their population genetic structure across the region. While
the reported wide distribution of S. bibarbatus could allow for a pan-
mictic population across the region, the complex circulation in the
Benguela may, by contrast, generate hydrographic barriers for the
exchange of early life stages, leading to genetic discontinuities as
observed in the cape hakes and A. aequidens (Henriques et al., 2016,
2014). Moreover, this region-wide distribution provides an ideal
opportunity to test whether habitat-related ecological factors such
as hypoxia (Salvanes et al., 2015, 2018), depth, and isolation by dis-

tance may play a role in population structuring.
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Little is yet known on the genetic structure of S. bibarbatus.
Two earlier studies suggested genetic heterogeneity in S. bibar-
batus among several sites off Namibia, using allozyme markers
(Ndudane, 2004) and PCR-RFLP analysis of mitochondrial DNA
(mtDNA) (Gunawickrama, Silva, Johansen, Salvanes, &amp; Naevdal,
2010); these indicated a complex pattern of structuring that could
not be explained by geographic distance or hydrodynamics alone.
The present study aims to further investigate the population genetic
structure of S. bibarbatus and to examine if there is a genetic cor-
relation with geographic distance, depth, and ambient oxygen in the
Benguela ecosystem. We obtained samples from a wider range than
the aforementioned studies and have chosen ten highly variable mi-
crosatellite markers developed for S. bibarbatus by Gunawickrama,
Westgaard, Salvanes, and Johansen (2012). Unlike allozymes and
mtDNA markers, microsatellites are highly polymorphic nuclear
markers; thus, they are a useful tool for the detection of any fine-

scale population structure that may be present.

2 | MATERIALS AND METHODS
2.1 | Samples

Adult Sufflogobius bibarbatus were collected from 18 sampling sites
during bottom trawl surveys onboard the RV Dr. Fridtjof Nansen
during January - February in years 2003-2011 and onboard RV
G.O. Sars in April 2008. At least one sampling site from each lati-
tude was selected on the continental shelf of the northern Benguela
along the Namibian coast between 19°S and 32°S. A total of 13 sam-
ple groups were considered (Figure 1, Table 1) with a depth range
spanning 56-552 m. Gill tissues of individual fish (n = 1,115) were
collected and fixed in 96% ethanol for genetic analysis.

2.2 | Bottom oxygen concentration

Environmental data used were collected from the Benguela region
using Seabird CTD-O during the Namibian hake biomass surveys
in January-February and cover 23 years of survey from 1990 to
2012. These were pre-screened to obtain data on dissolved oxygen
concentration (ml DO L) representing the ambient conditions of
the area 5-20 m above the bottom. These data were used to ob-
tain an overall overview of the distribution of anoxic and hypoxic
water masses on the continental shelf area off Namibia in January-
February. Bottom oxygen concentration was also measured at the
time of sampling at each site, and these measures are used in the

correlation analysis.

2.3 | Microsatellite analysis

DNA was extracted using OMEGA E-Z 96™ Tissue DNA kit

(Promega). Ten selected tetranucleotide microsatellites (A4, A105,

B103, B104, C102, C110, D1, D102, D106, and D108) were organ-
ized into two multiplexes as described in Gunawickrama et al. (2012)
along with the PCR conditions. The PCR products were analyzed
on an ABI 3130XL Genetic Analyzer, and alleles at each locus were
scored by GENEMAPPER 4.0 (Applied Biosystems).

2.4 | Genetic diversity and structuring

The individuals with missing genotype data for three or more loci
were removed from the data set prior to analysis. All population-
wise microsatellite data were initially examined for possible geno-
typing errors (Kelly et al., 2011) by testing for the presence of null
alleles and allele drop-outs by the software Micro-Checker 2.2.3
(van Oosterhout, Hutchinson, Wills, & Shipley, 2004). If null alleles
were detected, this was adjusted for using the genotypes option of
the software, and null alleles were excluded from the main analysis.
Loci were also tested for the occurrence of positive and balancing
selection using LOSITAN-selection workbench (Antao,Lopes, Lopes,
Beja-Pereira, & Luikart, 2008; Beaumont & Nichols, 1996) using the
default parameters and 50,000 simulations. Each sample group and
locus were tested for deviation from Hardy-Weinberg Equilibrium
(Weir & Cockerham, 1984) by exact G-test using the Markov chain
method (dememorisation 10,000; 20 batches; 5,000 iterations per
batch) in GENEPOP 4.2 (Rousset, 2008). The False Discovery Rate
(FDR) correction of Benjamini and Hochberg (1995) was applied
to p-values to control for Type | errors. Allelic variation, observed
and expected average heterozygosity, and fixation (F¢) indices were
obtained using GENEPOP. Locus-wise F; and pairwise population
differentiation (F¢;) were tested using exact G-test and Analysis of
Molecular Variance (AMOVA) with 999 permutations in GenAlEx
6.5 (Peakall & Smouse, 2012). P-values from the G-test for pair-
wise For and AMOVA were subjected to an adjusted FDR correc-
tion for multiple comparisons (Benjamini & Yekutieli, 2001). Spatial
genetic structuring was investigated using two methods. First, a
Discriminant Analysis of Principal Components (DAPC, Jombart,
Devillard, & Balloux, 2010) was used as implemented in Adegenet
(v. 2.1.1, Jombart, 2008) in R (v 3.6.1), with the optimal number
of clusters evaluated using the Bayesian Information Criterion
(BIC). Second, a Bayesian clustering method using the program
STRUCTURE (v. 2.3.4, Pritchard, Stephens, & Donnelly, 2000) was
performed using an admixture model with correlated allele frequen-
cies, with a burn-in length of 300,000 and 500,000 MCMC runs
for five iterations at each prior sub-population number K (ranging
from K = 1 to K = 10). The most likely K-value was estimated using
the Evanno, Regnaut, and Goudet (2005) method, as implemented
in STRUCTURE Harvester (Earl & vonHoldt, 2012), and the results
were summarized using CLUMPAK (Kopelman, Mayzel, Jakobsson,
Rosenberg, & Mayrose, 2015). The mean number of migrants was
estimated using private alleles (GENEPOP 4.2), and locus wise esti-
mates of migrants were calculated by using the island model equa-
tion implemented in GenAlEx 6.5 (cited in Barton & Slatkin, 1986).
The hypothesis of isolation by distance (Slatkin, 1993) was tested
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TABLE 1 Collection localities of Sufflogobius bibarbatus samples along the West African coast and relevant information on sampling year,
depth, and average bottom oxygen concentration (n = sample size genotyped for ten microsatellite loci; total 1,082)

Location code Latitude/Longitude n

N1 19.50°S, 11.92°E 84 197
N2-A 20.00°S, 11.69°E 62 552
N2-B 20.02°S, 12.57°E 59 143
N4 22.34°S, 13.48°E 86 118
N5-A 23.36°S, 14.20°E 95 120
N5-B 23.24°S, 14.38°E 89 56
N5-C 23.51°S, 13.73°E 92 176
N6 24.03°S, 14.09°E 94 170
N7 25.01°S, 13.83°E 65 238
N8 26.02°S, 14.22°E 81 265
N9 26.88°S, 14.73°E 89 193
N10 27.96°S, 15.53°E 91 82
N11 32.37°S, 18.20°E 95 70

Average depth (m)®  Year

Average bottom

Sample group oxygen (ml/L)

2010-2011 N1* 0.447
2011 N2A 1.086
2003 N2B 0.290
2003-2010 N4~ 0.550
2008 N5A 0.370
2008 N5B 0.264
2008 N5C 0.628
2011 N6 0.441
2011 N7 0.890
2010-2011 N8* 1.230
2003-2011 N9* 1.170
2011 N10 2.065
2005 N11 0.748

Note: N1* includes 2 samples from nearby locations 19.20°S, 12.17°E (n = 21) and 19.79°S, 12.22°E (n = 28); N4* includes a sample from 22.34°S,
14.16°E (n = 48); N8* includes a sample from 26.02°S, 14.19°E (n = 37); N9* includes a sample from 26.68°S, 14.85°E (n = 48)

@Average depth of sampling sites are given for sample groups denoted by an asterisk.

using Mantel test (Manly, 1994) and matrices of pairwise geographic
distance (km, linear distance between location coordinates of sam-
pling sites) and pairwise Fy; in GenAlEx 6.5. Mantel tests were fur-
ther used to compare pairwise F¢; with differences in oxygen, as well
as with differences in bottom depth. All Mantel tests were repeated
with the exclusion of the southernmost sampling site N11, and with
the exclusion of the deepest sampling site N2A, to observe their in-

fluence on the results.

3 | RESULTS

3.1 | Bottom oxygen concentration in the Benguela
system

During January-February, the average conditions for the period
1990-2012 show anoxic/hypoxic bottom waters with dissolved
oxygen < 1.0 ml DO L distributed over most of the continental shelf
area off northern Namibia (19°S to 25°S; Figure 1). Hypoxic bottom
oxygen prevailed for 9 out of 13 sample groups of S. bibarbatus in-
cluding N11 at 32°S (Table 1).

3.2 | Genetic differentiation

A final genetic data set (n = 1,082) from 13 sample groups was pro-
duced from the genetic analysis (Table 2). Among ten microsatellite
loci analysed, data did not show evidence for large allele dropouts,
stuttering, or scoring errors. Selection at any of the loci was not
evident based on LOSITAN (Figure S1). In addition, only at three

instances a deviation from Hardy-Weinberg Equilibrium after False

Discovery Rate (FDR) correction was found, each involving a differ-
ent sample group and a different locus (Table 2). As there was no
consistent pattern of disequilibrium among loci, all 10 loci were used
in the analyses. Allele diversity (Na) across loci varied greatly, where
the highest number of alleles (ranged 32-41) was observed at locus
D106. There were only two loci that had lower than 10 alleles per
locus; locus A105 (Na range: 5-9) and C110 (Na range: 4-10; Table 2).
Average Na for sample groups ranged from 20.6 to 24.9 (Table 2), and
was quite similar across groups, though N2B (20.6) and N2A (22.0)
appeared to have the lowest Na. Expected heterozygosity (H,) val-
ues were high with across-loci mean for the sample groups ranging
from 0.825 to 0.844 (Table 2). However, for the Locus C110, there
was a remarkably low H, across all groups (range 0.263-0.390), cou-
pled with its low allelic diversity.

The number of private alleles varied between 1 and 6 across
sample groups (Table 2), and were mostly found at four loci (B103,
B104, D1, and D106). The mean frequency of private alleles for a
mean sample size of 79.1 was 0.007, and the respective number of
migrants after correction for size was 23.2 by private allele method.
The number of migrants (N,) that was estimated locus-wise across
all sample groups ranged 18.6-48.8 with a mean of 37.2 without
correcting for sample size (Table 3). Since the N11 group (32°S) was
from southern Benguela, a separate analysis was done after exclud-
ing N11, and locus-wise N then ranged between 25.2 and 48.3 with
a mean of 37.6 (£2.4, SE).

Overall, there was significant population structuring across the
study area, indicated by the G-test (p < .05), with a low F¢; value of
0.007 (£0.001, SE). Pairwise F¢; ranged from O to 0.009. Pairwise
group analyses with the G-test revealed significant differences in
seven pairs of sample groups (Table 4). The AMOVA revealed more
pairwise differences with 51 (Table 5), representing 9% and 65% of all
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TABLE 3 Locus-wise summary of the

a b c d e
genetic indices of differentiation across 13 Locus RapeD Fis Fir For Non
sample groups of Sufflogobius bibarbatus A4 17.2 0.026 0.031 0.006 44.5
(S|gn|f|cant values of FST are indicated by A105 7.0 0.124 0.136 0.013* 18.6
asterisk, p < .05, P = P (rand>= data) based

. B103 28.8 0.031 0.038 0.007 36.0
on 9,999 permutations)
B104 17.7 0.043 0.048 0.005 46.3
C102 25.5 0.025 0.032 0.007* 34.5
C110 7.5 -0.009 -0.004 0.005 48.8
D1 30.4 0.008 0.014 0.006 42.0
D102 32.8 0.025 0.031 0.007 379
D106 37.3 0.012 0.019 0.007* 34.8
D108 28.0 0.046 0.054 0.009* 28.7
All loci mean 23.2 0.033 0.040 0.007* 37.2
+SE +0.9 +0.011 +0.012 +0.001 +2.8

“No of alleles.

bFis, Allele diversity = (Mean H, - Mean H_)/Mean H

“Fit = (H, - Mean H_)/H,

dFst = (H, - Mean H,)/H,
°N,,, number of migrants = [(1/F,

1]/4.

ks

TABLE 4 Pairwise genetic differentiation between sites for Sufflogobius bibarbatus from the Benguela, shown by p-values from a G-test

N1 N2-A N2-B N4 N5-A N5-B
N1 -
N2-A .0126 =
N2-B 1104 .0019 -
N4 .0001 .0002 .0023 =
N5-A .0052 .1824 .0100 .0022 -
N5-B .3071 .0875 .2532 4393 1036 -
N5-C .3474 4116 .0095 .0428 .1588 .0154
N6 1219 .5306 .0555 .0168 .0168 7625
N7 4790 .6582 .0678 .0019 4012 4422
N8 .3511 1537 .0175 .0036 .6908 4377
N9 .0793 .0481 .0012 .0001 .0411  .2061
N10 .2784 .0889 .0452 .2820 .0358 9241
N11 .0131 .0001 .0002 .0004 .0009 .0699

N5-C Né N7 N8 N9 N10 N11
1347 =

.9046 .9095 -

.0881 .7240 .9849 =

.0275 .0390 .2425 .0494 -

4970 7954 7671 .5405 .2089 =

.0492 .0120 .0656 .2528 .0586 6125 -

Note: Significant p-values are shown in italics, and those remaining significant after Benjamini-Yekutieli false discovery rate (FDR) correction are

shown in bold.

pairwise comparisons in both tests respectively, after false discovery
rate (FDR) correction. Four of the significant pairwise comparisons
in the G-test involved N11. In the AMOVA, significant differences
were found in comparisons between groups north and south of 25°S,
with N7, N8, N10, and N11 showing significant differentiation from
the groups further north (Table 5). Significant differences were also
present between some neighboring groups, such as N2A and N2B
(Table 5). There was no change in overall G-test results nor in lo-
cus-wise F¢ (For = 0.007, p < .001) when the extremely remote group
N11 or the deepest group N2A were removed from the analysis.
The output of probabilities from STRUCTURE Harvester indicated a

value of K = 1 or K = 2 as the most likely number of clusters from the

data (Figure S2). The DAPC also showed some possible minor level of
clustering (Figure 2) depicting differentiation between groups N2A
and N2B, and a slight separation of N11. The lack of strong structur-
ing overall suggests that the population structure is too discrete and
weak to be detectable by STRUCTURE, as is indicated by the very
low yet significant F¢; values obtained in the G-test and AMOVA.
There was a positive correlation between the genetic distance
(pairwise F¢) and the geographic distance when all sample groups
were included (Mantel test, r = .464, p = .001, Figure 3a), suggest-
ing that genetic differences increase with distance between groups.
This disappeared when the analysis was run excluding group N11
from 32°S (Mantel test, r = .190, p = .090). For all sampling sites
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TABLE 5 Pairwise genetic differentiation between sites for Sufflogobius bibarbatus from the Benguela, shown by F; (below diagonal) and
p-values (above diagonal) from an analysis of molecular variance (AMOVA)

N1 N2-A N2-B N4 N5-A N5-B

N1 - .007 .001 .006 .005 .001
N2-A .003 = .004 .005 154 .016
N2-B .005 .004 - .014 .019 .010
N4 .003 .003 .003 = .004 .230
N5-A .003 .001 .003 .003 - 241
N5-B .004 .003 .003 .001 .001 =

N5-C .003 .003 .004 .005 .003 .006
Né .002 .002 .001 .002 .001 .002
N7 .004 .005 .005 .008 .006 .009
N8 .004 .006 .004 .008 .004 .006
N9 .002 .003 .001 .003 .000 .003
N10 .006 .006 .004 .007 .006 .008
N11 .008 .008 .006 .009 .006 .007

N5-C Né N7 N8 N9 N10 N11

.005 .010 .001 .003 .008 .001 .001
.005 .013 .001 .001 .014 .001 .001
.003 139 .004 .001 102 .002 .001
.001 .041 .001 .001 .003 .001 .001
.001 190 .001 .001 .324 .001 .001
.001 .032 .001 .001 .001 .001 .001
- .009 .005 .001 .016 .001 .001
.002 = .001 .001 482 .001 .001
.003 .006 - .334 .004 .280 .001
.006 .005 .000 = .005 .082 141
.002 .000 .003 .003 - .012 .003
.004 .005 .000 .001 .002 = .013
.008 .008 .004 .001 .003 .002 -

Note: Significant p-values are shown in italics, and those remaining significant after Benjamini-Yekutieli false discovery rate (FDR) correction are

shown in bold.

FIGURE 2 Population differentiation

77 5

£
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X

7=
"' V4 ,"
’%iﬂg},—

DA eigenvalues among 13 sampling groups of bearded
goby Sufflogobius bibarbatus in the
Benguela region using 10 microsatellite
markers, depicted using Discriminant
analysis of principal components (DAPC).
Individuals from different sample sites are
represented by coloured dots, and inertia
ellipses are centred on the mean of each
population

included, there was no significant correlation with bottom oxy-
gen concentration (r = .150, p = .160, Figure 3b) or bottom depth
(r=.084, p =.211, Figure 3c). However, the correlation with bottom

oxygen concentration turned significant when the analysis was run
excluding N11 (r = .336, p = .017). The exclusion of N2A had no in-

fluence on the results.
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FIGURE 3 Relationship of (a)
pairwise genetic distance (F¢) with

linear geographic distance (a), with

pairwise differences in bottom oxygen
concentration (ml/L) (b), and with pairwise 0.006
depth differences (c) for Sufflogobius
bibarbatus among 13 sampling sites in
Benguela. Correlation factors (r) and
p-values from Mantel tests involving all
pairwise comparisons are shown, and

0.008

Fsr
g

regressions are shown by the solid line. 0.002
Filled circles show comparisons with site o o ° 00 o All: r =0.464, p = .001
N11 (figures a and b) and site N2A (figure 0.000 o — Without N11: r = 0.190, p = .090
c), and dashed lines show regressions with T T T T
these sites excluded 0 500 1000 1500
Geographic distance (km)
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0.008 — . oo o o
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4 | DISCUSSION

The present study demonstrates that populations of the endemic
bearded goby Sufflogobius bibarbatus are not panmictic in the
Benguela upwelling ecosystem. The results corroborate earlier
findings based on allozymes (Ndudane, 2004) and mtDNA markers
(Gunawickrama et al., 2010) in suggesting that the population struc-

ture of S. bibarbatus in this region is weak, complex and without a

Difference in average depth (m)

clear geographic pattern. The results indicate however, an influence
of isolation by distance and hydrographic conditions in restricting
gene flow, and a possible influence of ambient oxygen levels that
warrants further investigation.

Isolation by distance explained the genetic structure only when
the most southern sampling site from south of the strong Liideritz
upwelling (N11: 32°S) was included in the analysis. This suggests

that there are some mechanisms that limit the mixing of S. bibarbatus
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from the southern Benguela with those from the north. One expla-
nation could be that the strong upwelling off Lideritz, characterized
by strong Ekman-transport offshore (Agenbag & Shannon, 1988;
Hutchings et al., 2009; Nelson & Hutchings, 1983) limits the mix-
ing of early life stages of S. bibarbatus from the south with early life
stages north of the strong and permanent upwelling cell (Olivar et al.,
1992). Previous genetic studies on other fish species including hake
(Henriques et al., 2016; Henriques, Potts, Sauer, & Shaw, 2012), and
other fauna (Zardi, McQuaid, Teske, & Barker, 2007) report evidence
in support of an oceanographic barrier around the Lideritz upwell-
ing cell generating a genetic discontinuity in populations across this
upwelling cell. Our findings support this, however, our analysis does
not reveal whether it is the upwelling cell itself that represents a bar-
rier or the distance that prevents mixing of mature individuals and/
or early planktonic larval stages. As the larval stages of S. bibarbatus
are planktonic (Olivar et al., 1992; O'Toole, 1978), the differentiation
within the northern area may be limited due to possible mixing of
early life stages via advection in the northward running Benguela
Current (Mann & Lazier, 1991). Our data show that there was no
change in the effective number of migrants (cf. N, 37.6) or genetic
differentiation (cf. Fer 0.007) when the southernmost remote sam-
pling site (N11) was excluded. This indicates that regardless of the
underlying mechanisms, the genetic structuring of the goby can be
ascertained to exist within the Benguela ecosystem.

The data show a positive correlation between genetic distance
and differences in bottom oxygen concentration among the sam-
pling sites in the northern Benguela (Figure 3b), and therefore the
influence of ambient oxygen levels on genetic structuring of S. bibar-
batus could be important. Only four sampling sites (N2A, N8, N9 and
N10) were at bottom oxygen concentration above 1.0 ml DO LY, of
which N10 was from well-oxygenated waters, and these were gen-
erally located on the outer shelf area. However, our results do not
show genetic differentiation between that group of sampling sites
and the hypoxic sites. Low bottom oxygen concentration is typical
for the Benguela upwelling ecosystem, but the extent and distribu-
tion of hypoxic water masses vary seasonally and over shelf areas
(Boyd, Salat, & Maso, 1987; Rouault, 2012). The average bottom ox-
ygen concentration over 23 years has confirmed that the northern
Benguela shelf waters experience low bottom oxygen well below
1.0 ml DO L and therefore, long term hypoxia is essentially a habi-
tat characteristic for most of the coastal sites where the goby lives.
Previous studies also report a stable perennial occurrence of low
bottom oxygen concentration along most of the Namibian shelf area
and that typically higher bottom oxygen occurs in the south; how-
ever, additional low oxygen sites and seeps also occur in the south
(Bartholomae & van der Plas, 2007; Emeis et al., 2004).

Loss of oxygen in marine habitats may compress habitable areas
for marine organisms (Gallo & Levin, 2016). This can lead to diver-
gent selection of tolerant genotypes that have better fitness to the
prevailing extremes in the habitat (Sultan & Spencer, 2002; Tobler
et al., 2008), and in favor of physiological tolerance to hypoxia
(Chapman, Galis, & Shinn, 2000; Martinez, Chapman, & Rees, 2009),

and local adaptation. The remarkable hypoxia and anoxia tolerance

of S. bibarbatus (Salvanes et al., 2015; Utne-Palm et al., 2010), and
also ability to tolerate sulphide shocks (Currie et al., 2018; Salvanes
et al.,, 2011), indicate that low bottom oxygen concentration does
not limit the distribution and reproduction of S. bibarbatus (Salvanes
et al., 2018; Seivag et al., 2016). Some genetic studies of other fish
species have shown that long term adaptive response to hypoxia is
reflected in gene expression (van der Meer et al., 2005), which in
turn can be expressed as physiological and biochemical adaptation
(Chapman et al., 2000; Martinez et al., 2009). The present findings
are unable to confirm the genetic basis for adaptation to hypoxia in
S. bibarbatus, but the study system provides a unique opportunity to
investigate the matter using targeted genetic approaches.

The present study based on hypervariable microsatellites veri-
fies the findings of weak population structure of S. bibarbatus found
in the two previous studies (Gunawickrama et al., 2010; Ndudane,
2004). Although clustering-based analyses do not show any clear
structure, the G-test and F¢-based AMOVA analysis show there is
some discrete level of structuring going on, but this is very weak.
The DAPC shows some possible minor level of structuring too.
Whereas neither mtDNA (Gunawickrama et al., 2010) nor allozymes
(Ndudane, 2004) reported evidence of isolation by distance, pres-
ent results, which include samples from a wider north-south range
including one group (N11) much further south of the Lideritz up-
welling zone do indicate isolation by distance as a driver of popula-
tion heterogeneity in S. bibarbatus. Furthermore, we add preliminary
evidence of a possible contribution of hypoxia in structuring these
populations. We did not observe any isolation by depth, but this
finding may be expected for S. bibarbatus given the life history fea-
tures of the species. On the other hand, neutral loci that we used
may not have adequately captured genetic divergence due to local
adaptation. Other studies have reported that depth and bottom to-
pography can play important roles in seascape genetics in respect to
adaptive divergence using microsatellites (Saha et al., 2016).

The neutral microsatellites are known to have a high-resolu-
tion power to detect fine-scale genetic structuring in marine spe-
cies, but the polymorphic nature of the marker often results in very
low F¢; values (Waples, 1998). This Index of genetic differentiation
in S. bibarbatus was apparently lower using microsatellite markers
(Fg; = 0.007) than when using PCR-RFLP of mtDNA (Gunawickrama
et al., 2010: F; = 0.137). Although the reasons behind such discor-
dant values are not straightforward, MtDNA often tends to show
higher values of genetic differentiation compared to microsatel-
lites in marine species (e.g. Gariboldi et al., 2016; Sailant, Renshaw,
Cummings, & Gold, 2012; Seyoum et al., 2018). The estimates of ge-
netic differentiation reported on S. bibarbatus by Gunawickrama et
al. (2010) may have been inflated by the presence of private mtDNA
haplotypes in high frequencies in some sample groups and relatively
small sample sizes (ranged 20-49 individuals). But the greater differ-
entiation in the mtDNA could also reflect possible higher site fidelity
for females than males as shown for saithe by both nuclear mark-
ers (Saha et al., 2015) and mtDNA (Eriksson & Arnason, 2014). We
did not record sex in our samples and could therefore not test this

hypothesis.
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Our data show that fine-scale weak genetic structure is pres-
ent in S. bibarbatus in the Benguela despite many opportunities
for gene flow. The distance, hydrography, ambient oxygen levels,
and adaptive life history features may be among the drivers of ge-
netic differentiation. Determining the exact drivers of seascape
genetics is always challenging due to the simultaneous influence
of many factors (Selkoe et al., 2016). The reproductive behavior of
S. bibarbatus could add to the complexity of its genetic structur-
ing. For example, if the sex of mature fish were known, we could
have tested if there was site fidelity in females compared to males,
which has been observed for Saithe in the North Atlantic (Saha et
al., 2015). Furthermore, the presence of alternative reproductive
tactics in S. bibarbatus (Salvanes et al., 2018; Seivag et al., 2016)
and eggs attached to a substrate and cared for by territorial males
(Skrypzeck et al., 2014), could be taken as evidence for low con-
nectivity between some of the sampling groups. On the contrary,
selection of spawning grounds on outer shelf areas in an upwell-
ing zone would benefit larval transport to suitable nursery areas
inshore, representing a mechanism increasing connectivity. Given
the oceanographic and environmental characteristics of this up-
welling ecosystem on one hand, and the unique behavioural and
ecological adaptations of S. bibarbatus on the other, better knowl-
edge of the mechanisms behind the genetic structuring could be
achieved if future genetic studies include selective markers, and
samples from females and males on the spawning sites and from

early life stages from the entire shelf area.
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