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Abstract

Clinus cottoides is a fish endemic to the coast of South Africa, predominantly inhabiting
rock pools. All South African clinids are viviparous, but probably breed throughout the
year; as such, their dispersal may be limited, unlike species with pelagic larval stages. We
analysed 343 fish from 14 localities on the west, south and east coasts using two mitochon-
drial genes and the second intron of the S7 ribosomal gene. Mitochondrial DNA analyses
recovered significant genetic differentiation between fish populations from the east coast
and other sampling locations, with a second break found between Gansbaai and Cape
Agulhas on the south coast. Nuclear DNA recovered shallower, but significant, levels of
population structure. Coalescent analyses suggested remarkably asymmetrical gene flow
between sampling locations, suggesting that the cold Atlantic Benguela Current and Indian
Ocean Agulhas counter-current play important roles in facilitating dispersal. There was no
gene flow between the east coast and the other sites, suggesting that these populations are
effectively isolated. Divergence times between them were estimated to at least 68 000 years.
Neutrality tests and mismatch distributions suggest recent population expansions, with
the exception of peripheral western and eastern populations (possibly a consequence of
environmental extremes at the edge of the species distribution). Analyses of the current
South African marine protected areas network show that it is not connected and that De
Hoop, one of South Africa’s largest marine reserves, appears to be an important source
population of recruits to both the south and southwest coasts.
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Introduction

Phylogeographical analyses play an increasingly important
role in determining the presence of evolutionary significant
units, as well as “genetic diversity hotspots” (Moritz 2002;
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Rocha et al. 2007). With increasing pressures on marine
ecosystems from exploitation, climate change and invasive
species, it is becoming increasingly important to evaluate
areas offering protection using not only biological, but also
genetic data (Moritz 2002; Rocha et al. 2007). As many marine
species also have wide and often disjunct populations, it is
crucial to understand the directionality and intensity of
gene flow, which is shaping the populations and species of
tomorrow (Rocha et al. 2007; von der Heyden et al. 2007),
and to use this data to make informed decisions regarding
the placement of marine protected areas (MPA). It is
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important to understand that MPAs do not only act to retain
species and their propagules, but also act as a ‘reproductive
reservoir” which supplies recruits to adjacent areas which
are not protected (Bird ef al. 2007). This is especially important
in South Africa where marine protection is minimal and
often poorly enforced. Importantly, although 23% of the
South African coast is protected by MPA status, only 9% is
designated as ‘no-take’ zones, with the remaining coastline
under open access for commercial, artisanal and recreational
exploitation (A.T. Lombard (Conservation Systems), T. Strauss
(Conservation Systems), D.J. Harris (Ezemrelo KZN Wildfire),
K. Sink (African Coelocanth Project), C. Attwood (Marine
Coastal Management), L. Hutchings (Marine Coastal Manage-
ment), unpublished data).

The South African coastal marine environment is char-
acterised by very high species richness as a consequence of
its long coastline and variable oceanic conditions (Awad
et al. 2002). Three main biogeographical provinces are
recognised: the ‘cool-temperate Namaqua Province’, “warm-
temperate south coast Agulhas province” and ‘the sub-
tropical east coast province’ (Emanuel et al. 1992; Figs 1
and 3). Due to the dynamic nature of the intertidal zone,
it is not possible to determine the boundaries of each
biogeographical province, yet it is clear that there are
significant faunal differences between the southeast and
northwest coasts separated by Cape Point (Fig. 1; Branch et al.
1994). In contrast, the transition between the south and east
coasts remains unclear (Turpie et al. 2000; Harrison 2002).

Whether there are also genetic boundaries that relate to
the ecologically determined coastal biogeographical bound-
aries in South Africa is poorly understood. For the caridean
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Fig. 1 Map showing the distribution (dashed
arrows) and sampling localities of Clinus
cottoides. 1, Jacobsbaai; 2, Mouille Point;
3, Kommetjie; 4, Wooley’s Pool; 5, Rooiels;
6, Betty’s Bay; 7, Gansbaai; 8, Cape Agulhas;
9, De Hoop; 10, Cape Infanta; 11, Herrold’s
Bay; 12, Knysna; 13, Port Alfred; 14, Haga
Haga/Gonubie. Major physical oceano-
graphic features around the South African
coastline showing the Benguela and Agulhas
Currents that are likely to influence gene
flow patterns in C. cottoides and other South
African marine organisms are highlighted
(e.g. abalone and crustacea; see text for
details). Agulhas ring eddies and the Agulhas
counter-current are also depicted: modified
after Lutjeharms & Ballegoyen (1988) and
Lutjeharms & Ansorge (2001).
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shrimp Palaemon peringueyi, the abalone Haliotis midae, and
three estuarine invertebrate species, significant genetic
structure with a discontinuity in the Cape Agulhas region
was detected (Evans et al. 2004; Teske et al. 2006). Additional
breaks on the west and east coasts have also been detected
for the isopod, Exosphaeroma hylocoetes and the cumacean,
Iphinoe truncata, respectively (Teske et al. 2006). In contrast,
for the rockpool inhabiting goby, Caffrogobius caffer, no
population structure was recovered over the genetic barrier
at Cape Agulhas (Neethling ef al., in press).

Fishes of the family Clinidae (klipfish) have a disjunct
distribution globally, with representatives in North and
South America, the Mediterranean, Australia, New Zealand
and at some localities in the Indo-Pacific. Southern Africa
has the largest number of clinid species, with most of these
being restricted to the South African coasts, although some
species with large distributional ranges are also found in
southern Namibia. They are prominent members of the
intertidal and are found both in rock pools, and in the
shallow subtidal environment. Prochazka & Griffiths (1992)
in a study of South African intertidal rock pool communities
reported that clinids constituted between 88% to 98%
of fishes collected. Southern African clinids are viviparous
and ‘give birth” to well-developed postflexion larvae, as are
clinid species found in Australia and New Zealand. Clinids
from North and South America are oviparous (Stepien 1992),
although some oviparous clinids also exhibit nesting
and guard behaviour by male fish (Coyer 1982).

Clinus cottoides (bluntnose klipfish) is an abundant, small
(maximum length 15 cm; Smith 1995), carnivorous clinid
species, endemic to South Africa with a distribution along
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the west, south and southern east coasts of South Africa
(Fig. 1). Their preferred habitats are tide pools on the rocky
shore, although rarely, individual fish have been seen to
around 8 m depth (Zsilavecz 2005). As for all clinid post-
flexion larvae, those of C. cottoides are rarely encountered
in plankton surveys, in contrast to a number of other
South African endemic fishes (N. Strydom, personal
communication).

Most marine fishes spawn directly into the water column
and have pelagic larval stages that disperse freely. A result
of this dispersal strategy is that many marine species show
little or no genetic structure over large areas (Grant &
Bowen 1998; Waples 1998). Vivipary may therefore reduce
the potential for free dispersal, especially in organisms
utilising rocky shore habitats. Fish without pelagic larval
stages, for example the black surfperch (Embiotoca jacksoni,
Bernardi 2000), the damselfish (Acanthochromis polyacanthus,
Planes et al. 2001) and the Banggai cardinal fish (Pterapogon
kauderni, Bernardi & Vagelli 2004) show strong genetic
differentiation among sampled localities. Therefore, vivip-
arous fish may have more pronounced population genetic
structuring compared to species with pelagic life-history
stages, although a number of papers have shown that
active larval behaviour may influence population structure
by limiting dispersal via larvae homing’ in on specific
oceanographical features (Leis et al. 2005; Cowen et al. 2006).

Given that C. cottoides has a potentially abbreviated life
history as a result of ‘live-born’ larvae and hence putatively
has low dispersal abilities, we use this fish as a model
species in order to investigate population structure and gene
flow patterns along the South African coast. Specifically,
we aim to test the hypothesis that the major dispersal
agents of C. cottoides, their larvae, and therefore the associ-
ated gene flow patterns show directionality with respect
to two major ocean currents, the Benguela and Agulhas
(Fig. 1). In addition to our work, we use published research
in order to carry out a preliminary assessment of the MPA
system currently in place in South Africa. In particular, we
focus on the De Hoop marine reserve, the largest MPA in
South Africa, located just east of Cape Agulhas, the domin-
ant genetic break found for marine organisms in the
southern Africa intertidal to date. Furthermore, we test the
hypothesis that De Hoop contributes significant recruits to
populations located to the west, with dispersal predomi-
nantly occurring by means of the Agulhas Current and
associated Agulhas ring eddies (Lutjeharms & Ballegooyen
1988). We use sequence data from two mitochondrial gene
regions [the 5" variable part of the control region (D-Loop)
and NADH subunit 2], as well as one nuclear intron (the
second intron of the S7 ribosomal gene) for 343 fishes
spanning the entire distribution range of C. cottoides. This
approach additionally allows us to critically compare the
extent of population structure recovered with maternally
vs. biparentally inherited marker systems.

Materials and methods

Sample collection and laboratory procedures

Fish were collected exclusively from tide pools (Fig. 1)
using handnets and the anaesthetic ethyleneglycolmono-
phenylether (Merck). Muscle tissue was dissected from
each fish and total genomic DNA extracted with the
Puregene kit (Gentra Systems) with an overnight proteinase
K digestion at 55 °C. All fish will be deposited in the
collection of the South African Institute for Aquatic Science,
Grahamstown, South Africa.

Polymerase chain reaction (PCR) primers to amplify the
NADH subunit 2 gene (ND2) in clinids were designed
from an alignment of mitochondrial gene regions of other
perciform fish. The primers Clinus_Nd2F: 5-AAGAGAT-
CAAAACTCTTAGTGCTTC-3’; Clinus_Nd2R: 5-CTTT-
GAAGGCCCTTGGTC-3" PCR amplified a fragment of
c. 1100 bp, which encompasses the entire ND2 gene. All
sequences were checked to ensure that no pseudogene
was amplified. The variable 5" part of the mitochondrial
(D-Loop) region was amplified using the PCR protocol and
primers CR-A and CR-E as described by Lee et al. (1995).
The second intron of the S7 ribosomal gene was amplified
as in Chow & Hazama (1998), but additional clinid-specific
S7 primers were designed to facilitate easier amplification;
Clinid_S7F: 5"-GTTCGAGTCCGGGATCTCCCAGGTAAG-3
and Clinid_S7R: 5’-GCTCACTGTCCCTTTGTAGCTCAG-3'.
PCR cycling conditions were as follows for ND2; an initial
denaturation of 3 min at 94 °C, 35 cycles of denaturation at
94 °C for 30 s, annealing at 54 °C for 45 s, extension at 72 °C
for 1.5 min and a final extension at 72 °C for 5 min. The
cycling conditions for the clinid-specific PCR primers were
as for ND2 but with an annealing temperature of 62 °C and
an extension time of 1 min. All PCR products were gel
purified using the Gel Extraction kit from QIAGEN. Purified
products were sequenced using BigDye terminator
chemistry (Applied Biosystems) and run on an ABI 3100
automated sequencer. ND2 fragments were sequenced
with the forward and reverse primers. In order to check for
Tag or sequencing error in the S7 alleles, 10% of fish with
single haplotypes were PCR amplified and sequenced
twice. All sequences have been deposited with GenBank
under the following accession nos: DQ525278-D(Q525291
(ND2), DQ525292-DQ525332 (S7 intron) and DQ525333—
DQ525352 (D-Loop).

Data analyses

Sequences were edited and aligned in BioEdit (Hall 1999).
Four data sets were generated; data sets 1 and 2 contained
343 fish and 420 bp of the D-Loop and 1021 bp of the ND2
gene, respectively. A third data set combined the mtDNA
genes for a total of 1441 bp. Data sets were analysed
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separately, but as mtDNA is inherited as a single linkage
block, analyses were also conducted with a combined
D-Loop and ND2 data set. Data set 4 contained 334 fish
(but 668 sequences) and 659 bp of the second intron of the
S7 ribosomal gene. In order to separate the alleles in the
intron data for each individual, we used the program
Phase2.1 (Stephens et al. 2001; Stephens & Scheet 2005). We
considered the haplotypic phase of alleles to be resolved if
recovered with a degree of confidence of 90% or greater
from a run of 1 million iterations. All data sets were
collapsed to haplotypes using the program Collapsel.2
(http: //darwin.uvigo.es).

Data sets were analysed in two ways; the first combined
all samples from all localities (i.e. a panmixia model); in the
second analysis, the 14 sampling localities were ungrouped
(see Fig. 1). Standard diversity indices [haplotype (k) and
nucleotide (w) diversity], and the number of polymorphic
sites were calculated for each data set using Arlequin 3.1
(Excoffier et al. 2005).

In order to investigate possible genetic structuring
between sampling locations, analyses of molecular variance
(amova) and pairwise @g; (an analogue of Fg; that considers
not only haplotype frequency, but also the extent of differ-
entiation among haplotypes) were conducted in Arlequin
3.1. Significance levels for AMoOva were obtained using
a nonparametric permutation approach with 10 000 itera-
tions. In addition, samMova analyses were carried out on
all data sets. sAMOvA maximises the proportion of the total
genetic variation between groups of populations, as well
as identifying possible genetic barriers between them,
without pre-defining populations as is necessary for AMova
(Dupanloup et al. 2002).

Due to the limited sequence divergence among sampled
haplotypes (0.74 + 0.36% for D-Loop, 0.23 + 0.06% for ND2,
0.68 + 0.65% for S7), a network approach was adopted
rather than attempting to build a bifurcating tree, which
given the low divergence values would almost certainly
invalidate the underlying assumptions of any bifurcating
tree-building algorithm (for review see Posada & Crandall
2001). A statistical parsimony network was constructed
among haplotypes of the combined mtDNA data set and
among alleles of the S7 intron using the program Tcs version
1.21 (Clement et al. 2000).

To investigate the demographic history of Clinus cottoides,
pairwise mismatch distributions for all the sampling
locations combined and each locality separately, and a test
of selective neutrality, Fu’s F¢ (Fu 1997) were calculated
in Arlequin 3.1. This was used as: (i) a test whether
populations are in mutation—drift equilibrium under an
infinite sites model, and (ii) as an indicator of recent demo-
graphic change, which could have resulted from either
population expansion or contraction, background selec-
tion or genetic hitch-hiking (Rogers & Harpending 1992;
Harpending 1994).
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To estimate past migration rates, as well as the direction-
ality of gene flow between sampling localities, Migrate-n
version 2.4 was used (Beerli & Felsenstein 1999, 2001).
Estimates of directional gene flow are especially important
in understanding whether oceanographical features, that
is, the diverse current systems and upwelling cells affect
gene flow patterns, despite C. cottoides having an abbreviated
life history. In order to maximise the statistical power of our
gene flow analyses, we sought to minimise unnecessary
parameters (see, e.g. Bowie et al. 2006) and constructed
a stepping-stone model with asymmetrical gene flow.
Our study system is particularly suited to this model, given
the linear nature of the southern African coastline. For
the stepping-stone migration model, two analytical runs
were conducted, an initial short run, followed by a second
longer run. For both runs, the starting values of the
population mutation parameter and the ratio between the
immigration rate and the respective population and
mutation rate per generation were estimated from Fgp
values (Beerli & Felsenstein 1999). For the long-run, 10
short-chains, each with a total of 25 000 generations and a
sampling increment of 20 generations, and two long-chains
each with a total of 250 000 generations and a sampling
increment of 50 generations were run twice. A total of
50 000 and 12 500 000 genealogies (recorded steps multi-
plied by the sampling increment) were visited by the
short and long chains, respectively. For both, the short
and long chains, the first 10 000 genealogies were discarded
(the burn-in). An adaptive heating scheme with four
chains (starting values of 5.00, 2.50, 1.50, 1.00) and a swap-
ping interval of one was used to ensure that efficient mixing
occurred. For the other settings, default values were
implemented.

We also used the program MDIV (Nielsen & Wakeley
2001) to calculate the divergence time between the two most
genetically divergent populations of C. cottoides, those from
the east coast (Port Alfred and Haga Haga) and all other
sampling localities. MDIV was used to estimate a variety of
parameters: theta (6 = 2N 1), migration rate (M = 2N gmn),
time of population divergence (T = t/2N,;) and time to the
most recent common ancestor (TMRCA = fu), where N is
the female effective population size, t is the generation
time and p is the mutation rate. Three simulations were run
with 2 x 106, 5 x 106 and 10 x 106 generations, all had a 10%
burn-in. A finite-sites model with upper bounds of 10 for
the scaled migration rate and time of population divergence
of 5 U were set. Scaled divergence time was converted to
years where T, = T8/2, with T and 6 being estimated
from MDIV, and u being calculated by multiplying with the
estimated 3.6% per million year mutation rate for the teleost
control region (Donaldson & Wilson 1999). It is uncertain at
whatage C. cottoides begins to reproduce, but from specimen
length/reproductive data, we estimated that a generation
time of 0.5 years is appropriate.
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Table 1 Diversity indices for all sampling locations combined for
all data sets

S/percentage
Dataset n h =n of variation ~ Fu’s Fs
D-Loop 343 0.66 0.0026 35/8.3% -30.3, P < 0.001
ND2 343 0.42 0.0005 57/5.6% -34.0, P < 0.001
Combined 343 0.79 0.0011 91/6.3% -27.7, P <0.001
S7 intron 334 (668) 0.89 0.0046 41/6.2% -25.6, P <0.001

n, the number of fish sampled; 1, haplotype/allele diversity;

m, nucleotide diversity; S, number of polymorphic sites. The
percentage of variable sites are also given. The number in brackets
for the S7 intron is the number of alleles sampled.

Results

Sequence variation and diversity estimates

In total, 343 fish were analysed for the mtDNA data. We
excluded nine fish from the S7 data set, as the program
Phase2.1 could not resolve two or more alleles with 90%
confidence; this left 334 fish for the intron analyses. Overall,
the nDNA S7 data set had both the highest haplotype/
allelic and nucleotide diversity, with NADH2 being least
diverse for all measures of diversity (Table 1). The D-Loop
data set included 420 positions with 35 polymorphic sites
(8.3%); 41 haplotypes were recovered. The most common
haplotype was shared by 57.1% of fish sampled. The
combined D-Loop and NADH?2 data set consisted of 1441
nucleotide positions and included 91 variable sites (6.3%);
91 haplotypes were recovered with the most common
haplotype shared by 35.1% of fish. For both mtDNA data
sets, there were no shared haplotypes between the east
coast samples (Fig. 1) and any of the other sampling locations
Table 2), with one fixed nucleotide difference (data not
shown). Furthermore, for the mtDNA data set, haplotype
one was restricted to fish collected only from east of
Cape Agulhas, haplotype 30 to fishes from Wooley’s Pool
to Gansbaai (southwest coast) and haplotype 72 to fishes
from Cape Agulhas, De Hoop and Cape Infanta. Samples
from the south coast (De Hoop to Herrold’s Bay) were the
most genetically diverse.

The 659 nucleotide positions of the S7 intron included 41
variable sites (6.2%). One hundred and five haplotypes
were recovered; 25.3% of fish shared the most common
haplotype. Of the 334 fish sampled, 71 (21.3%) were
homozygous and 263 were heterozygous. Many alleles
(65.7%) were restricted to single sampling sites, with De
Hoop on the South Coast being the most diverse (Table 2).
As for the mtDNA, no consistent geographical pattern
was apparent in either the allelic or nucleotide diversity
estimates for the S7 intron (Table 3), although fishes from

the south and southwest coasts were more diverse when
compared to the west coast.

Analyses of molecular variance

AMOVA revealed significant overall ®g; values among the
14 sampling sites for both D-Loop (®g = 0.26, P < 0.001), as
well as for the combined mtDNA data set (®gp=0.12,
P <0.001), and the S7 intron (&g = 0.05, P < 0.001). Pairwise
@ analyses on the mtDNA data showed that the highest
@ values were between the east coast (Haga Haga/Gonubie
and Port Alfred; Fig. 1) and all other sampled populations
and ranged between 0.48 to 0.77, suggesting the presence
of a major gene flow barrier between Knysna and Port
Alfred (Table 4). A second, less pronounced genetic break
mirrors that of other South African molecular studies, in
that it lies around Cape Agulhas. There is some shallow,
but significant structure between sampling localities from
Jacobsbaai to Gansbaai (®g; = 0-0.14) but all west and
southwest coastal sampling sites are significantly different
to Cape Agulhas, De Hoop and other more easterly locations.
The @ values between Cape Agulhas and sampling
localities to the west are generally higher (&g = 0.1-0.22),
suggesting the presence of a genetic barrier in the region.
This suggests that any barriers to gene flow must lie on the
western side of Cape Agulhas, between Cape Agulhas and
Gansbaai (Table 4; Fig. 3).

Interestingly, S7 intron analyses are not analogous to the
mtDNA data. Most notably, the east coast populations are
not as strongly differentiated from those on the west and
south coast and there are no fixed nucleotide differences
between them. Port Alfred is significantly different to all
other sampling sites, whereas Haga Haga (east of Port
Alfred) showed little differentiation, possibly due to the
smaller sample size from that locality. ®g; values between
the east coast and other sampled sites are not significantly
higher as they are for the mtDNA data, and overall the ®g;
values range from 0.01 to 0.22. De Hoop is also significantly
different from all other sampling localities (Table 4), possibly
because of the large number of diverse alleles recovered
from fishes there.

SAMOVA was run for all three data sets. For the mtDNA
data sets, F-; was maximised at two groups, the two east
coast locations (Port Alfred and Haga Haga) and all other
sampling stations (D-loop: Fp = 0.51, P < 0.02; combined
mtDNA: F =040, P < 0.02), providing further evidence
that the east coast populations are isolated from the south
and west coast fishes. However, for the S7 data F. was
maximised at four groups (F-p = 0.065, P <0.01), but this
grouping was not biologically meaningful, as each of the
four groups included sampling localities seemingly at
random from the west, south and east coast of South Africa.
If sampling localities are pooled in accordance with the
mtDNA results from the saMova analyses and modelling
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Table 2 Sampling localities, sample size, and frequencies of mtDNA haplotypes and nDNA alleles for Clinus cottoides

Locality n Haplotype combined mtDNA n Alleles nDNA
West coast
Jacobsbaai (1) 13 2(8) 34(3) 35[1] 36[1] 13 3(19) 20(2) 28(01) 29(1) 30(2) 35(1)
(26)
Mouille Point (2) 33 2(23) 26(1) 31(2) 32[1] 33[1] 37[3] 33 3(28) 7(1) 8(4) 9(13) 19(1) 20(5) 27(1) 28(3) 30(2)
38[1] 79[1] (66) 33(1) 34[2] 35(3) 101[1] 102[1]
Kommetjie (3) 18 2(10) 31(3) 42(1) 50(1) 69[1] 70[1] 18 3(16) 8(2) 9(3) 20(3) 27(3) 28(3) 30(1) 31(3) 42(1)
71[1] (36) 63[1]
Southwest coast
Wooley’s Pool (4) 24 2(7) 30(2) 42(2) 46(2) 49[2] 50(2) 24 3(14) 8(2) 9(7) 10(1) 12(1) 20(5) 27(1) 28(5) 30(1)
51[1] 52[1] 53[1] 54[1] 55[1] 56[1] (48) 31(4) 45[1] 46[3] 47(2) 48(1)
57[1]
Rooiels (5) 42 2(22) 24[1] 25[1] 26(1) 27(6) 30(1) 42 3(35) 6(4) 9(9) 12(9) 20(5) 25[1] 26[1] 27(3) 28(7)
34(1) 39(3) 40[3] 41(2) 42(2) 43[1] (84) 31(3) 36(3) 37(1) 38[1] 39[1] 40[1]
Betty’s Bay (6) 28 2(16) 22(1) 23[1] 27(2) 28[1] 29[1] 27 3(12) 7(2) 8(3) 9(5) 12(2) 13(1) 19(1) 20(5) 21[1]
30(1) 44[1] 45[1] 46(1) 47[1] 48[1] (54) 22[1] 23[1] 24[1] 27(1) 28(5) 29(2) 30(1) 31(2)
32[1] 33(1) 35(2) 41[1] 42(1) 43[1] 44(1)
South coast
Gansbaai (7) 26 2(17) 22(1) 30(4) 39(1) 41(1) 67[1] 26 3(8) 6(1) 7(4) 8(2) 9(7) 12(1) 19(1) 20(7) 27(1) 28(4)
68[1] (52) 31(3) 35(1) 36(2) 37(1) 42(1) 48(1) 53(1) 60(2)
61(2) 62[1]97[1]
Cape Agulhas (8) 18 1(1) 2(11) 4(1) 5(1) 72(2) 73[1] 17 3(6) 4(1) 5(2) 6(1) 7(1) 8(2) 9(2) 17(1) 19(2) 20(3)
74[1] 86[1] (34) 27(1) 42(2) 47(1) 58(1) 59[1] 61(2) 64[1] 65[1]
98[1] 99[1] 100[1]
De Hoop (9) 35 1(2) 2(12) 3[1] 4(8) 5(1) 17[1] 30 1(1) 2[1] 3(7) 4(1) 5(1) 6(5) 7(5) 8(5) 12(3) 15(1)
18[1] 19[1] 20[1] 72(2) 81[1] (60) 16[1] 17(1) 18[1] 19(1) 20(3) 31(1) 52(1) 60(1)
82[1] 83[1] 84[1] 85[1] 61(1) 78(1) 80[1] 81[1] 82[1] 83[1] 84[1] 85[1]
86[1] 87[1] 88[1] 89[1]90[1] 91[1] 92[1] 92[1]
94[1] 95[2] 96[1]
Cape Infanta (10) 20 1(3) 2(7) 4(2) 72(1) 75[1] 76[1] 20 1(1) 3(5) 4(1) 6(6) 7(3) 8(2) 9(1) 19(1) 20(5) 27(5)
77[2] 78[1] 87[1] 88][1] (40) 28(3) 44(1) 53(2) 58(1) 61(1) 66[1] 67[1] 78(1)
Herold’s Bay (11) 32 1(5) 2(13) 4(2) 26(2) 58[1] 59[1] 31 3(19) 4(2) 6(3) 7(1) 8(3) 9(9) 10(1) 12(3) 15(1) 19(1)
60(1) 61[1] 62[1] 63[1] 64(1) 65[1] (62) 20(2) 27(3) 28(1) 49[1] 50[1] 51(1) 52(1) 53(1)
66[1] 80[1] 54[2] 55[1] 56[1] 57(2) 77[1] 78(1) 79[1]
Knysna Heads (12) 17 1(3) 2(9) 60(1) 64(1) 89[1] 90[1] 16 3(9) 4(1) 7(3) 9(1) 19(4) 20(6) 28(1) 30(1) 35(1)
91[1] (32) 42(1) 58(1) 103[1] 104[1] 105[1]
East coast
Port Alfred (13) 26 6(18) 10[2] 11[1] 12[1] 13[1] 14[1] 26 3(8) 6(3) 8(4) 9(5) 10(1) 12(5) 13(1) 20(8) 27(1)
15[1] 16[1] (52) 42(1) 51(3) 57(2) 69[1] 70[1] 71[1] 72[3] 74[2]
75[1] 76[1]
Gonubie/Haga Haga* (14) 11 6(8) 7[1] 8[1] 9[1] 11 3(8) 9(4) 10(2) 11[1] 12(3) 13(1) 14[1] 51(1) 68[1]
(22)

n, number of haplotypes sampled for mitochondrial and nuclear DNA markers (and alleles). [ ], haplotypes unique to a specific population;
(), haplotypes shared between sampling areas. The nos 1-14 refer to the sampling localities depicted in Fig. 1 (*three samples from Gonubie

and eight from Haga Haga).

of gene flow (see below) among localities then four groups
or “‘populations’ can be recognised: the west coast (Jacobsbaai,
Mouille Point, Kommetjie), southwest coast (Wooley’s
Pool, Rooiels, Betty’s Bay, Gansbaai), south coast (Cape
Agulhas, De Hoop, Cape Infanta, Knysna) and east coast
(Port Alfred, Haga Haga). ®¢; values are significant
(P <0.001) in all pairwise comparisons among these four
groups and range from 0.02-0.51 with an increase in ®g;
from west to east.

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

Statistical parsimony network

Evaluation of the limits of statistical parsimony suggests
that topologies connecting haplotypes by eight steps
(mtDNA) and S7 alleles (nDNA) by 11 steps or fewer have
a cumulative probability of greater than 95% of being
correct. The mtDNA network recovered a star-shaped
pattern with one central common haplotype, to which
several more recently derived haplotypes are connected
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Table 3 Diversity indices for the fourteen sampling locations for the combined mtDNA data and the nDNA S7 intron

Combined mtDNA S7 intron
Gene
Locality n (€] h b Fu’s F h V4 Fu’s Fg
West Coast
Jacobsbaai (1) 13 (13) 0.0022 0.60 0.0007 NS 0.47 0.0020 NS
Sea Point (2) 33 (33) 0.0057 0.51 0.0005 -5.1% 0.77 0.0033 —4.3*%
Kommetjie (3) 18 (18) 0.0054 0.67 0.0009 -2.9% 0.78 0.0030 NS
South-West Coast
Wooley’s Pool (4) 24 (24) 0.0061 0.90 0.0016 -7.2% 0.87 0.0037 —4.6%
Rooiels (5) 42 (42) 0.0062 0.73 0.0010 -5.9% 0.80 0.0035 —4.2%
Betty’s Bay (6) 28 (27) 0.0103 0.68 0.0011 —7.4% 0.93 0.0066 -10.1*
South Coast
Gansbaai (7) 26 (26) 0.0042 0.56 0.0006 -3.8% 0.93 0.0042 -12.0*
Cape Agulhas (8) 18 (17) 0.0228 0.67 0.0010 -3.4% 0.96 0.0054 -13.6*
De Hoop (9) 35 (30) 0.0078 0.84 0.0013 -9.4% 0.97 0.0072 -25.6*
Cape Infanta (10) 20 (20) 0.0079 0.86 0.0010 -6.3% 0.94 0.0040 -10.0*
Herold’s Bay (11) 32 (31) 0.0056 0.82 0.0009 -12.2* 0.89 0.0043 -16.4*
Knysna Heads (12) 17 (16) 0.0094 0.71 0.0007 —4.1% 0.88 0.0036 —6.8*%
East Coast
Port Alfred (13) 26 (26) 0.0035 0.52 0.0005 -5.6% 0.93 0.0052 -8.1%
Gonubie/Haga Haga* (14) 11 (11) 0.0104 0.49 0.0010 NS 0.84 0.0039 NS

n, the number of fish sampled (numbers in brackets are fish sampled for S7 intron); 1, haplotype allelic diversity; ©, nucleotide diversity;

*significant Fu’s F test; NS, not significant. 1-14 refers to the sampling localities on Fig. 1.

(Fig. 2a). The most divergent haplotype was from De Hoop,
and there is a subnetwork of 11 haplotypes restricted to the
east coast, although with the presence of an internal loop it
cannot be resolved whether these restricted haplotypes
represent a radiation from a single ancestral lineage (Fig. 2a).

In stark contrast, the S7 network does not show the same
pattern as for the combined mtDNA network. Instead,
there is no central allele, but rather five dominant ones.
Notably, the sub-network consisting only of east coast
haplotypes is absent, with these individuals having alleles
spread across the network. However, a second highly
divergent sub-network consists primarily of alleles from
fish in De Hoop, as well as from Betty’s Bay and Rooiels
(Fig. 2b).

Tests for neutrality and mismatch distributions

For both the mtDNA and nuclear intron data Fu’'s Fg
revealed significant negative values suggesting that
overall (all sampling localities combined) Clinus cottoides
populations are not in genetic equilibrium, possibly as a
consequence of population expansion. At the individual
level, all sites show demographic expansion, except for the
two peripheral populations at the edges of the distribution
of C. cottoides (Table 3). The mismatch distributions for
the mtDNA and the intron, showed a strong signal of
population expansion, with unimodal distributions (data
not shown).

Coalescent analyses of migration

The coalescent stepping-stone model revealed asymmetrical
gene flow patterns around the South African coast (Fig. 3;
Table 5). There is northwards gene flow between Kommetjie
and Sea Point to Jacobsbaai on the west coast (Nm = 28—
40.5), but no gene flow southwards from Jacobsbaai or Sea
Point to Kommetjie (Nm = 0). Gene flow around Cape
Point, a significant break in faunal and floral distribution,
is also low between Kommetjie on the west coast and
Wooley’s Pool in False Bay Nm = 0—4). There also is no gene
flow in an eastwards direction between Wooley’s Pool and
Rooiels (Nm = 0), but significant gene flow in the opposite
direction (Nm =24). On the southeast and south coast,
between Rooiels and Gansbaai, fishes appear to be a little
more mixed with gene flow occurring in both directions,
although there is stronger gene flow from west to east.
Significantly, there is no gene flow from Gansbaai to Cape
Agulhas and only little in return (Nm = 3.5). Cape Agulhas
receives a high number of migrants from De Hoop
(Nm = 63), but does not contribute many in return (Nm = 3).
Interestingly, De Hoop appears to be the source population
for all other sampling localities along the east coast with
gene flow only occurring east along the coast, but does not
receive migrants from localities to the east of it. Populations
at Port Alfred (13) and Haga Haga (14) are effectively
isolated, with little (Nm = 0.2) gene flow to them from the
west; they also do not provide migrants to areas west of

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd
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Table 5 Relative migration rate values (Nm) between each
population pair for the stepping-stone migration model along
the South African coast. Values in brackets represent the 95%
confidence values

From population To population Nm

1 (Jacobsbaai) 2 (Kommetjie) 0 (0-0)

2 (Kommetjie) 1 (Jacobsbaai) 28 (14.5-54)
2 (Kommetjie) 3 (Sea Point) 0 (0-0)

3 (Sea Point) 2 (Kommetjie) 40.5 (16-64)
3 (Sea Point) 4 (Wooley’s Pool) 0 (0-0)

4 (Wooley’s Pool) 3 (Sea Point) 4 (2-22)

4 (Wooley’s Pool) 5 (Rooiels) 0 (0-0)

5 (Rooiels) 4 (Wooley’s Pool) 24 (16-101)
5 (Rooiels) 6 (Betty’s Bay) 23.5 (12-42)
6 (Betty’s Bay) 5 (Rooiels) 0.5 (0.06-8)
6 (Betty’s Bay) 7 (Gansbaai) 5.5 (0.5-27)
7 (Gansbaai) 6 (Betty’s Bay) 5.5 (4-59)

7 (Gansbaai) 8 (Cape Agulhas) 0 (0-55)

8 (Cape Agulhas) 7 (Gansbaai) 3.5 (1.2-26)
8 (Cape Agulhas) 9 (De Hoop) 3(1.8-13)
9 (De Hoop) 8 8 (Cape Agulhas) 63 (14-201)
9 (De Hoop) 10 10 (Cape Infanta) 12.5 (8-21)
10 (Cape Infanta) 9 (De Hoop) 0 (0-0)

10 (Cape Infanta) 11 (Herold’s Bay) 18 (12-65)
11 (Herold’s Bay) 10 (Cape Infanta) 1.5 (0.94.5)
11 (Herold’s Bay) 12 (Knysna) 102.5 (61.5-1138)
12 (Knysna) 11 11 (Herold’s Bay) 0(0-2.5)
12 (Knysna) 13 13 (Port Alfred) 0.2 (0.01-8)
13 (Port Alfred) 12 (Knysna) 0 (0-0)

13 (Port Alfred) 14 (Haga Haga) 16.5 (8-241)
14 (Haga Haga) 13 (Port Alfred) 0 (0-0)

them. Notably, gene flow is again asymmetrical on the east
coast, with migrants going from Port Alfred to Haga Haga,
but not in the opposite direction (Fig. 3). Using the 10 x 106
generation run from MDIV, results clearly support that the
east coast population is effectively isolated (Fig. 4). Using
T4 = T8/21, we estimate the divergence time between the
east coast populations and all others to at least 68 000 years
ago. TMRCA was estimated to at least 165 000 years ago.

Discussion

Population structure and gene flow patterns of Clinus
cottoides in South Africa

Understanding population structure relative to the distri-
bution and habitat selection of marine organisms can help
identify potential barriers to gene flow or ‘genetic breaks’.
South Africa has an extensive coastline where various
biotic and abiotic factors combine to form variable and
dynamic ecosystems, yet whether there are any effective
barriers to gene flow on the southern African coast remains
unclear.
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grey lines). There are some minor ‘no-take’ zones in False Bay (near Wooley’s Pool; sample point 4) and around Cape Point; these have not
been shown because of their small size. Relative directionality of gene flow is indicated between populations by arrows. Numbers above
and below the arrows denote the relative migration rates. Asterisks denote the three putative barriers to gene flow identified in this study.

AMOVA results of all gene data sets comparing the 14
sampled sites for Clinus cottoides clearly show significant
structuring among localities (data not shown). If one meas-
ures a barrier to gene flow numerically using ®g; values,
then the strongest barrier identified in this study lies
between Knysna and the east coast samples (®g; = 0.74).
saMova analyses also group the east coast samples separ-
ately to all others (F = 0.51). This is further supported by
coalescent analyses of migration that suggests there is no
gene flow from Knysna east, and zero gene flow from the
east coast to areas west of there (Nm = 0-0.2; Fig. 3, Table 5).
Moving from west to east along the South African coastline
the intertidal substrate becomes progressively less rocky
and is interspersed with numerous sandy beaches. The
presence of these large tracts of sandy beach limits the
available habitat of rock pool inhabiting C. cottoides,
thereby preventing effective dispersal. Additionally, Maree
et al. (2000) suggest that for estuarine fish there is a temper-
ature related biogeographical break in the Algoa Bay

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

region (Fig. 1). In this region, the Agulhas Current begins
to deflect away from the coast and warm water is replaced
by cooler south coast water (Lutjeharms & Ansorge 2001;
Fig. 1). Furthermore, isolated upwelling events in the Algoa
Bay region and along the south coast also occur, causing
dramatic changes in water temperature and affecting
marine biota distributions (Schumann ef al. 1988), thereby
providing further barriers to gene flow in the region.
Coalescent analyses suggest that divergence of the east coast
populations has been occurring for at least 68 000 years.
Aside from significant genetic structuring between east
and south/west coast fishes, mtDNA analyses also re-
covered a second barrier between all sampled sites west
of Gansbaai and those to the east of Cape Agulhas, suggest-
ing that the area and oceanic conditions to the west of Cape
Agulhas may act as an effective barrier to the free dispersal
of C. cottoides. Coalescent analyses suggest that there is
little gene flow between Cape Agulhas and Gansbaai to the
west, compared to gene flow between Cape Agulhas and
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Fig. 4 Posterior probabilities for migration (a; M) and divergence
time (b; T) between the east coast and all other populations of
C. cottoides.

De Hoop to the east (Fig. 3; Table 5). The presence of some
shared haplotypes between Gansbaai and Cape Agulhas
does imply some, if little, migration between sites. However,
there are two haplotypes only found in sampling locations
to the east of Cape Agulhas (excluding those from Port
Alfred and Haga Haga), and one haplotype that was only
found in fish sampled from Wooley’s Pool to Gansbaai.
Interestingly, biological data also supports Cape Agulhas
as a region of discontinuity; Harrison (2002) found that for
estuarine fish, Cape Agulhas was a significant biogeo-
graphical boundary.

As the Agulhas current retroflects away from the South
African coast, it may also represent a formidable barrier to
the eastward movement of marine organisms (Lutjeharms
& Ansorge 2001; Fig. 1), whereas those organisms carried
westward by the current could be moved away from the
coast into open water. However, results suggest that dis-
persal of C. cottoides is not affected to a large extent by the
large-scale Agulhas current. Instead, they probably utilise
smaller counter-currents that develop inshore of the Agulhas
Current, which are generated by clockwise eddies. These
are known to carry marine animals northwards, which for
example happens during the Natal Sardine run (Shillington
1995). Given that gene flow from De Hoop occurs only
from west to east (Fig. 3, Table 5), it provides good evidence
that C. cottoides utilises the smaller inshore currents for
dispersal and that such a counter-current probably ori-
ginates in the De Hoop area on the south coast. Notably,

this effect continues throughout the eastern distributional
range of C. cottoides; gene flow between the east coast sam-
pling sites is also asymmetrical with migrants from Port
Alfred to Haga Haga, but none vice versa.

Cape Point (Fig. 1) has also been shown to be a major
zone of transition for coastal fishes (Turpie et al. 2000) and
for invertebrates (Branch et al. 1994). There is evidence for
population genetic structuring between samples from the
west coast and Wooley’s Pool (Table 4). Coalescent analyses
of migration again reveal that gene flow is asymmetrical,
with no migrants going to Wooley’s Pool and into False
Bay, but some migration to the west coast from Wooley’s
Pool, which is probably influenced by the Benguela Current.
Migration rates are similar in magnitude to gene flow
between Cape Agulhas and Gansbaai, which do show
differentiation and it is likely that the west coast sites are
slowly becoming more isolated by means of genetic drift.
The extensive rock habitat in False Bay and along the west
coast provides ample habitat for C. cottoides and hence,
population sizes are likely to be large. Consequently, any
fixation of neutral alleles is likely to take a long time even
when gene flow is limited.

One possible mechanism that could explain how limited
gene flow around Cape Point may occur relates to the
formation of warm and cold core-eddies due to volume
flux of the Agulhas current that subsequently drift into the
southern Atlantic Ocean (Lutjeharms & Ballegooyen 1988).
This leads to a substantial transfer of water (and possibly
juvenile fishes) from the Indian to the Atlantic Ocean (Fig. 1).
Another possible mechanism of gene flow around Cape
Point is reported by Roy et al. (2001): where upwelling
normally associated with the Cape coastline was adversely
affected by a Pacific Ocean La Nina event. If cold upwelled
water provides a suitable barrier to the dispersal of C.
cottoides, then the absence of upwelling could potentially
allow movement of these fishes on rare occasions.

Contradictory to the mtDNA data, many S7 intron alleles
are shared between sites sampled from the east and west
coast, as evidenced by the haplotype network and the ®g;
and saMova analyses. These shared S7 intron alleles could
be explained by ancestral polymorphism and incomplete
lineage sorting between populations due to the high
number of single and diverse alleles. Under null expecta-
tions, lineage sorting in the mtDNA should be completed
first, as mtDNA mutates faster and because mtDNA loci
represent only a quarter of the effective population size of
biparentally inherited loci. As a consequence, genetic drift
will occur more rapidly relative to the nuclear genome
(see Zhang & Hewitt 2003; Zink & Barrowclough 2008).
Furthermore, selection on mtDNA has also been shown to
be an important force in shaping population structure and
genetic diversity (Moyer et al. 2005; Bazin et al. 2006; Grant
et al. 2006). An alternative explanation would be that male
and female post-flexion larvae or adult fish have different
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dispersal strategies with male larvae/fish being more
dispersive, although there is no evidence for this.

Demographic history of C. cottoides

Grant & Bowen (1998) interpret four basic scenarios of
population history based on values of haplotype (1) and
nucleotide diversities (r) of marine fishes. They propose
that fish with high I and low © probably underwent
population expansion after a period of low effective popu-
lation size. To test for mutation—drift equilibrium, Fu’s
F test was carried out for all four data sets. For each of
the data sets, significant negative values were obtained,
which strongly suggests recent demographic change
(Fg =—-25.6-34, P < 0.001). To further investigate demography
in C. cottoides, mismatch distributions were calculated for
the combined mtDNA and the intron data set (data not
shown), which suggest recent population expansion. The
starlike haplotype network for the combined mtDNA
network (Fig. 2) also reflects the expectations of population
expansion. The centrally placed and most common
haplotype 2 is probably the haplotype ancestral to the
many low frequency haplotypes to which it is closely
related (Castelloe & Templeton 1994).

The parsimony network for the intron data is more
complex than the starlike mtDNA network, being com-
prised of a number of high frequency alleles, with a number
of alternative connections between alleles. Interestingly,
some alleles from De Hoop and a few from the Rooiels/
Betty’s Bay region form a divergent sub-network that is at
least six steps away from the main network, which suggest
that C. cottoides at De Hoop are genetically more diverse
than at other sampling localities, which is also supported
by De Hoop’s high haplotype and nucleotide diversity
(Table 3).

Interestingly, Fu’s F; analyses for both mtDNA and
intron data (Table 3) for every single sampling locality
suggest recent population expansions, except for Jacobsbaai
on the west coast and Haga Haga on the east coast, both
of which are located at the edge of the distribution of
C. cottoides (Fig. 1). Explanations for this include the lack of
suitable habitat and /or environmental stress (temperatures
that are sub-optimal for population growth), which may
result in an allee effect limiting population growth further.
Alternatively, C. cottoides may be expanding into new
localities; gene flow analyses show gene flow to the two
localities, but not away from them, suggesting a possible
founder effect. However, founder populations are often
characterised by low h and © (Grant & Bowen 1998) and
neither of these peripheral populations have genetic diver-
sity values significantly lower than from the other sampled
areas. Itis therefore unlikely that the populations (Jacobsbaai,
Haga Haga) at the edge of the distribution of C. cottoides are
the result of a founder effect, but rather represent popula-
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tions at the limit of environmental endurance and hence
possible sinks. As the west coast is predominantly a rocky
shore environment, it is less likely that lack of suitable
habitat plays a large role in limiting population growth and
distributional limits are probably set as a consequence
of the cooling temperature of the cold Benguela Current,
coupled to seasonal cold-water upwelling. On the east
coast, lack of suitable rocky shore habitat, as well as tem-
perature stress from warmer waters could be important in
limiting the distribution of C. cottoides.

Can we apply genetic data as useful tools in southern
African MPA management?

The decision-making process as to the placement of marine
protected areas and their level of protection is often based
on a variety of considerations, including biological, physical,
economic and socio-political factors, and as such all
theoretically contribute towards conservation success
(Lubchenco et al. 2003; Lourie & Vincent 2004). Several
genetic papers examining exploited marine resources have
made management recommendations based on population
genetic structure and gene flow patterns (e.g. Bird et al.
2007; Ridgway et al. 2008), yet it appears that only a few
marine protected areas are utilising this information (see
Lourie & Vincent 2004).

In South Africa, management decisions on the placement
of marine protected areas have predominantly taken into
account the preservation of coastal environments and
fisheries (Attwood et al. 1997). Although areas of high
species richness were especially important in deciding the
placement of MPAs, many were established to protect
exploited linefish species. A preliminary assessment by
Lombard et al. (unpublished data) concluded that with the
addition of new data sets conservation prioritisation may
differ (i.e. seven new areas were identified to be in need of
further protection). Should population genetic analyses
complement biological and oceanographical data in helping
to improve marine conservation planning? We would
argue yes, because molecular analyses have the benefit of
recovering structure where morphology or habitat changes
are unable to detect changes in populations, which is espe-
cially important in South Africa where many organisms
span at least 3600 km of coastline.

Our C. cottoides data set spans most of South Africa’s
three major marine bioregions and in combination with
other studies provides a preliminary assessment of the
suitability of the MPA network currently in place. Interest-
ingly, our genetic data clearly highlights the importance of
the De Hoop MPA as a source to both west and east coast
areas, although it receives few migrants (Fig. 3). The area
around Cape Agulhas, which is currently unprotected,
clearly plays an important role as a barrier to gene flow,
although this differs between organisms. For C. cottoides,
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the break lies to the west of Cape Agulhas, whereas for
another clinid species Muraenoclinus dorsalis, Cape Agulhas
is the contact zone between east and south coast fishes
and probably the source population for a recent east coast
invasion (von der Heyden et al., unpublished data). Abalone
Haliotis midae also show a founder event to the east of Cape
Agulhas, with a recent range expansion (Evans et al. 2004).

It appears from published data that Cape Agulhas is
more important for genetic partitioning than is Cape Point,
although the latter is accepted as the major faunistic break
between the cool-temperate Namaqua biogeographical
province (west coast) and the warm-temperate south coast
Agulhas Province (Fig. 1, Emanuel et al. 1992; Branch et al.
1994; Awad et al. 2002). We show here that Cape Point plays
an important role in C. cottoides by limiting gene flow
between sites on the west coast and False Bay (Fig. 3).

The mtDNA and intron data also show that the south
coast area to the east of Cape Agulhas, between De Hoop
and Herold’s Bay, is the genetically most diverse, with
haplotype and nucleotide diversities being the highest
of any of the regions. Lombard et al. (unpublished data),
highlight the coastal stretch in the vicinity of Mossel Bay as
an area requiring protection, which falls into this region of
high diversity. Given this and Teske et al.’s (2007) results
that recovered a genetic break for the estuarine Iphinoe
truncata in this area, it may, with additional genetic data
become apparent that some of this coastline will require
protection. This area is a popular holiday destination and
experiences seasonal increases in not only fishing and
exploitation, but also recreational damage and pollution.
Thus, this section of coastline warrants protection.

Another such area is that between Rooiels, Cape Hangklip
and Betty’s Bay. Although a marine reserve exists at Betty’s
Bay, it does allow recreational fishing and is often used
for fishing competitions. Our data suggest that Rooiels is a
source population for both Betty’s Bay to the east and
Wooley’s Pool to the west, although like De Hoop, it receives
few migrants. This area is an important fishing ground
for rock lobster and Matthee et al. (2007) showed that Jasus
lalandii, sampled at Cape Hangklip had much higher
genetic diversity indices in relation to other sampling
areas. Interestingly, Lombard et al. (unpublished data),
based on distributional data also highlighted this zone
as in need of protection and current discussion on the
proposed Kogelberg Marine Park is therefore warranted.

In the light of this and previous studies, genetic analyses
show that along the South African coastline, the intertidal
MPA network is unconnected, and that several genetic
barriers exist. An exception to this is the goby, Caffrogobius
caffer, for which no structure was detected (Neethling et al.,
in press) for mtDNA between Wooley’s Pool and Haga
Haga.

With the addition of molecular data for other intertidal
marine species and in conjunction with available biological

data, it may become possible to identify areas of importance
that could potentially be included in a connected MPA
network to safeguard not only exploited species, but whole
ecosystems. One region that has been identified as requiring
urgent protection is the west coast, where north of Cape
Town no MPA exists (other than the Langebaan Lagoon
MPA). This area has been highlighted as an urgent con-
servation concern (Lombard et al. unpublished data) and
research priority (Marine Coastal Management 2008).
Interestingly, data for three species of clinid fishes (von der
Heyden et al. unpublished data), suggest significant popu-
lation structuring along the west coast and it is hoped that
molecular data will contribute significantly to the protection
of this and other southern African regions.
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