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INTRODUCTION

Boundary currents are ocean currents whose flow
is determined by the presence of a coastline, and it is
often taken for granted that they are the main drivers
of population connectivity in coastal species (e.g.
Rothlisberg & Church 1994, Heath et al. 1998,
Roughan et al. 2011). However, there is increasing
evidence that comparatively weak ocean circulation
inshore of the boundary currents also plays a signifi-
cant role in dispersal, particularly when the bound-
ary currents flow at a great distance from the coast
(Teske et al. 2015). The Agulhas Current in south-
eastern Africa is one of the world’s 5 western bound-
ary currents, which are found off the east coasts of
continents and transport warm water poleward at

high velocities (Garrison 2011). It strongly influences
the shelf waters of the eastern South African coast-
line as it follows the narrow continental shelf (Lutje-
harms 2006). While direct observations indicate that
the current plays an important role in dispersing the
early life history stages of fishes and invertebrates
(Beckley 1995, Groeneveld & Branch 2002), there are
also examples of dispersal in the direction opposite to
the Agulhas Current, but all are from actively dis-
persing species such as rock lobsters (Groeneveld &
Branch 2002), sardines (Roberts et al. 2010) and dol-
phins (Mendez et al. 2011).

In species in which direct observations are not pos-
sible, either because the dispersing life history stages
are too small to be tagged (as in planktonic dis-
persers) or because dispersal events are exception-
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ally rare (as in passively dispersing direct developers),
population connectivity can be studied by means of
indirect estimates. These include inferences based
on larval biology (Bradbury et al. 2008), the genetic
structure of adults (Palumbi 2001) and oceanography
(Largier 2003, Zardi et al. 2011). While ample oce -
anographic data are available on the Agulhas Cur-
rent, only a small fraction of studies have focused on
the region’s complex inshore circulation (Roberts et
al. 2010, Jackson et al. 2012). Passive dispersal in a
north-easterly direction may be facilitated by both
wind-forced nearshore currents (Schumann 1987)
and high velocity inshore counter-currents that arise
temporarily at various locations along the coastline
(Roberts et al. 2010). However, given the limited
research conducted, it remains possible that un -
known ocean circulation patterns strongly influence
dispersal. In addition to uncertain oceanography,
information on larval biology is insufficient to study
population connectivity because dispersal cannot be
reliably predicted on the basis of a species’ life his-
tory (Shanks 2009, Weersing & Toonen 2009), and
the arrival of propagules in a new habitat does not
imply successful recruitment, e.g. because of selection
against migrants (e.g. Teske et al. 2008, Papadopou-
los & Teske 2014, Zardi et al. 2011, 2015). Genetic
approaches should be particularly suitable to under-
stand the relative importance of boundary currents
and nearshore circulation in connecting coastal pop-
ulations, because they only detect migration when
recruitment was successful, and even rare dispersal

events, or those facilitated by poorly understood
oceanographic features, can be detected when the
settlers have subsequently given rise to large num-
bers of offspring.

Numerous genetic studies employing analyses to
study asymmetrical gene flow have challenged the
dominant role of the Agulhas Current in connecting
coastal populations (Table 1). However, results are in-
consistent, with no clear trends in dispersal direction
even in species with similar life histories. In most
cases, bidirectional gene flow was inferred, but there
are also examples of strictly southward dispersal that
was likely facilitated by the Agulhas Current (e.g.
Teske et al. 2007a, 2011a, Zardi et al. 2015), and
strictly unidirectional gene flow in the opposite direc-
tion, at least in a portion of a species’ range (e.g. von
der Heyden et al. 2008, Bester-van der Merwe et al.
2011, Muller et al. 2012, Muteveri et al. 2015). Studies
also differed in terms of how populations were de-
fined. Some treated each site as a distinct population,
irrespective whether or not these were genetically
distinct, and analysed migration only between adja-
cent sites (e.g. von der Heyden et al. 2008, Muller et
al. 2012, Chiazzari et al. 2013, Reynolds et al. 2014,
Duncan et al. 2015, Muteveri et al. 2015). Others
 assigned sites to maximally differentiated regional
groups (e.g. Macdonald et al. 2011, Teske et al.
2011a, Zardi et al. 2015), or divided them into geo-
graphically contiguous units of approximately equal
size (Teske et al. 2007a). In most studies that tested
for the presence of genetic structure, none was found.
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Species                                 Gene flow direction                             Genetic             Program        Reference
                                                                                                          structure

Acropora austera                 Bidirectional (mostly southward)     Most sites        MIGRATE-N    Macdonald et al. (2011)
Acropora tenuisa                 Bidirectional                                      Some sites       MIGRATE-N    Chiazzari et al. (2013)
Bullia rhodostoma               Bidirectional (mostly northward)           No              MIGRATE-N    Muteveri et al. (2015)
Caffrogobius caffer             Bidirectional                                             No              MIGRATE-N    Neethling et al. (2008)
Chrysoblephus puniceus a  Bidirectional (mostly southward)           No              MIGRATE-N    Duncan et al. (2015)
Clinus cottoides                   Northward                                                No              MIGRATE-N    von der Heyden et al. (2008)
Exosphaeroma hylecoetes  Southward                                                 –                        IM            Teske et al. (2007a)
Haliotis midae                     Bidirectional                                      Some sites       MIGRATE-N    Bester-van der Merwe et al. 
                                                                                                                                                            (2011)
Parechinus angulosus         Bidirectional (mostly northward)     Some sites       MIGRATE-N    Muller et al. (2012)
Perna perna                         Southward                                                 –                        IM            Teske et al. (2007a)
Perna pernaa                       Southward                                               Yes             MIGRATE-N    Zardi et al. (2015)
Siphonaria concinnaa          Southward                                               Yes                     IMa            Teske et al. (2011a)
Siphonaria concinnaa          Bidirectional                                            Yes             MIGRATE-N    Teske et al. (2011a)
Tetraclita serrataa                Bidirectional                                             No              MIGRATE-N    Reynolds et al. (2014)
Upogebia africanaa             Southward                                                 –                        IM            Teske et al. (2007a)
Upogebia africana               Bidirectional                                            Yes                LAMARC       Teske et al. (2008)

aThe sampled range included sites north of the region sampled in the present study

Table 1. Direction of gene flow inferred for passively dispersing marine animals along the coast of eastern South Africa
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This presents a potential caveat, be-
cause alleles that are shared among
recently diverged or undifferentiated
‘populations’ likely reflect ancestral
polymorphisms rather than migration
(Pinho & Hey 2010, Marko & Hart
2012). Such data sets may thus not
contain sufficient signal to dis tinguish
between native individuals and mi-
grants.

In the present study, we illustrate
this issue using genetic data from a
rocky shore limpet with direct devel-
opment (i.e. a species whose young
hatch fully developed and in most
cases remain in the parent habitat).
Direct developers have very high
 levels of genetic population structure
because dispersal events are rare, and
migrants should thus be readily iden-
tifiable because they are genetically
distinct from the population into which
they recruited. Our results indicate
that even highly significant genetic
differentiation may not be sufficient to
infer dispersal direction when lineage
sorting is incomplete. Some haplo -
types cannot be assigned to either
population with much confidence, and
these may be responsible for ques-
tionable estimates of gene flow.

MATERIALS AND METHODS

Sampling design

The study organism, Siphonaria serrata (Fischer
von Waldheim, 1807), is one of 6 representatives of
the false limpet genus Siphonaria in southern Africa,
and it is one of 2 species with direct development
(Chambers & McQuaid 1994). This endemic species
is common on rocky shores throughout the warm-
temperate and subtropical marine regions of South
Africa, but is absent from both the cool-temperate
west coast and the tropical north-east coast (Branch
et al. 2010). The fact that warm-temperate and sub-
tropical marine communities differ considerably
(Griffiths et al. 2010) and that many species have
intraspecific genetic breaks across the boundary
between these regions (Teske et al. 2011b) suggests
that S. serrata may comprise at least 2 distinct
regional evolutionary lineages.

Samples were collected at 12 sites along the east-
ern coastline of South Africa (Fig. 1). This region is
particularly suitable to study the importance of
boundary currents in facilitating dispersal in coastal
species because the Agulhas Current flows very
close to the coast as it follows the steep and narrow
continental shelf. This is particularly true of the
region between Sites 4 and 5 (Fig. 1), where passive
dispersal in the opposite direction is unlikely (Schu-
mann 1988, Roberts et al. 2010).

Specimens were stored in ethanol, which was com-
pletely replaced over several days until it no longer
changed colour. DNA was extracted from foot tissue
using the cetyltrimethylammonium bromide (CTAB)
method (Doyle & Doyle 1990), and a portion of the
mitochondrial DNA cytochrome oxidase c subunit I
gene (hereafter COI) was amplified using primers
LCO1490 and HCO2198 (Folmer et al. 1994). Poly-
merase chain reactions (PCR) were performed in
 volumes of 20 µl containing 3 mM MgCl2, 2 µl of 10 ×
PCR Buffer (Promega), 20 mM of dNTP mixture
(Sigma-Aldrich), 0.4 µl of each primer (10 mM),
0.24 µl of bovine serum albumin, 0.5 U of Super-
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Fig. 1. The path of the Agulhas Current as it follows the edge of the continental
shelf of eastern South Africa. White circles shown sampling sites at the follow-
ing locations (sample sizes in brackets): 1, Nonoti River Mouth (16); 2, Shaka’s
Rock (39); 3, Umzumbe (35); 4, Port Edward (19); 5, Mbotyi (23); 6, Ku-Mpenzu
River Mouth (10); 7, Wavecrest (34); 8, Ngongwana River Mouth (12); 9, Mor-
gan Bay (8); 10, Cintsa (42); 11, Gqunube River Mouth (16); 12, Shark Rock, 

Port Elizabeth (26)
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Therm Taq polymerase (Separation Scientific SA),
and 2 to 5 µl of DNA template (~1 to 10 ng µl−1). The
cycling profile included an initial denaturation step
(3 min at 94°C), 35 to 40 cycles of denaturation (30 s
at 94°C), annealing (45 s at 50°C) and extension (45 s
at 94°C), and a final extension step (15 min at 94°C).
PCR products were purified using the Qiagen
QIAquick kit, amplified using BigDye v. 3.1 (Applied
Biosystems) and sequenced in both directions on an
ABI3730 DNA Analyzer (Applied Biosystems).

Data analyses

Sequences were aligned and edited using the pro-
gram MEGA v. 6 (Tamura et al. 2013). Genetic struc-
ture among pairs of sites was determined by calculat-
ing ΦST values (Excoffier et al. 1992) in Arlequin v.
3.5 (Excoffier & Lischer 2010). To account for multiple
comparisons, the false discovery rate method of Ben-
jamini & Yekutieli (2001) was applied. The spatial
analysis of molecular variance implemented in
SAMOVA v. 1.0 (Dupanloup et al. 2002) was used to
identify regional groups of sites that could be treated
as distinct populations in subsequent analyses of
gene flow. For each number of pre-specified groups,
SAMOVA searches for combinations of sites that are
maximally differentiated from each other. We ran the
program for 2, 3 and 4 groups of sites, and in each
case specified 100 simulated annealing processes.

Estimation of gene flow

Asymmetrical gene flow was estimated using 3
 different programs. Two of these (MIGRATE-N and
IMa2) estimate demographic parameters for pre-
defined populations under a structured-coalescent
framework (Beerli & Felsenstein 2001). The third
(BEAST) illustrates migration by means of a phyloge-
netic tree.

MIGRATE-N

The program MIGRATE-N jointly estimates effec-
tive population sizes and migration rates among pop-
ulations. We used MIGRATE-N v. 3.6.8 (Beerli &
Felsenstein 2001) to analyse these parameters using
sites that were assigned to 2 major regions on the
 basis of the SAMOVA analyses (see ‘Results’). Demo-
graphic parameters were recorded every 100 steps
out of a total of 106 steps, with the first 105 steps dis-

carded as burn-in. A static heating scheme with 4
temperatures (1, 1.5, 3 and 106) was specified, and
suitable upper bounds for population size,  θ (mini-
mum: 0, maximum: 0.1, mean: 0.01) and migration
rate, m (minimum: 0, maximum: 1000, mean: 100)
were set after a number of test runs. To ensure consis-
tency of results, each run was repeated with the same
settings as above, but with the total number of steps
and the burn-in being an order of magnitude greater.

IMa2

The program IMa2 (Hey 2010) implements the iso-
lation-with-migration model of Nielsen & Wakeley
(2001). In addition to estimating effective population
sizes and migration rates, IMa2 also calculates the
divergence time between pre-defined populations,
and it provides simple estimates of trends in popula-
tion size changes by also estimating the effective
population sizes of ancestral populations.

The program was run with 150 heated chains and a
geometric heating scheme, with the terms of the geo-
metric increment model being ha = 0.96 and hb = 0.9.
Suitable priors for demographic parameters were
determined after a number of test runs and were set
to: divergence time (t) = 1.5, effective size of Popula-
tion 1 (θ0) = 50, size of Population 2 (θ1) = 250, size of
the shared ancestral population (θ2) = 500, migration
into Population 1 from Population 2 (m0 > 1) = 2 and
migration into Population 2 from Population 1 (m1 >
0) = 2. For each data set, we performed at least 5
independent runs that only differed in terms of their
starting seeds, and combined the results of those
with effective sample size values greater than 1000
(indicating proper mixing of chains) in ‘Load-Trees’
mode. To convert scaled model parameter estimates
into demographic parameters (including effective
female population size Nef, divergence time T in
103 yr, and the number of migrants per generation,
Nefm), a generation time of 1 yr and a conservative
COI mutation rate of 1% per 106 yr were specified
(Meyer et al. 2005, Teske et al. 2011a).

BEAST

The discrete phylogeographic approach (Lemey et
al. 2009) implemented in BEAST (Bouckaert et al.
2014) infers the ancestral history of a sample of DNA
sequences, and in that way reconstructs what demo-
graphic processes have resulted in contemporary
genetic patterns (Bloomquist et al. 2010). Inference of
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the most likely geographic location of ancestral
nodes was used to estimate gene flow. When sam-
pled sequences are in a different location than that
inferred for the ancestral clade within which they are
nested, then this indicates that they are migrants.

We constructed a maximum clade credibility
(MCC) tree in BEAST v. 2.2.1 (Bouckaert et al. 2014),
with geographic location states inferred for each
node. The specified settings were (1) site model:
Hasegawa-Kishino-Yano (HKY) model of nucleotide
substitution (Hasegawa et al. 1985), i.e. the model
implemented in BEAST that is most similar to the
T92+I model (Tamura 1992) for the S. serrata data
selected using the Bayesian Inference Criterion
(Schwarz 1978) in MEGA, with empirical nucleotide
frequencies, and both kappa and the substitution
rate being estimated; (2) clock model: strict clock,
with a mutation rate of 0.5% per site per 106 yr, cor-
responding to a conservative divergence rate of 1%
per 106 yr for marine invertebrates (e.g. Meyer et al.
2005); and (3) coalescent constant population set as
prior. Default settings were used for all other priors.
Location within a particular marine biogeographic
province (see ‘Results’) was specified as a discrete
trait. The Markov-chain Monte Carlo was run for 5 ×
107 generations, with trees stored every 104 genera-
tions. Convergence was assessed using Tracer v. 1.6.
Of the resulting trees, 10% were discarded as burn-
in, and MCC trees were drawn in FigTree v.1.4.2.

Gene genealogy reconstructions

As a means of critically assessing how the above
gene flow analyses identified migrants, we recon-
structed intraspecific genealogical relationships by
constructing an outgroup-rooted phylogenetic tree
and a haplotype network.

The phylogenetic tree was reconstructed using a
maximum-likelihood analysis in MEGA. In addition
to including a single representative of each COI hap-
lotype, the data set also included a single sequence
each of the Australian congeners Siphonaria dieme-
nensis and S. zelandica (Colgan & da Costa 2013) as
outgroup taxa. A test analysis using all published
sequences from the genus revealed that these were
the species most closely related to S. serrata, even
more closely than the other southern African species
S. capensis, S. concinna and S. nigerrima (Teske et
al. 2011a). The HKY model (including a gamma dis-
tribution parameter of 0.24) was selected using the
Bayesian Information Criterion in MEGA. Specified
settings included partial deletion with a site coverage

cut-off of 95%, nearest-neighbour-interchange as
the maximum likelihood heuristic tree inference
method, a neighbour-joining tree as the initial tree,
and the branch swap filter set to ‘very strong’. Sup-
port for nodes was based on 1000 bootstrap replica-
tions (Felsenstein 1985).

The haplotype network was constructed using the
reduced median algorithm in Network v. 4.613 (Ban-
delt et al. 1999). Haplotype networks are particularly
useful to infer genealogical relationships among se-
quences when levels of divergence between popula-
tions are low. Phylogenetic trees assume that ancestral
haplotypes are extinct, but these are often not only still
present in a population, but can even be the most
abundant haplotypes (Crandall & Templeton 1993), and
networks are suitable to identify them. Furthermore,
networks do not assume that genealogical information
is strictly bifurcating (Templeton et al. 1992).

RESULTS

A total of 280 COI sequences were generated,
which were 486 bp in length, and 45 unique haplo-
types were recovered. All sequences were submitted
to GenBank (accession numbers KT710202 to
KT710481). Levels of genetic structure were high
among most pairs of sites (Table 2).

The SAMOVA for 2 groups (Table 3) assigned sites
to clusters that were in most cases spatially contigu-
ous, with a northern and a southern group whose
boundary is located between Sites 4 and 5. An excep-
tion was Site 9, which clustered among the northern
sites, potentially because it comprised a large num-
ber of migrants from the north. When more than 2
groups were specified, southern Sites 6 and 9 were
recovered as being distinct, again a likely result of a
comparatively large number of migrants from the
north being present at these sites, both of which had
small samples sizes. Given that ΦCT was largest for
the 2-group arrangement, we analysed gene flow
between the northern (Sites 1 to 4) and southern
(Sites 5 to 12) region in subsequent analyses, and
interpreted the outlier sites as containing a particu-
larly large proportion of migrants.

Estimation of gene flow

All 3 approaches to estimate gene flow identified
bidirectional dispersal (Fig. 2; Figs. S1a & S2a in
the Supplement at www.int-res.com/articles/ suppl/
m539p153_supp.pdf), although the IMa2 estimates
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were ambiguous because neither was signifi-
cantly different from zero (Fig. S2a). The actual
migrants could only be identified with BEAST.
The MCC tree recovered 2 major lineages, each
of which largely comprised individuals from a
particular region (Fig. 2). Several clades of the
northern lineage included individuals collected
in the southern region, indicating multiple
southward dispersal events. In only one instance
did individuals collected in the northern region
cluster within the southern lineage (2 individu-
als), indicating northward dispersal.

Unlike the MCC tree, the maximum-likelihood
tree recovered the clade that pointed to north-
ward dispersal basal relative to a clade compris-
ing northern and southern lineages, rather than
nested within the southern lineage (Fig. 3), so
this clade cannot be clearly grouped with either
lineage. The haplotype network (Fig. 4) supports
the notion that it could equally well have origi-
nated in the north, as it was equally differenti-
ated from both the ancestral (i.e. most common)
northern haplotype and from the ancestral
southern haplotype. Moreover, the other haplo-
type of the clade, which was only found in the
south, is the younger of the two (i.e. separated
from the network’s ancestral haplotypes by even
more nucleotide substitutions than the haplotype
present in both regions).

To determine whether the problematic clade
was responsible for the inference of bidirec-
tional gene flow in the MIGRATE-N and IMa2
analyses, we also ran these programs without
the 14 individuals having one of the 2 haplo-
types in this clade. Both programs inferred
southward gene flow for the reduced data set
(Figs. S1b & S2b).
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                                                                                                        Sites
                  1               2               3               4               5               6               7               8               9               10             11

2 0.02
3 0.09 0.04
4 0.27** 0.21** 0.08
5 0.55** 0.56** 0.50** 0.37**
6 0.75** 0.75** 0.71** 0.56** 0.14
7 0.65** 0.66** 0.62** 0.50** 0.03 0.03
8 0.81** 0.77** 0.73** 0.60** 0.06 0.02 0.00
9 0.10 0.05 0.00 0.03 0.28* 0.48** 0.45** 0.55**
10 0.92** 0.87** 0.86** 0.81** 0.30** 0.31** 0.15** 0.09 0.82**
11 0.68** 0.68** 0.64** 0.49** 0.04 0.00 0.00 0.00 0.42** 0.22*
12 0.90** 0.86** 0.84** 0.78** 0.35** 0.38** 0.26** 0.28** 0.78** 0.36** 0.31**

Table 2. Genetic structure (ΦST values) among pairs of sites based on COI sequence data of Siphonaria serrata. Site locations 
are shown in Fig. 1. *p < 0.05 (corrected: p < 0.016), **p < 0.01 (corrected: p < 0.003)

N to S

N to S

N to S
S to N

Mostly
Southern

Mostly
Northern

Fig. 2. A maximum clade-credibility tree constructed from COI
sequences of Siphonaria serrata from eastern South Africa.
Black indicates origin in the northern sampling range (Sites 1
to 4) while grey indicates origin in the south (Sites 5 to 12). 

Arrows indicate migration events (N = north, S = south)

No. of Grouping ΦCT p
groups

2 (1,2,3,4,9) (5,6,7,8,10,11,12) 0.65 <0.01
3 (1,2,3,4) (5,6,7,8,10,11,12) (9) 0.64 <0.01
4 (1,2,3,4) (5,7,8,10,11,12) (6) (9) 0.62 <0.01

Table 3. Results of SAMOVA analyses on COI sequences of 
Siphonaria serrata from 12 sites in south-eastern Africa
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DISCUSSION

In this study, we assessed the dispersal direction of
the direct developer Siphonaria serrata in eastern
South Africa, a region whose coastline is strongly
influenced by the southward-flowing Agulhas Cur-
rent. All 3 methods of gene flow inference identified
bidirectional gene flow, with more southward than
northward dispersal. Graphical methods challenged
the interpretation of the single haplotype responsible
for the inference of northward migration as originat-

ing from the south. Instead, this haplotype is part of a
somewhat distinct cluster that cannot be clearly
assigned to either of the species’ main regional evo-
lutionary lineages with much confidence. It is equally
possible that it was originally present in the north
and subsequently established itself in the south,
where it is presently more common (at least in our
samples). These results indicate that one cannot
blindly rely on the results of coalescent-based esti-
mates of gene flow, and that a careful examination of
the data using multiple complementary approaches
is required to address the issue whether or not pas-
sive dispersal against a boundary current is biologi-
cally meaningful.

Lack of population differentiation

Coalescent-based analyses of gene flow are often
applied to different sites inhabited by what should in
fact be considered one and the same population (e.g.
Bester-van der Merwe et al. 2011, Duncan et al. 2015,
Muteveri et al. 2015). The inferred bidirectional gene
flow may in many cases be explained by the sharing
of alleles due to a lack of differentiation. Interest-
ingly, there is little information on what level of dif-
ferentiation is required to identify migrants by means
of genetical methods, an exception being the pro-
gram BayesAss+ (Wilson & Rannala 2003), for which
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Fig. 3. A maximum-likelihood phylogenetic tree constructed
from 45 unique COI haplotypes of Siphonaria serrata, with 2
closely related Australian congeners used as outgroup taxa.
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Fig. 4. A haplotype network of Siphonaria serrata COI hap-
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indicating northern sites (1 to 4) and grey indicating south-
ern sites (5 to 12). The size of circles representing haplotypes
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tions between haplotypes representing a single nucleotide
difference. The arrow indicates the only haplotype found in
both regions that was more common in the south (all other
haplotypes present in both regions were more common in 

the north)
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an FST value ≥0.05 is recommended (Faubet et al.
2007). To address the issue of whether or not disper-
sal can occur against a boundary current, it seems
prudent to only study regional populations that are
not only genetically differentiated, but in which line-
age sorting is complete.

The data set generated for S. serrata in the present
study, which is based on a single locus and can thus
be readily interpreted without the use of sophisti-
cated coalescent-based software, is a borderline
example suitable to illustrate this point. Lineage sort-
ing is clearly evident between the 2 regional line-
ages, but it is not yet complete. There are presently
2 DNA sequence-based studies from eastern South
Africa in which lineage sorting was complete, and
both reject the idea of passive dispersal against the
Agulhas Current (Fig. 1). In both cases, simple haplo-
type networks clearly depict the direction of gene
flow, and challenge the results of coalescent-based
analyses. Using the program LAMARC v. 2.02 (Kuh-
ner 2006), Teske et al. (2008) inferred that mud-
prawns exchanged migrants in both directions, but a
haplotype network of the species’ completely distinct
subtropical and warm-temperate lineages shows that
the subtropical lineage was absent from the 2 north-
ernmost sites. This surprising discrepancy was sub-
sequently ex plained by the fact that all versions of
LAMARC prior to version 2.1.8 produced a composite
of information about the direction of gene flow,
which often reversed the direction of asymmetrical
gene flow (M. Kuhner pers. comm.). Similarly, haplo-
type networks in Teske et al. (2011a) showed that the
subtropical lineage of the limpet S. concinna was
absent from the tropical province, whereas the
 tropical lineage was present in both provinces. This
result was rejected by MIGRATE-N analysis (which
in ferred bidirectional gene flow), but confirmed by
IMa2 analysis (which inferred strictly southward gene
flow).

Choice of genetic markers

While mtDNA continues to be the most commonly
used genetic marker in ecological and evolutionary
studies (Beheregaray 2008), polymorphic microsatel-
lites are becoming increasingly popular (Selkoe &
Toonen 2006). Theoretically, they should be more
suitable to study gene flow than is mtDNA, because
their much greater information content increases the
likelihood that regional evolutionary lineages are
genetically distinct, and migrants readily identifi-
able. While microsatellites have recently proven use-

ful to study the relative importance of boundary cur-
rents and nearshore circulation in southern Africa
(Zardi et al. 2015) and temperate Australia (Teske et
al. 2015), numerous studies have identified mtDNA-
based genetic breaks that were not present in the
microsatellite data (e.g. Monsen & Blouin 2003, Lar-
museau et al. 2010). We therefore believe that
mtDNA will continue to be useful to study gene flow
direction, provided it is used appropriately.

While the shortcomings of mtDNA-only data sets
are well documented (Ballard & Whitlock 2004), the
issue of incomplete lineage sorting clearly also
affects other marker types, and the inclusion of
nuclear markers in the data set per se does not pres-
ent a universal solution to this problem. For example,
von der Heyden et al. (2008), Muller et al. (2012) and
Reynolds et al. (2014) used a combination of mtDNA
and nuclear sequence data (introns or ITS), while
Bester-van der Merwe et al. (2011) and Duncan et
al. (2015) used polymorphic microsatellites, and all
inferred bidirectional gene flow among mostly non-
differentiated populations. One area where micro-
satellites are superior is in determining the timing of
migration, so as to distinguish historical gene flow
from near-contemporary migration, but this depends
on the software used. Strasburg & Rieseberg (2011)
considered the migration time estimates produced by
IMa (an earlier version of IMa2) to be unreliable, and
we have refrained from going into detail about these
and the divergence time estimates primarily because
of the present controversy whether or not time-
dependent dating should be applied to sequence
data (Ho et al. 2011, Emerson & Hickerson 2015).
Analyses based on DNA sequences are typically
used to infer demographic events that occurred dur-
ing the Pleistocene or earlier (Mmonwa et al. 2015).
The Agulhas Current weakened considerably during
glacial phases (Hutson 1980), and it is likely that
northward dispersal was particularly common during
that time. Hence, even if northward gene flow was
inferred between 2 completely distinct evolutionary
lineages, it would not necessarily reflect the impact
of contemporary oceanography. Questionable dating
is not an issue in assignment tests for microsatellite
data, such as BayesAss+ (Wilson & Rannala 2003),
which identifies migrants that arrived in a population
no more than 2 generations ago. Such tests are
clearly more suitable than the coalescent-based or
tree-based approaches used in the present study to
confirm that migration was facilitated by contem -
porary oceanographic conditions, rather than the
very different conditions during previous glacial
and interglacial phases.
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The Agulhas Current as a dispersal barrier

The genetic discontinuity identified in S. serrata
coincides with a biogeographic disjunction between
South Africa’s warm-temperate marine biogeo-
graphic province and the subtropical province
(Emanuel et al. 1992). The entire coastline between
this point and Algoa Bay (Fig. 1) is often considered a
transition zone (Teske et al. 2011b). Phylogeographic
breaks may be present anywhere in this region, and
the ranges of the geminate sister lineages often over-
lap (e.g. Teske et al. 2007b, 2008, von der Heyden
2009, Mmonwa et al. 2015). Although Langrangian
particle simulations indicate that northward disper-
sal close to the coast is possible in the southern por-
tion of the transition zone (Assis et al. 2015), there is
so far no evidence that this can displace passively
dispersing coastal organisms beyond the phylogeo-
graphic break of S. serrata, which is located in the far
north of the transition zone. The Agulhas Current
flows particularly close to the coast from about Port
Edward (Site 4) southwards, accelerates, and causes
nearshore currents to flow parallel to it (Schumann
1988). The retention of passively dispersing species is
only possible when these remain in the nearshore
area, where some small-scale northward displace-
ment is facilitated by wind-driven currents, but it is
unlikely that this drives northward migrations over
greater distances. There is also no evidence for tem-
porary counter-currents that might facilitate north-
ward dispersal in the area around Port Edward,
although such a reversal of surface flow has been
reported just south of Mbotyi (Site 5) (Roberts et al.
2010). The location of the phylogeographic break is
thus explained by contemporary oceanography, and
suggests that the strong influence of the Agulhas
Current on the coast presents a significant barrier
to the northward migration of passively dispersing
coastal species.

CONCLUSION

Genetic markers can be a powerful tool to study the
impact of ocean currents on the dispersal of coastal
species. While microsatellites are in most cases indis-
pensable to studying gene flow in high-dispersal
species in which levels of genetic structure are very
low (Coleman et al. 2013, Teske et al. 2015, Zardi et
al. 2015), we believe that mtDNA sequences will con-
tinue to provide useful information on dispersal in
species that are highly structured, provided they are
only used in cases where shared ancestral polymor-

phism between regional sister lineages can be ruled
out. We concede that genetic methods have at this
stage contributed little to understanding southern
Africa’s oceanography, but their correct application,
in conjunction with new methods, should remedy this
situation in the near future.
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